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Abstract

This study is concerned with the surface integrity of Inconel 738LC parts manufactured by selective laser melting
(SLM) followed by high-speed milling (HSM). In the investigation process of surface integrity, the study employs ultra-
depth three-dimensional microscopy, laser scanning confocal microscopy, scanning electron microscopy, electron
backscatter diffractometry, and energy dispersive spectroscopy to characterize the evolution of material microstruc-
ture, work hardening, residual stress coupling, and anisotropic effect of the building direction on surface integrity

of the samples. The results show that SLM/HSM hybrid manufacturing can be an effective method to obtain better
surface quality with a thinner machining metamorphic layer. High-speed machining is adopted to reduce cutting
force and suppress machining heat, which is an effective way to produce better surface mechanical properties during
the SLM/HSM hybrid manufacturing process. In general, high-speed milling of the SLM-built Inconel 738LC samples
offers better surface integrity, compared to simplex additive manufacturing or casting.
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1 Introduction

Inconel 738LC is a face-centered cubic (FCC) struc-
tural and y’ phase precipitation hardening nickel-based
superalloy with high temperature strength, toughness,
hardness, and wear resistance, and has been widely used
in the shipbuilding, chemical, and petrochemical indus-
tries. It can be also applied to aerospace engines and
supersonic aircraft [1]. However, Inconel 738LC is a rep-
resentative of difficult-to-machine material on account
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of its low thermal conductivity and high reactivity with
milling tools [2]. For Inconel 738LC or other difficult-to-
machine materials, selective laser melting (SLM) tech-
nology shows unique advantages as a newly emerging
manufacturing technology. It integrates computer-aided
design (CAD), material processing and forming technol-
ogies by using software and numerical control systems to
melt and solidify materials layer by layer to manufacture
complex structural parts with high integration and multi-
function. SLM makes it easier to manufacture parts that
are otherwise constrained by the machining processes
in conventional subtractive manufacturing. Moreover,
SLM greatly simplifies design and speeds up the prod-
uct development cycle [3, 4]. Nevertheless, SLM adopts
a two-dimensional layering method in the discretization
process, which always results in size errors and defects.
Therefore, the mechanical properties and surface integ-
rity of SLMed Inconel 738LC parts are generally poor,
which substantially impedes its practical applications [5,
6].
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In order to ameliorate the inferior mechanical proper-
ties and surface integrity of SLMed Inconel 738LC parts,
Du et al. [7] employed a novel technical route named
SLM/high-speed milling (HSM) hybrid manufacturing,
i.e., additive/subtractive hybrid manufacturing (ASHM).
For parts with complex geometric structures or difficult-
to-machine materials, the near-net shape process can be
completed by additive manufacturing, the subsequent
finishing can be completed by subtractive manufacturing.
As illustrated in Figure 1, a hybrid manufacturing system
may at least consists of a multi-axis machining center
and material deposition system. The key technologies
include optimization of ASHM, construction of software
and hardware platforms, and development of a control
system. In the hybrid manufacturing process, since SLM
and HSM are conducted alternately, geometric error
compensation and material removal schemes should
be reserved and determined at the CAD model design
phase. Subsequently, a three-dimensional CAD model in
STL format is sliced into layers by slicing software. Based
on a two-dimensional discrete file, laser scanning paths
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are planned by the additive process control unit. Mean-
while, HSM paths are planned by the subtractive process
control unit. After a fiber laser beam scans and melts the
metal powders for every 10—15 layers, HSM is performed
subsequently. The hybrid manufacturing process is con-
ducted alternately until the whole part is finished, as
illustrated in Figure 2 [8]. Because the addition, subtrac-
tion, and inspection processes are completed in a single
machine system, it not only suppresses the errors caused
by re-positioning the part in multi-platform manufactur-
ing, improves manufacturing accuracy and production
efficiency, but also saves space and reduces manufactur-
ing costs.

