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Abstract
Directed energy deposition (DED) is capable of manufacturing high-density and complex metal components, whereas traditional
machining methods are limited in these regards. Nevertheless, the fabrication of parts with DED that have accurate dimensions
and geometries as well as acceptable surface states is a concern, as these factors are inferior to those of traditionally machined
components. Therefore, the application of parts fabricated with DED is restricted. Thus, the hybrid additive/subtractive
manufacturing (HASM) method has been exploited to comprehensively utilize the advantages of both. In this paper, the
HASM method was used to fabricate bulk parts with four different scanning strategies (alternating the orientation of subsequent
layers by 0°, 45°, and 90° and island scanning are referred to as an X-scan, a Rot-scan, an XY-scan, and an Island-scan,
respectively) followed by subtractive milling to gain a smooth surface with a determined thickness for the next scanning and
deposition period until the parts were completely finished. The influence of the scanning strategy on the densification level and
mechanical behavior of the specimens fabricated with HASM was studied. The results show that the specimens fabricated with
the 7 × 7 mm2 island scan with short scan vector lengths showed a higher densification than the specimens fabricated using long
scan vector lengths (the three methods mentioned above). Finally, to obtain a fine surface finish, the influence of the feed per
tooth (fz) on the surface quality of a 316L stainless steel during the milling process that occurs during the HASMprocess was also
investigated. The result shows a fz of 0.25 mm yielding the minimum surface roughness value among the samples observed
herein, which implies that the surface quality was better than that of the other studied conditions.
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1 Introduction

During the additive manufacturing (AM) fabrication of metallic
alloys, three-dimensional parts are fabricated in a layer-by-layer
pattern through local delivery of metal powder or wire feed-
stock, melting of the feedstock by means of a laser or election
beam heat source, and quick solidification of the molten mate-
rial [1–4]. AM combines computer graphics, digital informa-
tion and engineering, laser technology and material processing,
as well as forming technology to fabricate the part. Directed
energy deposition (DED) belongs to a class of high-tech AM

technologies that operate based on rapid prototyping combined
with coaxial powder feeding laser cladding technology [5–7]. It
provides a new method for manufacturing complex structural
parts, thus making it a hot research topic and concern in related
fields due to its advantages of a short cycle, decreased fabricat-
ing costs, no need for dies, and high compactness. However, as
a relatively new and continuous improvement technology, not
all the disadvantages have been solved. First, residual stress and
deformation are introduced into the parts due to a large temper-
ature gradient during the AM process, and second, the surface
quality and accuracy of the components do not meet require-
ments due to a stair-step effect [8, 9]. Traditional subtractive
manufacturing (SM) processes, such as milling and grinding,
can improve the surface quality of parts, which is a relatively
complete solution and currently plays an important role in the
metal manufacturing industry [10, 11]. Hopefully, near-net-
shaped metallic components can achieve relatively good sur-
face quality through subsequent milling technology.
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Austenitic stainless steels, such as 316L stainless steel
(316L SS), are well known for their weldability, excellent
corrosion resistance (especially pitting resistance), tempera-
ture resistance, and creep resistance [12, 13]. Owing to these
characteristics, they have been extensively used in aerospace,
machinery, and biomedical engineering applications. For ex-
ample, 316L SS parts with complex structures, such as avia-
tion engine blades, can be repaired and remanufactured by
hybrid additive and subtractive manufacturing (HASM),
which consists of additive manufacturing DED followed by
a subtractive manufacturing (SM) milling process to improve
the surface state. Research on HASM is attracting increasing
attention. These previous fundamental studies provide a firm
foundation for further study, and additional HASM processes
have been explored [14–17]. In this context, HASM, which
combines DEDwith coaxial powder feeding and conventional
five-axis CNC milling, can be used in exploratory studies to
finish real functional metallic components instead of the sin-
gle additive manufacturing technology of DED or selective
laser melting or sintering (SLM or SLS) to directly fabricate
near-net shaped metal components. In other words, this tech-
nology can resolve the aforementioned low surface quality of
components fabricated with DED only. To obtain improved
parts fabricated with HASM, the additive DED process still
needs to be controlled. Due to the complex melting-
solidification process that occurs because of interactions with
a laser beam, substrate, and powder stream in the DED pro-
cess, several factors, such as the laser powder, scanning speed,
feeding rate, and scanning strategy, influence the microstruc-
ture and mechanical properties, such as the tensile behavior
and Vickers hardness of the final parts. Wei et al. [18] dem-
onstrated that the porosity, microstructure, and attendant me-
chanical properties of an AlSi10Mg alloy can be adjusted by
the processing parameters during the selective laser melting
(SLM) process. The results show that the densification behav-
ior is related to the energy density of the laser beam and the
mechanical behavior can be improved by increasing the level
of densification. Qiu et al. [19] investigated the effect of the
laser power, scanning speed, and post-SLM heat treatment on
the porosity and microstructural development. The post-SLM
heat treatment slightly impacted the tensile properties; more-
over, the tensile behavior and plasticity can be achieved by
adjusting the hot isostatic pressing process. AlMangour et al.
[20] found that using four different scanning strategies strong-
ly affected the porosity, microstructure, texture, and anisotro-
py of the components fabricated by SLM. The choices of
major parameters have a fundamental effect on the final qual-
ity of parts. The improper selection of process parameters
results in an uneven surface of the cladding layer; furthermore,
the geometric shape of the formed parts may deviate, and
unexpected defects, such as pores or cracks, may even occur.
Therefore, reasonable process parameters and scanning strat-
egies are essential to ensure the fabrication of high-precision

