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ABSTRACT

In this work, a concept of using surface roughness data as an evaluation tool of the process variation in a
commercial Laser Powder Bed Fusion (L-PBF) machine is demonstrated. The interactive effects of powder
recoating, spatter generation, gas flow and heat transfer are responsible for the intra-build quality inconsistency
of the L-PBF process. Novel specimens and experiments were designed to investigate how surface roughness
varies across the build volume and with the progression of a build. The variation in roughness has a clear and
repeatable pattern due to the strong impact of the orientation of inclined surface to the laser origin. The effects of
other factors such as exposure sequence of specimens, build height, and recoating process are less prominent and
are difficult to isolate. A neural network regression model was built upon the large dataset in measured Ra
values. The neural network model was applied to predict distribution of roughness within the build volume under
hypothetical processing conditions. Connections between the predicted variation in roughness and underlying
physical mechanisms are discussed. The present work has value for machine qualification and modifications
which lead to the manufacturing of parts with better consistency in quality. The detailed variation observed in
surface roughness can be used as a reference for designing experiments to optimise processing parameters in

order to minimise the roughness of inclined surfaces.

1. Introduction

Laser Powder Bed Fusion (L-PBF) uses a focused laser beam to
selectively fuse thin layers of metal powder according to cross-sectional
profiles of three-dimensional (3D) computer-aided designs. L-PBF pro-
duced parts is currently qualified through trial-and-error experiments
[1], while various simulation tools, combined with experiments, can
assist to reduce the time and cost for the qualification process [2].
Quality assurance at part level requires good knowledge of the various
sources of variations in part qualities. The characteristics of the feed-
stock powder [3] and its interaction with the powder delivery system
introduce one source of the process variation by affecting the quality of
powder coating, i.e. the effective layer thickness, the packing fraction
and the areal coverage over the build platform [4]. Raking, rolling, or
gravitational feeding of powder are all used by different L-PBF machine
systems [5] and each method has its advantages and disadvantages. The
size and shape distribution of the powder feedstock evolves as it is
progressively recycled and new powder is added [3,6]. This in turn in-
fluences the granulometry, morphology and surface chemistry of the

powder and the resultant flowability, and thus affects the performance
of powder during the recoating process [4,7].

The generation of spatter, metal vapour, and plasma during laser
beam interaction with metal powder [8] also contribute to the process
variation. Spattering is the ejection of metal particle(s) from the melt
pool due to the convective fluid flow within the melt pool and the recoil
pressure exerted by evaporation [9]. Meanwhile, the intensive evapo-
ration in the melt pool generates an inward flow of ambient gas above
the melt pool that is strong enough to entrain powder particles sur-
rounding the scan track [8]. The particles so-entrained can then be
incorporated within the melt pool or ejected in any direction with
respect to the laser scan direction [8] only to re-deposit on the powder
bed if not carried away by the shielding gas flow [10]. As a result, the
powder bed surrounding the laser scan track is disturbed and depleted of
powder particles, rendering a powder denudation zone [11]. The
long-range movement of spatter and entrained particles results in sig-
nificant increase of actual layer thickness both locally and globally
compared to the initial levelling height [12,13]. Laser scanning over the
powder denudation zone or areas with re-deposited particles embeds
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changes in thermo-physical conditions as the laser beam melts different
combinations of powder and previously solidified metal, resulting in
variable surface morphology [10]. In addition, the presence of the
process by-products (spatter, ejected particles, metal vapour conden-
sates) in the laser beam path can result in energy absorption, reflection
and scattering [10].

The shielding gas flow is a crucial factor of quality control during the
L-PBF process. It performs three functions: (1) it provides inert atmo-
sphere to prevent reaction between the processed metal and reactive
gases [14]; (2) it directs process by-products towards the gas outlet [10];
(3) it assists cooling of the powder bed surface [15]. At a given position
on the build plate, the optimum flow velocity is when metal vapour
condensate is efficiently removed without disturbance of the powder
bed [16]. Directed gas flow of uniform and sufficient flow velocity across
the build area is beneficial for consistent part quality [10], but is difficult
to achieve in practice. Commercial L-PBF machines employ different
designs of gas flow systems, yielding different flow patterns over the
build area [10,12] and hence produce different variations in quality
attributes such as porosity, surface topology and part strength. Insuffi-
cient removal of process by-products at local areas of a build chamber
due to the reduction in flow velocity results in beam attenuation and
scattering, which in turn leads to a wider scan track [10], lack-of-fusion
porosity [10,16], lower compression strength [16], and lower ultimate
tensile strength [17]. Additionally, laser scanning in the opposite di-
rection to the gas flow encounters less interactions between laser beam
and spatter particles in comparison to the case where the laser scans
along the gas flow [17]. High speed camera observations [18] suggest
that the spatter particles are mainly ejected backward along the scan
direction or vertically upwards, therefore when the laser travels in the
same direction as the gas flow, the spatter particles are directed towards
the laser beam path by the shielding gas leading to a larger beam
attenuation.

Furthermore, the different thermal properties of powder compared
to its solid metal counterparts make the local heat dissipation dependent
on part geometry. During the L-PBF process, the melt pool can be sur-
rounded by powder which has substantially lower effective thermal
conductivity than the solid metal [19]. Therefore, heat accumulates in
the vicinity of the melted area in structures like thin walls [15,20],
overhangs [21], and areas built on fragmented support [22] where the
heat conduction pathway through solid metal is limited. The accumu-
lated heat leads to quality issues such as thermal warping [23] and
increased surface roughness [20].