ASHM has been paid more and more attention in
both the academic and industrial sectors in recent years.
Sunshine Laser & Electronics [8] and Sodick [9] inde-
pendently developed SLM/HSM hybrid machine tools
and overcame key technological challenges, such as the
adaption of a laser scanning system to avoid structural
interferences between SLM and HSM system, the pro-
cess planning and data processing system to coordinate
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Figure 1 SLM/HSM hybrid manufacturing system
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Figure 2 SLM/HSM hybrid manufacturing process [14]: a Feeder system; b Selective laser melting process; ¢ High-speed milling process; d
Re-coating; e SLM/HSM hybrid manufacturing; f Sample parts with complex inner passages and external profiles
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Table 1 Chemical compositions of the Inconel 738LC powders.
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Element Content (wt.%) Element Content (wt.%) Element Content (wt.%)
Cr 15.82 Al 348 N 0.005

Co 832 Ti 0.12 B 0.01

W 2.58 C 0.88 Zr 0.058

Mo 1.82 Nb 1.78 Ni Balance

Ta 35 o] 0.0154

Table 2 Chemical compositions of the milling tool material

Element Ti w Co C Ta

Content (wt.%) 4.8 770 8.0 6.45 375

SLM/HSM. Wang et al. [10] investigated the influence
of a protective atmosphere on the mechanical proper-
ties and microstructures of the commercial pure Ti and
conferred superb strength to commercial pure Ti with-
out sacrificing its ductility through SLM by using a high-
power laser and incorporating solute atoms from the
Ar-N, reactive atmosphere. Du et al. [11] performed an
ASHM experiment on 18Ni-300 steel, and found differ-
ent microstructures and residual stress evolutions of a
hybrid-manufactured part from that of the traditional
mechanical manufacturing processes. Debajyoti et al. [12]
investigated surface/interface quality, microstructure and
mechanical properties of ASHMed parts, and found that
the ultimate tensile strength (UTS) of the hybrid manu-
facturing bars was higher than those of the heat-treated
bars. Bai et al. [13] conducted a hybrid manufacturing
experimental study on the manufacturing of a 6511 mar-
tensitic stainless steel and found that the surface residual
stress state and distribution could be controlled in the
milling process.

Although some research on ASHM process and equip-
ment have been reported, no research on surface integ-
rity is found. Therefore, this study investigates the surface
integrity of high-speed milling of SLM-built Inconel

(n+1)" Layer ™ Layer

(@) (b)

738LC parts in regard to powder morphology, sur-
face quality, microstructure alteration, and mechanical

property.

2 Experimental Procedure

2.1 Experimental Material

The experimental material was Inconel 738LC powder
(GBT14992-2005, AMC POWDERS Ltd., China). Its
morphology and particle size were observed with a scan-
ning electron microscope (SEM, TM4000-Plus, Hitachi,
Japan) and measured by a particle size analyzer (Master-
sizer 3000, Malvern, UK). Its chemical compositions were
analyzed by an energy dispersive spectrometer (EDS,
Octane Pro, EDAX, England), and the result is illustrated
in Table 1. Table 2 shows the chemical compositions of
the end milling tools made of solid carbides (EMTC4S-
D8-20, CASIC Tools Ltd., China) used in the experiment.
Shielding Ar with a purity of 99.9 vol. % was supplied
during the manufacturing process. In addition, the as-
cast Inconel 738LC alloy samples were used in the exper-
iment for comparison.

2.2 Additive and Subtractive Manufacturing Processes

As illustrated in Figure 3, a three-dimensional CAD
model in STL format was sliced into layers by slicing
software first. Then, an orthogonal scanning strategy was
adopted to reduce the deformation caused by residual
stresses. In this strategy, the XY surface was perpen-
dicular to the building direction, while the YZ and ZX
surfaces were parallel to the building direction. Volume
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Figure 3 Schematics of a the scanning strategy for SLM and b for HSM [13]
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energy density (VED) usually plays a decisive role in
determining the material quality and is used to guide the
selection of the appropriate SLM processing parameters,
such as laser power, scan speed, hatch spacing, and layer
thickness,

VED =

voh-t ()
where P is laser power; v is laser scanning speed; / is
hatch distance; and ¢ is layer thickness.