and high-performance parts.Moreover, to obtain a fine surface
finish, reasonable milling processing parameters should also
be considered. Xiong et al. [21] used optimized process pa-
rameters to fabricate a group of metal components by a hybrid
plasma deposition and milling process. Moreover, the study
also indicated that the feed per tooth played a vital role in the
surface roughness among all the process parameters.

There have been a large number of studies about the factors
for AM or SM techniques to produce certain properties and
microstructures, but systematic studies of components fabri-
cated with HASM as a function of the technical parameters to
meet industrial requirements are seldom reported. In this
study, during the HASM process, once a deposition cycle
period (each deposition cycle period produces four layers)
finished, the deposited top surface was processed to the de-
sired thickness for further deposition by a subsequent milling
process until the prescribed deposition operation was complet-
ed. Therefore, to improve the surface quality of 316L SS sam-
ples fabricated with HASM, reasonable machining parameters
should be considered that use a subtractive computer numer-
ical control (CNC) milling process during HASM. Moreover,
the process conversion between DED and CNCmilling can be
achieved by CNC.

The aim of this paper is to enable the use of 316L SS
fabricated with HASM. Appropriate process parameters, such
as the scanning strategy during the DED process and feed per
tooth (fz) during SM milling that happened in the HASM
process, were determined by experimental methods. First,
we investigated the influence of the building scanning strategy
on the mechanical properties of the 316L SS parts fabricated
with HASM. To this aim, we fabricated bulk specimens with
four different scanning strategies (alternating the orientation
of subsequent layers by 0°, 45°, and 90° and island scanning
are referred to as an X-scan, a Rot-scan, an XY-scan, and an
Island-scan, respectively). Next, we evaluated the stress-strain
response and fracture surface analysis and densification level.
Finally, achieving the final shape with DED process methods
is often difficult without post-fabrication processing, such as
machining. Reasonable machining parameters, such as the fz,
should be chosen to obtain a good surface quality.

2 Experimental methods

2.1 Material and process parameters

Gas-atomized 316L stainless steel (316L SS) powder with an
approximate spherical shape and the particle diameter of 10–
130 μm is chosen as the deposition material. The scanning
electron microscopy (SEM) picture of 316L SS powder and
the chemical compositions of 316L SS powder were shown in
Fig. 1 and Table 1, respectively. As can be seen from Fig. 1, a
large number of small particles exist in the powder, whichmay

178 Int J Adv Manuf Technol (2020) 107:177–189



have a negative impact on their fluidity owing to agglomera-
tion of small particles; nevertheless, they can dramatically
increase the specific surface area of the material, resulting in
a high-energy absorption rate of the laser beam [22, 23]. In
addition, the 40# steel plate with the dimension of 160 × 160 ×
20 mm3 was used as the substrate material. The chemical
composition of 40# steel is shown in Table 2. Before the
HASM experiment, the milling process and chemical cleaning
are applied to clean the surface of the 40# steel substrate.