The roughness of L-PBF product surface in as-built state necessities
post-processing such as polishing and machining, when the surface
finish is critical to the part performance such as heat transfer and fluid
flow in gas turbines [24] and fatigue life [25]. Meanwhile, The state of
an as-built surface can yield valuable information about the process
stability [26]. The top surface (horizontal) is the last layer processed by
the laser, and can tell us about liquid metal flow and evaporation within
the melt pool [27], and show traces of spatter particle redeposition and
beam attenuation [10]. The side surface (vertical) shows the re-melting
and wetting of consecutive layers [28]. In addition, heat input during
laser scanning [29] and heat accumulation effect due to insufficient
cooling of surrounding powder bed [20] can be inferred from the
amount of adhered powder particles. Inclined surfaces, both upskin
(upward-facing surfaces) and downskin (downward-facing surfaces) are
influenced by the staircase effect, which is inherent to the layer-wise
construction of additive manufactured products [30]. The staircase ef-
fect is controlled by the step size between layers, which is inversely
proportional to inclination angle to the build plate (6) and proportional
to the layer thickness. The roughness of the upskin is also controlled by
the re-melting and wetting between layers and the size and amount of
adhered powder at layer boundaries [30]. The downskin surfaces, also
referred to as overhanging surfaces, are created while the fusion zone is
directly above powder bed, which has higher absorptivity [31] and
lower thermal conductivity [19] compared to solid metal. Therefore,
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larger size of melt pools at the downskin become the dominant factor in
surface roughness due to the high heat input and slow heat dissipation
[21]. In the case of small inclination angle (generally 6 < 45°) and
excessive laser energy input, downskin surfaces develop severe thermal
warpage over several deposition layers and this eventually interrupts the
process due to collision between a raised edge and the recoater arm [2.3].

In this work, the experiment is conducted with specimens placed at
nine discrete locations on the build plate that are expected to encounter
different gas flow and powder recoating conditions. The specimen ge-
ometry, along with their placement and orientation in a build chamber
and the order in which they are exposed by the laser beam, are designed
to study multiple L-PBF process-related effects on the surface roughness
of the products. These effects include the orientation of inclined surfaces
to the build plate, the build-up orientation to the centre of the build
chamber where the laser originates from, the location and exposure
order of specimens and the build height. The result shows a clear pattern
of change in average surface roughness (Ra) value with the surface
orientation to the centre of the build. Inclined surfaces that were built up
away from the centre of the build exhibited higher roughness compared
to those built up and towards the centre, this is in agreement with the
works reported previously [32-34]. In addition, local variations are
found along the path of gas flow and powder recoating. The dataset was
used to construct a regression model using a neural network tool. The
neural network model was applied to investigate how surface roughness
and its distribution over the build volume is influenced by an arbitrary
perturbation to the processing conditions such as changed exposure
sequence, build height, and orientation to the centre of the build
platform.

2. Methodology and experimental procedure
2.1. Feedstock powder

The feedstock powder used for the current study is gas atomised Ti-
6Al-4V  powder with chemical composition (wWt%) of
5.84A1-4.0V-0.013C-0.004N-0.003H-0.098Fe-bal.Ti. The powder was
sieved to below 63 um before it was loaded into the dispenser chamber.
The sieved powder has D10, D50 and D90 of 16 pm, 30 um and 50 pm
according to size distribution tests conducted by laser diffraction tech-
nique using a Mastersizer 2000. The powder particle size distribution is
plotted in Fig. 1.

2.2. The L-PBF process

The L-PBF process was carried out using an EOS M280 machine.
Before the build process commenced the process chamber was flooded
with argon gas until the oxygen level was lower than 1000 ppm. The
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Fig. 1. Particle size distribution of Ti-6Al-4V feedstock powder.
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build plate was heated to 100 °C. A carbon fibre blade provided by EOS The specimens were built with a laser power of 280 W, scan speed of
was used for recoating powder. The laser beam has a D46 of 80 um under 1200 mm/s hatch distance of 0.14 mm and layer thickness of 30 ym. A
a laser power of 200 W. A nominal laser beam diameter of 100 ym was striped scan pattern was used, with stripe width of 10 mm. The scan
applied on the EOS build preparation software. The F-theta lens has a orientation was rotated 67° between deposition layers. According to the
working distance (from the front optic to the workpiece) of approxi- EOS default setting, the contour of the scanned area is usually scanned
mately 500 mm. by the laser before and/or after the exposure of the core area of all parts
n 60° upskin
(a) ~ — P
| 1 ] [ N_]J
2 a . :
o 60° downskin
/ \ " / 45° upskin
~
1 f I | o 711
o~ —~——— .
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Fig. 2. (a) Pyramid specimen design, four types of inclined surfaces are marked in section view A-A; (b) Arrangement of specimens on an EOS M280 process
platform. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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to improve the surface finish. Since the experiment was designed to
investigate the influence of exposure sequence on surface roughness, the
contour scans were deliberately deactivated to avoid complication of the
exposure sequence.