After the substrate is covered with the Inconel 738LC
powders, a fiber laser subsequently scans across and
melts the powders. After one layer is scanned, the plat-
form descends one layer. Then, the powder is spread for
another layer, and the laser scanning is applied again.
After the powder-spreading and laser-scanning processes
are repeated for 10-15 layers, HSM begins. The additive
and subtractive processes are executed until the Inconel
738LC sample is finished. According to the ISO 13399
standard, the fiber laser/milling tool and process param-
eters are presented in Table 3.

2.3 Surface Integrity Characterization

A laser scanning confocal microscope (VK-X1000, KEY-
ENCE, Japan) was used to measure surface morphology
and roughness of the samples. A precision slow-feeding
NC wire-cut machine (AG400L, Sodick, Japan) was used
to cut the samples. A lapping and polishing machine
(MP-1B, WeiYi, China) was used to buff the metallo-
graphic samples. A digital display microhardness tester
(HVS-1000-PC, China) was used to measure Vickers
microhardness of the metallographic samples with a 0.49
N load holding for 10 s for each measurement. A Kalling’s
2 corrosive liquid was used to etch the metallographic
samples. A digital microscope (VHX-7000, KEYENCE,
Japan) was used to observe the metallographic micro-
structures. The samples for electron backscatter dif-
fraction (EBSD) observations were further polished by

Table 3 Fiber laser/milling tool and process parameters
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a vibratory polisher (VibroMet® 2, Buehler, USA), and
observed in an SEM (Zeiss Merlin, Germany) equipped
with an EBSD Camera (Velocity ", AMETEK, USA). An
EDAX® TSL™ OIM analysis software was used to esti-
mate the EBSD data. An X-ray residual stress analyzing
facility (u-X360s, Pulstec, Japan) was used to measure
residual stresses of the SLMed and SLMed/HSMed

samples.

3 Results

3.1 Effect of Material Powders

As illustrated in Figure 4, the Inconel 738LC had several
different morphologies of powders, such as nearly spheri-
cal, peanut shaped, and rod-shaped. The size distribution
of the Inconel 738LC powders is illustrated in Figure 4g.
It can be seen from the curve that the sampling data has a
close-to-normal distribution with the powder size in the
range of 18.8—-67.2 um. The larger powders were attached
with many satellite powders and burrs, while the smaller
powders showed relatively smooth surfaces [15]. Size
grading D, (10), D,, (50) and D, (90) are 18.8 pm, 33.0 um
and 67.2 pm, respectively.

The details on the role of the powder size in surface
defects and roughness have been reported elsewhere [16].
The particle size of the powders has a significant effect on
surface defects and roughness. Generally, the larger the
powder size, the larger the surface roughness [17]. The
rough surface changes the incident angle of the laser
beam, so that the laser beam is reflected many times, and
its energy is absorbed repeatedly. The larger the powder
size, the higher the laser absorption rate [18]. When the
powder size is too large, the thickness and uniformity of
the powder layer are difficult to control, which may in
turn affect the stability of laser scanning [19]. As illus-
trated in Figures 5 and 6, the height and width variations
of the cladding humps varied with powder size and shape,
which explains the topographic formation mechanism of
the adjacent cladding in the same layer. In addition, the

Fiber laser/milling tool parameters

Quantitative value

Process parameters Quantitative

value
Maximum laser output (W) 500 Laser power (W) 270
Laser wavelength (nm) 1070 Scanning speed (mm/s) 950
Laser spot size (um) 90 Layer thickness (um) 30
Cutting diameter (mm) 8 Hatch spacing (um) 90
Connection diameter (mm) 8 Spindle speed n (r/min) 5000
Functional length (mm) 60 Cutting velocity v (m/min) 126
Maximum cutting depth (mm) 19 Feed rate f (mm/min) 50
Number of tool tooth 4 Cutting depth g, (mm) 1
Peripheral effective cutting length (mm) 6 Cutting width g, (mm) 0.2
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Figure 4 a Inconel 738LC powders; b A near spherically shaped powder; ¢ A peanut-shaped powder; d, e Irregular shape powders; f A rod-shaped
powder; g Powder size grading
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Figure 6 Schematics of single-pass cladding cross-sections: a The bare substrate without powder; b The first powder layer; ¢ The kth powder layer

(k>7)

powders with irregular shapes often have internal pores
which may contribute to defect formation due to the
internal pores dragging into the melt pool. Moreover, it is
well known that the formation of pore defects in additive
manufacturing process is closely related to the “keyhole
effect” which is formed by the vaporization of the molten
pool materials under the recoil pressure of the laser [20,
21].