This work was executed on the experimental equipment of
the HASM machine (SVW80C-3D) (see Fig. 2a), which is
composed of the additive DED (see Fig.2b) and the subtrac-
tive milling machining (see Fig. 2c) to manufacture the end-
metal part. The detail of the process parameters are listed in
Table 3. The main parts of the additive DED system is com-
posed of a fiber laser system (IPG YLS-2000) (see Fig. 2d)
with a wavelength of 1070–1080 nm, powder feeding ma-
chine (see Fig. 2e), water-cooling system, and laser head.
Some main parts of the experimental equipment of the
HASM are shown in Fig. 2.

2.2 Scanning strategy

Understanding the influence of the scanning strategy on the
densification level of components fabricated with HASM is a
complicated issue owing to the various parameters related to
the scanning strategy. Changing the length, direction, and se-
quence of scanning vectors as well as the rotation of each
subsequent layer can result in a remarkable combination of
scanning strategies. In this study, the influence of the scanning

strategy on the densification level and mechanical properties
was determined by building several cubic bulk specimens
with dimensions of 35 × 35 × 35 mm3 for each test case. To
discuss the influence of the laser scanning direction and se-
quence of scanning vectors as well as the rotation of each
subsequent layer on the densification level and the resulting
mechanical properties, a total of three scanning strategies were
implemented during the DED process portion of the HASM
process, as presented in Fig. 3. Bidirectional scans of 0° (X-
scan), 45° (Rot-scan), and 90° (XY-scan) are alternating scan-
ning strategies that refer to turning the orientation of each
previous layer by 0° Fig. 3a, 45° Fig. 3b, and 90° Fig. 3c,
respectively. To further understand the effect of the laser scan-
ning length on the densification level and mechanical behav-
ior of components fabricated with HASM, a chessboard scan-
ning strategy was introduced. The chessboard scanning strat-
egy refers to dividing the build region into several small re-
gions. Figure 3d shows a chessboard scan with a 90° alternat-
ing scanning strategy in each individual layer and chessboard
size of 7 × 7 mm2 without shifts or rotations in adjacent chess-
board blocks (Island-scan). Three specimens were fabricated
with each scanning strategy by the same processing parame-
ters. Figure 3e shows the end-metal part with dimensions of
35 × 35 × 35 mm3.

During the DED process that occurred during the HASM
process, the initial direction of each of the layers is presented
by blue dashed-line arrows. The island scanning strategy
started with the black solid-line arrow. The first black area
was scanned, and then the process to the next black area con-
tinued until it was completely done. Then, the red areas were
scanned by the laser until the whole layer was completed. The
same scanning sequence was repeated in all of the following
deposition layers. As shown in Fig. 3, every four layers com-
prised a scanning period. When a scanning period was com-
pleted, the top surface was processed byCNCmilling to gain a
smooth surface with a determinate thickness for the next scan-
ning period deposition. The DED and CNC milling processes
were completed until the metal part was done, and the process
conversion between the DED and CNC milling was achieved
by the CNC method. Finally, the side surfaces were machined
by CNC milling to remove the remnants of stair steps and
unmelted powder particles on the surfaces and to obtain good
surface quality.

2.3 Material characterization

The relative densities were measured by the Archimedes
method (the relative density values were calculated by three
replicates of the same sample type), and further details on the
densification method can be found in refs. [11, 20, 21]. All the
316L SS specimens fabricated with HASM were processed
with traditional metallographic procedures; they were

Fig. 1 SEM image of microscopy of 316L SS powders

Table 1 Chemical composition (wt.%) of 316L SS powder

Elements (wt.%) C Si Mn P/S Cr Ni Mo Other Fe

Min 0.01 0.4 0.8 – 16.0 12.0 2.0 – Bal.

Max 0.03 0.65 1.4 0.01 18.0 14.5 3.2 0.01 Bal.

Actual 0.02 0.5 1.2 0.01 17.0 13.0 2.5 0.00 Bal.
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sectioned, ground, and polished to obtain the densification
characteristics.

The Vickers microhardness measurements were carried out
on the top and side surfaces of the specimens fabricated with
HASM that were polished on either the top or side surface,
respectively, and the Vickers microhardness tests used an ap-
plied load of 1000 gF using a 430SVDVickers microhardness
testing machine; at least ten indentations were performed for
each test case. Finally, the Vickers microhardness values were
obtained from the ten measured points at the top and side
surfaces of each specimen.