2.3. Specimen design

The design of specimen resembles a pyramid (Fig. 2a) and is a
modified version of an earlier design [32]. Each specimen contains 48
individual facets for surface roughness evaluation. The 48 facets can be
divided into four groups of 12 facets depending on the orientation
relationship between the facet and the horizontal plane, i.e., the build
plate. The 12 facets possess 12 discrete orientation angles to the X-axis
(recoating direction). The angle between the X axis and the projection of
the surface normal vector on the X-Y plane is denoted as o angle. For
each of the nine specimen locations, a varies from 20° to 350° in equal
steps.

The acute angle between the inclined surface and the build plate is
denoted as 6. The angle 0 is 60° for the facets in the upper half of the
specimen and is 45° for the facets in the lower half of the specimen. For
each 0 angle, a pair of an upward-facing surface (upskin) and a
downward-facing surface (downskin) is obtained. The four groups of
testing facets included in a single pyramid specimen are named as 60°
upskin, 60° downskin, 45° upskin, and 45° downskin.

2.4. Arrangement of specimen and exposure order

A Cartesian coordinate system is defined with the origin located at
the centre of the build area (Fig. 2b). This coincides with the vertical
projection of laser origin on the build plate. The recoating and gas flow
direction in the EOS M280 are perpendicular to each other. The powder
recoating direction is parallel to the X-axis while the gas flow is parallel
to Y-axis. The build direction is the Z-axis.

As shown in Fig. 2b, the specimens were placed at nine locations on
the build plate, featuring a three-by-three matrix. The projections of the
centres of M-2 specimens coincide with the centre of the build plate. The
distances between the centres of neighbouring pyramid specimens are
90 mm in both X and Y directions. Each facet in the pyramid thus rep-
resents a unique orientation relationship with the laser beam, the gas
flow and the recoating direction. At a given location on the build plate,
three replicates of the specimen are stacked to form three layers (indi-
cated by different colours). The specimens are labelled according to
their positions in the build chamber, i.e., Column (left (L), middle (M) or
right (R)) - Row (1, 2 or 3) - Layer of stack (bottom (B), middle (M) or top
(™).

The three layers of pyramid samples were built with controlled
exposure sequence of specimens with respect to the gas flow direction,
namely: in the same direction as the gas flow for the bottom layer;
shuffled for the middle layer; and against the gas flow for the top layer.
The specific exposure sequence is shown in Table 1 identified by Roman

Table 1
Exposure orders designed for three layers of pyramid samples located at
different positions. The exposure order is indicated by Roman numerals.

Specimen location
(Column-Row)

Exposure order

Randomised
(Middle layer)

Along gas flow
(Bottom layer)

Against gas flow
(Top layer)

L1 I I 111

L-2 1I viI I
L-3 111 IX I
M-1 v VIII VI
M-2 A 1II \4
M-3 VI VI v
R-1 VII \% X
R-2 VIII v VIII
R-3 IX I VII
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numerals.

2.5. Surface profile measurement

The roughness of as-produced specimens was evaluated by tactile
profilometry method using a Mitutoyo Surftest SJ 410 (Fig. 3). During
measurements, the stylus was set to traverse perpendicular to the layer
boundaries. The stylus measurement returns the surface height profile Z
(x) at any given position x over an evaluation length of ] = 8 mm. Five
repeating measurements were taken from each facet. A short cut-off
length of A; = 25 um and a long cut-off length of A, = 8 mm were cho-
sen according to the user manual of the surface profilometer. A Gaussian
filter was applied to the assessed profile. The stylus used has a tip radius
of 2 um.

2.6. Surface texture parameters

The arithmetical mean of absolute coordinate values Ra was recor-
ded manually while measuring surface roughness using profilometer.
The surface roughness profiles were saved and then exported to MAT-
LAB software for further analysis. Several surface texture parameters
were then computed according to ISO 4287:1997 [35]. In addition to Ra
values, described by Eq. (1), five additional surface roughness parame-
ters are presented. The root mean squared deviation of assessed profile
Rq (Eq. (2)) was used as an additional amplitude parameter. The root
mean square of local slope RAq (Eq. (3)) was used to assess how abruptly
the surface height changes locally, while the local slope dZ/dx is esti-
mated using Eq. (4) for discrete measurement points. The mean width of
profile element Ry, (Eq. (5)) is a parameter for horizontal spacing be-
tween peaks and valleys. A profile element consists of a surface profile
peak and its adjacent valley. A height discrimination (10% Rz) and a
spacing discrimination (10% sampling length) were applied when
identifying the peaks and valleys of surface profile as suggested by ISO
4287:1997 [35]. Rsk (Eq. (6)) and Rku (Eq. (7)) are used as measures of
the asymmetry and sharpness of probability density function of surface
height values [35].

1
Ra = 7/ |Z(x)|dx 1)
0
1/
Rg = 7/ Z2(x)dx (2)
0
1 [ [dz(x)]*
RAqg = 7/ {d (x)} dx 3
L)y | dx
z; 1
e m(zprz — 9710 +45Z;1 —45Z; 1 +9Z;,—Z;3) “4)
1 m
Rsm = 7ZXS[ 5)
m=
i
I
Rsk = R—qS 7 2’ (x)dx 6)
0
l
g,
Rku = R_q4 7 Z (x)dx (7)

2.7. Electron microscopy

Scanning Electron Microscopy (SEM) images were taken from
selected facets for qualitative comparison between facets of different
orientations using a FEI Quanta 3D FEGSEM electron microscope in
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Stylus traverse directig

Fig. 3. Pictures of (a) a pyramid sample removed from build plate, (b) a specimen mounted on the Mitutoyo Surftest SJ410 surface profilometer, the facet being
tested is 45° upskin surface. (¢) the measurement stylus in contact with specimen surface, the stylus is perpendicular to the tested facet.

