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Abstract: Layering deposition methodology in metal additive manufacturing (AM) and the influence
of different processing parameters, such as energy source level and deposition speed, which can
change the melt pool condition, are known to be the important influencing factors on properties of
components fabricated via AM. The effect of melt pool conditions and geometry on properties and
quality of fabricated AM components has been widely studied through experimental and simulation
techniques. There is a need for better understanding the influence of solidified melt pool topography
on characteristics of next deposition layer that can be applied to complex surfaces, especially those
with sparse topographical features, such as those that occur in AM deposition layers. Topography of
deposited layers in metal additive manufacturing is a significant aspect on the bonding condition
between the layers and defect generation mechanism. Characterization of the topography features in
AM deposition layers offers a new perspective into investigation of defect generation mechanisms and
quality evaluation of AM components. In this work, a feature-based topography study is proposed
for the assessment of process parameters’ influence on AM deposition layers topography and defect
generation mechanism. Titanium alloy (Ti6Al4V) samples deposited on steel substrate, by direct
energy deposition (DED) AM technique at different process conditions, were used for the assessment.
Topography datasets and analysis of shape and size differences pertaining to the relevant topographic
features have been performed. Different AM process parameters were investigated on metallic
AM samples manufactured via direct energy deposition (DED) and the potential defect generation
mechanism was discussed. The assessment of the topography features was used for correlation
study with previously published in-situ monitoring and quality evaluation results, where useful
information was obtained through characterization of signature topographic formations and their
relation to the in-situ acoustic process monitoring, as the indicators of the manufacturing process
behavior and performance.

Keywords: additive manufacturing; direct energy deposition; surface metrology; surface roughness;
profile roughness; porosity; crack

1. Introduction

The study of surface topography can have different applications in process develop-
ment, as well as quality assessment. In terms of process development, since the topography
of the surface is a function of the process parameters, topography measurements can be uti-
lized to monitor and modify the process parameters, specifically in additive manufacturing,

Metrology 2022, 2, 73-83. https:/ /doi.org/10.3390 /metrology2010005 https://www.mdpi.com/journal /metrology


https://doi.org/10.3390/metrology2010005
https://doi.org/10.3390/metrology2010005
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metrology
https://www.mdpi.com
https://orcid.org/0000-0001-9189-2179
https://orcid.org/0000-0003-1704-8775
https://doi.org/10.3390/metrology2010005
https://www.mdpi.com/journal/metrology
https://www.mdpi.com/article/10.3390/metrology2010005?type=check_update&version=3

Metrology 2022, 2

74

where the effect of process parameters are significant on the production characteristics. In
quality inspection and control, topography information provides fundamental knowledge
about the surface finish condition, which is one of the major influencing factors on defect
generation, such as crack initiation and propagation and generation of stress concentration
locations. Surface topography metrology techniques have been widely used for evaluation
of surface and finishing process conditions in additive manufacturing (AM). Investigation
of surface characteristics as the signatures of the additive manufacturing process is very
useful for AM process development and optimization [1,2]. The recent advancements
in high-resolution and high-accuracy 3D geometric models of surface topography can
be used for the investigation of the effects of manufacturing process conditions on the
quality and surface topography of the parts. These advancements and capabilities also
provides the opportunity to acquire high level of details of morphology and topography
of deposited AM materials [3]. Specifically, when the surface topography information is
used along with the in-situ process monitoring [4,5] and defect generation mechanism [6]
in AM, it provides valuable insight into understanding the AM process and quality of
the parts. In additive manufacturing technology, feeding materials (usually powders or
wires) are deposited on a substrate in a form of layers in a pre-defined sequence. One
of the important consequences of this manufacturing approach is that the quality of the
final part is a function of the quality of each layer. Additionally, the properties of each
deposited layer have significant influence on the characteristics of the next layer. While
these characteristics increase the complexity and challenges of quality evaluation for AM
parts, it also provides the opportunity for in-situ evaluation and monitoring prior to mov-
ing on to the processing of the next layer. Surface topography, which can be quantified,
plays an important role in the potential generation of flaws and discontinuity. The mor-
phology and topography of a deposited layer are the result of the manufacturing process
and contain important information about the deposition process and future quality of the
parts [7-9]. Processing conditions in metal additive manufacturing not only affect the
macro-mechanical properties, but also influence the morphology of the layer. Raw material
properties [10] and manufacturing process conditions, such as input energy (laser power),
feed rate of raw materials, hatch distance [11], layer thickness, and scanning speed [12],
have been reported to play important roles in surface morphology and topography of AM
parts. In addition to the manufacturing processing conditions, properties of the feedstock,
rheology and the temperature of the melting pool have been shown to cause variation
of surface tension and formation of the surface profile [13]. Melt pool conditions, such
as geometry (dimension), stability and behavior, determine both surface roughness and
flaws (porosity or cracks) of AM-fabricated parts [14]; hence, it is necessary to understand
the relation of these two parameters. Newton et al. (2018) studied the evolving surface
topographies in finishing operations for additive manufacturing. In Newton’s approach, a
feature-based technique was used to identify the topography formations and track their
changes after finishing operations [15]. Up to a 30% decrease in value of roughness was
reported by Khorasani et al. [13] when increasing laser power in laser powder bed fusion
(LPBF) manufacturing of Ti-6Al-4V samples. Several different surface topography fea-
tures can be used to evaluate the surface characteristics and study the properties of the
AM parts. A lower S; (root mean square value of ordinate values within the definition
area) and S, (general measurement of the slopes that comprise the surface and may be
used to differentiate surfaces with similar average roughness) values were observed for
samples produced with high power and similar scan speed by Thanki et al. (2020) [16].
Nagalingam et al. [17] have discussed the challenges in surface properties measurement
for AM components due to various asperities and random roughness distributions. They
have concluded that traditional measurements based on available standards, such as ISO
4287, 4288, and 25178, need some level of adjustment; they proposed a framework for such
modifications. Nagalingam'’s findings confirm the current paper’s approach in applica-
tion of more detailed measurement and, using Gaussian filters to enhance isolating the
relevant features in surface topography, measurements that can be used for AM process
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development and quality inspection [17]. However, there are several research studies on
surface characterization of AM parts and influence of processing parameters on surface
topography but understanding the relation of these parameters to the quality of the parts
and defect generation mechanism is still a big gap in additive manufacturing technologies.
The aim of this study is to evaluate the surface topography features generated at different
additive manufacturing process conditions and to understand the relation between the
manufacturing process conditions, topography features, defect generation mechanism, and
possibility of the correlation to in-situ process monitoring results obtained through acoustic
signatures of the manufacturing process in a former study.

