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Abstract. Additive techniques become more and more common in manufactur-
ing processes. Among metallic materials an interesting technique for depositing
metallic layers is the use of Wire Arc Additive Manufacturing process, where
3D metallic structures are created using welding technologies, i.e. Gas Metal Arc
Welding. In the paper an analysis of measurement devices for surfaces after that
kind of manufacturing was presented. A computer tomograph as well as two types
of scanners were used, respectively with a high and low resolution. For dimen-
sional measurements the results showed that a CT is a good option, enabling to
properly represent the real work piece. The results obtained with a high resolution
scanner were usually pretty close, except for few cases. On the other hand, a low
resolution scanner due to a large distance between points was not able to show
good dimensions. Pores in structures were also inspected. The biggest problems
with pores occurred where path of a robotic arm was the most complicated.

Keywords: Wire Arc Additive Manufacturing · Scanner · Computed
tomography

1 Introduction

Additive techniques are gaining popularity in manufacturing processes [1–3]. Both tech-
niques using plastics [4] and metal materials [5] are used. The multitude of techniques
associated with manufacturing include methods of Selective Laser Sintering (SLS),
Digital Light Processing (DLP), Fused Filament Fabrication (FFF), Direct Metal Laser
Sintering (DMLS), VAT Photopolymerization (VPP), Material Jetting Additive (MJT),
Binder Jetting (BJT), Powder Bed Fusion (PBF), Material Extrusion (MEX) or Directed
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Energy Deposition (DED). Among metallic materials, powder sintering [6], laser [7] or
electron beam forming [8] and deposition [9] are the dominant methods. In the latter
group of methods, an interesting technique for depositing metallic layers is the use of
Wire Arc Additive Manufacturing (WAAM) process [10], where 3D metallic structures
are created using welding technologies [11], i.e. Gas Metal Arc Welding (GMAW) [12].
Generally speaking, Additive Layer Manufacturing, including Wire and Arc Additive
Layer Manufacture (WAALM) became an interesting and important technology which
is more and more often used in industrial processes. It can be used to manufacture work
pieces out of many different materials, answering a demand for sustainable, low cost and
environmentally friendly manufacturing processes with very high geometric flexibility.
Deposition of materials withWire and Arc Additive Layer Manufacture comprise of e.g.
steel [13], Ni alloys [14], and Ti alloys [15]. The process can be run with various welding
parameters [16] and - as a usual modern welding operation - is usually performed with
a robot [17].

In order to demonstrate the methodology and measurement capabilities (digitaliza-
tion) of the structures described above, various macro-scale measuring devices were
used. The aim of the study was to determine the possibility of mapping thin walls and
irregularities occurring on the surface, as well as pores in the material. This type of
research is important from the point of view of practical applications of measurement
systems in additive techniques and the associated need to determine the appropriate
accuracy parameters.

2 Measurement Techniques in Additive Manufacturing

Additive techniques do not always allow the use of classical measurement methods
[18]. Some features obtained as a result of them also require a special mathematical
approach [19]. Measurements of structures obtained by these techniques on a macro
scale more justify the use of measurement methods based on electromagnetic radiation
than contact techniques. Therefore, in this paper, optical scanners of different resolution
and a computer tomograph were used for measurements.

