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Abstract
This research focuses on specimen geometry and the associated surface roughness of H13 hot-work tool steel, processed using
laser-directed energy deposition additive manufacturing, and varying both the powder feed rate and the laser scanning speed.
Under the examined conditions, the test sample measurements of length and width did not vary, but the sample heights were
significantly affected by the scanning speed. An increase in scan speed resulted in ‘underbuilding’, while a decrease resulted in
‘overbuilding’, as might be anticipated. The top surface roughness of the samples was found to be greater than the side surface
roughness, due to the capture of extra powder particles. For the single-track and multitrack clad samples, the surface roughness
was increased when decreasing the scan speed. The addition of a draft angle, when producing 3-D components, was shown to
reduce the side surface roughness. Using a finer layer thickness results in overbuilding the target height, while a coarser layer
thickness results in underbuilding. Finally, the surface roughness exhibited no clear trend when the layer thickness was changed.

Keywords Additive manufacturing . Directed energy deposition . Surface roughness . Tool steel . Confocal laser scanning
microscopy

1 Introduction

AISI H13 is classified as a chromium-containing, hot-work
tool steel for applications which require high wear resistance
and toughness, with the ‘H’ designating it for use at elevated
temperatures [1]. To achieve high hardness, it is heavily
alloyed to produce carbides during subsequent heat treatment
cycles. Common applications for H13 tool steel include dies
for hot-forging, casting, and other hot-forming processes
[1–3]. Due to the intrinsic application areas for thesematerials,
combined with the probability of thermal cycling in use, the
tooling may become sufficiently worn or damaged such that it
must be either replaced or (preferably) repaired [1, 4, 5].

Additive manufacturing (AM) technologies typically build
components layer by layer, and two moderately common ap-
proaches are based upon laser heating, to directly consolidate

the material during fabrication [6]; these are laser powder bed
fusion (PBF) and laser-directed energy deposition (DED). In
particular, DED uses a focused heat source, which can be
either a laser or alternate energy source (i.e., electron beam
and electric arc) to generate a molten pool on the surface of the
substrate, where fresh material is then deposited [6–9]. This
technique lends itself especially well to component repair or
cladding, for example with a different composition, as mate-
rial can be deposited in specific locations for the repair of
existing parts. It should also be stressed that freeform fabrica-
tion of components is possible with DED. The feedstock ma-
terial can be either blown powder or, alternately, a continuous
fed wire. A further benefit with laser DED is the ability to
deposit a different material from the substrate, for example
one with higher wear or corrosion resistance [10]. However,
a currently limiting factor for laser DED, as well as other
nonlaser-based DED approaches, is a relatively low surface
finish, which invariably requires final machining [6, 11].

Since the locally deposited material is being fully melted in
laser DED, nominally the same material composition can be
deposited, and may ultimately be expected to behave similarly
to a wrought equivalent during any subsequent heat treatment
process. The final surface finish of laser-processed DED parts
is an important factor to consider. If repair or net-shape parts
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are to be successfully implemented, the process parameters
need to be optimized for the specific alloy and powder; this
is a general challenge for such AM processes. By reducing the
as-printed surface roughness, the need for postprocessing will
also be reduced. Currently, DED has a lower quality exterior
finish when compared to PBF, invariably creating a noticeable
waviness to the surface [12]. This is due to the finer layer
thickness in PBF, arising from the smaller ‘ideal’ particle sizes
used. However, achieving an optimal surface finish does not
guarantee simultaneously optimized mechanical properties.
DED typically has higher deposition rates than PBF technol-
ogies [6], but the surface roughness suffers due to the particle
size limitations previously noted; for comparison, the ideal
mean particle size with PBF is ≈ 35 μm [13], whereas for
DED it ranges from 50 to 150 μm [14].

A few reports have investigated the influence of changing
the layer thickness on the deposited layer [15, 16], but have
not studied the effects in terms of final surface roughness.
There has also been research into the impact of build orienta-
tion [17], because of the anisotropic character of additive
manufacturing. Studies into the roughness of sloped surfaces
deposited through DED are limited [18], with comparable
PBF-based research beingmore common in the open literature
[19, 20]. Furthermore, research on AM metal surface finish
has mainly been conducted on titanium [21–26] or stainless
steel [18, 19, 27–31], and hence there is a need to extend this
assessment to other materials.

The surface roughness can be expressed using a linear
measurement, typically referred to as ‘Ra’; this is the differ-
ence in height compared to an arithmetical mean height along
a linear direction for a fixed distance [32, 33]. Alternately,
surface roughness can also be presented in a different ‘areal’
form, ‘Sa’, which expresses the difference in height compared
to an arithmetical mean over a fixed area [33]. With this in
mind, the purpose of the present research is to study the influ-
ence that changing specific laser DED process parameters
(i.e., scanning speed and feed rate) has on the geometry and
surface finish of deposited H13 hot-work tool steel.

