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aUNIDEMI, Department of Mechanical and Industrial Engineering, NOVA School of Science and Technology, NOVA University Lisbon, 2829-516

Caparica, Portugal

Abstract

This paper presents a case study of in situ monitoring during wire and arc additive manufacturing (WAAM) process by using
digital image correlation (DIC). A feasibility study is carried out aiming at proposing a suitable experimental set-up for in situ
measurements during a WAAM process. In this work a stainless steel AISI316L was used to manufacture parallelepiped with nom-
inal dimensions of 130 × 25 mm. The issues related to high-intensity electromagnetic radiation and melted metal projections with
regard to image acquisition were addressed. The in situ evolution of the strain field generated in the part during the manufacturing
process are shown and discussed. The results show that the horizontal strain component (εxx) presents higher values than the verti-
cal strain component (εyy). The spatial and temporal strain evolution were then analysed at given locations. Strain gradient patterns
were clearly observed near the layers underlying material deposition during the process. These results shown the feasibility of
using in situ DIC monitoring during the WAAM process.
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1. Introduction

Additive manufacturing (AM), also named 3D printing, is a technique consisting in the deposition layer by layer on
a substrate in order to obtain a final part based on a computer-aided design (CAD) model [1]. Due to its flexibility, this
technology has gained a huge research and industrial interest in recent years [2]. This technology is able to produce
parts based on a variety of polymers and metallic materials. AM is best suited for the production of specific parts,
eventually with a complex geometry, due to its low production rate [3]. In addition to these advantages, AM parts are
manufactured almost in their final shape and target dimensions, which reduces production time and costs [4]. However,
the AM process still need further development due to issues related to internal defects and residual stresses [5]. In the
framework of Industry 4.0, AM processes have become fundamental tools in developing new advanced materials [6].
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Among them, there is functionally graded materials (FGM) and hybrid material product parts that allow to extract the
best mechanical properties out of the raw constituents. This type of advanced materials can be engineered with regard
to the application based on the manufacturing facilities provided by AM processes. The use of AM, together with this
new generation of materials, will contribute to the rational use of resources and energy, contributing to environmental
sustainability.

In AM technology there are several distinct variants that are currently available on the market. These processes
are grouped into seven distinct categories, taking into account the parts produced and the functionality of the equip-
ment [7]: (i) directed energy deposition (DED); (ii) powder bed melting; (iii) photopolymerization in a vat; (iv)
material blasting; (v) binder jet; (vi) material extrusion; (vii) sheet lamination. From the AM DED variant presented,
the wire and arc additive manufacturing (WAAM) process is one of the most promising technologies [8, 9]. This
process allows for the production of large, complex parts at high deposition rates for structural applications. In this
AM variant, various metallic alloys can be used as raw material, such as steel, titanium, aluminum or magnesium. In
addition to these process characteristics, WAAM has a relatively low implementation cost, due to the use of conven-
tional MIG/MAG welding machines, in conjunction with an XYZ cartesian positioning system or a robotic arm. The
WAAM process involves the deposition of successive layers of molten material, which creates non-uniform thermal
cycles in the underlying layers. These thermal cycles can generate high residual stresses, causing distortions in the
parts. Moreover, defects can occur such as porosity, lack of fusion or cracking. Several non-destructive testing (NDT)
techniques can be applied for inline and offline inspection in such process [10].

Several full-field optical techniques (FFOTs) for experimental solid mechanics have been recently developed [11].
These image-based technologies can be sorted according to the physical phenomenon involved in image formation
as: white light techniques, such as digital image correlation, grid method, projection moiré, and interferometric tech-
niques, such as interferometry moiré, electronic speckle pattern interferometry, speckle shearography [12]. The ap-
pearance of FFOTs in providing kinematic measurements across a whole region of interest has brought new insights
and comprehensions in several scientific areas [13]. Among these techniques, digital image correlation (DIC) has
been increasingly used. This technique has several advantages, namely its flexibility to cope with several scales of
observation and, in particular, in situ monitoring during technological processes [7].