Secondary Electron Imaging (SEI) mode. The specimen surface was
rotated to horizontal position when images were taken.

2.8. Neural network model

2.8.1. Definition of input variables

Since each facet in a pyramid specimen represents a unique
geometrical relationship with the machine, seven input parameters were
calculated to define the orientation and location of each facets. In
addition, the exposure order of a given specimen along the gas flow
direction was indicated by a number N. Hence, there are eight input
parameters in total to describe each facet in the pyramid experiment, i.e.
the input layer has eight neurons, as shown in Table 2.

A build-up orientation with the maximum expected Ra value was
defined (Fig. 4) based on previous studies [32-34] and the observations
in the current work. This orientation changes as the specimen’s location
on the build plate changes. It is hypothesised that any deviation from
this build-up orientation would result in a reduction in Ra values at any
location on the build plate. Hence, the angular displacement § angle as
defined in Fig. 3 was chosen as one input variable for neural network
training.

Table 2
Description of input parameters for neural network training.
Input Description
variable
0 Surface orientation angle to the build plate
ud Upskin (coded 1) or Downskin (coded —1)
X X coordinate with origin at the centre of the build plate
Y Y coordinate with origin at the centre of the build plate
Z Vertical distance from the middle of the facets to the build plate
R Radial distance between the middle of the facet and the centre of the

build

Angular displacement from the build-up orientation with maximum
expected roughness

N Exposure order of sample in its column

=4

Laser

)

Centre

Fig. 4. Schematic illustration of build-up orientation of inclined surfaces
(upskin and downskin) with maximum expected Ra values. The part drawing
represents the upper half of a pyramid specimen. V; and Vy,,x are two vectors
that are parallel to the build plate (X-Y plane), Vp.x indicates the build-up
orientation of an inclined surface with maximum expected Ra. 8 angle is the
angular displacement from Vy,x to Vi in the anticlockwise direction. V; and
Vmax are perpendicular to the respective specimen edges.

2.8.2. Training
The neural network model was constructed using the built-in “neural
fitting” tool in Deep Learning Toolbox 13.0 of MATLAB software. A
Bayesian regularisation method was chosen as the training algorithm.
The Ra values measured from the facets of the pyramid specimens
were used as the target layer. One hidden layer of 12 neurons were used
for neural network training.
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The training dataset consists of an input matrix with a dimension of
1296 observations of eight elements and a target layer with a dimension
of 1296 observations of one element (Ra value). The data was divided
into three parts as follows: training 70%, validation 15%, and test 15%.
The validation dataset was used as a feedback to the training process to
improve the accuracy of prediction, while the test dataset was used to
evaluate independently how well the regression model predicts results
that are not included in the training process.

2.8.3. Application of neural network model

The trained neural network model was used to run virtual experi-
ments to evaluate the variation in output (Ra values) in response to the
changes in inputs (orientation, location, exposure sequence). An area on
the build plate with a dimension of 180 mm x 180 mm were meshed to
give 30 x 30 coordinate points on the X-Y plane defined in Fig. 2. The
investigated area is centred around the centre of the build platform. The
coordinate values are then used as two of the input variables for neural
network prediction. Other input variables as defined by Table 2 were
arbitrarily varied to investigate their effects on surface roughness.

3. Results
3.1. Ra value variation across the build volume

The measured Ra values are summarised in Table 3 for the four
different surface orientations to the build plate. The Ra values of 60°
upskin surfaces possess a mean of 26.6 um, the largest standard devia-
tion of 5.5 ym and a range from 17.6 um to 43.4 um. The Ra values of
45° upskin surfaces have a similar mean, and slightly lower standard
deviation and narrower range. The 45° downskin surfaces show the
highest mean Ra value of 28.9 ym, slightly narrower deviation and
range compared to the upskin surfaces. The Ra values of 60° downskin
surfaces show the lowest mean, deviation and range.

The Ra values measured from the individual facets are plotted in
Fig. 5 to Fig. 8 with three series of data acquired from stacked specimens
at the given locations. The variation in Ra values has a clear dependency
on « angles in all pyramid specimens apart from M-2 specimens that are
located directly under the laser. This observation leads to the conclusion
that the variation in Ra values originates partly from the orientation of
the facets to the laser. The specimens at locations other than the centre
(M-2) were irradiated by the laser beam with a wide range of incidence
angles. In each of the pyramid specimens not located at the centre
directly under the laser origin, the orientation relationship between the
individual facets and the laser changes with sample location and « angle.
By contrast, the laser incidence angle to the facets in M-2 specimens
remain constant for the 12 facets of various a angles at given orienta-
tions to the horizontal plane.

In Fig. 5, the 60° upskin surfaces in L-1 specimens with o angles in
the range of 50-200° show higher Ra values than the other half. At the
opposite corner in R-3 specimens, the facets with o angles of 20° and in
the range of 230-350° show higher Ra values than the rest, which is
exactly the opposite to what was found in L-1 specimens. This holds true
for the pairs of specimens located at opposite sides and corners of the
build platform, namely, M-1 and M-3, R-1 and L-3, L-2 and R-2. The Ra
values of 60° downskin surfaces (Fig. 6) span across a narrower range
but follow a patten of variation similar to that of 60° upskin surfaces

Table 3
Descriptive statistics of measured Ra values. All the values are in the unit of pm.

