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Exploring the duality of powder adhesion and underlying surface roughness 
in laser powder bed fusion processed Ti-6Al-4V 

Luke N. Carter *, Victor M. Villapún, Liam Grover, Sophie C. Cox 
Healthcare Technologies Institute, School of Chemical Engineering, University of Birmingham, Birmingham B15 2TT, UK   
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A B S T R A C T   

As-built surface roughness remains a significant barrier to widespread uptake of Laser Powder Bed Fusion (LPBF). 
To overcome this barrier, it is first necessary to understand the structure of this surface. This research explores 
the duality of the LPBF surface consisting of: 1) an apparent surface dominated by adhered powder and 2) the 
underlying profile defined by the fully consolidated material. 

An array of cuboidal specimens were produced by LPBF with varying contour scan parameters to study their 
influence on the vertical wall surface. For the first time, optical image analysis was used to quantify the extent 
and size distribution of surface adhered powder particles. SEM micrographs of the sectioned specimens were used 
in conjunction with a second novel image processing technique to study the underlying surface profile. Re-
searchers utilised these methods to study the relationship between process parameters and both surface topog-
raphies. These results were compared against traditional line of sight roughness measurements. 

Surface finish (Sa), powder adhesion, and underlying roughness decreased with energy input to a point where 
the contour melt track was observed as unstable and incoherent (~0.1 J/mm). A 19.9 % reduction in Sa was 
demonstrated by the smoothest specimen (Sa, 10.9 μm) when compared to the control (Sa, 13.6 μm). Argon 
crossflow within the process chamber was shown to influence the underlying roughness, Ra, with upstream 
values 4.0 μm lower on average than downstream over most of the experimental range. 

Adhered particle size showed a finer distribution compared with the feedstock (D50 Surface = 20.8 μm; D50 
Feedstock = 32.9 μm). Consequently, a further study comparing specimens built using coarse (sieved to >36 μm, 
D50 = 42.8 μm) versus fine (sieved to <36 μm, D50 = 28.8 μm) powder was performed. Mean Sa for coarse 
powder specimens was 1.66 μm greater than fine. However, coarse powder specimens showed fewer surface 
adhered particles due to geometric packing. Feedstock powder size fraction showed relatively little influence on 
underlying roughness. 

Further discussion of particle adhesion mechanics is presented alongside practical processing implications. 
Finally, the authors suggest that continued research into the duality of the LPBF surface is necessary to not only 
improve the as-processed material, but to guide future development post-processing treatments.   

1. Introduction 

The battle to reduce surface roughness in Laser Powder Bed Fusion 
(LPBF) parts is critical in the path to widespread industrial adoption. As- 
built surfaces are typically unsuitable for mating components and have 
been shown to limit fatigue performance compared to traditional or 
machine finished parts [1–3]. The inherent attraction of Additive 
Manufacturing (AM) to produce patient specific medical implants is 
likewise limited by surface finish. A recent review by Lowther et al. [4] 
stated “surface finish and mechanical properties of parts in the ‘as-built’ state 

can be significantly improved upon with appropriate post manufacture pro-
cessing”. Cox et al. [5] demonstrated that surface adhered powder par-
ticles may limit the adhesion and migration of cells on Ti-6Al-4V 
samples produced by laser powder bed fusion (LPBF). Surface finish is 
therefore mechanically, functionally and, in the case of medical im-
plants, biologically critical to the performance of the device. 

Industrial practices for surface post-processing are often organisation 
or manufacturer specific (and sometimes closely guarded) but anec-
dotally may involve traditional tumbling or vibratory methods [6], 
media blasting, or hand polishing by skilled operators. Advanced 

* Corresponding author. 
E-mail address: L.N.Carter@bham.ac.uk (L.N. Carter).  

Contents lists available at ScienceDirect 

Journal of Manufacturing Processes 

journal homepage: www.elsevier.com/locate/manpro 

https://doi.org/10.1016/j.jmapro.2022.06.057 
Received 26 January 2022; Received in revised form 20 May 2022; Accepted 26 June 2022   

mailto:L.N.Carter@bham.ac.uk
www.sciencedirect.com/science/journal/15266125
https://www.elsevier.com/locate/manpro
https://doi.org/10.1016/j.jmapro.2022.06.057
https://doi.org/10.1016/j.jmapro.2022.06.057
https://doi.org/10.1016/j.jmapro.2022.06.057
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmapro.2022.06.057&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Manufacturing Processes 81 (2022) 14–26

15

technologies including laser [7], chemical [8], abrasive flow machining 
[9], magnetic abrasive finishing [10], or hybrid methods have also been 
the subject of research [11], but are not currently widespread within 
industry. Regardless of how it is achieved, post-processing is often 
costly, labour intensive, and adds significant time to the overall supply 
chain. Additionally, they are incompatible with the idealised view that 
LPBF can produce complex internal features as most require access to 
the region being treated. 

With these current practices in mind, the AM community as a whole 
must strive to improve as-built surfaces. Ideally the underlying tech-
nology will reach a point where post-processing is no longer required, 
that said even modest improvements at this stage would save time, 
improve accuracy and potentially energy consumption [12] by reducing 
post-processing material removal. The first step in achieving this is to 
understand the origins of as-built surface roughness, the mechanisms by 
which it forms, and underlying factors driving each of those 
mechanisms. 

Disregarding the more complex issue of overhanging/supported 
surfaces, roughness of LPBF processed material is formed from a com-
bination of three possible modes: top-surface roughness, stair-step 
roughness, powder adhered roughness. 

