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Although the machining responses of additively manufactured (AM) materials generally differ from wrought
materials due to their microstructural properties, there is no study examining the effects of varying cutting tool
rake angles in the machining of AM 316L stainless steel material. The aim of this paper is to evaluate the effects
of machining using varying cutting tool rake angles and cutting speeds on the cutting response in terms of cutting
force, tool wear, chip morphology and surface integrity characteristics such as microstructure, micro-hardness
and x-ray diffraction (XRD) analysis of powder bed fusion — laser beam (PBF-LB) 316L. The effect of the tool
rake angle on the anisotropic structure of the material was revealed by examining the machining-induced
affected layer from both the built and scan planes and by comparing it with the wrought material. The find-
ings showed that PBF-LB 316L behaves more abrasively than the wrought, creating higher cutting force and tool
wear due to the differences in the friction coefficient and thermal conductivity of the materials. Although the
machining-induced affected layer is not the same in the built and scan planes of the PBF-LB material due to
anisotropy, it is considerably higher compared to the wrought material, especially at negative rake angles. While
the hardness of PBF-LB material is higher at a low cutting speed and negative rake angle, the hardening capacity
of wrought material is higher at high cutting speed and negative rake angle. PBF-LB chips have repeated adia-
batic shear bands and the secondary deformation zone is more evident in wrought chips.

1. Introduction

Additive manufacturing (AM) provides an alternative to conven-
tional manufacturing methods such as machining, and facilitates the
production of complex shaped parts [1]. Also, AM technologies are
becoming more preferable because they enable the production of func-
tional near-net shape products from difficult-to-cut materials [2]. 316L
stainless steel is a difficult material to cut and it is frequently used in
areas such as in the aerospace and biomedical industry. In general, these
parts have to be manufactured with high precision [3]. However, it is
not possible to obtain the desired surface quality in the parts manufac-
tured by the AM [4]. The AM method can deliver near a net-shaped
product, but machining is still needed as a post-processing method to
obtain parts with the desired tolerance and accuracy due to it not having
an acceptable surface quality [5].
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The microstructures of metallic parts manufactured by the AM
methods are completely different compared to their wrought counter-
parts. PBF-LB is one of the most widely used AM methods. In the
manufacturing process of AM parts, the plane directions create anisot-
ropy in the material [6]. Currently, the amount and size of microstruc-
ture characteristics, such as melting pool, sub-grains, and columnar
dendrites, vary due to the influence of the selected PBF-LB method
manufacturing parameters such as laser power, scanning speed, hatch
distance, etc. [7]. Modifications to one or more of these manufacturing
parameters will also have an impact on the product’s mechanical,
anisotropic, and fatigue characteristics. It is possible to create every
product with the same quality by figuring out the optimum PBF-LB
process parameters, thanks to online [8] and offline [9] quality con-
trol processes in addition to operator control. Thus, products with pre-
dictable properties can be manufactured. However, unpredictable
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failure situations may still occur due to errors such as uneven delivery of
the powder material layer, deviations in optimal process parameters
caused by changes in the laser beam, the effect of optical components
and scanning system, metallurgical pores, and high internal stresses in
parts due to the high temperature changes.

Although the working principle of machining is simple, it often
consists of unpredictable dynamics that will directly affect the proper-
ties of the workpiece. During machining, uncontrollable dynamics such
as chip wrapping, tool-workpiece friction, tool wear, machine rigidity,
and thermomechanical effects influence the surface integrity charac-
teristics and final performance of the machined part [10]. When all these
factors are considered together, it is obvious that changes in the surface
integrity characteristics of PBF-LB parts after machining as post-
processing will be highly complex and crucial to final product perfor-
mance. This is because machining results are predictable for the equi-
axed grain wrought 316L. However, it is unclear whether the optimum
machining parameters for wrought material are also suitable for PBF-LB
316L with anisotropic characteristics. Although they have the same
chemical composition, the fact that PBF-LB materials have higher
hardness and less ductility compared to wrought materials supports this
situation [11]. Therefore, in the machining of PBF-LB 316L material, it is
necessary to determine the effect of the process parameters on the
changes in the surface integrity characteristics and their relationship
with the deformation behavior. To understand the changes in anisot-
ropy, it is essential to compare it with the wrought 316L.

Another perspective is the effect of defects such as dislocation den-
sity, non-metallic inclusions, and porosity in the structure of PBF-LB
materials, as well as the effect of build orientation on machinability.
PBF-LB process parameters determine the mechanical properties of the
as-built AM material as a result of microstructural characteristics such as
texture, dimension of cellular structure, grain shape, and lattice strains.
While the type, size, and amount of abrasive particles affect the abra-
siveness of the material, porosity defects such as gas and lack-of-fusion
affect the thermal conductivity [12]. There are studies showing that
cutting tool wear is affected by the presence of abrasive particles in the
machining process of AM materials [13,14]. As the thermal conductivity
of AM materials is affected by porosity defects, the response of the
cutting temperature to this situation is different from the wrought ma-
terial with relatively fewer pores and defects [15]. Therefore, evaluation
of the machinability of AM materials should be carried out together with
the surface integrity characteristic.