60° upskin ~ 60° downskin  45° upskin 45° downskin
Mean 26.6 20.7 26.6 28.9
Standard deviation 5.5 3.2 5.2 4.6
Minimum 17.6 13.7 16.5 19.1
Maximum 43.4 29.7 42.5 42.2
Range 25.8 16.0 26.0 23.1
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(Fig. 5). It is noteworthy that the patterns in which the Ra value varies
with o angles for 45° upskin (Fig. 7) and 45° downskin (Fig. 8) are
similar to each other but different from 60° upskin and 60° downskin.
This difference originates from the different build-up orientation of the
facets to the centre of each specimen, and thus the orientations to the
laser of the facets at given a angles are different. One needs to refer to
the specimen design and arrangement over the build area in Fig. 2 for
this analysis. The facets in the upper half of each pyramid specimen (60°
upskin and 60° downskin) were built up and outwards from the centre of
the specimen, thus the facets located at the outer perimeter of the build
platform were built up and away from the laser. On the contrary, the
facets in the lower half of each pyramid specimen (45° upskin and 45°
downskin) were built up inwards, hence the facets at the outer perimeter
of the build platform were built up and towards the laser.

Considering the specimen design and arrangement, it is then possible
to generalise a description of the pattern in which the Ra values vary -
with given orientation to the horizontal plane, the facets built up and
towards the laser have lower Ra values than those built up and away from
the laser.

3.2. Surface texture

The product surface texture is highly complex and shows variation
with different o angles (Fig. 9). At all a angles similar features are seen.
Distinct powder particles of varying size, cavities, and aggregates of
partially melted powder particles are present. The rougher facets in a
pyramid specimen (Fig. 9c-e) exhibit large aggregates of partially
melted powder particles and cavities. The smoother facets in Fig. 9a, b
and f show surfaces of fewer aggregates and shallower cavities, while
partially melted particles are evenly dispersed over the surface.

The change in surface texture with varying o angles lead to differ-
ences in the surface profiles measured by tactile profilometry and
resultant surface texture parameters (Fig. 10). Within the range of o
angles from 140° to 290° of L-3-B specimen the roughness profiles
possess wider distributions of ordinate values (Fig. 10a) and occurrences
of isolated, large peaks and valleys (Fig. 10b). As the build-up orienta-
tion of the inclined surfaces changes from “towards the laser” (o« = 50°)
to “away from the laser” (a« = 230°), the respective changes in surface
texture parameters (Fig. 10c) indicate that the roughness profile grad-
ually changes towards larger mean peak/valley amplitude (higher Ra
and Rq), steeper local slope (higher RAq), wider peaks and valleys
(higher Rsm), less positively skewed surface (lower Rsk value) and less
frequent change between peaks and valleys (lower Rku values). This
change in surface texture with differing build-up orientations to the laser
is found in all specimens not located at the centre.

3.3. Comparison among groups

As concluded in Section 3.1, the surface’s orientation to the laser
plays a major role in the roughness values. However, it is not the sole
factor determining the roughness of inclined surfaces, if otherwise the
Ra values measured would have been symmetric with respect to the
centre of the build and there would be no significant difference among
the three layers of the stacked pyramid specimens.

The box plots in Fig. 11 compare the frequency distributions of Ra
values measured at various positions in the build chamber. The range of
Ra data distribution seen in each box plot indicate the variation in
surface roughness at the location where the specimen was fabricated.

For upskin surfaces, the Ra values exhibit the narrowest range in M-2
specimen among the nine locations. For 45° downskin surfaces, R-2 and
R-3 specimens show similar spreads in Ra data compared to M-2 spec-
imen, while others show larger spreads. For 60° downskin surfaces, the
overall variation in Ra values is not as pronounced as for the other
surface orientations, and slightly less variations are found for the spec-
imens made in the right column close to the powder feedstock.

At a given position on the build plate, there are differences in Ra
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Fig. 5. Plots of Ra values of 60° upskin surfaces, each polar graph includes data measured from three stacked specimens built at a certain location on the build plate.
The angular position « of each facet is defined by the angle between the projection of facet surface normal and the X-axis.

values among the three stacked pyramid specimens. The exposure
sequence as designed (Table 1) is expected to influence the surface
roughness by modulating the effects of process by-products such as
smoke and spatter. The heat extraction from the melt pool becomes
slower as the build height increases constantly from the bottom to the
top layer, which can also affect roughness [20]. However, these two

factors are convoluted in the current study and it is not straightforward
to draw conclusions about which factor overpowers the other. For 60°
upskin surfaces, there are clear separations in the Ra values among the
three stacked layers across the entire build, especially for the facets that
were built up and away from the centre of the build (Fig. 5). The overall
Ra data show an increase in median values and the width of distribution



Z. Chen et al.

—>
X-axis

Additive Manufacturing 41 (2021) 101987

Recoating

—v—Top
—e— Middle
—a— Bottom

MOJ} Se9)

Fig. 6. Plots of Ra values of 60° downskin surfaces, each polar graph includes data measured from three stacked specimens built at a certain location on the build
plate. The angular position o of each facet is defined by the angle between the projection of facet surface normal and the X-axis.