2 Experimental procedure

2.1 Raw materials

In this investigation, a prealloyed H13 gas atomized powder
was purchased from TLS Technik (Bitterfeld-Wolfen,
Germany); the powder was specified at the time of order to
have a nominal size within the range of 50–100 μm. The
particle size distribution (PSD) of the ‘as-received’ powders
was then determined using particle size analysis (model
Mastersizer 3000, Malvern Instruments, Malvern, UK); three
measurements were undertaken on different samples from the
supplied batch to assess ‘intrabatch’ variability. The H13

powder surface morphology and size distribution were then
examined using field emission scanning electron microscopy
(FE-SEM; model S4700, Hitachi High Technologies, Tokyo,
Japan). For imaging purposes, the FE-SEM was usually oper-
ated with an accelerating voltage, Vacc, of 5 kV and a beam
current, Ie, of 20 μA. Samples of the ‘as-received’ powder
were also cold mounted in epoxy resin, which was then
polished to a 1μm surface finish, to assess their cross-
sectional structure via optical microscopy (OM; model BX-
51, Olympus Corp., Tokyo, Japan) and FE-SEM. In particu-
lar, this process was conducted to detect any evidence of in-
ternal porosity and, if present, to see if it has any impact on the
surface finish or final component density. For the subsequent
laser DED processing, the powder was sieved from −45/+135
mesh to remove any ‘fines’ and ensure consistent flow char-
acteristics in the powder feeder.

The substrate material used for all deposition studies were
wrought, annealed H13 plates, purchased from Hudson Tool
Steel Corporation (Rockford, IL, USA), with dimensions
165.1 mm × 152.4 mm × 15.875 mm. Before any DED print-
ing was conducted the substrate was sandblasted (−20/+60
grit). The composition of the ‘as-received’ H13 powder and
substrate was determined with inductively coupled plasma
optical emission spectrometry (ICP-OES; model Vista-PRO,
Varian Inc., CA, USA), with an internal calibration standard
(scandium). The carbon content was determined using a
carbon-sulfur combustion analyzer (model CS2000, Eltra
GmbH, Haan, Germany) following the ASTM Standard
E1941-10: Standard Test Method for Determination of
Carbon in Refractory and Reactive Metals and Their Alloys
by Combustion Analysis. The ICP-OES and carbon analyses
were conducted three times on both the powder and substrate
to obtain an average value in each case, which is provided in
Table 1, along with the associated American Iron and Steel
Institute (AISI) specifications for this steel grade.

The apparent density of the as-received powder was deter-
mined following ASTM standard B703-17: Standard Test
Method for Apparent Density of Metal Powders and Related
Compounds Using the Arnold Meter. Similarly, the flow char-
acteristics were determined using a Hall Flowmeter, following
ASTM standard B213-20: Standard Test Methods for Flow
Rate of Metal Powders Using the Hall Flowmeter Funnel.

2.2 Laser DED system parameters

The laser DED equipment used in the present investigation
was a 3-axis LENSTM 450XL system (Optomec,
Albuquerque, NM, USA), using a 400 W continuous
Nd:YAG laser, and with high purity Ar used as both the pow-
der carrier gas (5 L/min flow rate) and the protective shield gas
(25–30 L/min flow rate), to minimize oxidation during depo-
sition. The system is initially under nominally atmospheric
conditions in the build chamber, at ambient temperature, with
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a 15-min purge of Ar then conducted. The Ar content within
the chamber then increases continuously during laser deposi-
tion. The system operating parameters employed for the
single-track clad, multitrack clad, and rectangular samples
are listed in Table 2; sample geometries are discussed in great-
er detail in Section 2.3: Sample Test geometries.

2.3 Sample test geometries

The single-track clad, multitrack clad, and rectangular sam-
ples were deposited using a variety of laser DED printing
parameters, resulting in 20 samples for each complete param-
eter set; Fig. 1 presents a schematic representation of these
various printed geometries. Both the single-track and multi-
track clad samples have an overall length of 25mm, and are all
one deposition layer thick. The multitrack cladding samples
each consisted of six aligned and slightly overlapping tracks;
in this instance the applied hatch spacing was 0.381 mm. The
nominal dimensions of the rectangular samples were 5 mm ×
25 mm × 10 mm. The identification schemes used for the
single-track clad, multitrack clad, and rectangular sample are
provided in Table 3.

Two further sample geometries were also assessed, in order
to investigate their impact upon the final surface finish and
deposition height error. These were nominally cube-based
samples, with various draft angles (α) ranging from 10 to
85°, with the dashed line indicating the ‘draft face’ from
which the surface roughness measurements were taken (Fig.

1(b)), and simple cubic ‘ideal layer thickness’ samples, with
nominal deposition layer thicknesses ranging from 0.2032 to
0.3302 mm, and with a final targeted build height of 10 mm.
Regression statistical analysis (Minitab®, State College, PA,
USA) was used, with a confidence interval of 0.05, to see if
changes to the selected deposition parameters were signifi-
cant; this means a P value less than or equal to 0.05 is viewed
as being significant. The ANOVA software feature was used
to generate a significance ‘main effects plot’ and related con-
tour plot. The main effects plots show if parameters have
similar impacts on the measured values. For each feed and
speed value, the software creates a mean value (the points
shown on each plot). If the points are connected by horizontal
lines, then each parameter has effectively the same impact.
However, if the line is not horizontal, then there is different
impact for each parameter. A steeper slope then indicates a
greater main effect. The dotted line presented on each ‘main
effects’ graph is the overall mean. An ‘R-squared’ (R-sq) lin-
ear regression approach was used to predict if there is a trend
in the data. The R-sq value (or coefficient of determination)
represents the percentage of variance in the dependent vari-
able which can explained by the independent variable [34].