In this work, the main objective is to study the feasibility of using in situ DIC to monitor the WAAM process
of a stainless steel AISI316L specimen. These observations can provide insights regarding optimum manufacturing
parameters to mitigate intrinsic issues during the manufacture of metallic parts. This paper begins with a description of
the experimental work carried out, for both the WAAM process and DIC set-up. Challenges, limitations and solutions
are presented to solve problems that emerged in the experimental tests. Strain fields will be evaluated over adjacent
surfaces during the manufacturing process with a suitable balance between spatial resolution and resolution.

2. Experimental work

2.1. Wire and arc additive manufacturing procedure

The sample was produced through the WAAM process using a Metal Active Gas (MAG) welding power source
PRO MIG 3200 from KEMPY. The wire feed speed used was 4 m/min and the travel speed was about 350 mm/min.
The sample was created with a horizontal length (x direction) of 130 mm using a 1 mm diameter stainless steel wire
AISI316L as feedstock material. In this process, a voltage and an electrical current of 20 V DC and 120 A, respectively,
were used.

After some layers deposited and cooled, the sample was machined. This machining allows to obtain a sample with
a uniform appearance for applying a speckle pattern. After applying the speckle pattern, new layers were added, as
shown in Figure 1(a). DIC was only applied to patterned layers when new layers are being produced.

2.2. Digital image correlation measurements

There are three different optical configurations for the technique: 2D DIC, 3D DIC (stereovision) and digital volume
correlation (DVC) [14]. In this case study, the 2D DIC variants was used providing non-contact full-field kinematic
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(a) (b)

Fig. 1. (a) Schematic of in situ DIC measurements with the cartesian reference. (b) Experimental setup used in WAAM process.

measurements during the WAAM process of layer deposition The 2D-DIC MatchID software was used for image
grabbing and DIC processing [15].

Figure 1(b) shows the experimental setup of the in situ DIC measurements during the AM WAAM process. The
experimental setup features an optical system consisting of a Manta G-1236 Allied Vision CMOS camera with a Nikon
AF Nikkor 28-105 mm f/3.5-4.5 D (IF MACRO) lens. In this setup there was also a protection glass to protect the
camera and lens from possible splashes from the WAAM process. The experimental apparatus of the WAAM process
includes the sample, the torch and a fume extractor to extract the fumes from the welding process.

The speckle pattern was applied to the produced surface wall (Figure 1(a)). This pattern allows full-field measure-
ments of the displacements that occur in the deposition process of new adjacent layers. The pattern was applied using
a spray paint procedure, starting with the application of an uniform white matt paint over the entire surface of inter-
est followed by a spread of black paint. Finally, the DIC setting parameters were selected in a compromise between
accuracy and spatial resolution, taking into account the average speckle dots of the pattern [16]: subset size: 41 × 41
pixels2; subset step: 10 × 10 pixels2; correlation criterion: ZNSSD; image grey level interpolation: bicubic splines;
shape functions: affine; strain window: 5 × 5 data points. As a role of thumb, the criteria of having at least 3-5 pixels
per speckle and defining a subset size containing at least 3 speckle dots was used [17].

2.3. Challenges, limitations and solutions

During the preliminary experimental tests, some challenges and limitations were identified. The first lim-
itation identified was the high-intensity electromagnetic radiation. The open electric arc produces a plasma
(5000 to 30,000 ºC) that radiates in the infrared, visible and ultraviolet wavelengths. This invalidates the use of
basic image acquisition optical set-ups for DIC measurements. Another challenge pointed out was the high tempera-
ture reached in the inspection surface. The melting pool (>1000 ºC) produced during WAAM heats the metal surface
preventing the use of conventional painted speckled patterns. The sparks and projection of melted metal was another
limitation indicated in this study. Near the material deposition zone, an intense projection of incandescent metal par-
ticles and fume may exist. This prevents positioning the camera near the target surface and also interferes with image
acquisition. According to these challenges and limitations, some solutions can be explored: metallic bulkhead; optical
filter; high temperature painting or scratched speckle pattern. In this case study, a metallic bulkhead was used for
radiation shield and to reduce the projections.