from the top layer to the middle and bottom layers of stack (Fig. 11).
Combining the observations from Fig. 5 and Fig. 11, the three layers of
specimens show an increased dependency on build-up orientation (a
angle) from the top layer to the middle and bottom layers. For 45°
upskin surfaces, the roughness value does not change monotonically
with the changing layer of stack (Fig. 11), which is also clear based on
the individual observations in Fig. 7. The downskin surfaces generally

do not show as steep variation in Ra values with different layer of stack
as the upskin surfaces do. In most cases for 45° downskin and 60°
downskin surface with only a few exceptions, the first quartile of Ra data
is the lowest for the middle layer of stack.
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Fig. 7. Plots of Ra values of 45° upskin surfaces, each polar graph includes data measured from three stacked specimens built at a certain location on the build plate.
The angular position « of each facet is defined by the angle between the projection of facet surface normal and the X-axis.

3.4. Neural network model for variation in surface roughness

The regression R values indicate the percentage of variance in the
experimental data that is encountered by the neural network models. R
values of 94% for the training dataset and 92% for the test dataset were
achieved for the neural network model. During the training process, the

test dataset was put aside for testing how the neural network predicts
new observations that are not included in the training dataset. The high
absolute value of R for the test dataset indicates a good ability of neural
network model in predicting the experimental values. The similar values
of R for training and test dataset indicate no significant overfitting.
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Fig. 8. Plots of Ra values of 45° downskin surfaces, each polar graph includes data measured from three stacked specimens built at a certain location on the build
plate. The angular position o of each facet is defined by the angle between the projection of facet surface normal and the X-axis.

3.4.1. Sensitivity analysis using neural network model

It is clear from the experimental data that the build-up orientation (&
angle as defined in Fig. 4) of the inclined surfaces has a prominent effect,
but it is not clear how build height or changed exposure sequence
contribute to the difference in roughness among specimens stacked at

the same locations (Fig. 11). The neural network model can be used to
run virtual experiments to rationalise the influence of individual factors
on surface roughness. One can evaluate the effects of individual factors
by examining the change in Ra values predicted by the neural network
model in response to an arbitrary amount of change to the input
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Fig. 9. SEM images of selected facets in specimen L-3-B on 60° upskin surfaces (located at left column, third row and bottom layer of the stacks). Corresponding

surface profiles and surface texture parameters are presented in Fig. 10.

variables.

Fig. 12 and Fig. 13 are contour plots of the predicted Ra values for
60° upskin and 45° downskin respectively across a build area of
180 mm x 180 mm in an EOS M280 machine, with the centre of the
build plate coinciding with the centre of the plotted area. The prediction

of the neural network is restricted to the window of conditions covered
by the experiments and its accuracy is validated by the high R value from
the test dataset.

In both Fig. 12 and Fig. 13, (a) is used as a baseline for comparison
with (b), (c) and (d) for the effects of build height, exposure sequence
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Fig. 11. Box plots of Ra values measured from the pyramid specimens at nine discrete locations on the build plate. The groups are labelled as B, M, T (bottom,
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colour in this figure legend, the reader is referred to the web version of this article.)

and build-up orientation (8 angle). As one compare Fig. 12a and b, the
change in build height from 20 mm to 70 mm generates lower Ra value
across the entire build plate for 60° upskin surfaces. However, for the
case of 45° downskin, the same change in build height result in higher
overall Ra values across the build, as shown by Fig. 13a and b. The role
of exposure sequence is not as clear as one compares (a) with (c) in
Fig. 12 or Fig. 13. Finally, the comparisons between (a) and (d) in Fig. 12
and Fig. 13 show the dominant effect of build-up orientation (5 angle) on

13

the roughness value and its variation. As the inclined surfaced are built
up and towards the centre (§ = 180° shown in Fig. 12d and Fig. 13d), Ra
value is relatively low and shows good consistency over the build area.
In the case where & = 0°, the inclined surfaces are built up and away
from the centre, the Ra value across the build increases in magnitude
and spread (shown in Fig. 12a and Fig. 13a).
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Fig. 12. Conotur plots of surface roughness (Ra) variation predicted by neural network model across the build for 60° upskin surfaces of LPBF Ti-6Al-4V alloy

products built in EOS M280 machine.

3.4.2. Heat maps of mean value and variance

Heat maps in Fig. 14 and Fig. 15 show the change of Ra predicted by
neural network model with differing build height and build-up orien-
tation (8 angle) in terms of mean value and variance. Each of the mean
and variance values was calculated from a 30 x 30 Ra value matrix
predicted by neural network model over a meshed build area of
180 mm x 180 mm as described in Section 2.8.3.

For 60° upskin surfaces (Fig. 14), the mean value of Ra appears
lowest for relatively large build height and & angle in the vicinity of
180°. The highest mean values of Ra appear at bottom of the build
(5-10 mm from the base plate) and & angle close to 0°, noting that &
angles in the range of 300-330° are effectively close to
8 = 0° (equivalent to 360°). The variance of Ra over the estimated build
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area generally has a similar trend as the mean value, i.e. higher variance
where mean value is higher. It is noteworthy that both the mean and
variance of Ra decrease monotonically with increasing build height,
regardless of the build-up orientation.