Coordinatemeasuringmachines inmacro scale have gained popularity over a number
of years and have become indispensable in various industries. But coordinate measuring
technology has gone much further in recent years. The variety of measurement tasks
and complex shapes of workpieces have led to the development of optical measuring
tools that allow to solve problems that are difficult to realize with contact methods.
These include 3D scanners. Their great advantage is the speed of acquiring an enormous
amount of information on the product being measured and the clarity of the presentation
of the results. They are based on the principle ofmeasuring the light reflected or scattered
from the surface of the measured object and triangulation. We divide them basically into
structural light scanners and laser ones. Structured light scanners [20, 21] are based on
the projection of structured light, i.e. their projectors project patterns of e.g. Grey codes,
phase shifted bars or other code forms (free shapes, circles, etc.) onto the measured
surface. They are usually mounted on tripods. They are quite common in many different
applications, including not only mechanical engineering [22], but also biomedicine [23],
surface defects [24], concrete [25] or casting cores [26]. In many applications, structured
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light scanners are being increasingly replaced by newer solutions, namely laser scanners
[27, 28]. Initially, solutions based on laser action were just laser scanning heads [29,
30] or laser triangulation heads, that were placed, for example, on CMMs or measuring
arms. Currently, they function as stand-alone laser scanners [31] operating in manual
or automatic mode and are one of the most common and effective data acquisition
methods in a wide variety of applications [32], including also analysis of wire arc hybrid
manufacturing process [33] or even very large work pieces [34]. The working principle
of laser scanning heads is based on emitting a point, a line or a set of laser lines on the
surface of the scanned object. These elements are observed by the CCD camera giving
coordinates of measurement points. They avoid problems associated with vibration and
scanning from the so-called “free hand” and are less sensitive to light reflections. A
schematic picture of example laser scanners is shown in Fig. 1 [35].

Fig. 1. Schematic image of laser scanners.

Electromagnetic radiation can be used in metrology not only in the visible range.
Computed tomography [36], which is based on X-rays, is increasingly used not only
to analyze defects but also geometrical features. Technical tomographs, allow imaging
with a resolution even below a micrometer [37]. The classical system consists of a
measured object placed on a rotating table and the lamp and detector that are stationary
or perform linearmotion. The radiation beam is attenuated as it passes through the object,
and this process depends on the thickness of the absorbing medium and the absorption
coefficient. During themeasurement, a number (usually hundreds or thousands) of 2DX-
ray images are taken for different angular positions of the lamp-detector system relative
to the measured object [38]. As a result of reconstruction from 2D shots, a spatial image
is obtained. Technical tomographs are used for the analysis of very different elements,
including objects made of plastic [39], foam [40], and metal, also those made with
additive techniques [41]. In this case, the analytical results are often better than those
obtained by metallography [42]. Also, the accuracy parameters [43] and the results of
comparisons with other measurement methods used in coordinate technology [44] make
this application future of computed tomography look very positive.
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3 Materials and Measures

A robotic additive manufacturing system using GMAW was used in this study. The
test samples were made out of S235 JR steel using AWS ER70S-6 wire material and
15% CO2 and 85% argon gas composition. The torch provided a flux of gas during the
welding process and also during a brief period, before arc establishment and after the
end of it. It ensures that the material is protected from oxidation every time. The samples
were made with 40 A intensity, 5 V, 310 mm/min feed rate and 1,7 m/min wire speed.

There were three different shapes of samples, prepared to show various opportunities
of GMAW. Their nominal forms are presented on Fig. 2.

Fig. 2. Nominal shapes of samples.

For each type of shape (cylinder, cross and rectangle) three specimens were
manufactured. The examples are presented on Fig. 3.

Fig. 3. Images of samples with cylindrical, cross and rectangle shape.

Cylinders were prepared to a nominal inner diameter of 22mm and an outer diameter
of 33 mm, assuming maximum inscribed element for inner diameters and minimum
circumscribed element for outer diameter. Crosses had an inner diameter of 18 mm and
an outer diameter of 33 mm, evaluated the same way. For rectangles, X and Y directions
were determined, for which the nominal dimensions were: outer dimension X - 28 mm,
inner dimension X - 21 mm, outer dimension Y - 26 mm, inner dimension Y - 19 mm.

To investigate possibilities of digitization three different measurement devices were
used; two optical structural light scanners and a computer tomograph. The scanners
were selected with different resolutions, to verify an influence of resolution on image
and data quality. The low resolution scanner (LRS) had a resolution of 0,5 mm, while
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the high resolution scanner (HRS) enabled to collect data with 0,115 mm measuring
point distance. These values imply the minimum size of 3D structures that may be
identified by each of scanners. For computed tomography (CT) measurements, a 320 W
directional open-type lamp with a 200 µm pixel size detector was used. Measurements
were performed at 230 kV and 200µA current, and 1000 images were taken per rotation.
Data were collected with a voxel size of 50,375 µm.