Top-surface roughness relates solely to surfaces that lie parallel to 
the build plane and are formed by a single slice. Roughness here is 
formed due to the overlapping curvature of individual melt tracks as 
illustrated in Fig. 1(a). Several studies focus purely on the process 
refinement of this surface such as the research presented by Qiu et al. 
[13] regarding palladium modified titanium alloys and Hong et al. [14] 
relating to cobalt-chrome. The former showed that top-surface rough-
ness increases with increasing laser speed (a decreased overall energy 
input) due to increased curvature of the melt pool, a finding that was 
confirmed by Zhang et al. [15] for Ti-6Al-4V. The latter showed that 
there is an optimum scan-spacing for minimum top surface roughness, 
again relating to the geometry of the track. A further study by Yasa et al. 
[16] demonstrated the possibility to improve the top surface roughness 
of both LPBF formed Ti-6Al-4V and 316L steel using laser surface 
remelting. Whilst these studies are interesting from a process under-
standing point-of-view, they provide little practical use as in most cases 
the fraction of a component's surface that forms a perfect top-surface 
plane is limited. 

Roughness of the side walls is greater than that of the top-surface as 
noted in the review by Frazier [17]. Mumtaz & Hopkinson [18] and Krol 
& Taski [19] also noted greater side wall roughness in their studies of 
IN625 and Ti-6Al-4V respectively. For most real-world components, 
relatively few surfaces will lie perfectly horizontal (α = 0◦) making 
studies focussing purely on the top-surface of limited practical value. For 

this majority of non-horizontal surfaces, the roughness is mainly driven 
by some combination of both the stair-step and power adhered mecha-
nisms. Strano et al. [20] reported the relationship between increasing 
wall angle and increased surface adhered 316 L powder particles in 
2013. Subsequently it was also reported in the surface optimisation work 
by Leary [21] and the predictive toolset proposed by Villapún et al. [22]. 
Given the nature of the LPBF process, this relationship is almost implicit. 
Assuming that the majority of powder particles adhere to the surface 
where loose power is in contact with molten/hot material, i.e. on the 
outer edge of contour scan track. Simple geometry shows that these 
regions make up a greater proportion of the outer wall as the build angle 
increases [10]. Fig. 1(a–c) illustrates this relationship with increasing 
build angle. By contrast, trends reported by Vandenbroucke & Kruth 
[23] and Villapún et al. [22] both showed the inverse relationship be-
tween sloping angle and the stair-step roughness. It can therefore be 
suggested that at lower angles surface roughness is driven by the stair- 
step effect but as the build angle approaches vertical, powder adhered 
roughness becomes dominant. This is further supported in a study by 
Spierings et al. [24] who demonstrates that vertical surface roughness 
decreases with particle size in LPBF processed 316 steel. 

Despite the extent of the powder adhered roughness on outer sur-
faces, there have been relatively few investigations into the subject with 
even simple LPBF parameter/roughness relationships for vertical sur-
faces being scarce in literature. Abele & Kniepkamp [25] show an in-
crease in side wall roughness of LPBF processed 316 L steel under low 
line energy (<75 mJ/mm) conditions where the melt track has been 
observed to be unstable, although the study is limited to this extreme of 
processing. A more general trend showing a decrease in side surface 
roughness with increasing laser speed (i.e. decreasing energy input) for 
LPBF of Ti-6Al-4V is presented by Zhang et al. [15]. This same general 
trend is weakly apparent in research of Cozzolino et al. [12] who also 
remark that it is an interplay of multiple roughness mechanisms that 
may be obscuring strong correlations. 

Lack of understanding in this area is further demonstrated in the 
language used regarding the surface adhered powder particles with 
some investigators referring to ‘partial melting’ [19,21,23,25–28], 
‘sintering’ [26], simply ‘adhesion’ [20,29,30], and occasionally ‘balling’ 
[15,18]. At least part of the reason for this are the limitations of tradi-
tional surface measurement techniques when presented with the vertical 
wall LPBF surface. Both optical and tactile systems use line-of-sight 
methods which fail to quantify the overhangs and regions ‘hidden’ by 
the attached particles. Diaz et al. [26] suggest the concept of both pri-
mary (underlying) and secondary (powder-adhered) roughness and 
show finishing methods targeting the removal of the latter often fail to 
produce the expected numerical improvements in roughness 

Fig. 1. Diagram illustrating the changing importance of surface roughness modes with increasing build angle during LPBF; (a) 0◦, (b) 30◦, (c) 45◦, (d) 90◦.  
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measurements as they simply reveal the underlying surface. Similarly, 
the study by Triantaphyllou et al. [27] recognises the limitations of 
traditional methods in characterising the LPBF surface and compares 
results against a destructive surface roughness measurement utilising 
image analysis and microscopy. 

Surface roughness presents a significant barrier to the wider uptake 
of AM as a manufacturing method. Greater understanding of the powder 
adhesion and underlying contributions to LPBF surface roughness will 
be necessary before processing and subsequent post-processing tech-
niques can be optimised and improved. Using a combination of tradi-
tional and novel image analysis techniques, this research presents an 
exploration of the fundamental influence of LPBF contour process pa-
rameters and particle size distribution on powder adhered and under-
lying roughness with respect to vertical surfaces of Ti-6Al-4V cuboidal 
coupons. 