2. Methodology
2.1. Samples

Titanium alloy (Ti-6Al-4V) samples were fabricated by the direct energy deposition
(DED) technique on a tool steel baseplate. In DED additive manufacturing, the continuously
delivered powder or wire raw material is melted by a laser as a focused heat source to
fabricate the final geometry of the parts [18]. Titanium alloys are widely used in aerospace
and bio-medical applications because of their outstanding characteristics, such as high
strength, low density, and superior corrosion resistance. In this study, the samples were
built at different process conditions, to include process-related effects due to process
parameters in the investigation. Different process condition that have been considered
include normal (optimum), low power density, and low powder feeding rate, as described
in Table 1 [4].

Table 1. Different direct energy deposition (DED) process conditions.

Process Condition Number Description Abbreviation
Condition 1 Optimum (Normal) C1
Condition 2 Low Laser Power C2
Condition 3 Low Powder Feed C3

Different depositions of the titanium alloy were positioned on random locations on
the steel base plate. Five samples at each different process conditions (Table 1) were made.
All samples that were 25 mm x 5 mm and had only one (1) deposited layer were cut using
electrical discharge machining (EDM) for further processing and microscopy testing.

2.2. Measurement Setup

The samples were measured on a Polytec Micro. View optical profiler (Polytec, Boston,
MA, USA) using 10x objectives. The fundamental measurement principal is governed by
the technique universally called as coherence scanning interferometry using a broadband
white light source. The white light interferometer is an optical measuring system that takes
advantage of the short-coherence property of white light. Using a beam splitter, the light
emitted by an LED is divided into a measurement path and a reference path. Interference
only occurs when the optical path length difference between the measurement and the
reference arms is less than half the coherence length. While the reference path is terminated
by a mirror, the light from the measuring path is reflected by the target surface. An image
sensor records the super-imposed reflections of the measurement and reference paths.
The Mirau objective, used for magnification between 10x and 100X, has an integrated
micro-mirror that is located at a small distance from a beam splitter. The reference path in a
Michelson objective (typically magnifications up to 5x), on the other hand, is in a separate
arm of the lens. The above interferometer designs are shown in Figure 1.
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Figure 1. Setup of a white light interferometer for microscopic surface measurements.

During a measurement, the length of the measuring path was continuously changed
(by moving the objective via a piezo scanner or motorized Z stage), allowing it to span the
entire height of the tested surface. As interference occurred, the intensity modulation of the
light (the correlogram) was detected. Each pixel’s correlogram was continuously stored for
the entirety of the scan length, see Figure 2.

virtual Interference Plane (Ly,, = L,y)

Figure 2. Time sequence of a scanning measurement: If the correlogram has been scanned for all
pixels, the measurement can be terminated.