2.4 Sample characterisation

The initial dimensional accuracy was measured for each of the
widths, lengths, and heights of the rectangular samples, to-
gether with the ideal layer thickness samples, with four mea-
surements undertaken in each case to obtain an average di-
mensional value. Further dimensional analyses, including

Table 1 Chemical compositions
of the ‘as-received’ H13 powder
(prior to DED use), wrought H13
substrate and the post-DED ‘re-
covered’ powder. AISI standard
specifications are provided vs.
measured values (note that Fe
comprises the balance in each
case)

Designation Composition (wt.%)

C Si Mn Cr Mo V

AISI H13 0.32–0.45 0.8–1.2 0.2–0.5 4.75–5.5 1.1–1.75 0.8–1.2

As-received powder 0.372 1.02 0.42 5.74 1.46 1.05

Substrate 0.39 0.63 0.30 4.73 1.37 0.80

Recovered powder 0.36 0.74 0.42 5.57 1.44 1.12

Table 2 The DED system operating parameters used for the present
study

Parameter Value Units

Laser power 400 W

Scan speed 400–700 mm/minute

Feed rate 5.5–7.5 g/minute

Hatch spacing 0.381 mm

Layer thickness 0.251 mm

Spot size 600 μm

Nozzle stand off 9.525 mm

Hatch orientation 0°, 45°, 90°, 135° degrees

Table 3 Sample identification for single-track clad, multitrack clad, and
rectangular samples

Sample ID Feed rate (g/min)

7.5 7 6.5 6 5.5

Scan speed
(mm/min)

700 A1 B1 C1 D1 E1

600 A2 B2 C2 D2 E2

500 A3 B3 C3 D3 E3

400 A4 B4 C4 D4 E4
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measurement of the cladding surface roughness values, were
conducted using a confocal laser scanning microscope
(CLSM; model VK-X1100, Keyence Corp., Osaka, Japan).
Data was analyzed on the CLSM using the Keyence
Multifile Analyzer software. All samples are measured in the
‘as-printed’ condition, without further treatments (e.g., an-
nealing and tempering). For the single-track and multitrack
cladding samples, four width measurements were taken with
the CLSM, using a 20x magnification objective lens (with a
theoretical resolution of 535.7 nm), to obtain an average for
each single-track/multitrack width, which was then assessed
as a function of the DED process parameters. The cross-
sectional profiles of the single clad tracks were also evaluated
using the CLSM, again using the 20× magnification objective
lens, with four measurements also made for each sample to
determine an average value.

In terms of the as-printed surface finish, a variety of rough-
ness parameters were evaluated using the CLSM. Surface
roughness (Sa) was recorded using theMultifile Analyzer soft-
ware. Measurements were taken using a 20× magnification
objective lens, as before. Surface analysis for the rectangles
and ideal layer thickness samples were taken in the build
height direction (Z-direction). The side plane was normalized
for all measurements. The top surface roughness was mea-
sured in the X–Y plane with no normalization. In each case,
five stitched images for the side and top surfaces were record-
ed for each of the mean values determined from the surface
analysis. The draft samples were fixed in a mount allowing

them to be rotated, to make the ‘draft face’ normal to the
CLSM beam axis, and then the angle of the plane was finally
finely adjusted (normalized) using theMultifile Analyzer soft-
ware, with five stitched images used for further analysis, as
before. For the single-track clad surface analysis, a single im-
age was captured. Themultitrack clad samples used between 4
and 5 stitched images, which were stitched ‘transversely’
along the scanning direction. None of the single- or multitrack
clad samples required normalization due to the parallel faces
of the substrate plates relative to the CLSM laser beam.
Analysis areas were selected that had the least amount of
attached, ‘satellite’ particles on the surface. For all samples,
three data points were taken to get a mean value and associ-
ated standard deviation. No filtering was applied to the ana-
lyzed surfaces. Finally, to identify any surface porosity on the
clads, FE-SEM was used, again operating with a Vacc of 5 kV
and an Ie of 20 μA.

3 Results and discussion

3.1 Feedstock powder characterisation

Figure 2 demonstrates a representative particle size distribu-
tion (PSD) for the as-received powder. From the overall PSD
information, the mean starting particle size has values of: D10

= 58.3 μm, D50 = 78.7 μm, and D90 = 107.0 μm. Figure 3(a)
shows a representative FE-SEM image of the as-received

(a)

10 mm

5 mm

25 mm

10 mm

10 mm

10 mm

(b)

Fig. 1 a Schematic
representations of the rectangle
and ‘ideal layer thickness’ sample
geometries that were examined. b
Schematic representation of the
draft angle (α) sample geometry
with the dashed line indicating the
draft face
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powder, highlighting the overall particle morphology. It is
apparent that the ‘as-supplied’, gas-atomized H13 powder
has a generally spherical morphology, with some isolated

satellite particles. In addition, cross-sectional examination
(not shown) of the powder revealed it has minimal internal
porosity. The as-received H13 powder had an apparent densi-
ty of 4.260 g/cm3, following the ASTM standard B703-17.
Using a Hall Flowmeter (ASTM standard B213-20), the flow
rate of the virgin powder was 15.13 s/50 g. After laser depo-
sition, the used (recovered) powder had a slightly reduced
flow rate of 16.73 s/50 g, resulting in an increase of 10.45%.
Figure 3(b) shows that the used powder, after running through
the laser DED system, contains more satellites, but some par-
ticles still remain without any satellites. The extra surface
satellites can lead to greater particle ‘interlocking’, decreasing
the flowability of the powder. Interlocking may lead to
entrapped gas from the local atmosphere during DED. A fur-
ther issue with interlocking, is that it may clog the powder
feeder/nozzle head, through the possibility of powder particles
jamming within the nozzle head and/or powder feeding tube,
however this is difficult to fully assess [35]. Kong and col-
leagues noted that with a smaller PSD, the deposition process
‘pulsed’ [36], due to the powder particles compacting within
the nozzle. When the carrier gas pressure build-up was suffi-
cient, it would unclog the nozzle and the process would repeat
itself. The observations relating to morphology changes are
promising for reuse of the powder. However, a powder flow
test should still be conducted, in order to adjust the system
parameters (if needed), thus ensuring the system powder feed
rates remain consistent.