2. Methods 

2.1. Specimen manufacture 

10 mm cuboidal specimens were produced using a RenAM500M 
laser powder bed fusion system (Renishaw, UK) equipped with a 1080 
nm ytterbium laser focussed to a spot diameter of 80 μm at the powder 
bed. For specimens produced using sieved powder, a Reduced Build 
Volume (RBV) modification was installed to allow for the smaller vol-
ume of available powder. A hatch fill and single outer contour laser 
scanning strategy was utilised with beam compensation (distance be-
tween the design geometry edge and contour scan path) and hatch offset 
(distance between contour scan path and hatch region) fixed at 95 μm 
and 40 μm respectively; these offsets ensure that the vertical wall surface 
of the specimens is produced by the cumulative edges of the contour 
scan only. Given the RenAM500M's modulated method of laser control, 
whereby laser path is defined as a series of points each with a specified 
dwell time, point distance was fixed at 90 μm and laser speed was varied 
using the point dwell as shown in Eq. (1): 

v =
d
t
× 1000 (1)  

where v is laser speed, mm/s, d is point distance, μm, and t is point dwell, 
μs. 

In order to study purely the contour processing parameters' influence 
on the vertical wall surface, the hatch region of all specimens were 
assigned standard Ti-6Al-4V processing parameters (200 W laser power, 
60 μs point dwell, 90 μm point distance). Likewise, all specimens were 
offset from the build substrate by 3 mm using standard pin supports, 
assigned a 30 μm layer thickness, and were built in an array located in 
the central portion of the build plate in order to reduce unintended 
variability due to plate location. Processing was performed under Ar 
atmosphere at atmospheric pressure, recirculated via a filter at 180 m3/ 
h. 

A single contour strategy was selected to study the fundamental 
parameter/surface relationship as preliminary work indicated that 
multiple contour, as often used in LPBF processing, introduced uncon-
trollable variability from alternating directions and unpredictable start/ 
end points. Three batches of specimens were produced, each using 
different powder feedstock: as-supplied Ti-6Al-4V (15–53 μm); coarse 
(>36 μm sieved) Ti-6Al-4V, fine (<36 μm sieved) Ti-6Al-4V. Contour 
processing parameters, feedstock, system configuration, and line energy 
(Laser Power (W)/Laser Speed (mm/s), J/mm) for each specimen are 
shown in Table 1. A control specimen was also built using standard in- 
house parameters for processing of Ti-6Al-4V (200 W laser power, 60 
μs point dwell, 4 contours with 90 μm spacing). 

2.2. Powder feedstock 

Plasma atomised Ti-6Al-4V (Grade 23, composition provided in 
Table 2) Powder feedstock was supplied by Carpenter Additive (Car-
penter Technology Corporation, US) in the size range 15–53 μm as 
typical for LPBF processing. A small volume of powder was manually 
sieved to 36 μm under argon atmosphere to create a coarse (>36 μm) 
and fine (<36 μm) fraction. Particle size distribution was confirmed for 
all three powders by an external test laboratory using laser diffraction 
(Mastersizer 2000, Malvern Instruments, UK). Particle size distribution 
is provided in Fig. 2(a) alongside D10, D50, and D90 values. 

2.3. Specimen preparation 

Following debuild, the plate was water jet washed to release loose 
powder. Specimens were removed from the build substrate carefully 
using hand tools to avoid damaging the vertical walls and were indi-
vidually cleaned in an ultrasonic bath of isopropanol for 15 min each to 
ensure that loose powder particles had been removed from the surface. 
Following vertical wall surface measurement and top surface micro-
scopy, specimens were sectioned along the midplane (X-Z) using wire 
electro-discharge machining as shown in Fig. 2(b). For further SEM 
imaging of the surface profile specimens were hot mounted in conduc-
tive Bakelite, sequentially ground from 250 to 4000 grit, before final 
polishing with activated colloidal silica using standard metallurgical 
techniques. 

Table 1 
Contour laser parameters for all specimens.  

Powder Laser 
power 
(W) 

Point 
dwell (μs) 

Laser 
speed 
(mm/s) 

Line energy 
(J/mm)  

As- 
Supplied 

150 180 500 0.3 Full 
substrate 90 1000 0.15 

60 1500 0.1 
45 2000 0.075 
36 2500 0.06 

200 180 500 0.4 
90 1000 0.2 
60 1500 0.1333 
45 2000 0.1 
36 2500 0.08 

250 180 500 0.5 
90 1000 0.25 
60 1500 0.1666 
45 2000 0.125 
36 2500 0.1 

300 180 500 0.6 
90 1000 0.3 
60 1500 0.2 
45 2000 0.15 
36 2500 0.12 

Control Control Control Control 
Fine (<36 

μm) 
200 180 500 0.4 RBV 

90 1000 0.2 
60 1500 0.1333 
45 2000 0.1 
36 2500 0.08 

Coarse 
(>36 
μm) 

200 180 500 0.4 
90 1000 0.2 
60 1500 0.1333 
45 2000 0.1 
36 2500 0.08  

Table 2 
Ti-6Al-4V (Grade 23) powder composition (%wt.) as provided by manufacturer.  