The scanning sequence, therefore, stored the history of all the pixels ‘change in intensity.
Taking into account the position of the scanner and the maximum contrast of the pixel, the
software was then able to lay out all the points in relation to each other. The z-value of
the point on the surface that was depicted on this pixel corresponded to the z-value of the
positioning stage when the modulation of the correlogram was at a maximum. Thereafter,
the TMS software could process this raw information into images and topography results.
Measurements have been conducted over the 200 pm x 200 um area of all samples at
different locations with 10 x magnification.

3. Surface Topography Feature Characterization
3.1. 3D Topography Features

The 3D topography of the samples shows the difference of the feature at each process
condition, as shown in Figure 3. In the C1 process condition (Figure 3a), more uniformly-
distributed surface topography features were observed. In addition, the change in the
height at the location of these feature was slightly shifting from the surrounding area to the
spatters. However, in the C2 process condition (Figure 3b), a higher surface roughness with
a larger number of spatters was observed. In this condition, the spatters had more abrupt
changes in their heights. This could be explained as the influence of some un-melted or
partially melted powder particles on each subsequent layer in the C2 process condition.
The abrupt changes in the topography of the layer surface could be the major cause of lack-
of-fusion (LOF) porosity in this situation. Finally, in the C3 process condition (Figure 3c), in
addition to the separated random distribution of the spatters, a clear sign of cracking could
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be seen in the surface topography, which could be due to lower concentration of material
and higher thermal gradients.

(b) ()

Figure 3. 3D topography of the samples (a) Normal Condition, (b) Low power, (c) Low powder.

3.2. Surface Area Features Measurement

Surface topography parameters, including arithmetic average areal roughness values
(Sa) and arithmetic average linear roughness values (Ra), have been measured for each
sample. The Sa values have been measured over the 200 um x 200 um area of all samples at
different locations with 10x magnification. Comparison of average and standard deviation
for the Sa of the samples at different manufacturing processing conditions is presented in
Table 2.

Table 2. Comparison of arithmetic average roughness values (Sa) of the AM samples at different
manufacturing processing condition.

Sample Number C11, C12 C21, C22 C31, C32
Manufacturing Processing Condition Normal Low Power Low Powder
Sa [um] (average value over the area) 5.1 10.3 2.3

Standard deviation [pum] 2 29 0.7

The higher Sa values in low power manufacturing process condition could be inter-
preted as the lack of input energy for melting the metal powders during the deposition,
which caused a portion of the powders to be partially melted or just sintered to the sur-
rounding materials and created localized rough surfaces in the deposited layers. At low
power condition, the energy density and melting pool temperature decreased according to
Equations (1) and (2) [19,20], where E; is the energy density, 77 is the absorption coefficient,
Lp is laser power, Sg is scan speed, B4 is beam area, Tj is the reference value for tempera-
ture, T; is solidus temperature, Cp, is the specific heat capacity in solid state, AH,;, is the
enthalpy phase change for solid to liquid, T; is liquid temperature, Ty, is Titanium melting
point temperature and Cp,, is the specific heat capacity in liquid state.

HLp
E = 1
1= 33B, 1)
Ts Tmp
E, = /CpsdT+AHm+ / Cp, dT ?)
Ty T

Lower melt pool temperature, because of the low power, increased the surface tension,
which, in turn, leads to an increased Rayleigh instability [21,22]. On the other hand,
the lower Sa values in the low powder condition could be due to a lower ratio of the
deposited material to the input energy, which caused all powders to completely melt
and merge together. In addition, a lower volume of material (powders) in some area of
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measurement also affected the lower Sa value measurement. The optical microscopy images
taken from the samples at different process conditions by optical microscope (OLYMPUS
BX53M, Figure 4) and by digital microscope (Keyence VHX 7000, Figure 5) could be used to
enhance this understanding. As can be seen from the optical images, there was a significant
difference in the surface texture for the different process conditions. As discussed earlier
from the surface topography measurement results, a consistent deposition and texture
could be seen in the normal process condition, while a thin deposition and fully meted area
appeared in the low powder condition and a discontinued rougher texture happens in the
low power process condition.

(c)

Figure 4. Optical images of the surface textures at different manufacturing process conditions;

(a) normal, (b) low powder, and (c) low power.
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Figure 5. Optical 3D images of the surface textures on a 200 um x 200 um region of the sample;
(a) Normal, (b) Low power process conditions.

4. Quality Assessment Based on Surface Features

It has been shown by several works that the melt pool characteristics and, consequently,
the surface topography of each deposition layer, significantly influence the generation of
defects such as porosity and keyholes in AM components [23]. From the topography of
the specimens at different process conditions (Table 1), the melt pool condition and defect
generation indicators could be observed, as shown in Figure 6. In the C1 process condition,
a more uniform distribution of the topography features could be seen (Figure 6a). In the C2
condition, a larger density and distribution of porosities at different sizes were visible in
the topography, which were due to un-melted regions (Figure 6b). For the C3 condition,
the higher concentration of energy caused more uniform melting in the melt pool, which
generated lower spikes in the topography in the surface; however, it could also cause the
generation of local cracking due to the larger thermal gradient, as can be seen in (Figure 6c).