3.2 Single-track cladding geometry effects

A clear trend can be seen in terms of the effects of scanning
speed, with faster speeds resulting in decreased single-track
clad widths, as shown in Fig. 4(a). In this instance the widths,
measured via CLSM, range from 585.05 μm ± 9.43 to
674.93 μm ± 15.54. The slower scanning speeds result in a
wider track because there is higher energy input per unit
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volume of material, which creates a larger melt pool [23]. The
R-sq for the single-track clad widths is 82.14%. A reduction in
the R-sq value in this instance could be attributed to noisy and
high variance in the data set [34]. The P values obtained for
the scanning speed and feed rate are 0.0 and 0.63, respectively
(Table 4). Higher scanning speeds cause a reduction in the
melt pool size, which consequently results in less consolidated
material in each deposited track [21]. In addition, the in-
creased feed rate means more particles are interacting with
the laser beam, which in turn creates a smaller melt pool
[24]. The likely reason that the scanning speed is a significant
parameter is because it will determine how long powder par-
ticles can interact with both the laser beam and melt pool.
Intuitively, a slower speed will result in a greater energy input,
allowing for longer particle interaction with the laser and melt
pool, consolidating more powder, and leading to wider tracks
and larger cross-sections [29]. In terms of the overall influence
of the examined process parameters (Fig. 4(b)), the powder
feed rates do not have a significant impact on the track width.
Conversely, the impact of the scanning speed is significant in
terms of the measured track widths. Looking at the cross-
sectional profiles of the single-track clads, again determined
using the CLSM, the slower scan speeds resulted in the overall
deposition of larger clads. The cross-sectional areas ranged
from 19.5 × 103 (± 3.7 × 103) μm2 to 63.6 × 103 (± 2.9 ×
103) μm2, with the highest feed rate resulting in the largest
cross-sectional area (Fig. 4(c, d)). Conversely, the fastest scan-
ning speed and lower feed rates resulted in the smallest cross-
sectional areas.

It is apparent that the lowest and highest examined scan-
ning speeds, namely 400 mm/min and 700 mm/min, have the
greatest influence on the amount of material consolidated (i.e.,
cross-sectional area). The cross-sectional area R-sq = 19.82%,
with associated P values of 0.169 and 0.162 for the scanning
speed and powder feed rate, respectively. It is clear there is no
trend in the regression, but looking at the main effects plot, the
magnitude of change in the feed rates is lower, when com-
pared to the change in the scanning speeds from 400 mm/min
to 700 mm/min.

Increasing the scanning speed results in a decrease of the
clad height for the single-track clads, as shown in Fig. 4(e),
which is in general agreement with previous studies on laser
cladding [16, 38–41]. In contrast to the clear influence of the
scan speed, the powder feed rates (ranging from 5.5 g/min. to
6.5 g/min.) do not show a significant trend with the cross-
section, due to the large variance in the data. This may be
due to unfavorable combinations of scanning speed and pow-
der feed rate, although this requires further study. The single-
track clad settings can give some indication as to whether a
multilayered part will be under- or overbuilt. In contrast to the
case for single-track clads, the trend of decreasing width with
increasing scan speed is not as clear for the multitrack clad
samples, with an R-sq of 37.23%, and P values of 0.088 for
the scanning speed and 0.018 for the feed rate (Table 4). The
widths remain similar across the range of evaluated parame-
ters, which is confirmed in Fig. 4(f); the primary exception to
this statement would be the E1 setting.

3.3 Rectangular/ideal layer builds and geometry
effects

Studies on both the single-track and multitrack clads show
that, through modifying the deposition parameters, the origi-
nally intended layer thickness is not always obtained and,
consequently, must be closely monitored during builds.
Higher powder feed rates combined with slower scan speeds
can result in overbuilding. This is apparent from dimensional
studies of the rectangular sample heights, which ranged from
8.05 mm (± 1.32) to 13.80 mm (± 0.37), as presented in Fig.
5(a). Similar observations to these have been made in prior
studies [42, 43]. In terms of the rectangular builds, under all of
the examined deposition conditions, the lengths and widths
are similar across all of the examined settings; there is little
variation in these dimensions, with a maximum error of about
1 mm.