Ti Al V O N H 

Bal. 6.4 (wt%) 4.0 (wt%) 0.11 (wt%) 0.01 (wt%) 0.003 (wt%)  
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Fig. 2. Method details: (a) Powder size distribution for as-received and two sieved fractions (Coarse & Fine). Inset table shows D10, D50, and D90 values; (b) Specimen 
details indicating orientation, measurement locations, section plane, and relative direction of argon crossflow; (c) Example illustrating image analysis procedure to 
identify surface adhered particles alongside calibration curve from effective highlight diameter to particle diameter; (d) Schematic representation showing how the 
bespoke MATLAB function identifies and removes surface adhered particles from profile micrograph alongside example images for each step. 
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2.4. Surface roughness measurement 

Surface roughness, arithmetical mean height of surface (Sa), mea-
surements were taken with an Alicona InfiniteFocus (Bruker, US) system 
using 20× objective lens to give an area of 812 × 812 μm for each re-
gion. Cutoff wavelength, λc, was set to the system maximum, 406 μm, to 
capture all roughness contributors with no further filtering applied. 
Three regions were measured on the same X-Z side wall of each spec-
imen positioned along the vertical midline of the face with the upper and 
lower measurements being 2 mm from the top and bottom surface of the 
specimen as shown in Fig. 2(b). Special care was taken to ensure that 
same relative face and positions were measured on each specimen to 
avoid the influence of corners or bed orientation. Composite focus op-
tical images were collected alongside the Sa data for further image 
analysis. 

2.5. Surface adhered particle image analysis 

A novel image analysis approach was developed to mitigate the 
challenge of tightly packed and partially overlapping particles in order 
to quantify the number and size of the surface adhered particles from the 
optical images. Rather than attempt to differentiate the particles, a 
bespoke ImageJ [31] macro was created to threshold the reflected 
highlights on the metal surface due to microscope illumination. Detected 
particles were then filtered by circularity (0.7–1.0) corresponding to 
reflections on a spherical powder particle surface as illustrated in Fig. 2 
(c) and the area of each highlight recorded. Assuming perfectly spherical 
powder particles and uniform collimated illumination, the highlight 
diameter will be proportional to the particle diameter. The diameter of 
50 clearly visible particles were manually measured using ImageJ and 
plotted against effective highlight diameter, Deff (μm2), as shown in Eq. 
(2): 

Deff = 2
̅̅̅̅̅̅̅̅
A/π

√
(2)  

where A is the highlight area in μm2. Fig. 2(c) shows the relationship 
between the effective highlight diameter and the measured diameter of 
each particle. A least-squares 2nd order polynomial provided the best fit 
to the data with R2 = 0.94 and a standard error of estimate, σest, of 1.55 
μm between the measured and predicted values. Despite the assump-
tions, this method of using the highlight area to estimate the particle size 
appears to be reasonable. It also allows for the automated quantification 
and measurement of the several thousand particles visible on the surface 
whilst overcoming some of the challenge of overlapping/closely adja-
cent particles. Adhered particle diameter, Dp (μm), was therefore esti-
mated from highlight area for all optical images using Eq. (3): 

Dp = 5.36Deff − 0.119Deff
2 (3)  

2.6. Microscopy 

Microscopy was performed using a TM3000 (Hitachi, Japan) 
benchtop SEM fitted with BSE detector. Micrographs of the top (X-Y) 
surface for each specimen were taken at several magnifications between 
50× and 500× showing the final layer contour scan track. This was to 
provide qualitative characterisation of the uniformity and stability of 
the contour laser scan track. 

Sectioned (X-Z) samples were used to study the side wall (Y-Z) pro-
file. A series of 9 sequential micrographs were collected from each side 
wall profile starting at 2 mm below the top surface at 200× magnifi-
cation. Each set were manually stitched together to show an approxi-
mately 6 mm length of sidewall profile for both the argon crossflow 
upstream and downstream surfaces of specimens as shown in Fig. 2(b). 

2.7. Sectioned profile image analysis 

A Bespoke MATLAB [32] function was created to evaluate the un-
derlying roughness (i.e. without the influence of adhered powder par-
ticles) from the stitched side wall micrographs. Code is available upon 
reasonable request to the authors and the function logic is as follows. A 
threshold is applied to the micrograph producing a binary image sepa-
rating the metal from the surrounding Bakelite. All unconnected parti-
cles and image noise are removed to leave only the surface; this removes 
many of the surface adhered particles as only those where the micro-
graph section passes through the neck connecting the particle to the 
surface appear connected when viewing a 2D plane. 

To remove the particles visibly connected to the surface, the 
thresholded image is eroded by one pixel at a time for up to six erosions. 
As particles are typically attached by a ‘neck’ region much narrower 
than their diameter these erosions separate the particles from the un-
derlying surface. Following each erosion any regions that have become 
detached from the surface are evaluated for circularity. Those showing a 
circularity >0.7 can be considered as powder particles. These regions 
are re-dilated by as many pixels as they were eroded and removed from 
the initial thresholded image to form the surface without the adhered 
particles. This is represented schematically in Fig. 2(d) alongside 
example images of the process on a small section of a typical profile. 

A simple despeckle filter is applied before the profile is extracted 
from the binary image and an overall correction applied to accommo-
date any minor angular misalignment present in the micrographs. 
Finally the surface roughness, arithmetical mean height of line (Ra), is 
calculated for the resulting underlying profile using the common digital 
form shown in Eq. (4): 

Ra =

∑
|Zi|

N
(4)  

where Z (μm) is the deviation from mean surface height, and N is the 
number of uniformly spaced Z values. 

2.8. Statistical analysis 

Standard two-way ANOVA was performed on surface roughness, 
surface adhered particle count, and underlying roughness datasets to 
investigate the significance of each process variable. 