For simplification, the keyhole is assumed to be a half
ellipse, its cross-section area S=mbc/2 and width 2b are
assumed to be independent of the powder layer thickness
as illustrated in Figure 6(a). Based on the model, the pow-
der layer thickness of the first layer is ¢, and because the
powders are near-sphere, the powder packing density of
the first layer is illustrated in Figure 6(b). Based on the
mass conservation, the area of hump S, is roughly equiv-
alent to the actual area of the original Inconel 738LC
powders, and the depth of keyhole d,, is evaluated from
the area of keyhole S, [22]:

Hump area S; = 2bt, 2)

Keyholearea S, =S — i, (3)
28

Keyhole depth d, = n—; =c¢ —4mt. (4)

From Egs. (2)—(4) [23], the powder layer thickness has a
conspicuous effect on the keyhole depth for the k" layer.
Therefore, keyhole depth d, needs to be considered when
evaluating surface integrity, where the uppermost k™
powder layer (k>7) plays an important role. The powder
size distribution is one of the most important factors for
the apparent density of powder layer. The narrower the
powder size distribution range, the higher the appar-
ent density of the powder layer [24]. In theory, smaller
particle size is beneficial to obtaining a higher apparent
density of the powder layer, so as to further obtain parts
with higher volume density. However, the agglomera-
tion tendency of the small powders significantly restricts
the flowability of the powders [25]. Although large size

powders can significantly restrain the agglomeration
tendency, they can also reduce the apparent density of
the powder layer, leading to lower volume density. Con-
sequently, it is necessary to consider the role of Inconel
738LC alloy powder size so as to select an optimized
powder size for better surface integrity of a fabricated
part.

3.2 Effect of Processing Strategy

A remarkable correlation of surface morphology with
building direction during the SLM process can be seen
in Figure 7(a)—(c). The SLMed sample showed differ-
ent surface morphologies in different directions, which
is strikingly different from the surface of as-cast sample
as illustrated in Figure 7(d). The XY surface indicates the
smallest Ra 0.77 and Sa 1.4, which is significantly better
than as-cast sample as illustrated in Figure 9(a). In addi-
tion, as illustrated in Figures 3 and 8, the surface mor-
phologies and roughness of the SLMed samples were
greatly affected by the scanning strategy and the pro-
cessing parameters. For different scanning strategies and
parameters, completely different surface morphologies
and roughness were obtained. On the same layer, a part
of the previous single-pass cladding was remelted in the
scanning direction. Between the adjacent claddings on
the same layer, remelting region between the adjacent
claddings is determined by a proportional relationship
between the scanning distance and the width of the clad-
ding, as illustrated in Figure 7(a). Between the adjacent
layers, the previous layer is remelted to firmly join with
the adjacent layers. The hump is from the melted Inconel
738LC powders on account of fluid surface tension, as
illustrated in Figure 7(b) and (c).

In the manufacturing process, since SLM and HSM
were conducted alternately, material forming error com-
pensation and removal amount during the HSM process
should be reserved and determined according to the
surface quality and morphologies generated in the SLM
process. A remarkable difference in the surface morphol-
ogies between the samples made by different processes
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Figure 7 a-c Surface morphology and 3D display of the XY, YZ and ZX surface of the SLMed sample; d Surface morphology and 3D display of the
as-cast sample

can be seen in Figures 7, 8 and 9. Surface roughness of
the SLMed/HSMed sample diminished at least one order
of magnitude compared to that of the SLMed sample. Ra
of the SLMed/HSMed sample was in a range of 0.15—
0.2 um. Compared to parts manufactured by the simplex
SLM or casting, the SLMed/HSMed parts demonstrated
much better surface roughness.