Ik L T e e e )

Figure 6. Quality assessment based on surface features at different process conditions. (a) Normal
Condition, (b) Low power, (c) Low powder.

The Ra values were also measured for each sample within the same targeted area as
described above. The localized peaks that are part of the Ra values in low-power condition
(C2) have been identified using a line profile as shown in Figure 7 and measured to be in
the range of 40-50 pm, which is comparable to the layer thickness of the deposition process.
Inhomogeneity of the surface generated due to these localized spikes in the level of layer
thickness is another explanation for the LOF defect generation in this condition.
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Figure 7. Surface topography measurement of Ra value for AM sample in low-power (C2) processing
condition; (a) 3D topography, (b,c) local line profile measurements.

Further processing of the surface topography measurements, such as averaging for
every sample point in elliptical or rectangular surroundings, or application of filtering,
such as S-filters, will enhance the assessment of the topography measurements for the
purpose of quality assessment based on surface features. In the Gaussian low-pass filter
application, a5 um S-nesting index was used to separate roughness and waviness according
to the recommendations in ISO 25178-3. Figure 8 shows the results of applying S-filter
to the measurements at different manufacturing process conditions. The filtering process
significantly improved the identification of the quality indicators on each sample. For the C2
processing condition, the localized porosities clearly appeared in the measurement results,
showing both larger lack-of-fusion (LOF) porosities as well as localized gas porosities,
which were mostly concentrated around the spikes of the topography. The cracking that
happened at the C3 process condition could be efficiently seen in the filtered measurement
images, which show the propagation and geometry of the cracks.

81 82 83 84 85 86 87 790 80 a1l ea 8s as

z[pm]
z[ym]

79 80 81 8.2 8.3 84 85 86 87
x[mm]

(a)

Figure 8. Cont.
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Figure 8. Surface topography of AM samples different processing conditions before and after
applying S-filter; (a) C1 process condition; Left: Before filtering, Right: After filtering (y-axis [um]),
(b) C2 process condition; Left: Before filtering, Right: After filtering (y-axis [um]), (c) C3 process
condition; Left: Before filtering, Right: After filtering (y-axis [um]).

5. Manufacturing Process Monitoring and Quality Control

One of the main goals of layer-wise quality evaluation and understanding of the effect
of process conditions on the defect generation and properties of each layer, is to correlate
this information to the in-situ process monitoring methods in additive manufacturing
technology. Currently, there are a variety of in-situ monitoring processes for additive
manufacturing processes to identify any deviation from the optimum processing condition.
These in-situ monitoring techniques include thermography, optical imaging and image
processing, and acoustic techniques that have been comprehensively discussed in several
review papers [5,24]. Following the identification of changes in process conditions, it is
necessary to understand the influence of such deviations on the mechanical properties and
potential defect generation on the parts. In a previous publication [4], it was shown that
the frequency features recorded from the acoustic signatures during the manufacturing
of the same samples used in this study could be used to efficiently classify different addi-
tive manufacturing process conditions [4]. Since the different manufacturing processing
conditions have been identified using acoustic signatures for in-situ monitoring, the next
step is to identify the related change in properties of the part due to generation of potential
defects and flaws caused by the changes in processing conditions. As described above, the
quality assessment of the AM samples based on surface features provides a comprehensive
understating of the deposition layer characteristics and defect generation mechanism due
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to the layer’s topography. Combined with the advancements in in-situ process monitoring,
the results of this quality assessment can be used as a valuable inform.

6. Conclusions

Process parameters in metal additive manufacturing, such as level of input energy and
rate of feeding raw materials, have shown significant influence on the final quality of the
produced parts. Variations in manufacturing processing parameters can be identified by
in-situ process monitoring techniques, such as classifying the acoustic signatures recorded
during the manufacturing process, and can be correlated to the quality and surface finish
of the produced parts. These variations in process parameters cause a change in melt-pool
geometry and conditions as well as generation of defects and flaws in the parts. Con-
sequently, changes in processing parameters will critically affect surface topography of
each deposited layer and the finished part. Study of surface topography features in this
work provided useful insight for the type and conditions of potential flaws that can be
generated due to changes in processing conditions, which can be used for correlating to
in-situ process monitoring and quality assessment of the additively manufactured parts.
Studying the surface characteristics of the deposited metal additive manufacturing at differ-
ent process conditions showed that, while a more uniform distribution of surface features
could be observed in the normal (optimum) manufacturing processing condition, there
were abrupt changes in surface characteristics when the manufacturing process deviated
from the normal condition, such that one could observe defect generation indications on
surface topography.
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