3. Results and discussion

3.1. Full-field strain patterns

Figures 2, 3 and 4 show the strain fields patterns of the horizontal (εxx), vertical ( εyy) and shear (εxy) directions,
respectively, along four different moments (87 s, 145 s, 290 s and 406 s) in a WAAM layer deposition process. In this
experimental work, three tests were carried out and test number two was the one that presented the best results and
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(a) (b)

(c) (d)

Fig. 2. Experimental strain fields εxx (mm/mm) at different stages: (a) 87 s; (b) 145 s; (c) 290 s; (d) 406 s.

are shown in this section. In this experimental test, 580 stages were achieved with an image acquisition frequency of
2 Hz. In Figures 2, 3 and 4 only four relevant instances were selected representing an early, intermediate, ended and
thermal recovery states of process. As can be directly understood from the figures, the layer deposition direction is
from right to left of the sample.

Figure 2 show the field distributions of the horizontal strain component (εxx). In these four stages it is possible
to observe that the largest strains occur in the layers underlying the new layers. The lower layers had practically no
strains values. In this way, there was an expansion of the upper part of the sample. This phenomenon happens due
to the application of a point heat source that heats the surface, causing a surface expansion. The highest strain value
achieved is about 10×10−3 mm/mm and it is possible to observe that there are no negative strain values. In these maps
it is also possible to follow the torch movement, which occurs from the right to the left of the sample.

(a) (b)

(c) (d)

Fig. 3. Experimental strain fields εyy (mm/mm) at different stages: (a) 87 s; (b) 145 s; (c) 290 s; (d) 406 s.

The maps in Figure 3 show the distribution fields of the vertical strain component (εyy). The highest strain value
achieved is about 15 × 10−3 mm/mm and there are no negative strain values. Although these maps (Figure 3) show
smaller strain values when compared to the εxx strain component (Figure 2).
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Finally, Figure 4 represents an overview of the shear strain distribution during the process (εxy). These maps show
smaller distortion strain values when compared to the linear strains ones. Some noise can be also visible due to theirs
lower amplitude or solicitation during the process.

(a) (b)

(c) (d)

Fig. 4. Experimental strain fields εxy (mm/mm) at different stages: (a) 87 s; (b) 145 s; (c) 290 s; (d) 406 s.

3.2. Plot evolution of linear strain components

In this section the linear strain components will be analysed across relevant paths and points across the region of
interest for further evaluation. The specific positions of reference points defined in the sample are shown in Figure 5.
The sample dimensions were 25 mm in height and 135 mm in length.

Fig. 5. Points and paths defined across the region of interest of the sample. The coordinates of identified points are (units: mm): P1 (x = 7, y = 23),
P2 (x = 69, y = 23), P3 (x = 130, y = 23), P4 (x = 7, y = 3), P5 (x = 69, y = 23) and P6 (x = 130, y = 23).

(a) (b)

Fig. 6. Evolution of the strain fields εxx (mm/mm) along two horizontal lines defined by: (a) P1 − P3 (y = 23 mm); (b) P4 − P6 (y = 3 mm), at
different stages (87 s, 145 s, 290 s and 406 s).
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The Figure 6 shows the evolution of the strain fields in the x direction along two horizontal lines defined by points
(Figure 5): (a) P1 − P3, (b) P4 − P6. The line defined by P1 − P3 points is at a height of y = 23 mm and the line
defined by P4 − P6 points is at a height of y = 3 mm. It is possible to observe that the strain in the higher horizontal
line of P1 − P3 points presents more stable values than in the lower horizontal line of P4 − P6 points, which shows
oscillations.

(a) (b)

Fig. 7. Evolution of the strain fields εyy (mm/mm) along two horizontal lines defined by: (a) P1 − P3 (y = 23 mm); (b) P4 − P6 (y = 3 mm), at
different stages (87 s, 145 s, 290 s and 406 s).

(a) (b)

(c) (d)

(e) (f)

Fig. 8. Evolution of the strain fields εxx (mm/mm) along three vertical lines defined by: (a) P1-P4 (x = 7 mm), (c) P2-P5 (x = 69 mm) and (e) P3-P6
(x = 130 mm), and evolution of the strain fields εyy along three vertical lines defined by: (b) P1-P4 (x = 7 mm), (d) P2-P5 (x = 69 mm) and (f)
P3-P6 (x = 130 mm), at different stages (87 s, 145 s, 290 s and 406 s).