Figure 8 Surface morphology and 3D display of the SLMed/HSMed
samples
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Figure 9 Surface roughness of a the SLMed and as-cast samples; b SLMed/HSMed samples
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Figure 10 a The polished and etched XY surface of the SLMed sample; b Remelting area of the adjacent molten path; ¢ Orthogonal laser scanning
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Figure 11 a The polished and etched YZ surface of the SLMed sample; b Cross-sectional view of molten pools; ¢ Region B; d Region A; e

Orientation map and size grading of the YZ surface

3.3 Effect of Processing Strategy

During the SLM process, solidification-related anisot-
ropy could be observed in Figures 10, 11. The claddings
on the XY surface were parallel to each other and per-
pendicular to the building direction as illustrated in
Figure 10(a). Region A in Figure 10(b) is the remelting
boundary of adjacent claddings, and Regions B and C in
Figure 10(c) are the interior portion of the claddings. Fig-
ure 10d—f are enlarged images of Regions A, B and C in
Figure 10(b) and (c). It can be seen that the microstruc-
tures of the XY surface are mainly composed of a small
quantity of elongated columnar crystals and a great num-
ber of uniform cell crystals. Similar microstructures have
been observed in Figure 11(c) and (d). Figure 11(c) and d
are enlarged images of Regions A and B in Figure 11(b).
The average grain size on the XY surface was about 46 pum
as illustrated in Figure 10(g), much smaller than the cen-
timeter-sized grains of the as-cast Inconel 738LC alloy
[26]. The YZ surface showed "fish-scales" solidification

morphology, as shown in Figure 10, which is consistent
with that in Figure 3. Its width was approximately equal
to the laser spot diameter of 90 um, so the solidification
morphology was determined by the scanning strategies
and parameters. The YZ surface morphology exhibited
a columnar structure that was parallel to the building
direction with a length-width ratio of 10:1, as observed in
Figure 10(e). The grain size was millimeter-sized length-
wise along the long axis and much smaller than that of
the as-cast Inconel 738LC sample [26].

During the HSM process, there were three types of
crystal structural changes in the machined surface due
to machining-induced increases in temperature, strain,
and strain rate, which could alter the surface integrity of
the machined workpiece. From the surface to the bulk,
the machining-affected layer was composed of a white
layer, dark layer, and plastic deformation layer, up to
dozens of microns in depth as illustrated in Figure 12.
After being etched, the machining-affected layer with no
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Figure 12 a Metamorphic layer of machined surface; b Orientation map; ¢ Grain boundary rotation angles

characteristic morphology but a light color is referred to
as the white layer [27], which is the outermost layer of
the machined surface. The white layer has two proper-
ties, i.e., much harder and more brittle than the bulk and
with severe grain refinement. The black transition zone
below the white layer was defined as the dark layer. The
grain orientation and boundary rotation angles changed
dramatically beneath the white layer, as shown in
Figure 12(b) and (c), the dark layer was a microcrystal-
line layer (Region A) whose thickness was a few microns.
The plastic deformation layer (Region B) was below the
dark layer, whose thickness was in dozens of microns.
There was a boundary between the dark layer and the
plastic deformation layer. The grain size of the dark layer
was approximately a few microns [28, 29], far smaller
than that of the bulk material. As illustrated in Region B
of Figure 12(a), the plastic deformation layer was formed
along the HSM feed direction like seagrasses. The grain
orientation and boundary rotation angle of the plastic
deformation layer are described in Figure 12(b) and (c).
The boundary between the plastic deformation and the
bulk layer is a fluctuating curve. The machining-affected
layer widely exists in different kinds of machining pro-
cesses, such as turning, milling, grinding, and electrical
discharge machining [30, 31].