Consequently, as might be anticipated, the most critical
DED dimensional error arises in terms of the build height
control. The height control can be corrected by dividing the
desired dimension by the measured value, and then multiply-
ing by the parameter:

Adjusted Parameter

¼ Programmed Dimension
Measured Dimension

*Current Parameter Used

This will indicate if the settings that are being used need to
be changed; if the system parameter value remains the same,
then the parameter does not require any adjustments. The ad-
justed parameter can increase or decrease, depending on the
dimensional measurements. However, this will only help im-
prove the dimensional target accuracy, but may not necessar-
ily impact the surface finish and/or microstructure. It has been

Table 4 The system parameter significance (determined using
ANOVA in Minitab®) on the widths of the single-track and multitrack
clads, the rectangular samples, and the single-track clad cross-sectional
areas (CSA)

Sample R-sq (%) Scanning speed P value Feed rate P value

Single-track clad 82.14 0.0 0.63

Multitrack clad 37.23 0.088 0.018

Rectangle 90.68 0.0 0.062

CSA 19.82 0.169 0.162
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reported that the overbuilding observed with slower scan
speeds is due to the higher power density, which consolidates
extra powder particles [44, 45]. From the plot summarizing
the primary parameter effects (Fig. 5(b)), all of the examined
powder feed rates have a very similar influence, indicating the
increased flexibility in selecting feed rates without impacting

the build response significantly. The major height error arises
from the scanning speed, with the fastest speed underbuilding
and the slowest speed overbuilding. Applying a regression to
the height using the feed rate and scan speed, the determined
R-sq value is 90.68% (Table 4). In association with this, the P
value for the scanning speed is 0.0, highlighting the
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significance of the scanning rate. In contrast, the powder feed
rate has a P value of 0.062, meaning it is not as significant as
the scan speed.

As noted with the rectangular builds, the component width
and length are comparable across the range of examined DED

parameters, with the height being of more concern. To exam-
ine the effect layer thickness has on a predesigned fixed height
build in greater detail, six ‘ideal layer’ samples were also
fabricated, as shown in Fig. 6. When the thickness of the
deposited layer is greater than desired, it results in overbuild-
ing. When the layer thickness is reduced, more material is
consolidated, and the build rate increases, which will decrease
the actual build-to-nozzle standoff distance; since the DED
system cannot account for variations in the deposit height,
finer layers will have a greater height error because overbuild-
ing is more likely, and the material build “catches up”with the
nozzle head. The opposite is true with a coarser layer thick-
ness, as less material is consolidated, causing underbuilding.
This is evident experimentally when the layer thickness has
been changed (Fig. 6), for example from 0.2032 to 0.3302
mm. This can be related to powder defocusing, in that if the
powder defocusing is below the melt pool level, the height of
the deposition increases because of the increased powder con-
centration [31]. Powder defocusing was not a system param-
eter controlled in this study, but it is suggested as a possible
reason for the observed results, and may warrant further study.
For the present case it was apparent that it is difficult to obtain
the desired layer thickness without adaptive controls to mon-
itor the process [15, 16]. Under the A3 settings the layer thick-
ness should have been changed to 0.3302 mm, as it was the
closest to the desired height; this test would have to be con-
ducted on each setting to find an optimal layer thickness.

In terms of build considerations with the present DED sys-
tem and its operation, the rectangular samples that were ini-
tially printed have some evidence of limited surface oxidation,
with subsequent prints having less. This is due to the build
chamber nominally starting at atmosphere (i.e., air) then, as
printing continued, more Ar was used (as both the shield gas
and powder carrier gas), thus reducing the extent of oxidation.
Periodically there will be samples that will be more oxidized
on the surface, with subsequently printed samples having a
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lower level of oxidation; this arises due to the need for peri-
odic nozzle cleaning that requires opening the build chamber
door, resulting in the chamber reverting to atmospheric con-
ditions. There is no noticeable visual change in the single clad
tracks other than the amount of oxidation. Clearly this is
somewhat undesirable, with the potential to affect the inter-
layer structure and bonding for multilayer builds. However,
this is actually a realistic scenario for the low-cost repair of
large tool steel components, as they are likely to be processed
using shield gas environments rather than enclosed chambers
with a controlled inert atmosphere.

All samples also contain attached powder particles, which
will ultimately lead to higher ‘as-printed’ surface roughness in
components, and consequently dictate the need for some lim-
ited final machining. Adhered particles were also observed on
the sides of vertical surfaces. Even though particles are seen
on the side and top of each of the samples, all of the examined
DED conditions produced a suitable structure, except for rect-
angle E1; under these specific system settings, the contour
continued to build but the core filling was unsuccessful. It is

unknown why this occurred, but a reasonable hypothesis may
be due to the fast-scanning speed used in combination with a
low powder feed rate, resulting in under consolidation. The
rectangle and ideal layer thickness samples have overbuilding
on the corners, which appear to a greater or lesser extent on
most of the printed samples. This was more evident in builds
using the lower scanning speeds and lower feed rates, which is
due to the toolpath software; as the contour is made, it will
stop at the corner, pause, and proceed on toward the next
corner to finish the contour. The extra pause at the corner
results in more material being deposited, causing the top sur-
face to be uneven, which is clearly demonstrated in the ex-
treme case presented in Figure 7. The lower speeds and lower
feed rates can be expected to increase this effect because the
imparted energy is greater, allowing for more powder particles
to be fully melted into the built structure.

A noticeable oxide layer can be seen on the sample surfaces
using SEM (Fig. 8), which has a fibrous appearance. It can be
envisaged that there may be entrapped oxide on powder par-
ticle regions in builds, especially if the power density is in-
creased [46]. Since the oxide can be anticipated to be brittle, it
is arguably undesirable, but any external surface oxidation
would be likely removed through finish machining. In

Fig. 7 Sample D4, highlighting themore extreme ‘built-up’ corner effect,
due to the scanning strategy employed (the cut substrate is shown at the
bottom of the image)

Fig. 8 Representative FE-SEM image demonstrating the formation of
some limited surface oxide. Note that the oxide lightly covers the surface
with a fine, fibrous morphology; some areas of higher oxide concentra-
tion are highlighted with arrows
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addition, this oxide ‘curtain’ makes it difficult to identify po-
rosity on the printed surface in comparison to the porous oxide
structure itself.