4 Results and Discussion

The first study examined the differences in shape representation and dimensions for each
type of work piece. All the samples were aligned to their nominal shapes using a best fit
method. The alignments were shown on Fig. 4.

Fig. 4. Examples of alignment for different geometries: cylinder, cross and rectangle.

The results obtained for the cylinders are presented in Tables 1 and 2.

Table 1. Comparison of inner diameter (in mm) for cylinders (nominal 22 mm).

Computed Tomograph CT High Res Scanner HRS Low Res Scanner LRS

Cylinder 1 21,607 21,592 21,743

Cylinder 2 23,823 23,855 23,772

Cylinder 3 22,521 22,538 23,089

Table 2. Comparison of outer diameter (in mm) for cylinders (nominal 33 mm).

Computed Tomograph CT High Res Scanner HRS Low Res Scanner LRS

Cylinder 1 33,089 33,167 32,808

Cylinder 2 32,805 32,831 33,642

Cylinder 3 33,875 33,830 33,296

The images of work pieces are presented on Fig. 5.
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Fig. 5. Examples of diameter measurement for cylinders, from left to right: computed tomograph,
high resolution scanner, low resolution scanner.

As can be seen from the presented data, the differences in dimensions between HRS
and CT except for one case do not exceed 30 µm. However, for LRS the deviations are
much larger and exceed even 0.5 mm. The images of cylinders retrieved by measuring
devices showsimilar shapes forCTandHRS,whileLRShadproblemswith identification
of upper regions.

The same procedure was applied to cross shaped elements. The obtained results are
presented in Tables 3 and 4.

Table 3. Comparison of inner diameter (in mm) for crosses (nominal 18 mm).

Computed Tomograph CT High Res Scanner HRS Low Res Scanner LRS

Cross 1 17,706 17,676 18,396

Cross 2 18,268 18,296 18,793

Cross 3 18,272 18,255 18,946

Table 4. Comparison of outer diameter (in mm) for crosses (nominal 33 mm).

Computed Tomograph CT High Res Scanner HRS Low Res Scanner LRS

Cross 1 33,088 33,120 32,506

Cross 2 33,184 33,191 32,478

Cross 3 33,061 33,087 32,078

The images ofworkpieces are presentedonFig. 6. For these surfaces, the dimensional
difference between HRS and CT is similar to that for cylinders and ranges from 7 to
32 µm. For LRS the deviations are again much larger and reach up to 1 mm. The images
of surfaces obtained bymeasuring devices similarly as before show similar shapes for CT
and HRS, also here LRS had problems with identification of upper fragments, although
smaller than in case of cylindrical surfaces. This is due to the fact that the surfaces are
wider in places where the robot changes direction of its movement, making the LRS
measurement task easier.
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Fig. 6. Examples of diameter measurement for crosses, from left to right: computed tomograph,
high resolution scanner, low resolution scanner.

A measurement procedure for rectangles included measurements of internal and
external dimensions in two mutually perpendicular directions, perpendicular also to the
sides of the figures. The obtained results are presented in Tables 5 and 6.

Table 5. Comparison of inner dimensions (inmm) for crosses (nominal X= 21mm;Y= 19mm).

Computed Tomograph
CT

High Res Scanner HRS Low Res Scanner LRS

X Y X Y X Y

Rectangle 1 21,099 18,840 21,401 18,113 22,171 20,004

Rectangle 2 20,932 18,784 20,698 19,188 21,519 20,077

Rectangle 3 20,858 18,483 21,105 19,216 21,603 20,020

Table 6. Comparison of outer dimensions (inmm) for crosses (nominal X= 28mm;Y= 26mm).

Computed Tomograph
CT

High Res Scanner HRS Low Res Scanner LRS

X Y X X Y X

Rectangle 1 27,569 26,116 27,529 26,285 26,841 25,557

Rectangle 2 28,111 26,773 27,672 26,532 26,958 25,345

Rectangle 3 28,058 26,444 27,538 26,173 26,925 25,409

The images of work pieces are presented on Fig. 7.