There are many studies examining the applicability of different
machining strategies as post-processing to products manufactured with
different AM technologies. Bruschi et al. investigated the effect of cut-
ting parameters on cutting tool wear in the machining of AM Ti6Al4V
alloy. They observed that greater abrasive wear and oxide scales were
formed compared to wrought machining [16]. Sartori et al. investigated
tool flank and crater wear during machining of AM Ti64 alloy. It has
been observed that less flank wear occurs on the cutting tool while
machining wrought material [17]. Dang et al. compared the drilling
performance of AM Ti alloy with wrought. Less cutting force was
measured for wrought. In addition, while there was a small amount of
microchipping on the tool in wrought drilling, coating peeling-off
occurred on the tool in AM drilling [18]. In another study, Careri
et al. focused on the effect of different cutting parameters on the
microstructure of AM Inconel 718 alloy and tool wear [19]. On the other
hand, it is seen that the studies related to the machining of AM 316L
stainless steel are mostly focused on the surface integrity characteristics
and machinability capacity. Li et al. studied the typical cutting response
and microstructure of AM 316L. A deeper white layer formation was
observed in AM material compared to wrought at the same cutting pa-
rameters [20]. Kaynak and Kitay examined the effect of machining pa-
rameters and showed the formation of nano-sized homogeneous
equiaxed grains due to plastic deformation on the machined surface of
AM 316L [21]. In another study, they examined the effect of machining
parameters on the microhardness of AM 316L material [22]. In the
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studies carried out, the effects of machining parameters and conditions
on surface integrity characteristics and machining responses were
examined in machining studies generally applied to difficult-to-cut
materials manufactured with AM [23-25]. It is seen that only Ti-based
AM materials have been examined in detail for cutting tool wear.
However, there is no study examining the effects of cutting tool geom-
etry on the surface integrity characteristics, anisotropic behavior, and
cutting response of AM materials.

The aim of this study is to perform the machining process of PBF-LB
316L stainless steel material at different cutting tool rake angles, and
also to determine the optimum cutting parameters by comparing with
the wrought, taking into account the anisotropic and deformation be-
haviors in terms of cutting response and surface integrity characteristics.
The cutting response was evaluated experimentally by means of cutting
force and chip morphology. The effect of tool geometry and cutting
speed on machined material surface integrity was also examined by
comparing it with wrought material.

2. Experimental setup

The materials used in this study are powder bed fusion — laser beam
(PBF-LB) manufactured and wrought 316L stainless steel with a diam-
eter of 25 mm and a length of 60 mm. As shown in Fig. 1, the materials
were formed into 4 mm thick discs from both sides for the orthogonal
cutting experiments. The as-built hardness of PBF-LB 316L is 240 + 10
HV and as-receive hardness of wrought 316L is 245 + 10 HV.

The machining experiments were performed on a Doosan Puma
GT2100 CNC turning center. The cutting tools used in experiments were
Sandvik TCMW 16 T308 H13A without any coating and with 25 pm edge
radius. The tool has a neutral rake angle and a clearance angle of 7°. The
discs were turned orthogonally until the diameter decreased from 25
mm to 15 mm, and the total length of cut is 6283 mm. A new cutting tool
was used in each experiment. Tool images were taken when the 15 mm
diameter was reached in the cutting process. STNCN 2525 M16 (y =
—6°, —3°, 0°, +3°, +6°) tool holders were specially produced for five
different rake angles and used in the tests. Cutting tests were carried out
under dry conditions without any coolant or lubricant. Cutting speeds
were chosen as 7.5, 30 and 120 m/min and uncut chip thickness was
chosen constant as 0.05 mm. Cutting forces were measured using the
Kistler 2129AA dynamometer. Cutting temperature during experiments
was measured via Optris PI400 infrared camera with an emissivity of 0.6
according to the catalog. All process parameters are listed in Table 1.

For surface integrity analysis, specimens were cut from the machined
samples with a precision cutting device. Due to their anisotropic
microstructure, PBF-LB specimens were cold-mounted from both built
and scan planes, and wrought specimens were cold-molded from a single
plane due to its equiaxed microstructure. The schematic representation
of the cold-mounted specimens and the as-built microstructure image of
the PBF-LB material are shown in Fig. 2. Also, PBF-LB and wrought chips
were cold-mounted. Specimens molded with acrylic solution were pol-
ished with conventional techniques. Polished specimens were etched
with 16.7 vol% HNOg + 33.3 vol% Glycerol +50 vol% HCI solution and
their microstructures and machining-induced layers were examined
under Keyence VHX6000 digital microscope. The microscope was also
used to take cutting tool images and measure the chip thicknesses.
Vickers microhardness values were measured with Future-Tech FM310e
device following ASTM E 384 standard. Microhardness of each specimen
was determined by an average of 10 measurements. X-ray diffraction
(XRD) measurements were performed by a Malvern Panalytical device
with CuKa radiation (A = 1.54060 A) and scan speed of 15° /min.

3. Results and discussion

3.1. Cutting forces

Cutting forces are one of the main parameters that directly affect the
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Fig. 1. Orthogonal cutting setup.