All the 3D samples have a distinct ‘wavy’ surface appear-
ance, indicative of the laser DED build process. It has been
previously noted that the use of inert gas atomized powders
creates well-defined, individual layers when compared to wa-
ter atomized powders [28]. In addition, it was shown that
using gas atomized powders also resulted in more partially
melted particles on the surface, leading to a higher surface
roughness [28]. This is because the melt pool temperature
for gas atomized powders is lower than water atomized pow-
ders, due to the increased surface coupling, arising from the
powder surfaces being rougher and having more oxidation
during synthesis [47]. There were no major visible signs of
lack of layer fusion in the present work. In the boundary re-
gion between layers, the surface appears smooth while the
side of the layer has striations that show the melt direction.

(a)

(b)

Fig. 10 Mean effects plots of
surface roughness, Sa, as a
function of DED parameters for a
the single-track clads and b the
multitrack clads

Table 5 System parameter significance (determined using ANOVA in
Minitab®) on surface roughness values determined for the single-track
and multitrack clads, and the rectangular samples

Sample R-sq (%) Scanning speed P value Feed rate P value

Single-track clad 75.21 0.0 0.0

Multitrack clad 91.56 0.0 0.073

Rectangle (side) 9.75 0.235 0.577

Rectangle (top) 5.721 0.35 0.928
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In the ideal layer samples, the larger layer thickness can be
distinguished from the finest layer thickness. However, there
is no significant visual change that can be seen between the
differing finer layer thicknesses.

3.4 Surface roughness of single- and multitrack clads

Figure 9 summarises the mean top surface roughness mea-
surements for the single-track and multitrack clad samples.
For the case of single tracks, the surface roughness generally
appeared to increase with decreasing scanning speed, with this
trend clearest for parameter sets A, B, and E, and less apparent
for parameter sets C and D; however, there is still a generally
comparable response overall. In a similar manner, the surface

roughness for the multitrack cladding samples increases with
decreasing scan speed. This was a clear trend for each of the
DED parameter sets examined.

Examining the primary process variables, it is seen that the
surface roughness generally increases with increasing powder
feed rate for both the single- and multitrack cladding deposi-
tions (Fig. 10). However, in comparison to the influence of
scan speed, for the multitrack clads the effects are more subtle,
although the roughness values are much higher. As noted in
the previous paragraph, the lowest surface roughness values
generally occur at the highest examined scan speeds, for both
the single-track and multitrack clads, which are highlighted in
the ‘mean effects plots’ (Fig. 10). The multitrack clad samples
follow the same trend as the single-track clads, with slower
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scanning speeds and higher feed rates generally producing a
higher surface roughness. However, it is clear that the multi-
track clad samples are significantly rougher than the single-
track clads due to the waviness of the adjacent layers com-
pared to the single-track.

A combination of the slowest scanning speed, together
with the highest feed rate, resulted in the highest surface
roughness. The lower quality surface finishes (i.e., higher
roughness), produced by the higher feed rates, are likely due
to more particles interacting with the laser beam, resulting in a
smaller melt pool, as noted earlier. When the scanning speed
is reduced, the surface roughness may be anticipated to de-
crease because there is a longer laser particle interaction peri-
od to melt the particle [23], and vice-versa with a faster scan-
ning speed. The higher surface roughness for the higher feed

rates is consequently believed to arise from a greater number
of partially melted particles attached to the surface. In terms of
statistical analysis, the single-track clad samples haveP values
of 0.0 for both the feed rate and the scanning speed, and an R-
sq of 75.21% (Table 5). In comparison, the multitrack clad
samples have P values of 0.073 and 0.0 for the feed rate and
scanning speed, respectively, and an R-sq of 91.56%
(Table 5). Contour ‘maps’, relating the effects of the combined
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Fig. 12 a The ‘wetting angle’ (α)
definition used in the present
work. b Example CLSM optical
(white light) image of the cross-
section of a single-track clad
(processing condition B4). c The
mean single-track clad ‘wetting
angle’ as a function of laser DED
process parameters

�Fig. 13 a The mean rectangle side surface roughness, Sa, values for each
of the assessed DED parameter sets; mean-value data for the wetting
angles of the single-track clads (from Fig. 12) is also overlayed for com-
parative purposes. b The ‘main effects plot’ for the surface roughness of
the rectangle sides. c The surface roughness contour map for the rectangle
sides
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scanning speed and powder feed rate parameters on surface
roughness, are shown for both single- and multitrack clads in
Fig. 11.

To assess a nominal deposition ‘wetting angle’ for the
single-track clads (defined as a ‘clad angle’, α), cross-
sections (cut perpendicular to the laser scanning direction of
track) were evaluated to determine the angle the clad track
makes with the substrate (Fig. 12); the defined ‘wetting angle’
measurement used in the present case is shown schematically
in Fig. 12(a). It is apparent that faster laser scanning speeds
generate a lower angle in the single-track clads when com-
pared to slower speeds (Fig. 12(b)). This is likely due to the
melt pool flattening out due to the shorter dwell time of the
laser for the faster scanning speeds. With a slower scanning
speed, the temperature gradient and surface tension in the melt
pool is reduced due to the higher energy input, the fluid flow
decreases, and this results in the bead forming a ‘hump’ shape
[48, 49].