Fig. 7. Examples of diametermeasurement for rectangles, from left to right: computed tomograph,
high resolution scanner, low resolution scanner.
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For these surfaces, the inner and outer dimensionwere analyzed in two directions. For
the inner dimension, the differences betweenHRS andCTwere large, up to 0.7mm in the
Y axis. The LRS on the other hand differed from the CT even more, up to about 1.5 mm.
These differences show that for both scanners, the correct representation of the inner
surface of a relatively small hole was a difficulty, which is natural when triangulation
of this type of surface is concerned. The differences in the outer surfaces measured by
CT and HRS were smaller and in most cases did not exceed 0.2 mm, which however is
still significantly larger than the corresponding differences for the cylindrical and cross
shaped surfaces. The reason for this phenomenon can be seen in the surface images,
because HRS much less reliably reproduced the irregularities of the outer surface, i.e.,
phenomena occurring at the meso and micro scale. LRS also in this case showed large
differences from the dimensions obtained with CT, with values reaching almost 1.5 mm.
Also on these objects the LRS had great problems in identifying the top fragments.

From the images, it can be seen, that the thickness is growing when the layers are
superposing. Due to that, there is the thinnest part in every sample located close to the
plate. The values of thickness were calculated for each sample, as maximum, minimum
and average. For cylinders, the results are presented in Table 7.

Table 7. Comparison of thickness values (in mm) for a cylinder.

Computed Tomograph CT High Res Scanner HRS Low Res Scanner LRS

Maximum 3,461 3,250 3,413

Minimum 1,317 1,835 2,061

Average 2,663 2,715 2,625

The images of work pieces are presented on Fig. 8.

Fig. 8. Examples of thickness measurement for the cylinder, from left to right: computed
tomograph, high resolution scanner, low resolution scanner.



Comparison of Measurements Realized on Computed Tomograph 135

The obtained differences show relatively good convergence for all three devices
for maximum and average thickness. Bigger differences can be seen in the minimum
thickness, and the larger values for HRS and LRS than for CT show that the scanners
cannot quite good represent some of the valleys on the surfaces, tending to filter them
out (LRS obviously filters out more). The surface images similarly show that the LRS
resolution was not sufficient to represent the wall thickness of the cylinder.

The same procedure was also applied to cross shaped elements. The obtained results
are presented in Table 8.

Table 8. Comparison of thickness values (in mm) for a cross shaped element.

Computed Tomograph CT High Res Scanner HRS Low Res Scanner LRS

Maximum 3,592 3,553 3,003

Minimum 1,149 1,790 2,036

Average 2,881 2,895 2,490

The images of the cross shaped work piece are presented on Fig. 9.

Fig. 9. Examples of thickness measurement for the cross shaped element, from left to right:
computed tomograph, high resolution scanner, low resolution scanner.

The differences obtained show a relatively good convergence for CT and HRS for
maximum and average thickness, in this case LRS showed smaller values, what - as
previously - is related to the difficulty of mapping a complex surface. Big differences
can again be seen in the minimum thickness, and here too larger values were obtained for
HRS and LRS than for CT. On cross shaped surfaces there are more valleys and pitches,
making it even more difficult for the scanners to image correctly, causing a filtering
effect (again the LRS filters more). In the surface images, also in this case, the problems
of LRS with the resolution and - consequently - the representation of the wall thickness
of the element are clearly noticeable.
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An analogous procedure was used to measure the wall thickness of elements made
in rectangular shape. The results obtained for this element are presented in Table 9.

Table 9. Comparison of thickness values (in mm) for a rectangle.

Computed Tomograph CT High Res Scanner HRS Low Res Scanner LRS

Maximum 3,685 3,345 3,097

Minimum 0,865 1,810 1,815

Average 2,813 2,737 2,329

The images of the cross shaped work piece are presented on Fig. 10.