Table 1
LPBF and cutting experiment parameters.
PBF-LB parameters Value Machining Parameters Value
Laser Power (W) 195 Materials LPBF,
Wrought
Laser Scan Speed 1083 Cutting Speed, Vc (m/ 7.5, 30, 120
(mm/s) min)
Hatch distance (pm) 90 Uncut Chip Thickness, 0.05
to (mm)
Layer thickness 20 Rake Angle, v (°) -6,-3,0,3,
(pm) 6
Scanning strategy 67° Machining Condition Dry

bidirectional

surface integrity of the machined material. Moreover, cutting forces can
be affected by factors such as tool-chip friction, tool geometry, and tool
or workpiece material [26]. The cutting forces measured in the experi-
ments of cutting PBF-LB discs at various tool rake angles are shown in
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Fig. 3a, and thrust forces are shown in Fig. 3b. While the forces were
high at low cutting speed, there was a decrease in cutting forces due to
the increase in cutting speed. The increase in temperature due to the
increased cutting speed creates a thermal effect in the cutting zone. This
reduces the energy required for plastic deformation. Another trend is
related to the rake angle. The cutting forces decrease from negative to a
positive rake angle at each cutting speed value. Also, error bars are
usually larger at negative rake angle values. Tool rake angle is a factor
that directly affects the shear angle formed in the shear plane. The low
rake angle provides a small shear angle. Thus, it creates a larger shear
plane area and cutting force. The change in cutting force from —6° to °6
rake angle is 40 %, 51 % and 36 % at cutting speeds of 7.5, 30 and 120
m/min, respectively. Thrust force on the other hand, is an indicator that
represents the load on the cutting tool. Abrasions, plastic deformations,
and fractures in the cutting tool can directly affect the measured force.
Therefore, cutting tool performance can be analyzed with thrust force in
orthogonal cutting operations. In general, the highest thrust force values
were measured at negative rake angles at all cutting speeds. In that case,
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Presentation of the specimen for surface integrity analysis and as-built microstructure image.
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Fig. 3. Measured a)cutting and b)thrust forces at various tool rake angles and cutting speeds.
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it is possible for the cutting tools at a negative rake angle to occur in
situations such as wear and fracture. A detailed analysis is made in the
next section.

The comparison of the cutting forces measured in the experiments of
cutting PBF-LB and wrought discs under the same parameters are shown
in Fig. 4a, and the thrust forces are shown in Fig. 4b. Cutting PBF-LB
discs resulted in higher cutting forces compared to wrought discs. It is
understood that PBF-LB material exhibits more abrasive behavior than
wrought, and the effect of material difference on cutting force emerges.
In both materials, the cutting force tended to decrease as the cutting
speed increased. However, the decrease in forces is not proportionally
similar. The difference between the forces measured in PBF-LB material
at cutting speeds of 7.5 to 120 m/min is 38 % and 33 % at rake angle of
—6° and 6°, respectively. Likewise, the difference in wrought material at
7.5 and 120 m/min cutting speeds was 15 % and 7 % at a rake angle of
—6° and 6°, respectively. This situation reveals that the effect of cutting
tool geometry on PBF-LB material is more than wrought. In addition, a
similar situation is seen in thrust forces. As the cutting speed increases, it
is clear that steady-state cutting occurs in the wrought material while
the volatility in PBF-LB forces is high.

Wrought austenitic 316L stainless steel is a material with a face-
centered cubic structure that does not have a significant yield point.
So much so, that a negligible amount of plastic deformation can occur at
2/3 of the yield point. It is the large number of active slip systems in the
fee structure that cause this semi-elastic behavior [27]. Considering the
differences in microstructural properties between wrought and PBF-LB
materials, this situation becomes more complex for PBF-LB materials.
While it is already known that wrought and PBF-LB materials have
different tensile properties, the PBF-LB material shows different aniso-
tropic tensile properties in the scan and built planes [28]. The same
situation is valid for cutting force. Because AM material has different
crystallographic textures in different cutting plane directions, the cut-
ting forces are not the same in scanned and built planes [29]. However,
in orthogonal machining experiments, cutting was always done in the
same plane direction. This is the basis for the difference between PBF-LB
forces and wrought forces in the orthogonal method, in the cutting
process perpendicular to the z direction and towards the center of the x-y
plane. Therefore, it is not appropriate to evaluate anisotropy in terms of
cutting responses in this study. Instead, since anisotropy is a material
property, it was deemed appropriate to examine the effect of machining
on anisotropy in terms of surface integrity characteristics rather than the
effect of anisotropy on machining.

3.2. Tool wear and friction

The tool-chip contact area images for the cutting tools used in the
cutting experiments of the PBF-LB discs at various tool rake angles and
cutting speed are shown in Fig. 5. It is possible to divide the tool images
into two groups as steady-state tool-chip contact as well as plastically
deformed and fractured. While abrasion and diffusion behaviors are
active as tool wear mechanisms in the first group, deformations due to
abrasive and fatigue wear behavior are obvious in the second group,
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respectively. The tool-chip contact areas occurring at all rake angle
values at a cutting speed of 7.5 m/min are stable. However, at negative
rake angle values at 30 m/min cutting speed, it is seen that the tool-chip
contact causes the physical integrity to deteriorate due to fractures. In
positive rake angle values, while the effect of abrasive wear increases,
there is no deformation or fracture occured. In this respect, the cutting
speed of 30 m/min is defined as the critical value in terms of tool per-
formance. At 120 m/min cutting speed, plastic deformations and frac-
tures occurred in the tool-chip regions at all rake angle values.