A series of tensile specimens were fabricated with four
different scanning strategies. The tensile testing was conduct-
ed on a WDW-100E electronic universal material testing ma-
chine according to the GB/T228.1-2010 test standard. Thin-
walled samples 2 mm in thickness, 16 mm in gauge length,
and 30 mm in total length were prepared for tensile testing at
room temperature, and three tensile samples were tested to
calculate the average value under the same conditions to re-
duce the measurement error.

The machined surface morphology and surface roughness
that formed as a result of the milling process that occurred

during the HASM process were measured with a digital mi-
croscope (VHX-1000E) and MICROMEASURE 3D surface
profiler, respectively. The parameter Sa represents the surface
arithmetic average error, and Sz is the maximum altitude de-
viation. In fact, Sa is analogous to Ra, which is a class that
extends Ra. However, the difference between Sa and Ra is that
the Sa data occurs in a reference plane rather than in a line.
Further details relating to this testing case can be seen else-
where [24–26]. To decrease the measurement error, at least
five measurements were tested under each condition. Finally,
the average of the practical measurement was considered a
statistical value.

3 Results and discussion

3.1 Densification level

The density of the specimens fabricated with HASM process-
es that used various scanning strategies was measured by
means of the Archimedes method, and the results are present-
ed in Fig. 4a. All samples were built using various scanning

Fig. 2 Equipment of HASM experiment: a HASM experiment; b additive laser head; c subtractive milling head; d laser system; and e powder feeding
machine

Table 2 Chemical composition
(wt.%) of the 40# steel Elements (wt.%) C Si Mn Cr Ni Cu P S Fe

Min 0.37 0.15 0.50 – – – – – Bal.

Max 0.45 0.35 0.80 0.25 0.30 0.25 0.04 0.045 Bal.
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strategies with a density greater than 90%. The limited defects
were composed of unmelted powder particles, pores
consisting of irregular and spherical pores and thermal cracks
that changed as the build direction changed during the HASM
of the 316L specimens, as shown in Fig. 4b–e; the defects
decreased the densification, and all specimens showed slightly
different density values. To study the influence of the scan
vector rotation on the density of the HASM specimens, the

orientation of the scan vectors was rotated by 0°, 45°, and 90°,
and these are referred to as an X-scan, a Rot-scan, and an XY-
scan, respectively. The X-scan specimen had a densification
level of 96.1% (porosity of 3.9%), and a large number of pores
with irregular or spherical shapes as well as hot cracks ap-
peared in the parts fabricated with HASM; these defects main-
ly gave rise to discontinuous scan tracks, which then lead to
interlayer pores (see Fig. 4b). The Rot-scan specimens were
built with a 45° alternating scanning strategy and showed a
decreasing density and had the minimum densification level
herein with the highest porosity of 7.3%. A large amount of
unmelted powder particles, thermal cracks, and widespread
pores, including spherical pores and irregular pores, made
the densification decrease to an absolute minimum of
92.7%, as shown in Fig. 4c. Such a limited densification can
be attributed to poor interlayer bonding. The poor interlayer
bonding was the result of the short scan vectors on the sides
and the long scan vectors in the middle, thereby presenting
unstable scan tracks and residual heat effects that exacerbated
the formation of the pores. The XY-scan specimen had an
increasing densification, resulting in a 98.2% densification
compared with that from the X-scan. For the XY-scan speci-
mens, the direction of the laser beamwas perpendicular to that

Fig. 3 Schematics of scanning strategies in HASM-fabricated 316L SS samples: aX-scan, b Rot-scan, cXY-scan, d Island-scan strategy; and e the end-
metal part

Table 3 The process parameters of HASM process

Processing parameters Unit Value

Laser power (P) W 1000

Scanning speed (V) mm/min 440

Laser beam spot size (D) mm 3

Powder feed rate g/min 1

Layer thickness (h) mm 0.5

Focal length mm 13.5

Feed per tooth (fz) mm 0.2, 0.25, 0.3, 0.35

Milling linear speed (VZ) m/min 120

Amount of axis feed (ap) mm 0.5

Amount of radial feed (ae) mm 0.2
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Fig. 4 a Density graphs obtained from Archimedes with variation
scanning strategies consist of X-scan, Rot-scan, XY-scan, and Island-
scan in HASM-fabricated 316L SS specimens; SEM images showing