3.5 Surface roughness of rectangular geometry
samples

In order to see if there is a correlation between the wetting
angle of the single clad samples and the side surface rough-
ness of rectangular samples, the side surface roughness was
determined for the rectangle builds (Fig. 13). In the ‘A’ set of
samples it appears that with increasing clad angle, α (data
from Fig. 12), the side surface roughness also increases, the
exception being setting A2, having a lower side surface rough-
ness. The ‘B’ and ‘D’ parameters have a general correlation
between the clad angle and side roughness, with settings B4

and D3 not following this trend. The ‘C’ and ‘E’ settings do
not follow the trends. Overall, based on this comparison, there
does not seem to be a significant correlation between the de-
posit clad angle and side surface roughness. In addition, the
profile of the single-track clad can vary widely across the
track. Faster scanning speeds had the most variance in the clad
angle, with slower scanning speeds resulting in more consis-
tent clad profiles. This interaction of using the clad angle to
predict the side surface roughness could be useful, but since
there are material and heat interactions with the previous layer
in multilayered builds, it becomes increasingly more difficult
to predict the potential impact.

Although there is a clear spread of measured surface rough-
ness values, as a function of the examined DED process pa-
rameters, there does not appear to be a clear trend of parameter
dependence in terms of the surface roughness for either the
sides (Fig. 13) or tops (Fig. 14) of the rectangular samples.
This is in contrast to the prior observations for the single- and
multitrack clads, where the slower scan speeds had a higher
surface roughness; this observation highlights the need for
caution in extrapolating 3D build expectations of surface fin-
ish for multilayer samples from single- or multitrack clad
analysis. Comparing these two figures, it is clear that the side
finish roughness values are consistently slightly lower than
those of the top surfaces. This may be due to the larger surface
area for particles to remain ‘trapped’ on top of the sample with
the slower scanning speeds, combined with a larger amount of
material being used, as the top surface will remain at an ele-
vated temperature creating the possibility of bonding with
these extra particles. Broadly speaking, from the contour
map for the rectangle side roughness, the values determined
decrease with increasing scan speed (Fig. 13(c)). The lower
powder flow rates also produce a slightly higher side surface
roughness, although this trend is relatively subtle, but espe-
cially notable in combination with the lower scan speeds. In
comparison, the top surface roughness values show no clear
trend with either the laser scanning or powder flow rates.

�Fig. 14 a The mean rectangle top surface roughness, Sa, values for each
of the assessed DED parameter sets. b The main effects plot for the
surface roughness of the rectangle tops. c The surface roughness
contour map for the rectangle tops
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In the literature there is conflicting evidence for the effects
of the scan speed on as-printed surface roughness. Gharbi
et al. noted that the use of higher scanning speeds and higher
laser powers promoted shorter melt pool durations, which
produced the best surface finishes [22]. This is attributed to

faster scanning speeds consolidating less material compared
to slower speeds, thereby reducing the height of the layer,
which results in a reduction of the surface ‘waviness’. The
higher power contributes to improved melting of the powder
particles, causing them to disperse on the surface rather than
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Fig. 16 a The mean top and side
surface roughness, Sa, of the
‘ideal layer’ samples as a function
of layer thickness. Samples were
prepared using settings A3 from
Table 3 (i.e., a feed rate of 7.5 g/
min and a laser scanning rate of
500 mm/min). b Representative
FE-SEM images of the side sur-
faces of the ideal layer samples
shown in a. c Higher magnifica-
tion FE-SEM image of the side of
an ideal layer sample located be-
tween layers prepared with a layer
thickness of 0.2286 mm with
surface porosity highlighted by
the red circles
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being partially melted and agglomerating on the surface.
Conversely, Mahamood et al. mentions that decreasing the
energy density (i.e., fast scanning speed) results in a higher
surface roughness [23]. The rheology and production of pow-
ders can have an impact with gas atomized powders, which
invariably have a higher surface roughness [50]. Under these
different system parameters, the variation in surface roughness
on a single DED sample can be significant, due to the attached
unmelted particles on the surface. At lower powder feed rates
there is less interaction with the laser beam, resulting in the
laser making a more effective melt pool. The melt pool will be
larger with a lower powder feed rate resulting inmoremelting.

Even though the varying system parameters produce dif-
ferent results, a clear trend in the data cannot be found.When a
linear regression is performed on the surface roughness, the
side R-sq is 9.75% and the top R-sq is 5.21%, indicating that
there is little correlation associated with the examined the
DED parameters. The P values for the side surface roughness
are 0.577 and 0.235, for the powder feed rate and laser scan-
ning speed, respectively. Similarly, the P values for the top
surface roughness are 0.928 and 0.35 for the feed rate and
scanning speed, respectively. It can be stated that, overall,
these settings will produce very similar surface finishes.
That is not to say that the settings are insufficient for building,
but that clear ‘ideal’ parameter settings have not been identi-
fied. A targeted surface finish is not a sufficient measurement
on its own, when selecting system parameters for 3D builds,
the user must also consider the dimensions, density, and mi-
crostructure, and the resultant mechanical behavior. If a higher
laser power was available, the surface roughness would likely
decrease because there is more energy to fully melt the pow-
ders [15, 26]. The ‘main effects plot’ for the side surface (Fig.
13(b)), showed that changing the feed rate will impact the
surface finish more than the scanning speed.