In the case of 45° downskin surfaces, there is a window of build
height (20-45 mm) and & angle (90-210°) where the Ra mean values are
relatively low (25-27 um) as is shown in the middle part of Fig. 15a.
Unlike the case in 60° upskin (Fig. 14a), the Ra mean value of 45°
downskin is relatively high at both ends of the spectrum of build height
(Fig. 15a). The change in Ra mean value over the build in 45° downskin
(Fig. 15a) is not as significant as the 60° upskin (Fig. 14a). However, the
variance across the build in Ra value of 45° downskin increases signif-
icantly with the build height (Fig. 15b). To view this variance in more
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detail, the high Ra value region (Ra > 35 um) from the left bottom
corner (close to the powder overflow and gas outlet) expands with in-
crease in build height (Fig. 13a and b).

4. Discussion
4.1. Effects of build-up orientation and distance from the centre
The Ra values measured from our specimens exhibit more variation

compared to what is already in literature. One may be surprised that a
60° upskin surface can be rougher than a 60° downskin surface and
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nearly as rough as a 45° downskin surface (Table 3) based on the notion
that downskin surfaces are rougher as they encounter excessive heat
input and accumulation and thus exhibit higher roughness because of
thermal distortion and melt pool extension [37]. The 60° upskin surfaces
in the current study possess higher mean and larger range in Ra values
(Table 3) than what is found in most of the studies where Ra values for
60° upskin surfaces are typically in the range of 10-23 ym [30,36,37].
However, direct comparison is not possible because of the variety of
machine, material, powder feedstock, geometry of test specimen and
processing parameters used. Meanwhile, a large scatter is often present
in roughness measurements of L-PBF products [32,34]. It is therefore
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Fig. 14. Heat maps of (a) mean values and (b) variance of Ra values predicted
by neural network model for 60° upskin surfaces in EOS M280 machine over a
build area of 180 mm x 180 mm centred around the centre of the
build platform.

necessary to separate the origins of such scatter in surface roughness in
order to explain the trends in the measured data, and the comparison
with the literature.

A general trend applicable to all the specimens measured is that Ra
value reaches maximum for inclined surfaces at a given corner or edge of
the build plate when the inclined surfaces were built up and away from
the centre. The build-up orientation effect on surface roughness becomes
more pronounced as the specimen locates farther away from the centre
of the build. This is in agreement with the result in [32] where similar
specimens were built in separate builds on an EOS M270 machine to rule
out other effects such as spattering and recoating effect.

In an EOS M280 machine, the laser beam originates from above the
centre of the build plate. As the laser beam is directed away from the
centre of the build plate, the laser incidence angle p (Fig. 16a) to the
powder bed surface deviates from normal angle. As the laser originates
from approximately 500 mm (working distance of F-theta optics) above
the centre of a 250 mm x 250 mm build platform, yielding a minimum
of 74° incidence angle at the very corner of the build plate as opposed to
90° at the exact centre. In addition, the inclined surfaces are built up and
toward various directions relative to the centre of the build. This
orientation effect is elucidated in the schematic drawings of Fig. 16 that
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Fig. 15. Heat maps of (a) mean values and (b) variance of Ra values predicted
by neural network model for 45° downskin surfaces in EOS M280 machine over
a build area of 180 mm x 180 mm centred around the centre of the
build platform.

is a further development from the explanation in Ref. [32]. This differ-
ence in orientation would incur differences in heat input on surfaces.
Here one possible explanation of the problem is provided. In the case of
upskin, the laser beam is approximately aligned with the inclined sur-
face in the scenario of surface 1 (Fig. 16b), which promotes the inter-
layer wetting through re-melting of previous layers, whereas in the
scenario of surface 2 (Fig. 16c¢) laser points towards the bulk solid and
impose less re-melting of previous layers. As a result, orientation like
surface 1 tends to produce smoother surface than surface 2. In the case of
downskin, the laser is again more aligned with the inclined surface in the
scenario of surface 3 and thus benefit the inter-layer wetting. Whilst
downskin surfaces are generally expected to be rougher than upskin
surfaces due to the melt pool extension into the powder bed as a result of
lack of heat conduction during laser melting process, the angle of the
surface to the build plate, 6, and the layer thickness also come into play.
More importantly, the laser points towards the powder bed in the sce-
nario of surface 4, which exacerbates the melt pool extension on
downskin. Consequently, surface 3 should be smoother than surface 4.
Meanwhile, the ejection trajectories of spatter and entrained particles
possess certain relationship with the scan direction [8,18]. The direction
of particle ejection and laser beam attenuation at the edge of the scan
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Surface 3 Surface 4

Fig. 16. Illustrations of the different orientation relationships between laser beam and the inclined surfaces at edges/corners of the build plate, laser originates from
the left side. The drawings refer to the scenario when a thin layer of powder has been applied, and the laser strikes at the edge of the scanned area of layer n. (a)
illustrates the four conditions of surface orientation to the laser. (b), (c), (d), (e) are magnified sections of surface 1, 2, 3, 4 shown in (a), respectively. The layer n to
be scanned by laser is encircled by red dashed lines. All the surfaces are built with 45° angle to the build plate, while surface 1, 2 are upskin surfaces and surface 3, 4
are downskin surfaces. Powder particles are assumed to be 30 um in diameter, equal to the D50. Layer thickness is also 30 um. The red curved arrows indicate the
laser turns around as it reaches the edge of the scan area (blue dashed line). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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area where the laser turns around must be different for the scenarios
described in Fig. 16.