the porosity in cubic specimens (35 × 35 × 35 mm3) manufactured at b
X-scan, c Rot-scan, d XY-scan, and e Island-scan
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of the previous layer, which led to a change in the heat dissi-
pation and direction of the temperature gradient, a relatively
fine microstructure with minute quantities of pores; these fac-
tors increased the densification of the fabricated samples (see
Fig. 4d). These results are in good agreement with the mea-
sured results from the Archimedes method. To investigate the
influence of the scan vector length on the densification, an
island scanning strategy (Island-scan) was used to build the
35 × 35 × 35 mm3 test block parts. The bulk specimen from
the Island-scan separated each layer into 7 × 7 mm2 blocks,
and each layer was rotated 90° with the previous layer and
showed an increase in the densification. The density reached
99.4% that of all of the three alternating scanning strategies
mentioned. The reason is attributed to the pores that formed
during the DED process that occurred during the HASM pro-
cess; the inhomogeneous temperature gradient (local heating/
cooling of heat source) represents a reason for the pore forma-
tion. As a general rule, a body expands when heated and
contracts when cooled. Therefore, a shorter scan vector length
can reduce the porosity owing to the decreased heat input,
moderate thermal gradient and effective dispersion of the heat
along multiple directions rather than accumulation of the heat
along the building direction [27, 28]. By and large, since the
densification is considered to be related to melt flow behavior,
each location in the part being fabricated suffers from a com-
plex heat history and flow because the material first experi-
ences rapid solidification and cooling and then remelting and
cooling with each additional material layer. These complicat-
ed effects from the heating can result in heterogeneous and
anisotropic densification behaviors within the parts made by
HASM. However, only a few minor spherical pores were ob-
served in the Island-scan specimen, and they were probably
generated locally from the gas trapped inside the 316L SS
powder, as shown in Fig. 4e. That is, the minimum hot inho-
mogeneity was obtained due to the reduced consolidation
regions.

3.2 Mechanical properties

3.2.1 Effect of the scanning strategy on the hardness

The average Vickers hardness values obtained from the top
and side surfaces of the 316L SS bulk specimens with dimen-
sions of 35 × 35 × 35 mm3 fabricated with HASM using dif-
ferent scanning strategies are presented in Fig. 5. The Rot-
scan sample had the lowest hardness values herein of 206
and 225 HVon the top and side, respectively, due to the scan
length on the side being short (see Fig. 3b), which resulted in
an inhomogeneous residual heat transfer. The X-scan speci-
men had hardness values of 219 and 230 HVon the top and
side, respectively. The slightly elevated values for the X-scan
specimen may be a result of the increased densification level
compared with that of the Rot-scan. The XY-scan specimen

had an increasing hardness trend for the different scanning
strategies; the specimens layers that alternated 90° with re-
spect to the previous layer had the highest hardness values at
the top and side location s with values of 222 and 237 HV,
respectively; this result can be attributed to the fact that the
same scan length on each layer improved the uniformity of the
heat transfer. Moreover, the densification improved and the
localized defects, such as pores, unmelted powders, and
cracks, decreased compared with those of the X-scan or Rot-
scan strategies. The hardness of the Island-scan sample in-
creased compared with that of all three of the scanning strat-
egies mentioned above. The Island-scan sample manufactured
with the 7 × 7 mm2 island scanning strategy resulted in a hard-
ness increase of 9.4 and 5.9% compared with that of the XY-
scan specimens built with the standard 90° alternating scan-
ning strategy, as presented in Fig. 5. Moreover, the average
Vickers hardness on the top surface was lower than that on the
side surfaces. Remarkable differences in the Vickers hardness
values on the top and side surfaces were obtained for the
specimens processed with different scanning strategies, and
the results are presented in Fig. 5. The differences were due
to the heterogeneous and anisotropic defects that formed be-
cause of differences in the cooling rates and inhomogeneous
heat transfer among the different scanning strategies that took
place during the DED portion of the HASM process. Finally,
the hardness was changed by changing the scan vector direc-
tion or length because these parameters usually decide the
degree of partial remelting of the previous layers. This behav-
ior is consistent with the densification results.