The tool-chip contact area formed in the cutting experiments of PBF-
LB and wrought discs are shown in Fig. 6. Although it is possible to
evaluate the tool images in two groups, the cutting speed of 30 m/min
still seems to be the critical value. When the tool images are examined in
terms of PBF-LB and wrought, it is clear that PBF-LB specimens in gen-
eral cause a more abrasive cutting operation. There are continuous
contact areas without deteriorating the physical integrity of the tools at
a cutting speed of 7.5 m/min. At high cutting speeds, the effect of ma-
terial differences in tool wear and fractures is evident. Regardless of the
rake angle, severe tool-chip contact areas, fractures, and plastic de-
formations are obvious in PBF-LB machining, while stable tool-chip
contact areas have occurred in the wrought. In addition, tool wear is
higher at negative rake angle in both PBF-LB and wrought compared to a
positive rake angle.

In fact, apart from cutting parameters, another situation that causes
cutting force and wear differences in tools is anisotropy due to material
differences. Although the wrought material consists of equiaxed grains
in longitudinal and transverse directions, the ratio of inclusions in its
structure effects the abrasive behavior. PBF-LB material consists of
scanning traces on the scan plane and melting pools on the built plane.
The volumetric energy density as a result of PBF-LB manufacturing pa-
rameters directly affects the dislocation density as well as the shape and
size of grains and dendrites in the structure. Additionally, nano-sized
oxide inclusions are present as a result of the laser and shielding gas
used in the process [12]. In addition to the complex microstructure of
the PBF-LB material, the dislocation density causes it to have different
tensile properties than the wrought material. This situation affects the
abrasive behavior.

For a better understanding of tool tribology, it is useful to examine
the effects of temperature and friction. In this regard, wear at the critical
30 m/min cutting speed can be taken as basis. The average cutting
temperatures measured as 561 and 434 °C in the PBF-LB cutting ex-
periments, and 486 and 408 °C in the wrought cutting experiments at
—6° and 6° rake angle values, respectively. Temperatures are lower at a
positive rake angle. In the orthogonal cutting method, shear strain de-
creases at a positive rake angle. Since this situation causes a large shear
angle to occur, the shear plane area becomes smaller compared to the
negative rake angle. A large shear plane area causes more heat to occur
in the primary deformation zone. The secondary deformation region is
the tool rake face-chip contact point and the temperature in this region is
partially lower. In the temperature measurement made in this study, the
temperatures detected by the thermal camera frame were measured and
these temperatures are probably higher in the tool-to-chip interface. It is

2000
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Fig. 4. Comparison of measured forces in cutting PBF-LB and wrought discs a)Cutting force and b)Thrust force.
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Fig. 5. Cutting tool rake surface images used in the cutting experiments of PBF-LB discs at various rake angles.
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Fig. 6. Cutting tool rake surface images used in the cutting experiments of PBF-LB and wrought discs.

a known fact that the hardness of carbide cutting tools at 800 °C degrees
decreases to half of their hardness at room temperature [30]. The effect
of increasing temperatures on the wear resistance of any material can be
explained by the wear model shown in Eq. (1).
K FL

W= 3H @
where W is the volumetric wear of the material, K the Archard wear
coefficient, F the contact force, L the cutting length, and H the hardness
of the softest material [31].

Fig. 7 illustrates the development of friction during machining of
PBF-LB and wrought specimens. The friction coefficient was calculated
according to Eq. (2). The friction coefficient values of the PBF-LB
specimens are higher than the wrought specimens. The fact that the
friction coefficient values of the PBF-LB specimens are higher than the
wrought specimens is a good agreement with the cutting tool wear

1.2 4 A
=
N ] o
5 e ODDDD ogof 50 @, |, ao
2 089 OA o
g 33228258285 g%ggg@e@@gg@@
@] A
£ 0.4
g o
8 o O PBF-LB -6° O PBF-LB6°
E 0.2+ 5 A Wrought -6° ¢ Wrought 6°
|a
00 T T T T T T 1
0.0 0.5 1.0 15 2.0 25 3.0

Cutting Duration, 7 (s)

Fig. 7. Friction coefficients during machining of PBF-LB and wrought speci-
mens (V. = 30 m/min).
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images. The average friction coefficients are 0.75 and 0.91 in the PBF-LB
specimen, and 0.67 and 0.71 in the wrought specimen at —6° and 6° rake
angle values, respectively.

