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Abstract: The face milling of additively fabricated nickel alloy 625 produced
via laser powder bed fusion is experimentally investigated. Typically, cutting
forces are the most important factor affects the process outcome in terms of
surface finish and chatter vibrations in milling of difficult-to-cut materials. The
additively fabricated materials possess different mechanical properties hence
their cutting force performance is usually unknown. For additively fabricated
nickel alloy 625, the build direction and scan strategy rotation are known to
influence the resultant workpiece structure with columnar grains. The peak
milling force is found dependent upon the feed direction as well as the
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layerwise scan rotation employed in fabricating the workpiece. Feeding the
cutter against the build direction resulted in lower peak forces with larger
deviations, however feeding along the build direction resulted in higher peak
forces with lower deviations. The build direction was also observable on fan
shaped chip surfaces.
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1

Introduction

Due to their excellent properties, especially retention of strength and hardness at high
temperature and good corrosion resistance, titanium and nickel alloys have been widely
used in various industries including aerospace, automotive, medical, nuclear, oil and gas.
Traditionally, these alloys are first formed as wrought or cast blanks and then rough,
semi-finish, and finish machined to their final shape, and their machinability has been a
great interest for researchers (Ulutan and Özel, 2011; M’Saoubi et al., 2015). The
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machinability of wrought or cast nickel alloys is especially considered difficult and
machining induced surface integrity and surface morphology indicate that the
microstructure of the machined surface is substantially influenced by tool geometry and
tool material, cutting conditions, and lubricating/cooling conditions (Özel and Ulutan,
2012; Jawahir et al., 2011; Arisoy et al., 2016). Especially, the surface integrity is
paramount on the machining induced effects on difficult-to-cut materials (Thakur and
Gangopadhyay, 2016). Typically, cutting forces are the most important factor affects the
process outcome in terms of surface finish and chatter vibrations in milling of
difficult-to-cut materials. The additively fabricated materials possess different
mechanical properties hence their cutting force performance in multi-axis milling
operation is usually unknown and a challenge to practitioners (Calleja et al., 2014).
Additive manufacturing of such alloyed parts from powder material by using directed
energy deposition (DED) such as electron beam melting (EBM) and laser powder bed
fusion (LPBF) such as selective laser melting (SLM) has been adopted to increase the
flexibility and reduce the production cost (Martin et al., 2017; Schmidt et al., 2017).
Although a near net shape geometry for additively fabricated parts can be obtained, finish
machining processes are still needed to achieve final desired geometry, dimensional
tolerances, and surface quality (Wiederkehr and Bergmann, 2018). However,
microstructure of additively fabricated alloys is quite different from the wrought or cast
counterparts (Trosch et al., 2016). The microstructure of wrought alloys usually contains
equiaxed grains after proper heat treatment and the grain size can be considered uniform
(Li et al., 2011). On the other hand, there is a columnar grain growth direction typically
along the build direction (BD) in additively fabricated alloys and it can also deviate from
the build direction (Arisoy et al., 2017; Arisoy et al., 2019). It was found that their
microstructure is highly dependent on the BD, and the grain growth is along the BD with
a small deviation angle (Deng et al., 2018). It is reported that the yield strength of as-built
LPBF nickel alloy 625 samples is about 725 MPa ± 50 MPa in horizontal direction (XY)
and is about 615 MPa ± 50 MPa in build direction (Z) respectively. The hardness of as
built part is approximately 30 HRC (287 HB) (EOS Nickel alloy IN625 material data
sheet, 2019). According to the same reference, Nickel alloy 625 workpieces when
fabricated with LPBF can have roughness characteristics as following. As-built surface
roughness after shot-peening can have arithmetic mean deviation, Ra, of 4–6.5 μm, and
maximum peak-to-valley, Ry, 20–50 μm. This roughness can be reduced to average
peak-to-valley profile roughness, Rz, of 0.5 μm after polishing.
It is well acknowledged that the microstructure of workpiece material has significant
effects on their machinability. It was suggested that the BD induced microstructure can
affect the cutting forces during machining SLM fabricated titanium alloy Ti-6Al-4V
when compared against the wrought counterpart (Manikandakumar et al., 2017). Higher
cutting forces were observed during turning of SLM manufactured Ti-6Al-4V when the
cutting speed was increased.
It was also shown that the SLM manufactured Ti-6Al-4V was more prone to produce
segmented chips (Shunmugavel et al., 2019). In another study, the effect of post heat
treatment on the machinability of the titanium alloy Ti-6Al-4V manufactured by DED
process was investigated (Oyelola et al., 2018). It is reported that the cutting force
reduced by 40% under β-annealed condition and 24% under α-annealed condition
compared to the as-built DED fabricated Ti-6Al-4V at a low cutting speed, which
demonstrated that machinability of the DED manufactured Ti-6Al-4V was severely
affected by the change in microstructure induced by the post heat treatment.
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The machining induced surface integrity of Ti-6Al-4V manufactured as wrought and
additively via EBM and LPBF was also investigated (Rotella et al., 2018). The
microstructure and the hardness of the machined surfaces were found to be different from
each other. Besides, a thin layer of plastically deformed material with different
thicknesses in each case was formed underneath the machined surface.
The machinability of nickel alloy Inconel718 after additive manufacturing was
investigated in several studies. A cylindrical shaped nickel alloy Inconel718 bar produced
with SLM was used in turning experiments by Kaynak and Tascioglu (2018) when feed
rate effect on surface roughness was observed. It was found that increasing feed rate can
result in surface work-hardening. The microhardness of machined surface varies with the
scan direction and surface integrity can be significantly improved by milling as reported
by Brown et al. (2018). Machinability of laser cladding produced Inconel718 alloy was
investigated in turning and milling by Calleja et al. (2018). It was reported that cutting
forces are higher than usual and lower for laser cladding added material without heat
treatment. Tool wear during the milling of SLM-manufactured Inconel718 was
investigated by Kim et al. (2018). A lower tool wear was observed in SLM built Inconel
718 when compared to wrought counterpart due to pores and cavities incurred during
LPBF, even though the high hardness on the surfaces of the SLM built Inconel718 was
measured. Further, the built orientation dominated the re-melted zone in the SLM parts,
the contact between the tool and re-melted zone controlled tool wear. They concluded
that built orientations should be considered to apply the machining as the post-process.
The literature review shows that the attention was mainly focused on the
machinability of additively fabricated titanium alloy Ti-6Al-4V. There is not many work
reported on the machinability of additively fabricated nickel alloys. Although research
work reported on the machinability of additively fabricated nickel alloy Inconel718, there
is no work on nickel alloy 625 which is a solid solution strengthening superalloy in the
literature. In this paper, the machinability of the nickel alloy 625 manufactured via LPBF
technology was studied by using face milling operations in different cutting directions
against the build direction of the workpiece samples.