3. Results & discussion 

3.1. Surface roughness, Sa, As-received powder 

Fig. 3(a) shows the relationship between LPBF contour process pa-
rameters and surface roughness, Sa, of the specimen side wall. In general 
Sa decreases with increasing scan speed reaching minimum values in the 
range of 10.9 to 12.1 μm. These lie below the mean Sa for the control Ti- 
6Al-4V parameters, 13.6 μm, showing a maximum reduction of 19.9 % 
and suggesting that even a simple parameter study may yield positive 
improvement to as-built surfaces. Less obvious is the trend showing 
surface roughness decrease when reducing laser power. This is most 
notable at the slowest scan speed (500 mm/s) where the mean Sa value 
for 300 W power is 3.6 μm (21.1 %) greater than the 150 W roughness. 

From the results in Fig. 3(a) it might be suggested that surface 
roughness is driven purely by the combined power and speed parameter, 
line energy (J/mm), however the plot in Fig. 3(b) showing the same Sa 
values against line energy reveals a more complicated relationship. In 
general roughness increases with line energy as expected given that it 
decreases with scan speed. However, equivalent line energy specimens 
show different surface roughness values with the lower power condi-
tions generally giving greater Sa values than higher power for the same 
line energy. For example, 150 W, 1500 mm/s and 250 W, 2500 mm/s 
specimens both have a line energy of 0.1 J/mm, however their mean Sa 
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values are 13.1 μm and 10.9 μm respectively. This lies contrary to what 
might be assumed given the individual parameter relationships and 
suggests a more nuanced role for each parameter. 

A two-way ANOVA performed on this dataset produced P values 
<0.0001 for both the power and the scan speed parameters suggesting 
both have an extremely significant effect on Sa. Scan speed was found to 
account for 89.4 % of the variance seen in the results compared to 2.8 % 
for power, confirming the observation that Sa is driven significantly by 
scan speed within this experimental range (500–2500 mm/s). Interac-
tion between the two parameters produced a P value = 0.0025, still 
considered very significant, and accounting for 3.9 % of the variance 
observed. 

One further point to note is the levelling then slight increase in Sa 

values for both 150 W and 200 W datasets at faster scan speeds between 
2000 mm/s and 2500 mm/s shown in Fig. 3(a). The cause is revealed in 
SEM micrographs of the contour taken from the sample top surface as 
shown in Fig. 3(c). Whilst the contours of almost all specimens appear 
uniform in width, continuous, and stable; those for both 150 W and 200 
W become irregular and partially broken at high scan speeds (2000 mm/ 
s and 2500 mm/s). As the side wall is made up of multiple contour scan 
tracks, it is easy to imagine that under these low energy conditions the 
irregularity and discontinuity make their own significant contribution to 
surface roughness which lies counter to the parametric relationships 
observed under stable conditions. 

These Sa results are further supported by published research. Zhang 
et al. [15] show a similar overall trend of decreasing roughness with 
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increasing scan speed. Whilst Abele & Kniepkamp [25] report an in-
crease in surface roughness under low energy conditions where the melt- 
track was observed to be unstable. Although interesting and useful from 
a practical processing viewpoint, Sa as a simple numerical value, reveals 
little information as to the contribution of adhered powder or the un-
derlying profile to the surface. This, alongside the limitations of profil-
ometry, highlights the need for less conventional analysis techniques to 
uncover the relationship between powder adhesion and underlying 
contributions to LPBF surface roughness. 

3.2. Particle image analysis, As-received powder 

Using the novel image analysis technique outlined in Section 2.5 it 
was possible to quantify the particles adhered to the surface along with 
an estimate of their size distribution. Fig. 4(a) shows the number of 
surface adhered particles identified per mm2. The overall trend agrees 
with that of the surface roughness showing an increase in laser scan 
speed decreases the quantity of surface adhered particles. This suggests 
that a lower energy input results in reduced surface particle adhesion 
and consequently lower overall roughness. A qualitative examination of 

Fig. 4. Surface adhered particle image analysis results. (a) Plot showing number of particles/mm2; error bars show ±σ based on the three measurements. (b) Typical 
optical composite focus micrographs for 250 W with increasing scan speed. (c) Plot showing D50 values for each specimen calculated from surface adhered powder 
analysis. (d) Mean particle size distribution of surface adhered powder (red columns) compared to the feedstock powder (blue curve). (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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the source micrographs further supports this; Fig. 4(b) shows typical 
images from the surface of the 250 W specimens. As scan speed increases 
the number of adhered particles clearly decreases revealing more of the 
underlying surface. 

2500 mm/s specimens for powers 150 W and 200 W show a slight 
increase in surface adhered particles compared to the 2000 mm/s 
specimens. A similar marginal increase is observed in the mean value of 
the 250 W specimens for 2000 mm/s and 2500 mm/s, however these 
values lie within ±σ of each other and so should be treated cautiously. 
This also reflects the trend observed in the surface roughness measure-
ments shown in Fig. 3(a). Examination of the micrographs fails to fully 
explain this result, however it could be suggested that as underlying 
roughness increases due to melt track instability at low energy condi-
tions, as discussed in Section 3.1, more loose power is trapped on the 
surface by the irregular underlying morphology. 

It should be noted that the standard deviation of particle count for 
each specimen is relatively large as seen in the error bars of Fig. 4(a). In 
part this is likely due to variability in the technique resulting from the 
circularity method of filtering particles. Some smaller particles may not 
be identified correctly, likewise some incidental reflections from the 
underlying surface may meet the criteria to be identified as a particle. 
Performing measurements over a wider area would improve confidence 
in the data however, as noted in Section 2.4, only the midline of the 
specimen on a specific face could be used to ensure minimal unintended 
variability. Despite this, a two-way ANOVA revealed a P value <0.0001 
for scan speed suggesting it is an extremely significant factor accounting 
for 69.0 % of the observed variability. Both laser power and the inter-
action between power and speed were both shown to be non-significant 
producing P values of 0.88 and 0.30 respectively. Given that power was 
shown to be significant in the surface roughness analysis, but accounted 
for a much lower proportion of the observed variability, it may be that a 
similar relationship exists relating to adhered particles but is unob-
servable within this dataset due to the high degree of experimental 
scatter. This novel image analysis method further aids in understanding 
the surface roughness. Correlation between the trends in adhered par-
ticles and overall surface roughness measurements confirm the hy-
pothesis that powder adhesion is the key mechanism driving surface 
roughness for these vertical wall specimens. 