Fig. 10. Examples of thickness measurement for the rectangle, from left to right: computed
tomograph, high resolution scanner, low resolution scanner.

The differences obtained show good convergence for CT and HRS for the average
thickness, a little worse for the maximum thickness. The image obtained from HRS
shows a very smoothed outer surface compared to reality. The LRS again showed smaller
values related to mapping difficulty, although the differences are less significant than
for the previous surfaces. The big differences are again in the minimum thickness, with
larger values for the scanners. Interestingly, both showed very similar values, which may
indicate similar problems in identifying the interior of the object. As in all cases there
are also LRS problems with mapping the wall thickness of the part.

A crucial feature that is relatedwith an additive process of production, is the porosity.
For that reason, an analysis of the entire sample using a CTwas performed.What is clear,
this analysis is not possiblewith optical scanners. Table 10 shows the volumeof voids that
the was found during the scanning process. In the table, vacuum volume (mm3) means
the summation of voids volume in the whole specimen, vacuum volume (%) represents
the percentage of the summation of voids volume in relation to the total sample volume,
and maximum pore diameter shows maximum diameter of the biggest internal void.
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Table 10. Porosity of samples.

Vacuum volume (mm3) Vacuum volume (%) Maximum pore diameter
(mm)

Cylinder 1 No voids No voids No voids

Cylinder 2 No voids No voids No voids

Cylinder 3 No voids No voids No voids

Cross 1 0,001 0,000 0,194

Cross 2 5,176 0,093 2,120

Cross 3 No voids No voids No voids

Rectangle 1 No voids No voids No voids

Rectangle 2 0,018 0,001 0,460

Rectangle 3 No voids No voids No voids

The X-ray images of the samples with pores were presented on Fig. 11.

Fig. 11. X-ray images of pores for different geometries: cylinder, cross and rectangle.

The analysis of the occurrence and size of the pores showed that the process was
mostly correct and therefore the number and size of pores is not large. For cylindrical
surfaces, the easiest for the depositing robot, no pores were found at all. It should be
noted, however, that the power of CT lamp required to overexpose the steel caused
the resolution to deteriorate, making the detection of very small pores impossible. The
largest number of pores was observed for cross shaped surfaces, the most difficult from
the point of view of the kinematics of the metal depositing system.

5 Conclusions

The presented measurement results have shown the possibilities of applying measure-
ment techniques using electromagnetic waves to the analysis of structures made with
the GMAW method. These structures - as shown by the samples - allow relatively free
shape forming, especially if the surfacing head is guided by a robotic arm.
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The CT scanner made it possible to reflect the shape of the measured parts and per-
formed the measurement task very well. X-rays moving through the measured object
made it possible to find even narrow pockets, naturally occurring after the application
of layers in the GMAW technology. It showed also the pores occurring in the structures
and in this respect CT is the only non-destructive measuring method. Optical scanners
were able to show external structures to varying degrees. The high-resolution scanner
reproduced the shape of the objects relatively faithfully. However, it had problems with
mapping internal surfaces and in some cases external ones at meso and macro scales,
which unfortunately also had some effect on themacro scale. The low resolution scanner,
on the other hand, proved to be essentially useless for this application, the dimensions
obtained with it were only a very rough estimate of reality. Thin walls made represen-
tation of the height of the analyzed elements very difficult, as the measurement device
had a problem with detecting the upper part of the walls. This shows how the resolution
of the scanner affects the reliability of the reproduced shapes.

Another issue that can be observed is generally rather low repeatability of thewelding
work blank. In GMAW it is an effect of the difficulty of controlling the arc forming
position. This is why the element is usually machined afterwards in the and a hybrid
manufacturing process is applied.
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39. Gapiński, B., Wieczorowski, M., Grzelka, M., Alonso, P.A., Tomé, A.B.: The application

of micro computed tomography to assess quality of parts manufactured by means of rapid
prototyping. Polymers 62(1), 53–59 (2017). https://doi.org/10.14314/polimery.2017.053
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