- F.tany + F,

= 2
K F, — Fitany @

3.3. Chip breakability and morphology

Fig. 8 shows the images of the chips formed in the cutting experi-
ments of PBF-LB and wrought discs at various rake angle values. The
effect of cutting temperature on PBF-LB chips is similar for all rake angle
values. As the cutting speed increased, continuous chip form was
observed. Irregular and broken chip formation occurred at a cutting
speed of 7.5 m/min. The thermal effect is evident from a cutting speed of
30 m/min. Chips formed, especially at negative rake angle values, are
continuous but welded to each other. Chips at a positive rake angle value
are more stable. This indicates that the cutting tests at negative rake
angle values are abrasive. Welded chip formation shows good agreement
with the fracture and plastic deformations seen in the tool wear images
presented in the previous section. All chips formed at a cutting speed of
120 m/min are similar to each other and in continuous form. It is un-
derstood from the images that the chips at a negative rake angle values
are more brittle than the chips at a positive rake angle. Based on
orthogonal cutting theory, rake angle can directly affect the tool-chip
contact length. While the chip formed at a positive rake angle may
flow away from the tool rake surface, the chip tends to curl back towards
the workpiece at a negative rake angle. In this case, it causes chip for-
mation in the fractured structure.

Wrought chips clearly reveal the material difference. This is partic-
ularly evident at a cutting speed of 7.5 m/min. PBF-LB chips are irreg-
ular and fractured while wrought chips are continuous at both rake
angles of —6° and 6°. At 30 m/min cutting speed, the effect of a rake
angle is similar in both materials. The chips are welded together at a
negative rake angle value, while the chips are continuous in a similar
structure at a positive rake angle value. The effect of material difference
is seen at the cutting speed of 120 m/min. PBF-LB chips are flatter and
brittle while conventional chips are relatively curly and ductile.

The microstructure images of PBF-LB chips and the measured
thickness values at various rake angle values are shown in Fig. 9. Saw-
toothed chip formation is observed at all rake angle values. Saw tooth

Journal of Manufacturing Processes 120 (2024) 719-732

structures are formed at irregular intervals but slip bands are evident.
The measured chip thicknesses tend to decrease from the negative rake
angle to the positive rake angle. The difference between the measured
chip thickness values compared to the uncut chip thickness is higher at a
negative rake angle. This difference is less at positive rake angle values.
The difference between the highest measured chip thickness and the
lowest measured thickness was 55 %. In orthogonal cutting, the chip
thickness corresponds to the scan plane and the chip width corresponds
to the built plane. In this case, chip microstructure images must contain
at least scan traces as well as sub-grain and dendrite structures. Instead,
there is a homogeneous chip microstructure that is far from anisotropic
characteristics. The distorted melting pool and scan traces have formed
dense slip bands as a result of very high dislocation density.

Wrought chip microstructure images and comparison of thickness
values with PBF-LB chip are shown in Fig. 10. The effect of material
differences on chip formation is obvious. While non-serrated chips were
formed at 30 m/min cutting speed, serrated chip formation occurred
only at negative rake angle value at 120 m/min cutting speed. This in-
dicates that lower cutting speeds are sufficient for serrated chip for-
mation from PBF-LB material. Serrated type chip formation may occur
when difficult to cut materials are processed at high cutting speed and
strain rates. As a matter of fact, serrated type chip formation is a result of
temperature and strain rate. Due to the different response of the mate-
rials to the cutting process, the same type of chip formation did not occur
in the same parameters. In addition, it is seen that the chip thickness of
PBF-LB is higher than wrought chips and the effect of cutting parameters
is similar for both materials. At 30 m/min cutting speed, there is a 43 %
and 31 % difference between PBF-LB and wrought chip thicknesses at
—6° and 6° rake angles, respectively.

Despite the irregular segmented structure of PBF-LB chips, distinct
and repeated adiabatic shear bands can be observed. In wrought chips,
deformation is more evident in the lower region corresponding to the
secondary deformation region. Non-metallic inclusion types in wrought
materials have a great impact on chip formation and tool life [32].
Because more ductile and lower strength NMIs can deform more easily
along the primary shear plane. In this case, it facilitates chip breakability
[12]. In PBF-LB material, in addition to complex microstructural char-
acteristics, non-metallic inclusions directly affect tensile properties and
strain hardening [33]. Therefore, different cutting response and chip
formation are observed. Merchant theory was used as the analytical
model to predict the effect of material differences from Eq. (1) to Eq. (6).
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Fig. 8. Chip images of the machined specimens at various rake angles as a function of cutting speed.
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where r. is the chip compression ratio, tg is the uncut chip thickness and
t. is the measured chip thickness.

¢ = ran”! (ﬂ) “@
re — siny

where ¢ is the shear angle and y is the cutting tool rake angle.

e =tan(¢p —y) + coth )

where ¢ is the shear strain.
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where ¢ is the strain rate.

Fig. 11 shows the effect of different cutting parameters and material
on the calculated shear angle and strain. In Fig. 11a, there is an increase
in angle values with increasing cutting speed. Thus, the phenomenon of
the formation of large cutting forces as a result of small shear angle
creating large shear plane area is confirmed. In Fig. 11b, there is a
decrease in strain values as the cutting speed increases. As the cutting
speed increases, the effect of decreasing chip thickness on strain is
obvious.