Using the geometric relationship (Eq. (3)) between the highlight and 
particle diameters it was possible to estimate the size of each particle 
identified on the surface. By further calculating the effective volume of 
each particle and binning the data, an approximate particle size distri-
bution was produced. D50 values of the surface adhered powder for each 
specimen are presented in Fig. 4(c). The data shows no clear trend with 
contour process parameters. Alongside examination of each individual 
sample distributions, this confirms that the size distribution of surface 
adhered powder is relatively constant across all specimens within the 
parameter range investigated. Fig. 4(d) compares the mean surface 
adhered particle size distribution for all specimens with that of the 
feedstock powder. Here the distribution peak for the feedstock repre-
sents a larger particle size than that of the surface adhered powder with 
D50 values of 32.9 μm and 20.8 μm respectively. Of course, a certain 
amount of caution should be taken when interpreting these results. 
Accuracy of the image analysis method limits its application to particles 
with diameter >~15 μm due to the image resolution needed to correctly 
resolve and identify the reflection highlights. Nevertheless, it does 
suggest preferential adhesion of finer particles to the surface when 
compared to the feedstock material. 

3.3. Underlying surface roughness, As-received powder 

Image analysis of stitched SEM micrographs were used to measure 
the underlying (i.e. with adhered particle removal) roughness, Ra, of 
each specimen. As before, measurements were carried out along the 
midline of the specimen to avoid corner effects for both upstream and 
downstream surfaces with respect to the argon crossflow in the process 

chamber. Mean underlying Ra values calculated from both surfaces for 
each specimen are shown in Fig. 5(a). Underlying Ra decreases with 
increasing laser scan speed and decreasing power; in short the trend 
aligns with those seen previously where roughness decreases with en-
ergy input (Figs. 3(a) and 4(a)). Two-way ANOVA shows that both 
power and speed are significant factors with P-values of 0.0002 and 
<0.0001 respectively. From fundamental principles of the process, it is 
understood that increased energy input increases the melt pool size in 
both width and depth. Consequently the corresponding stair-step un-
dulations will likewise increase in amplitude producing a rougher un-
derlying surface. 

Comparing upstream and downstream roughness for each specimen 
reveals a secondary interesting trend shown in Fig. 5(b). The general 
trend holds for each type of surface, however downstream surfaces 
almost universally show a greater Ra value than the corresponding up-
stream surface on the same specimen. For laser powers in the range 200 
W to 300 W and for speeds <2500 mm/s, downstream Ra is between 2.3 
and 6.7 μm greater than the upstream surface with the mean difference 
being 4.0 μm. Under lower energies Ra values for each surface are more 
similar as seen in the 150 W specimens and all specimens corresponding 
to 2500 mm/s laser scan speed. SEM micrographs in Fig. 5(c) show a 
section of each surface for the 250 W specimens providing a qualitative 
confirmation of this result. Each downstream surface appears notably 
more irregular than the corresponding upstream surface, a difference 
that is more apparent under slow laser scan speeds. 

In an effort to improve part quality, LPBF system manufacturers have 
moved towards higher gas flow rates to draw away uncontrolled spatter 
and material condensate [33] which are known to be detrimental to 
component quality [34]. In this case however the greater inert gas 
flowrate may also have produced an orientation inhomogeneity in the 
vertical wall roughness. From examination of the surface profiles it 
appears as though the contour tracks are distorted in the direction of the 
crossflow due to the aerodynamic drag of the gas on the liquid melt pool. 
In turn this has increased the measured roughness, an effect that only 
becomes more apparent with increased energy and corresponding in-
crease in melt pool size [15]. Investigation of this phenomena, experi-
mentally or computationally, is highly challenging due to the irregular 
surface, surrounding powder, high thermal gradients, phase changes, 
and local gas flow characteristics. Detailed investigation of Ar crossflow 
influence on the meltpool geometry therefore remains a topic outside 
the scope of this research and a matter for future study. Numerical 
analysis of the deformation of a droplet on a flat surface in a fluid flow 
[35] provides some support for this hypothesis, albeit in a greatly 
simplified scenario. In general terms, the relative deformation of a 
droplet depends on flow velocity given constant dynamic viscosity and 
surface tension and that absolute deformation values will increase with 
droplet size. 

Study of the underlying surface has revealed similar trends to that of 
surface powder adhesion. Additionally, a secondary influence on surface 
roughness has been identified that shows a difference between upstream 
and downstream vertical walls with respect to the argon crossflow 
during processing. This is an interesting result in itself warranting future 
investigation and highlights the difficulty of isolating individual factors 
driving surface roughness formation. 