3.2.2 Effect of the scanning strategy on the tensile behavior

A typical engineering stress-strain curve for the four 316L SS
HASM scanning strategies consisting of three different scan
vector directions and two different scan vector lengths

Fig. 5 Influence of scanning strategies on the Vickers hardness of the
HASM-fabricated 316L SS specimens: X-scan, Rot-scan, XY-scan, and
Island-scan
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conducted at room temperature is shown in Fig. 6. The corre-
sponding measured tensile properties, such as ultimate tensile
strength (UTS), yield strength (YS), and elongation to failure
(ETF), are listed in Table 4. It is clear that all scan strategies
presented similar elastic behavior. However, there is a signifi-
cant difference in the ETF among the X-scan, XY-scan, and
Rot-scan samples, with an average engineering elongation of
40.63, 47.63, and 36.69% for the X-scan, XY-scan, and Rot-
scan samples, respectively. The increased ductility is attributed
to the improvement in the densification (the lack of porosity).
Porosity often causes a limited ductility. The XY-scan strategy
resulted in the highest UTS and YS values of 649.75 and
429.03 MPa, respectively, while the Rot-scan sample (where
the scanning direction alternated 45° with respect to the previ-
ous layer) showed the lowest UTS and YS values (620.11 and
386.61, respectively). This can be attributed to the Rot-scan
being oriented 45° to the tensile load direction and the weak
bulkmetallurgical material, which had a heterogeneous particle
distribution and decreased densification. The specimens fabri-
cated with the X-scan and Rot-scan patterns demonstrated sim-
ilar tensile strengths, but the ETFs were quite different.
Moreover, the samples with the X-scan and Island-scan pat-
terns had similar ETFs, but the YS and UTS varied greatly
across and within the scanning strategy. The residual porosity
is an important element that deteriorates the mechanical behav-
ior of HASM-fabricated specimens. Moreover, the anisotropic

mechanical behavior of the manufactured 316L SS specimens
was closely correlated with texture formation. For example, the
XY-scan sample had a significantly higher YS, UTS, and ETF
and experienced an increased hardening compared with those
for the specimens with the X-scan and Rot-scan patterns. This,
in turn, was due to the increased uniformity of the particle
distribution [29] and improvement in the densification degree.
In fact, the XY-scan resulted in a partially disordered direction
due to the significant thermal diffusion in the top region. In
particular, it is straightforward and effective to adjust the de-
gree of morphological texture by changing the layer thickness
(d) and/or hatch spacing (t) because these factors determine the
degree of remelting between adjacent layers (a larger d and/or t
could decrease their magnitudes and reduce heat accumulation)
[4]. The densification level of the Island-scan sample was ob-
viously increased, which further led to an increase in the UTS
and YS. Moreover, the ductility increase was attributed to an
improvement in the ETF. Generally, the results indicate that the
degree of anisotropy in the scan vector direction and scan vec-
tor length increase the anisotropy or variation in themechanical
behavior due to a change in the porosity.

To further illuminate the failure mechanisms for the different
tensile behaviors among the specimens, the fracture surfaces of
the tensile-tested samples fabricated by HASM with different
scanning vector directions and lengths were investigated, and
the results are shown in Fig. 7. All samples fractured at approx-
imately 45° angles with the load direction. TheX-scan, XY-scan,
and Rot-scan samples were used to illuminate the different fail-
ure mechanisms for the different scanning directions. A low-
magnification SEM micrograph of the Rot-scan sample indicat-
ed a minimum area reduction compared with that of the other X-
scan and XY-scan samples. The XY-scan specimen had an even
greater area reduction than that of the X-scan and Rot-scan sam-
ples. The area reduction of the X-scan sample was between the
two, as shown in Fig. 7a, c. The high-magnification SEM mi-
crographs show the fracture surfaces for a variety of processing
parameters, and one can see that the specimens fabricated with
HASM and built along different scan directions all exhibited
nearly evenly distributed dimples and evidence of tortuous crack
growth on the fracture surface, indicating that fairly ductile frac-
ture occurred, as shown in Fig. 8. Pores ~ 6μm long and second-
phase particles were found in the section of the X-scan sample
(see Fig. 8a). Compared with the results in Fig. 8a, c, the fracture
surface for the Rot-scan sample had localized defects, such as
large crater-like voids and noticeable second-phase particles, that
could cause local stress concentration, crack propagation, and
inhomogeneous heat transfer that could lead to severe degrada-
tion in the tensile strength (including the UTS and YS) (see Fig.
8b). The XY-scan sample did not have significant voids and had
a homogeneous distribution of dimples on the fracture surface;
therefore, the tensile strength was better than that of the other
specimens. Given the detrimental influence of pores on the ten-
sile ductility, the absence of porosity (and a high densification

Fig. 6 The stress-strain curves of HASM-manufactured 316L SS
specimens at room temperature with different scanning strategies

Table 4 The mechanical properties of HASM-manufactured 316L SS
samples with different scanning strategies

Scanning strategy YS UTS ETF

X-scan 399.34 625.01 40.63

Rot-scan 386.61 620.11 36.69

XY-scan 429.03 649.75 47.63

Island-scan 479.18 688.37 50.25
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level) on the fracture surfaces was indicative of a nearly fully
dense material.