The effect of different cutting parameters and material on strain rate
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Fig. 11. Effect of cutting parameters and material on a)shear plane angle b)shear strain.

is shown in Fig. 12. As the cutting speed increased, the strain rates also
increased. Wrought strain rate values at each cutting speed are higher
than PBF-LB strain rate values. At cutting speeds of 7.5 and 30 m/min,
the strain rates at the negative rake angle are higher for each material.
However, it is the opposite for PBF-LB at a cutting speed of 120 m/min.
High cutting temperature and strain rate together can cause thermal
softening in materials. In other words, the difference in softening rates of
materials may be due to the differences in thermal conductivity. This is
because the thermal conductivity of wrought 316L is 13.31 W/m.°C [34]
and the thermal conductivity of PBF-LB from the built plane is 14.3 W/
m.°C [15] at room temperature. It is possible to talk about anisotropy for
the thermal conductivity of PBF-LB material. In the PBF-LB material
with zero porosity structure, there are negligible differences between the
thermal conductivity values measured from the built and scan planes. As
the amount of porosity in the structure increases, conductivity decreases
in both planes, being higher in the built plane [15]. It is very difficult to
achieve 100 % volumetric density ratios due to porosity defects such as
gas and lack-of-fusion arising from the manufacturing method of PBF-LB
materials. This situation further complicates the behavior of the mate-
rial, which exhibits anisotropic thermal conductivity in the scanned and
built planes. Another issue is the effect of machining as a post-processing
process on reducing the porosity of PBF-LB materials [22]. As the
porosity defects in the structure disappeared during machining, the
thermal conductivity increased. In addition, the temperature generated
during machining affects conductivity. This is because it is a known fact
that the conductivity of 316L material increases at high temperatures
[34]. As the temperature increases in machining, the number of free
electrons and lattice vibrations increase. As a result, the kinetic energy
of the atoms increases allowing thermal conductivity to increase. It is
understood that the factors affecting the thermal conductivity of PBF-LB
material are more complex and numerous compared to the wrought
material. This is due to the fact that there are three basic factors that
affect the thermal conductivity increase of PBF-LB material in the
machining process: cutting temperature, porosity defects, and aniso-
tropic characteristics. Materials with large thermal conductivity co-
efficients conduct heat quickly, while those with small thermal
conductivity coefficients conduct heat later. It can be concluded that
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Fig. 12. Effect of cutting parameters and material on strain rate.
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PBF-LB material, which has high thermal conductivity, transfers more
heat to the tool during cutting compared to wrought material and causes
more tool wear.

3.4. Microstructure

Microstructure images of PBF-LB specimens at various rake angles
from both the built and scan planes and the affected layer values are
shown in Fig. 13 as a function of cutting speed. The microstructure
images show that the effected layer thickness is greater at a negative
rake angle and lower cutting speeds. As the cutting speed increases, the
affected layer of thickness decreases significantly in both the built and
scan planes. At high cutting speed, the increased thermal effect domi-
nates the mechanical effect. This causes a decrease in the force that
causes plastic deformation on the material surface. Therefore, a less
affected layer is formed. The least affected layers occurred at a cutting
speed of 120 m/min at all rake angle values. There is no obvious dif-
ference between the affected layer thicknesses in the scan and the built
plane. At the cutting speed of 30 m/min, affected layers were evident at
all rake angle values. In addition, the thicknesses on the scan and built
planes are similar at each rake angle. The most affected layer formation
occurred at the cutting speed of 7.5 m/min. The presence of relatively
lower thermal effect at low cutting speed led to the emergence of the
mechanical effect required for plastic deformation. However, it is un-
derstood that the affected layer thickness in the scan and built planes is
not similar and varies in all rake angle values. It is clear that PBF-LB
material exhibits anisotropic behavior in scan and built planes at low
cutting speed.

As-built microstructures of PBF-LB materials consist of melting pools
in the built plane, and laser scanning traces in the scan plane. In addi-
tion, there are sub-grains and dendrites oriented at different angles in
the details of the melting pool and scanning traces [22]. All these
structures are the basis for PBF-LB materials to have anisotropic
microstructure in scan and built planes. Anisotropy directly affects the
usage performance of the PBF-LB product in terms of mechanics and
fatigue. Particularly at some cutting speeds and rake angle values, the
affected layer thickness is similar in both the scan and built planes. In
this case, it is clear that the presence of similar and equal amounts of
affected layers with homogeneous microstructure in both planes will
have a positive effect on the performance of the PBF-LB product.

The formation of different amounts of affected layers in built and
scan planes is not the sole function of microstructural anisotropy. One of
the incentives that increases the effect of anisotropy is the machining
process itself. PBF-LB manufacturing strategy and machining forces
should be evaluated together. As can be seen in Fig. 1, the cutting force
acts towards the tool rake surface and the thrust force acts towards the
tool nose region. It is understood that the cutting force is parallel to the
built plane formed by the melting pool structures and the thrust force is
parallel to the scan plane formed by the scan traces. With the fact that
cutting forces are greater than thrust forces, it is possible to talk about
the existence of more mechanical forces in the built plane. Except for
some exceptional cases, the fact that built plane affected layer
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thicknesses is greater than scan plane affected layer thicknesses supports
this situation.

In Fig. 14, the affected layer thicknesses of the PBF-LB material are
shown as a function of the rake angle. The scan and built plane trend-
lines are inconsistent in Fig. 14a while the trendlines are similar in
Fig. 14b and c. This shows that anisotropy is more pronounced, although
a deeper affected layer is formed at a cutting speed of 7.5 m/min. A
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similar situation exists for positive rake angle values at a cutting speed of
120 m/min, but the effected layer is relatively small. Another issue is
that at 7.5 and 30 m/min cutting speeds, the affected layer thickness
tended to decrease from negative rake angle to positive rake angle, while
at 120 m/min cutting speed, an unstable situation was exhibited.