3.4. Sieved powder 

In order to better understand the influence on the feedstock particle 
size similar experiments were repeated with fine and coarse fractions of 
powder obtained via hand sieving. Specimens were produced using a 
fixed 200 W contour laser power and the RBV auxiliary unit due to the 
limited material available in these fractions. Whilst practically neces-
sary, it should be noted that the RBV assembly slightly alters the process 
plane height, crossflow within the chamber, and the method of powder 
dosing. Given the sensitivity of surface roughness to unintended in-
fluences comparison between these results and those of the as-received 
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powder should be limited to the trends only. 
Overall Sa variation with laser scan speed for fine and coarse frac-

tions is show in Fig. 6(a). The same general trend as seen with the as- 
received powder (Fig. 3(a)) can be seen in both factions with rough-
ness initially decreasing with laser scan speed before increasing slightly. 
One notable difference is that the minimum Sa value appears to plateau 
before rising again. However, given that both fine and coarse results 
show approximately the same shape of curve however it can be assumed 
that this difference is due to the use of the RBV. 

The most distinctive feature of Fig. 6(a) however is that, despite 
following a similar trend, the coarse powder produces a reliably rougher 
surface than the fine for the same processing parameters. On average 
coarse powder produced an Sa of 1.66 μm greater (10.3 %) than that of 
the fine. This is unsurprising given that surface adhered powder is a key 

driving force of vertical wall roughness and, as Sa is a measure of mean 
surface deviation, it is expected that larger particles would produce a 
rougher surface. Spierings et al. [24] previously reported the same trend 
regarding 316 L steel. What is surprising is that the difference in Sa is so 
small between the size fractions; from feedstock analysis D50 is 14 μm 
greater for the coarse powder, yet only produces an Sa increase of 1.66 
μm. Such a comparatively small difference in roughness highlights the 
limitations of traditional profilometry measurement techniques when 
examining this type of surface. The ALICONA system only measures the 
visible surface which, in this case, is largely made up of adhered parti-
cles. By measuring this ‘false’ upper surface formed from the visible 
regions of adhered spherical particles the diameter for those particles 
has less influence than may be expected. Measurement limitations when 
dealing with this type of complex surface are also recognised in the 
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Fig. 5. Underlying surface roughness of vertical walls produced using as-received feedstock. (a) Mean underlying Ra against laser scan speed for different laser 
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papers by Triantaphyllou et al. [27] and Diaz et al. [26]. 
Surface adhered particles per mm2 (Fig. 6(b)) is dramatically 

different between the powder fractions with values on average 3 times 
greater for fine powder than coarse. However, these measurements fail 
to account for differences in number of particles in contact with the side 
wall/edge of melt pool during processing. An approximate estimate of 
the maximum number of particles in a plane can be made by assuming 
perfect hexagonal close packing (HCP) of monosize circles. In this case, 
HCP has been proven to be the most efficient arrangement with a 
packing density, η, of π/√12 [36]. From this it is possible to show: 

Np =
2

D2
̅̅̅
3

√ (5)  

where Np is the theoretical number of particles per mm2 and D is the 
particle diameter (mm) for a HCP arrangement. Using the measured D50 
values for each fraction the plot in Fig. 6(c) shows the particle count 
results normalised a percentage of the theoretical maximum. This brings 
results for the two factions much closer together with the adhered par-
ticle density between 38.5 % and 52.3 % for all specimens. Therefore, by 
increasing the particle diameter of the powder it is possible to dramat-
ically reduce the number of surface adhered particles simply due to the 
packing density as a similar percentage of the particles in contact with 
the surface will adhere regardless of their size. 

Fig. 6(c) also reveals competing trends visible between the powder 
fractions. Fine powder displays a trend similar to that already seen with 
adhesion decreasing as scan speed increases, whereas coarse powder 
adhesion increases with increasing scan speed most notably at speeds 
>1500 mm/s. This may further support the suggestion of mechanical 
entrapment at higher scan speeds as discussed in Section 3.2. As coarse 
powder is less favourable for surface adhesion by other mechanisms 
(Section 3.5), the increased prevalence of entrapment would result in an 

increase in coarse particles visible on the surface under high laser scan 
speeds. 

Powder size distributions shown in Fig. 6(d) match fairly closely the 
particles measured on the specimen surface for both fine and coarse 
samples. This rules out any significant technique induced error and 
supports the earlier conclusion that, given the wider as-received size 
distribution, fine particles will adhere preferentially over coarse 
particles. 

Despite the difference in overall roughness and particle adhesion 
however, the underlying roughness of the surface without the influence 
of surface particles is remarkably similar for both powder size fractions 
as shown in Fig. 7(a). From a process understanding viewpoint, this 
confirms that the underlying surface roughness is driven largely by the 
melt track geometry. Once a powder particle has been absorbed in to the 
melt pool and is liquid then its original geometry appears to have no 
further influence on the underlying surface roughness. 

As with the as-received powder, the upstream and downstream walls 
of the specimens show different Ra values, however in this case the 
values lie much closer together on average with the mean difference 
only 2.5 μm as shown in Fig. 7(b). The original trend has also been 
reversed with inlet facing walls showing the greater roughness. This is 
likely a result of using the RBV system as two recoater guide rails, shown 
in Fig. 7(c), sit several mm proud of the process plane and disrupt the 
argon crossflow. Results presented throughout this study suggest that 
understanding the influence of crossflow on surface roughness, 
including how it varies when using an RBV style insert, warrants future 
investigation. 

3.5. Powder adhesion mechanisms 

The experimental results presented have highlighted some of the 
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practical relationships between LPBF processing parameters and powder 
adhered roughness and provides insight into the possible mechanisms 
responsible. From a general understanding of the process it can be 
assumed that powder adhesion occurs under one of two conditions: 
particles in direct contact with the molten pool or particles in contact 
with the solid material. Each of these regimes presents possible mech-
anisms for adhesion: at the power/liquid interface, partial melting or 
wetting may occur, and at the powder/solid interface, solid-state sin-
tering is possible. 