3.4 Surface Mechanical Properties

Remarkable anisotropy in hardness was obtained in the
SLMed samples, as seen in Figure 13. Hardness is an
important property for evaluating the surface strength
and elastoplastic deformation resistance. Hardness of
the SLMed and SLMed/HSMed samples was measured
on different surfaces and compared with that of the as-
cast sample [32]. The SLMed samples had a minimum
hardness of 415.2 HV on the YZ surface and a maximum
hardness of 452.8 HV on the XY surface. The SLMed/
HSMed samples had a minimum hardness of 540.8 HV
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Figure 13 Hardness of the In738LC samples made by different
processes
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Figure 14 Diagrammatic illustration of residual stress coupling

on the YZ surface and a maximum hardness of 587.6
HV on the XY surface. Their work-hardening index
was about 130% compared to the SLMed samples and
was 154.6% compared to the as-cast samples [26]. The
SLMed/HSMed samples showed an anisotropic property
on hardness.
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Figure 15 Residual stress of SLMed and SLMed/HSMed samples: a Residual stress in the X direction; b Residual stress in the Y direction

As illustrated in Figures 14 and 15, the residual stress
states of the SLMed and SLMed/HSMed samples were
significantly different. For the SLMed samples, the resid-
ual stresses on different surfaces were all tensile with a
maximum of 786 MPa on the XY surface and a minimum
of 107 MPa on the ZX surface. Residual stress in the SLM
samples was tensile, which is pernicious to the fatigue life
of a part [33]. The part failure location is prone to start-
ing from the surface, especially in conditions of complex
stress loads, high temperature and other extreme envi-
ronments [34, 35], bringing in a beneficial residual com-
pressive stress field which is an important strengthening
mechanism to improve fatigue resistance and wear resist-
ance of the part. For the SLMed/HSMed samples, the
residual stress on different surfaces contains a maximum
compressive stress of 594 MPa on the XY surface and a
minimum compressive stress of 130 MPa on the YZ sur-
face. During the HSM process, the surface residual stress
was redistributed. Therefore, the surface residual stresses
of SLMed/HSMed samples were determined by the cou-
pling of the tensile stress generated in the SLM process
and the compressive stress generated in the HSM pro-
cess, as explained in Figure 14.

(b)

100)

Solid-liquid
interface

When the compressive stress generated in HSM was
not large enough to suppress the tensile residual stress
generated in the SLM process, the total residual stress
was still in tensile condition. When the compressive
stress generated in the HSM process was large enough
to suppress the tensile residual stress generated in the
SLM process, the total residual stress was compressive, as
found in Figure 15.

4 Discussion
4.1 Formation Mechanisms of Machining Metamorphic
Layer

As presented in Figures 10 and 11, the surface micro-
structure of the SLMed Inconel 738LC samples was
composed of elongated dendritic structure without sec-
ondary dendrite arms and irregular hexagonal cellular
crystals with a three-dimensional crystalline structure
similar to the hexagonal prisms, as found in Figure 16(a).
Such metastable state microstructure was widespread in
the SLMed materials. The high cooling rate and direc-
tional heat conduction in the SLM process are believed
to play a significant role in the microstructure formation
[36] with its preferable growth direction determined by

N layer

Columnar crystal

N-1 layer

Figure 16 a lllustrations of the metastable three-dimensional columnar microstructure; b Schematic diagram and ¢ SEM photograph of the crystal

growth direction between two adjacent layers
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the fastest growing crystallographic orientation and the
local temperature gradient field of the molten pool front.
Inconel 738LC has an FCC structure with more intricate
elements and phases in the [100] direction for its fastest
growing crystallographic orientation that is closest to the
temperature gradient direction. The temperature gra-
dient (G) and the crystal growth rate (R) play a decisive
role in the microstructure formation. A flat solidification
morphology is obtained at an extremely high G/R ratio;
columnar crystals at a low G/R ratio and cellular crystals
are formed at an intermediate G/R ratio [37]. Further-
more, the crystal growth starts from the heat-affected
zone of the substrate layer along or perpendicular to the
original direction, as schematically shown in Figure 16(b).
The crystallographic orientation of the previous layer
significantly affects the microstructure of the next layer.
Since the crystallographic orientation of the substrate
is usually random, the epitaxial growth direction of the
microstructure of the SLMed Inconel 738LC sample
is also random over the <100> crystal plane. Moreover,
the Benard-Marangoni instability phenomenon usually
occurs at the solid/liquid interface of the molten pool,
which may result in asymmetric microstructures, as
imaged in Figure 16(c). In summary, the microstructure
of a SLMed part can be regulated by designing special
process parameters to control the direction of the tem-
perature gradient. Through microstructure manipulation,
a SLMed part with desirable mechanical properties can
be obtained.