The contour plot graph of the affected layer thickness of the PBF-LB
material is shown in Fig. 15a in the scan plane and in Fig. 15b in the built
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Fig. 15. Contour plot of affected layer(pm) a)Scan Plane b)Built Plane.
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plane. In both planes, the affected layer thickness is highest at low
cutting speed and negative rake angle. Built plane is more prominent. It
is understood from the graphs that the effect of cutting speed and tool
geometry has a similar effect in the scan and built planes of the PBF-LB
material, but not exactly the same.

Fig. 16 shows the microstructure images of the machined wrought
material and the measured affected layer thickness. It is not possible to
examine the microstructure images of wrought and PBF-LB materials
together. PBF-LB microstructure examination cannot be performed with
the 2000x microscope magnification required for wrought material
microstructure examination. This is because 500 x magnification is ideal
to fit the entire effected layer of the PBF-LB microstructure into the
microscope frame. As a matter of fact, the highest wrought material
affected layer value is at the lowest value of the PBF-LB material. In fact,
this indicates a good agreement that more force is required in the
experiment of cutting PBF-LB discs due to abrasive response of the
material than wrought material. This is because a high force is required
for a highly affected layer. The highest wrought affected layer thickness
was 25 pm at a cutting speed of 7.5 m/min and a rake angle of —6°. At
the same parameters, there is a difference of 85 % in the scan plane and
83 % in the built plane with the PBF-LB affected layer thickness. While
the affected layer thickness of the machined wrought material may be
standard in the selected cutting conditions and parameters, the same is
not the case for PBF-LB. Because different selection of PBF-LB
manufacturing parameters means different amount of anisotropy and
mechanical properties. This may directly affect the post-process
response of the PBF-LB material.

3.5. X-ray diffraction analysis

XRD patterns of as-built and PBF-LB discs machined at different rake
angles are shown in Fig. 17. The main peak with (111) texture in the
range of 42-45° was examined. As-built peak showed a low intensity
compared with the PBF-LB peaks. PBF-LB 2 theta peak angles are
different from the as-built peak angle and there are shifts in the peaks.
The increase or decrease in the peak angle is due to residual stresses. In
addition, the width of each peak differs from each other. According to
Bragg’s law as shown in Eq. (7), the peak broadening shows the decrease
in grain size. These changes in peaks are a result of the thermo-
mechanical effects of machining. The difference in the peaks is
obvious due to the effect of the rake angle. The highest peak intensity is
237 % higher than the as-built peak intensity at the —6° rake angle
value. Broadening occurred in all PBF-LB peaks compared with the as-
built peak. This shows that there is grain refinement in all machined
samples. It is already evident from the microstructure images. Consid-
ering the amount of shift at the peak angles, the increase in stress is the
highest at —3° rake angle, while it is the least at 0° rake angle compared
to as-built.
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Comparison of the XRD patterns of wrought and PBF-LB discs
machined at various rake angles are shown in Fig. 18. As with PBF-LB
peaks, the intensity and width of the wrought peaks are higher than
as-receive. Also, the shift in the peak angles is obvious. Since the as-built
and as-receive peak values are different, it would not be correct to
evaluate the wrought and PBF-LB peaks together. Rather than
comparing peaks, it is more appropriate to compare numerical differ-
ences. The calculated numerical values of the peaks are shown in
Table 2. The highest peak intensity is 22 % higher than the as-receive
peak intensity at the 6° rake angle value. PBF-LB peak widths are 16
% and 10 % greater than the as-built peak width at —6° and 6° rake
angles, respectively. Wrought peak widths are 8 % and 7 % greater than
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Fig. 16. Wrought material microstructure images and affected layer thicknesses.
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Table 2
Calculated peak values.

Intensity(CPS) FWHM 2 Theta (°) Peak Area (CPS*20°)
As-built 1185 0.307 43.624 359
PBF-LB -6° 3992 0.358 43.648 1410
PBF-LB 6° 3013 0.338 43.525 1018
As-receive 2058 0.383 43.795 779
Wrought —6° 2476 0.415 43.678 1027
Wrought 6° 2512 0.409 43.557 868

the as-receive peak width at —6° and 6° rake angles, respectively. The
numerical ratios show that the amount of grain refinement is higher in
the PBF-LB specimen. This shows good agreement with the abrasive
behavior described in the previous sections. Also, the effect of
machining on specimens can be interpreted with peak patterns. While
the PBF-LB peak areas are 292 % and 183 % greater than the as-built, the
wrought peak areas are 32 % and 11 % greater than the as-receive at —6
and 6 rake angle values, respectively. It is understood that the
machining-induced effect goes deeper in the PBF-LB specimen and is less
in the wrought specimen. It is understood from the percentages that the
machining-induced effect is higher in the PBF-LB specimens. The
machining-induced layer thicknesses in the microstructure images also
supports this situation. As-built peak is at the 20 of 43.624° and as-
receive peak is at the 20 of 43.795°. While wrought peak 26 angle
values decreased, PBF-LB peak 20 angle values increased at —6° rake
angle and decreased at 6° rake angle. The anisotropy behavior of the
PBF-LB material caused it to show different peak behavior compared to
the wrought material at the same machining parameters.