The Figure 7 shows the evolution of the strain field in the y direction along two horizontal lines defined by points
(Figure 5): (a) P1 − P3 and (b) P4 − P6 points, respectively. It can be concluded that there are more stable values in
the strains in the upper path (line P1 − P3) than in the horizontal line of P4 − P6 points.

The Figure 8 presents the evolution of the strain field in the x and y directions along three vertical lines defined by
(Figure 5): (a) P1 − P4 (x = 7 mm), (b) P2 − P5 (x = 69 mm) and by P3 − P6 (x = 130 mm). The maps (a), (c) and (e)
demonstrate the strains in the x direction on the three vertical lines. It can be concluded that the strain in this direction
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is greater in the vertical lines P2 − P5 and P3 − P6 for larger y values. The maps (b), (d) and (f) show the strain in the y
direction in the three vertical lines. It can be concluded that the strain in this direction are greater in the vertical lines
P2 − P5 and P3 − P6 and for larger y values.

The Figure 9 shows the evolution curves of the strain fields in the (a) x direction and in the (b) y direction along the
horizontal deposition direction. These three points have coordinates y = 23 mm on the ordinate axis, P1, P2 and P3,
previously described in Figure 5. It is possible to observe that the initial instants do not present any strain value at these
points, as the deposition of the material starts before P3 point. Afterwards, it can be seen a significant increase in εxx

strain value at P3 (blue curve), as this is the point that is more to the right of the sample, suffering material deposition
first in the underlying layers. The same is true for the remaining points, P2 (red curve) and P1 (black curve) during
the process. For the εyy strain component, the same kind of kinematic behaviour was also observed in the deformation
or deposition process.

(a) (b)

Fig. 9. Evolution curves of the strain fields (a) εxx and (b) εyy (mm/mm) for three points: P1 (7, 23) mm; P2 (69, 23) mm; P3 (130, 23) mm.

The Figure 10 demonstrates the evolution curves of the strain field in the (a) x direction and in the (b) y direction,
parallel to the deposition axis. These three points have coordinates y = 3 mm on the ordinate axis, P4, P5 and P6,
as represented in the Figure 5. By observing both maps it is possible to conclude that these points suffer very small
amounts of deformation associated with the deposition of material in underlying layers.

(a) (b)

Fig. 10. Evolution curves of the strain fields (a) εxx and (b) εyy (mm/mm) for three points: P4 (7, 3) mm; P5 (69, 3) mm; P6 (130, 3) mm.

4. Conclusions and future work

The aim of this work is to study the feasibility of using in situ DIC monitoring to determine the strain fields of a
stainless steel AISI316L specimen produced by WAAM process. The following remarks can be drawn:

• In this work, some limitations were highlighted regarding in situ monitoring of the WAAM process, such as
high-intensity electromagnetic radiation, high temperature reached in the inspection surface, sparks and projec-
tion of melted metal. For these limitations, solutions were found, such as metallic bulkhead, optical filter, high
temperature painting or scratched speckle pattern;
• The strain field patterns relieved that the horizontal strain component (εxx) presents higher values than the

vertical strain one (εyy), and the level of the shear component was practically at the resolution of the technique;
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• From the strain components evaluated across reference paths in the region of interest, it was observed, as
expected, that the strains were greater in the upper part of the sample under the heat source deposition than
region further away;
• It is possible to observe that the largest strains occur in the layers underlying the new layers. The lower layers

have practically no strains values. In this way, there is an expansion of the upper part of the sample. This
phenomenon happens due to the application of a point heat source that heats the surface more, causing a surface
expansion;
• Preliminary results showed the feasibility of measuring in-situ DIC in WAAM process in order to determine the

strain fields.

Although the preliminary results had shown good feasibility of in situ DIC measurements during the WAAM
process, there are still factors to be considered in further improvements: the use of a 3D-DIC (stereovision) system to
take into account any out-of-plane movements that may occur on the wall sample during the layer deposition process;
the use of a narrow bandpass optical filters on the cameras–lenses set-up; new ways of applying the speckle pattern
avoid deterioration eventually caused by the local radiation of the WAAM process; the analysis of the process when
manufacturing FGM parts produced by twin-wire WAAM process.
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