A mixed microstructure of slender and finer grains can
be observed at the interface of the SLM/HSM manufac-
tured parts. The high cooling rate and direction of heat
conduction in the SLM process are considered the main
mechanisms dominating the microstructure formation.
The growth direction of the microstructure is deter-
mined by the crystallographic orientation of the fastest
growth and the local temperature gradient field at the
melting surface. The relationship between the growth
crystallographic orientation of the previous layer and the

‘White layer

(@

Dark layer

Plastic deformation layer
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direction of the temperature gradient field in the next
layer can significantly affect the formation of microstruc-
ture. Since the crystallographic orientation of the surface
metamorphic layer formed in the HSM process is usually
random, the epitaxial growth direction of the microstruc-
ture in the next layer during the SLM process is randomly
distributed over the interface.

Figure 17 shows schematics of the microstructure of (a)
the machined surface; and (b) the interface of a SLMed/
HSMed part. The formation of the machining metamor-
phic layer during the HSM process has been a scientific
issue of great significance and is to be explored. Accord-
ing to the previous result, the machining-affected layer
is composed of a white layer, a dark layer, and a plastic
deformation layer from the surface to the bulk. Accord-
ing to the previous research, the white layer formed due
to grain nanocrystallization induced by phase transition
[38—43]. The white layer can not only be formed under
high temperature and high strain conditions, but also
under low temperature and low strain conditions, as
described in Figure 18(a). The conventional "thermal-
plastic deformation mechanism" cannot clearly explain
the formation mechanism of the white layer. Therefore,
the formation of the white layer can be described as the
phase transformation and grain refinement of the surface
layer caused by the “thermal-mechanical coupling effect”
of temperature, strain, and strain rate of the machined
surface as illustrated in Figure 18(c). Meanwhile, this
study found that the relationship between temperature
and strain rate was inversely proportional to the over-
all trend as shown in Figure 18(b). Zhang et al. [44] also
observed that the thickness of the white layer decreased
with an increase in cutting speed. Therefore, the forma-
tion of the white layer cannot be fully explained by the
"thermal-strain rate mechanism" alone [45-47]. The
critical temperature for the formation of a white layer
decreases with an increase in strain but a decrease in
strain rate [48]. During the HSM process, the high cut-
ting speed results in a decrease in both temperature and

Figure 17 Schematics of a machined surface and b interface of SLMed/HSMed part
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[38-43]

strain but an increase in strain rate, which inhibits the
formation of the white layer, the thickness of the white
layer decreased with an increase in cutting speed.

The “thermal-mechanical coupling effect” also has dif-
ferent roles in the grain refinement and deformation
of the dark layer and plastic deformation layer [49, 50].
Dynamic recovery and recrystallization induced by high
temperature and plastic deformation are the dominant
mechanisms for the formation of a dark layer during
HSM, which has been reported elsewhere [29, 44]. The
dark layer is essentially a kind of microstructure induced
by high temperature tempering. Under the action of the
“thermal-mechanical coupling effect’, the grain boundary
is re-formed due to plastic deformation, leading to grain
refinement in the dark layer. The plastic deformation not
only provides the driving force for dynamic recrystalliza-
tion but also affects the grain refinement process of the
dark layer [51, 52]. It has been revealed that high tem-
perature, large strain, and low strain rate are favorable
to the dynamic recrystallization of the high temperature
tempered microstructure [53, 54]. In the HSM process,
the temperature and strain of the dark layer decrease, and
the strain rate increases with an increase in cutting speed
[55, 56]. During the HSM process, the dynamic recrystal-
lization of the dark layer is inhibited, dark layer grain is
refined. Under the dark layer, crystal grains of the plastic
deformation layer slip and the dislocations nucleate and
evolve, leading to grain elongation and refinement [57].
In addition, a higher cutting speed increases the shear
strain of workpieces on the one hand and decreases the
depth of plastic deformation in the workpiece on the
other hand [58]. Therefore, SLM/HSM hybrid manufac-
turing is an effective method to obtain a better surface
with thinner machining metamorphic layer [55].