Considering partial melting of particles; modelling performed by 
Haley et al. [37] found that the necessary residence time for metal 
particles to be in contact with the molten pool before melting decreases 
with increasing melt superheat temperature, and increases with greater 
particle diameter. Decreasing melt pool energy input results in a short 
residence time for adjacent particles and lower melt pool temperature, 
as such we might expect less particle adhesion by partial melting. This is 
supported by the results presented in Section 3.2 which shows 
decreasing surface particle adhesion with increasing laser scan speed. 
Likewise, the surface particle size distribution suggests a preferential 
surface adhesion of fine particles that may be due to the shorter neces-
sary residence time for melting of smaller particles compared to larger 
ones. 

Wettability is known to depend on a wide range of factors. However, 
assuming a similar condition across the powder particles in contact with 
the molten pool, wettability will increase with melt pool temperature, 
and hence energy input, as surface tension decreases. This is once again 
supported by the results presented. Research relating the wetting of 
metal powder particles with liquid metal is limited, but a general trend 
shown by Kirchberg et al. [38] suggests that wettability also increases 
with particle diameter. Given the contrasting trends between how 

particle size relates to partial melting and wetting, it could be hypoth-
esised that, under the same processing conditions, particle adhesion at 
the liquid/powder interface is driven by partial melting for smaller 
particle size and wetting for larger particle sizes. This remains an 
interesting avenue for future investigation. 

Sintering theory is a complex subject in itself, however traditional 
texts on the subject conclude that initial sintering rate increases with 
temperature and decreases with particle size [39]. Once again this 
behaviour is supported by an observed increase in particle adhesion with 
input energy and showing an apparent preference for finer rather than 
coarse particles. Additionally, any sintered connection between a large 
particle and the LPBF processed surface will be narrower in comparison 
to its size than that of an equivalent smaller particle. As such, it might be 
expected that the attachment of large particles to the surface is less 
stable and prone to simply falling off under its own weight or being 
removed during the initial washing stage of part removal. 

In general, each of these mechanisms tends to favour high energy 
conditions with both partial melting and sintering promoting a prefer-
ence for finer particle sizes. Given the complex nature of the surface it is 
likely that particle adhesion is a combination of all of the above mech-
anisms with the importance of their respective role determined by the 
local conditions. 

3.6. Practical processing considerations 

Throughout this research paper, the authors have been careful to 
note that these specific results are only applicable within the bounds of 
the experiments carried out due to the high degree of sensitivity of 
surface roughness to outside influences. The trends observed however 
can be more widely applied and give rise to a number of practical steps 
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that can be taken to improve the surface finish of LPBF processed Ti-6Al- 
4V. 

Collectively these results suggest that contour scan parameters 
should be set at the lowest laser power and highest scan speed combi-
nation that still yields a stable and coherent melt track in order to pro-
duce the best possible as-built surface finish. This type of optimisation 
could easily be carried out on a test section of any practical component 
with minimal equipment or expensive analysis. It should further be 
noted that contour offset from the hatched region may need to be 
adjusted to ensure that the low energy processing conditions do not 
produce sub-surface porosity. Likewise, these conditions should yield 
the smallest difference between the upstream and downstream surfaces 
due to argon crossflow. 

Finer powder will yield a better surface finish by traditional mea-
surement standards, however particle size does not appear to dramati-
cally influence the underlying surface roughness. Furthermore, using a 
large particle size may reduce the overall number of particles adhered to 
the surface and, given that the ratio between particle diameter and neck 
diameter will be larger, any further surface post-processing may need to 
be less aggressive. Given possible additional benefits in powder handling 
and safety, the use of a narrower distribution of coarse powder may yield 
positive results when combined with a suitable post-processing 
treatment. 

4. Conclusions 

The research presented has characterised the surface roughness of 
LPBF processed Ti-6Al-4V with a variety of contour scan speeds and 
laser powers. From the results and accompanying discussion presented, 
the following conclusions can be drawn:  

• Traditionally measured surface roughness (Sa) tends to decrease with 
increasing scan speed and to a lesser extent decreasing laser power. 
At low energy conditions (≤ ~0.1 J/mm) roughness increases due to 
instability of the melt pool.  

• Novel image analysis techniques were employed to explore the 
duality of the LPBF surface. These have shown a similar trend to that 
of traditionally measured surface roughness in both surface adhered 
particle and underlying roughness. Use of these techniques has 
highlighted how traditional line-of-sight measures of roughness may 
not be adequate on their own in describing this topography.  

• Optical size analysis of surface adhered particles showed a finer 
distribution than the starting powder suggesting preferential 
attachment of fine particles to the surface. 

• Mechanisms driving the surface adhesion of powder have been dis-
cussed and related back to the experimental results.  

• Gas crossflow was shown to have a large influence on underlying 
surface roughness with upstream surfaces being 4.0 μm smoother on 
average than their downstream counterparts in a traditional pro-
cessing chamber. The smoothest specimen showed a 19.5 % reduc-
tion in underlying Ra on the upstream surface compared to the 
downstream. 

Finally, a set of practical considerations have been presented with 
the hope that researchers and AM users will be able to improve the as- 
built surface finish as well as taking these results as a prompt for 
further investigation in this area. These include using the lowest possible 
line-energy for the contour scan whilst still retaining a coherent melt 
track, and considering how powder particle size distribution may in-
fluence post-processing treatments. 
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