In addition, another significant parameter that helps to im-
prove the surface finish on all sides of the rectangle samples is
using a properly aligned nozzle head. If the nozzle head is
slightly shifted to one side of the sample, it will deposit unin-
tended material; when the nozzle is off-center, the powder
feed nozzles spray particles on the side instead of on the sub-
sequent layer. This will create a ‘balling’ effect on the surface,
where extra material has been consolidated that continues up
the sample. Evidence of this can be seen in all the samples
(e.g., Fig. 7), which likely increases the side surface roughness
values. Due to this specific process-/equipment-related arti-
fact, the surface roughness was not measured on the side im-
pacted by the nozzle alignment. None of the printed surfaces
would be satisfactory for most applications, and machining
would still be required to achieve the required surface toler-
ances. In addition, for a forming mold application, designers
have to account for overbuilding, so that all the original part
lies inside the machining volume. By obtaining a near net
shape that has a low surface roughness, the cost to

manufacture new mold tooling will decrease as less material
is needed to be removed [6].

3.6 Roughness as a function of draft angle

From the data presented in Fig. 15, it is apparent that as the
draft angle is increased (as previously defined in Fig. 1(b)), the
‘draft face’ surface roughness simultaneously increases.
Consequently, the lower draft angles, from 10 to 45°, produce
the best ‘as-deposited’ surface finish. The reduction in rough-
ness for the shallow draft angles is likely due to the next layer
being slightly offset from the previous one, which allows
greater flattening out compared to when the layers are stacked
normal to each other, resulting in a more pronounced individ-
ual layer at the higher draft angles. When the draft angle
reaches 50°, the roughness values reach those of the top sur-
faces of the rectangle samples. When building a vertical struc-
ture, a small draft angle may be selected to improve the side
surface roughness for a 3-axis system. This would be limited
to the geometry of the desired part, but it could be incorporat-
ed in the design of vertical sides. In line with this, it has been
noted in prior work that as the sloped angle increases (i.e.,
increasing draft angle), so does the roughness of the deposited
material [18, 19]. For the present case, the P value of the
regression is 0.0, with an R-sq of 62.23% (Table 5), indicating
that the draft angle does have a significant impact on the
surface roughness.

3.7 Fabrication of ideal layer thickness test samples

Depending on the system parameters, the deposited layer can
potentially be smaller or larger than the desired layer thick-
ness. With a smaller layer thickness there should, in principle,
be a be a finer gap between consecutive layers when compared
a larger layer thickness, but this does not appear to be the case.
The ‘as-deposited’ side surface finish, in terms of roughness,
has been shown to be broadly consistent for the different de-
fined layer thicknesses, assuming the scan speed and powder
feed rate are the same (Fig. 16(a)). Layer thicknesses of
0.2032 mm, 0.2794 mm or 0.3302 mm were seen to produce
the lowest surface roughness (Sa ~20 μm) on the side, al-
though this surface does not present any clear trend within
the analyzed data. The observed ‘waviness’ of a finer layer
thickness is greater than with a coarser layer thickness (Fig.
16(b, c)). The surface roughness actually has a minimum with
a layer thickness of 0.2794 mm, for both the top and side of
the sample; in this instance the top surface roughness increases
with either an increasing or decreasing layer thickness from
this value. Under the A3 settings a 0.2794 mm layer thickness
produces the best surface finish. The P values for layer thick-
ness effects on the side and top surface roughness values are
0.626 and 0.939, respectively. Similarly, the R-sq value for the
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side surface roughness is 6.49%, while it is 0.17% for the top
surface roughness.

4 Conclusions

Based on the presented work, with the DED system
employed, an optimal combination of the laser scanning and
powder feed rates can be found tominimize the surface rough-
ness. However, these settings do not show significant outliers
within the range of parameters that were examined, highlight-
ing a degree of process flexibility. Even though the tests were
not always statistically significant, the results show a qualita-
tive understanding of what is occurring. Slower scanning
speeds (400 mm/min) resulted in overbuilding in the z-direc-
tion, with the opposite being true for increasing scanning
speeds (700 mm/min). Ideally, the selected system settings
should provide components with good dimensional accuracy
and low surface roughness. Within the currently examined
parameters, a recommended combination of settings for a
3D part is in the middle of the ranges examined, which would
be parameter set B2, with a scanning speed of 600 mm/min
and powder feed rate of 7 g/min; these conditions resulted in a
top surface roughness of 32.91 μm and a side surface rough-
ness of 17.69 μm. Slight overbuilding would be acceptable
because it is likely consolidated parts will require final ma-
chining prior to use.With those considerations inmind, the B2
settings only overbuilt by 3.6% and still present an acceptable
as-printed surface. Another way of improving the side surface
roughness would be adding a shallow draft angle (10–25°) to a
vertical wall.

The as-printed surfaces invariably have attached pow-
der particles, which proved unavoidable within the exam-
ined range of conditions, and which clearly lead to higher
surface roughness values. In the single-track and multi-
track clad samples there is a clear trend of increasing
surface roughness with decreasing scanning speed, with
the scanning speed being more significant (P value =
0.0) in both sets than the feed rate. Printing in an air
atmosphere, even with the use of a shield gas, resulted
in the initial printed samples exhibiting traces of oxida-
tion, which decreased through the build cycle. Finally,
changing the layer thickness using A3 settings did not
have a clear impact on the top surface roughness (P value
= 0.939) and side surface roughness (P value = 0.626).
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