4.2 Mechanical Properties of the Machining Metamorphic
Layer
The residual stress evolution of the machining meta-
morphic layer during the SLM/HSM process is another
scientific issue worth investigating. Residual stress in
a SLMed/HSMed sample is related to the stress evolu-
tion from white layer, dark layer, plastic deformation
layer, and bulk material layer. As schematically shown in
Figure 19, the stress evolution in the melting and solidi-
fication processes shows significant variations in the
SLM process. In the melting process, metal powders melt
from solid phase to liquid phase. The volume of the melt
pool tends to expand in the solidification process. The
surrounding solid material restricts its expansion. As a
result, compressive stress is generated at the melt pool
boundary (the heat affected zone), as sketched in Fig-
ure 19(a). The melt pool shows no stress in its interior
but the largest compressive stress at the boundary [59].
The stress evolution in multilayer melting of cyclic ther-
mal loading can be divided into three stages: the original
stress stage, the stress relief stage, and the stress building
stage [60]. In the solidification process, the molten pool
changes from liquid to solid with a shrunk volume. The
compressive stress changes into tensile at the melt pool
boundary, as depicted in Figure 19b. A higher residual
tensile stress is induced in the solidified pool interior

(a) Heat )
_ Source " * v
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Figure 19 Schematics of residual stress evolution of a melting
process and b solidification process
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at a high solidification rate because of the restriction to
shrinkage offered by the neighboring material [59].

According to the previous experimental results, the
surface residual stress of the SLMed Inconel 738LC was
redistributed during the HSM process. As schemati-
cally described in Figure 20a, the tool rake face pushes
the chip, and a plastic deformation layer is formed on
the machined surface [61]. Compressive stress can be
formed by the extrusion of the tool and approaches a
stable value with an increase in depth from a machined
surface [62]. In the meantime, the frictional force is gen-
erated between the flank face and the machined surface,
as schematically described in Figure 20(b), which may
lead to the formation of the white layer and dark layer
[63]. During the milling process, the material within
the machining zone expands with temperature rise and
shrinks at the cooling stage [64]. The final state of resid-
ual stress is a result of the combined effect of the ther-
mal and mechanical stresses. In the white layer and dark
layer, not only the compressive residual stress but also the
tensile residual stress may be generated, which can result
in a change of residual stress from compressive to tensile
as the tool wear progresses [65—67]. In addition, residual
stress is also related to cutting speed. It can change from
compressive to tensile at an increased cutting speed [44,
68]. Selecting the appropriate machining parameters is
an effective way to decrease cutting force and suppress
machining heat so as to form beneficial residual com-
pressive stress in a machined surface. However, there is a
lack of understanding of the relationship between resid-
ual stress and thermal/mechanical loads, which needs
further investigation in future work.

5 Conclusions

In this study, surface integrity in high-speed milling of
SLM-built Inconel 738LC parts is investigated in regard
to the powder morphology, surface quality, microstruc-
ture alteration, and mechanical property. A summary is
as follows.

(1) A remarkable anisotropy of the surface solidifica-
tion morphology and microstructure is found in the
building direction.
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(2) SLM/HSM hybrid manufacturing can be an effec-
tive method for obtaining better surface qual-
ity with thinner machining metamorphic layer by
increasing cutting speed.

(3) Selecting high-speed machining is an effective way
to form beneficial residual compressive stress in
the machined surface during the SLM/HSM hybrid
manufacturing process.
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