To further illuminate the failure mechanisms during the ten-
sile tests of the samples with different scan lengths, the fracture
surfaces of the samples fabricated with the XY-scan and 7 ×
7mm2 Island-scan patterns were investigated. As shown in Fig.
7d, the 7 × 7 mm2 Island-scan had an even greater area reduc-
tion than that of the XY-scan (see Fig. 7c). The high-
magnification SEM micrograph, which shows the 7 × 7 mm2

Island-scan strategy, had an even more uniform fracture surface
morphology than that of the XY-scan, as shown in Fig. 8c, d.
These trends occurred because the Island-scan had a shorter
scan length of 7 × 7 mm2 than that of the aforementioned scan
strategies. The decreased length of the melt pool could reduce
the Rayleigh instabilities andMarangoni forces, which can lead
to inappropriate wetting of the melt pool due to the inability of
the melt to overcome the surface tension. The flowability and
rheological properties of the achieved melt were improved for
the island scanning pattern. Therefore, the density of the molten
pool was sufficiently high, leading to an increased homogeneity
and an efficient mass and heat transfer inside the pool. This can
also reduce the porosity induced by the scan strategy that was
aligned with the loading axis of the sample.

4 Surface roughness

The use of feasible machining parameters for a given system
could dramatically improve the machining quality. The fz is

one of the most important factors in any type of machining
[21]. To research the effect of the fz on the side surface mor-
phology of the SM process that occurred during the HASM
process, the side surfaces of the bulk samples were machined
by the CNC milling process that occurred during the HASM
process at fz values of 0.2–0.35 mm. Moreover, the other
machining parameters, such as ap, ae, and Vs values of
0.5 mm, 0.2 mm, and 120 m/min, respectively, were fixed.
The surface roughness is one of the most specified require-
ments, and the surface roughness was measured by 3D surface
profilometry. According to the literature [24–26], 2D surface
roughness parameters, such as the profile arithmetic average
error Ra, are insufficient to evaluate the surface quality. At
present, 3D surface roughness parameters have been devel-
oped that are based on the 2D parameters of surface roughness
and are widely used in many industrial quality evaluation
systems. In this paper, the surface arithmetic mean deviation
Sa and the surface maximum height difference Sz were select-
ed to evaluate the milled surface roughness conditions.

As seen in Fig. 9, the surface roughness increased with
increasing fz because as the fz value increases, the milling
thickness, milling force per unit volume, and milling heat
per unit time all increase, thereby causing wear of the cutting
tools. When the fz was 0.2 mm, a relatively low surface rough-
ness of Sa = 0.96 μm and Sz = 5.67 μm was achieved for the
specimens fabricated with HASM. The reason for this may be
that the fz was too low, the milling thickness was small, and
the tool was not worn, so an improved surface roughness was
obtained. With an increase in the fz from 0.2 to 0.3 mm, the

Fig. 7 Low-magnification SEM images exhibiting the fracture surfaces of tensile-tested specimens with different scanning strategies: a X-scan; b Rot-
scan; c XY-scan; and d Island-scan
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values of Sa and Sz increased from 0.96 to 1.74 μm and 5.67
to 11.6 μm, respectively. This was due to the feed knife trace,
cutting load, and layer thickness of the material removal,
which all increased with an increase in the fz value and thereby
increasing the vibration and plastic deformation of the mate-
rial, which in turn deteriorated the surface quality. After in-
creasing the fz to 0.35 mm, there was almost no change in the
surface roughness. The reasons are summarized as follows.
On the one hand, the tool wear reached a stable state; on the
other hand, the increased fz made it difficult for the material to
adhere to the machined surface. Therefore, the convergence
was conducive to reducing the surface roughness. During the
HASM process, the CNCmilling process can produce a rough
or fine process only if the workpiece is fixed on time. The
relationship between the fz and Vs is also linear and negative
[18]. A large fz and small Vs were selected during the rough
finishing process to remove the residual oxide layer on the
surface. To obtain good surface quality, a low fz and high Vs
should be chosen.