Furthermore, although commercial L-PBF systems employ F-theta
lens [38] to ensure uniformity of beam shape and intensity across the
build area, some inaccuracy is inevitable at the current stage. Therefore,
the deviation of the laser beam intensity profile at the edges and corners
of the build is also a factor in surface roughness.

4.2. Effects of gas flow and recoating process

The specimens exposed earlier and placed closer to the inlet gener-
ates by-products that affects the surface roughness of specimens exposed
later and located in the path in which the by-products are directed.
Meanwhile, as the three layers of specimens were stacked, there is an
increase in build height, which also affects the surface roughness by
changing the heat dissipation from the specimen during the building
process [20]. Since the specimens are placed relatively far apart over X-Y
plane in the experiment conducted (Fig. 2), stronger influence of
exposure sequence is expected from a build with closer placement of
specimens. Exposure of the specimen against the flow direction does not
show a clear improvement to surface finish in the present study ac-
cording to the neural network analysis for both upskin surfaces
(compare Fig. 12a and c) and downskin surfaces (compare Fig. 13a and
c). In an EOS M280 machine, the recoater operates from right to left
while the gas flow operates in the perpendicular direction from the back
to the front of the machine. The recoater has a sorting effect on powder
delivery by particle size, fine particles (< 10 um in diameter) are not
carried past the right side of the build plate where the recoating starts
[34]. Redeposited spatter particles with diameters larger than the layer
thickness, if not fused by laser to the previous layer, can be carried by
the recoater over a certain distance and affect roughness close to the
powder overflow [39]. It is worth noting that flow velocity distribution
is not symmetric about Y axis (Fig. 2) as the placement of hardware
(recoater arm, overflow chamber, feedstock, etc) as boundary conditions
of the flow establishment is not symmetric either. The contour plots of
Ra value distribution (Fig. 12 and Fig. 13) generally show higher values
close to the gas outlet (negative Y coordinate) and at left side of the build
close to the powder overflow (negative X coordinate). These variations
in Ra are combined effects of gas flow pattern in local velocity and di-
rection and powder recoating.

4.3. Effect of build height

Although the effect of build height is convoluted with exposure
sequence in the experiments, one can infer from the predictions by
neural network under hypothetical conditions if the build height plays a
role in forming surface roughness, based on the assumption that the
neural network model provides good prediction. Heat dissipation away
from the laser fusion zone becomes slower with increasing build height
due to the lower thermal conductivity of the powder bed surrounding
the specimen [20,21]. The increase in build height seems to benefit 60°
upskin surface finish in both mean value and variance of Ra over the
build area according to the neural network model (Fig. 14). One possible
explanation is that the slower heat dissipation assists the interlayer
wetting. However, this is not the case for 45° downskin (Fig. 15a), where
melt pool extension dominates the surface roughness and a faster heat
dissipation from the fusion zone is preferred [21].

The accumulation of spatter particles at the gas inlet and outlet can
cause some change in the boundary conditions of the flow establishment
over the course of the experiment and thus affect the efficiency of pro-
cess by-product removal locally. The amount of spatter particles
generated during L-PBF is dependent on the total area of exposure, the
laser energy input and the atmosphere (oxygen content) in the pro-
cessing chamber [40]. Noting that a moderate amount of spatter was
generated as the specimens cover a considerable fraction of the build
area (Fig. 1) and a standard processing recipe recommended by EOS was
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applied, the change of gas flow over time is considered as the secondary
factor in the build height (Z) direction.

One can assume that the effect of recoating as described in Section
4.2 is consistent with increasing build height. The assumption is based
on the observations that no significant thermal distortion took place
while building the specimens and the recoater remained intact
throughout the experiment.

5. Conclusions

For inclined surfaces of given orientations to the build plate, the
influence of specimen location, build height and orientation to the
centre of the build on surface roughness are investigated. The orienta-
tion of inclined surface to the build centre above which the laser origi-
nate shows a clear and repeatable influence: inclined surfaces that build
up and towards the laser has smoother surface than those build up and
away from the laser. This build-up orientation effect holds for both
upskin and downskin surfaces that are fundamentally different in sur-
face roughness formation [21,30] and becomes stronger as the inclined
surface locates farther away from the laser beam origin.

The roughness results imply quality variation along the directions of
three main operations, namely the directed shielding gas, the recoating
and the build direction. A neural network regression model was built
with the Ra data from a large number of experimented surfaces, pre-
dictions of surface roughness distribution in the 3D build volume of an
EOS M280 machine are presented with predefined exposure sequence
and surface orientation. At a given build height, higher surface rough-
ness is generally expected from the left side (close to the powder over-
flow) and the front (close to the gas outlet) of the machine, which
indicates the combined effects imposed by gas flow and recoating. The
neural network model suggests changes in roughness value with build
height (Fig. 14 and Fig. 15) and possible causes for the variation are
discussed in detail with reference to previous works.

The physical measurements of process signatures such as uniformity
of powder coating, gas flow, spatter generation and thermal field and
their correlation with surface roughness are beyond the scope of the
study but are suggested for future work. This pattern in which roughness
varies in 3D has implications for improvements of hardware and soft-
ware towards better intra-build quality consistency. For experimental
optimisation of processing parameters to minimise surface roughness of
L-PBF products, this paper can be used as a guide for design of specimen,
specimen placement and orientation relative to the machine system.
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