3.6. Microhardness

Microhardness is an indicator that directly affects the mechanical
property characteristics of the material. In particular, it affects the fa-
tigue resistance of parts working in contact with each other [35].
Microhardness values of PBF-LB specimens from the machined surface
to a depth of 300 pm are shown in Fig. 19. As-built hardness was reached
after 200 pm depth at all cutting speeds. As the cutting speed increased,
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the hardness values decreased at all rake angles. While the hardness
values at negative rake angle values are higher at 7.5 and 30 m/min
cutting speeds, it is seen that positive rake angle values are higher at 120
m/min cutting speed. At low cutting speeds, a relatively lower cutting
temperature occurs. This contributes to the generation of mechanical
energy required for plastic deformation. Due to the low rake angle, a
large shear plane area is formed and high cutting forces cause a greater
increase in microhardness at negative rake angle values. As the cutting
speed increases, the mechanical effect decreases due to the increasing
temperature. Therefore, in machining with a negative rake angle at
higher cutting speed, the temperature is likely to increase further. The
formation of a relatively lower cutting temperature due to the smaller
shear plane at the positive rake angle was manifested in the hardness at a
cutting speed of 120 m/min. Compared to as-built hardness, the highest
and lowest hardness increases were 51 % and 23 % at 7.5 m/min cutting
speed, 36 % and 28 % at 30 m/min cutting speed, and 26 % and 21 % at
120 m/min cutting speed, respectively. Due to the anisotropic charac-
teristics of PBF-LB materials, as-built microhardness values may differ in
the scan and built planes. This difference is generally between 1 and 3 %
[36]. It has also been determined that the hardness values of machined
specimens differ at the same rate in the scanned and built planes.
Obviously, this difference in hardness between the planes is negligible
and there was no significant change after machining. Another expression
in terms of anisotropy is the hardness change distance from the
machined surface. While the machined specimen hardness reached the
as-built hardness at 100-150 pm on the built plane, it reached 100-125
pm on the scan plane. As a matter of fact, error bars both emphasize this
situation and serve to express measurement error tolerance.

The comparison of the microhardness values of machined wrought
specimens with PBF-LB specimens is shown in Fig. 20. The hardness of
both materials decreased with increasing cutting speed. LPBF hardness
is higher at a low cutting speed, while wrought hardness is greater at
high cutting speed. PBF-LB material is more prone to plastic deformation
at low cutting speed. It is seen that the thermal effect increasing at high
cutting speed has a greater effect on the plastic deformation behavior of
the wrought material. While the anisotropic microstructure of the PBF-
LB material changed due to the mechanical effect at low cutting speed,
the temperature formed at high cutting speed was not sufficient for the
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recrystallization of the material. However, the capacity of plastic
deformation of wrought material with equiaxed grain structure at high
cutting speed is different from PBF-LB material. As a result, the highest
hardness was measured in the PBF-LB specimen with 348 HV at a cutting
speed of 7.5 m/min, and the highest hardness was measured in the
wrought specimen at a cutting speed of 120 m/min as 308 HV at a rake
angle of —6°.

4. Conclusion

In this study, the effect of cutting tool geometry on the machining
performance and surface integrity characteristics of PBF-LB and
wrought material was investigated and compared. Some important and
interesting data from orthogonal cutting experiments are listed below:

The effect of tool rake angle had a similar effect in terms of cutting
force in PBF-LB and wrought material. However, the measured cut-
ting forces are always greater in PBF-LB material at the same cutting
parameters.

The anisotropic characteristic of the PBF-LB material caused the
cutting tests to be more abrasive than the wrought, which led to
severe wear on the PBF-LB machined cutting tools.

The machining-induced affected layer thickness is deeper in PBF-LB
specimens than wrought specimens. In addition, due to the aniso-
tropic microstructure characteristic, the affected layer thickness in
PBF-LB specimens is generally higher in the built plane.

While the PBF-LB specimen is subjected to more hardening at low
cutting speeds than wrought specimens, the hardening ability of
wrought specimens is better at high cutting speeds.

As supported by the microstructure images, XRD results show that
grain refinement formation is greater in PBF-LB specimens with
anisotropic microstructure than wrought specimen with equiaxed
grain microstructure.

The findings obtained from this study are important in terms of
showing the difference in machining response, machining-induced sur-
face integrity characteristics, and plastic deformation capacity of 316L
stainless steel materials manufactured by the PBF-LB method compared
to wrought materials. This study underlines that the same results cannot
be obtained due to the different microstructural characteristics of PBF-
LB and wrought materials machined in the same parameters. Due to
the anisotropic microstructure characteristic created by the PBF-LB
method, the built and scan planes of the material does not allow this.
In addition, due to the dynamic nature of the machining process, the
machining-induced layer thickness of the PBF-LB material is not affected
to the same extent on the built and scan planes, making the anisotropy
more evident. It also highlights the importance of determining the op-
timum machining parameters for each material in machining.
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