As shown in Fig. 10, the subtractive milled surface topog-
raphies on the 316L SS specimens fabricated with HASM

Fig. 9 Surface roughness of subtractive milling process-fabricated 316L
SS specimens under incident milling linear speed of 125.6 m/min with
various feed per tooth (fz) change from 0.2 to 0.35 mm
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Fig. 8 High-magnification SEM images exhibiting the fracture surfaces of tensile-tested specimens by HASM scanning methods: aX-scan; b Rot-scan;
c XY-scan; and d Island-scan



with various fz values from 0.2 to 0.35 mm can be understood
intuitively. It can be seen that the feed per tooth had an impor-
tant influence on the milled surface topography. When fz in-
creased from 0.20 to 0.35 mm, the surface topography of the
milled surface gradually deteriorated. The main reason is that
as the fz increased from 0.2 to 0.35 mm, the friction increased
the vibration, thereby worsening the surface quality. This
means that the best surface quality herein was acquired when
the fz was 0.2 mm. Moreover, large and deep gullies were
clearly observed when the fz was 0.35 mm. Therefore, the
trend in the surface topography is consistent with that of the
surface roughness.

5 Conclusions

In this paper, the characteristics of 316L SS specimens
manufactured by using the HASM method, which combines
additive DED manufacturing and a subtractive CNC milling
process, were investigated. Four different scan strategies were
studied, wherein different scan vector directions (X-scan, Rot-
scan, and XY-scan) and vector lengths (Island-scan) were

considered. The effect of the scanning strategies on the densi-
fication degree and mechanical behavior was investigated sys-
tematically. To improve the surface finish, the influence of the
feed per tooth on the surface roughness of the milled 316L SS
that was fabricated with HASM was also investigated. The
conclusions are as follows.

(1) Specimens built with the 7 × 7 mm2 Island-scan pattern
reached a density of 99.4% and showed a trend of in-
creasing densification compared with that for all three
alternating scanning strategies (X-scan, XY-scan, and
Rot-scan patterns). This result is attributed to the origin
of the pores in the DED process during HASM, such as
the inhomogeneous temperature gradient (local heating/
cooling of heat source). As a general rule, a body ex-
pands when heated and contracts when cooled.
Therefore, a decreased scan vector length can reduce
the porosity owing to the decreased heat input, moderate
thermal gradients, and effective dispersion of heat along
multiple directions rather than the accumulation of heat
along the building direction. For example, the specimen
with the Rot-scan had the highest porosity herein due to

Fig. 10 Surface topographies of subtractive milling process-fabricated 316L SS specimens with various feed per tooth: a fz = 0.2 mm, b fz = 0.25 mm, c
fz = 0.30 mm, and d fz = 0.35 mm

Int J Adv Manuf Technol (2020) 107:177–189 187



the poor inter-layer bonding that resulted from the short
scan vectors on the sides and the long scan vectors in the
middle; this condition presented an unstable surface for
the scan tracks and residual heat, which increased forma-
tion of the pores.

(2) The hardness value of 251 HV was obtained for speci-
mens manufactured with the 7 × 7 mm2 Island-scan,
which was higher than that for the other scan strategies.
Moreover, the average Vickers hardness on the top sur-
face was lower than that on the side surfaces, and re-
markable differences in the Vickers hardness values were
achieved for the specimen tops and sides for the speci-
mens fabricated with different scanning strategies. These
differences caused the heterogeneous and anisotropic
formation of defects associated with the different cooling
rates and inhomogeneous heat transfer of different scan-
ning strategies that took place in the DED process during
the HASM.

(3) The XY-scan specimen exhibited improved tensile prop-
erties, including a higher UTS, YS, and ductility than
that of the 316L SS samples fabricated with the X-scan
and Rot-scan patterns, because of the reduced heteroge-
neous heat accumulation, improved particle distribution
uniformity, and improved densification.

(4) To improve the surface quality during the milling ma-
chining that occurs during the HASM process, a small
fz should be selected. The surface roughness decreased
with increasing fz. This is due to the feed knife trace,
cutting load, and layer thickness of material removal,
which all increased as the fz increased, thereby increasing
vibration and material plastic deformation, which in turn
deteriorated the surface quality.
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