2

Experimental design

This work is focused on investigating cutting forces in face milling of additively
fabricated nickel alloy 625 via laser powder bed fusion. In the experiments, nearly fully
dense (relative density of 99%) nickel alloy 625 workpieces with squared top faces
(16 mm × 16 mm) and a height of 15 mm were fabricated using the EOS M270 Direct
Metal Laser Sintering machine (Criales et al., 2017). In the powder bed, a gas atomized
nickel alloy 625 powder (mean particle size of 35 μm and 55% packing density) was used
with a fixed layer thickness of s = 20 µm during layerwise additive fabrication process.
The parts were built using a laser power of P = 195 W, a scan velocity of vs = 800 mm/s
and a hatch distance of h = 0.10 mm. After nickel alloy 625 workpieces were fabricated
by using the LPBF process, the workpieces were removed from the platform by using
wire electrical discharge machining and the bottom face and side faces were squared with
surface grinding.
The LPBF process involves melting of the powder material and fusing together only
the desired locations on the surface of the powder bed. Laser scanning of each layer is
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divided up into several bands called stripes that are arranged in various patterns covering
the surface. The stripes along the scan direction were processed with the laser beam
moving at a constant scan velocity at track by track where weld tracks are separated by a
hatch distance. In these test parts, stripes that are 4 mm wide were employed. During the
process, stripe patterns were rotated layerwise to attain uniform built. In the tests, two
distinct scan strategy rotations (SSR) schemes i.e. orthogonal 90° and 67° layerwise
rotation of stripes were considered (Figure 1).
The scan or stripe pattern rotation strategies are known to have distinct effects on the
microstructure of the built parts, and as a result their properties are altered (Deng et al.,
2018). The previous studies revealed that the microstructure of nickel alloy 625 is
influenced by layerwise scan strategy rotation that the growth directions of columnar
grains and sizes of cellular grains vary in workpieces built with different rotations
(Arisoy et al., 2017). It is also reported that surface roughness of additively built
workpieces facing powder bed and as-built surfaces would have higher values as
investigated by Özel et al. (2018). Therefore, the face milling experiments were designed
and conducted to investigate the effect of directionality and scan strategy rotation related
workpiece structures on the machinability.
In the experiments, a vertical milling machine (Tormach CNC 1100), an indexable
three-insert toroidal cutter (Tormach TTS M12) which provided a diameter of 25 mm,
and carbide round inserts (10 mm diameter) coated with Ti(C,N)+Al2O3+TiN (Sandvik
R300-1032E-MM 2040) were used. During face milling experiments, the workpiece was
fixed on a force dynamometer (Kistler 9121) to measure the cutting forces. The
schematic diagram of the experimental setup is shown in Figure 2. Only one insert was
mounted on the tool holder. The insert was rotated about 60° to obtain a fresh edge after
each cutting test to eliminate inaccuracies that induced by tool wear development. After
each cutting experiment, the chips were collected and observed using a digital optical
microscope (Nikon Optiphop 100).
Figure 1

Layerwise rotation of stripe patterns during the LPBF process around the build direction
(see online version for colours)

nth layer rotated

nth layer rotated
90°

67°

(n-1)th layer

BD
SSR=90°

BD
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(n-1)th layer

X

SSR=67°

Source: Özel et al. (2018)

The effects of feed direction with respect to the build direction (BD) of the workpiece
and the effect of milling force dependent upon the cutting direction as well as the rotating
scan direction (SD) used in building the workpiece were investigated. The cutting
parameters are listed in Table 1. The axial depth of cut (ap), radial depth of cut (ae), and
feed rate (vf) (or feed per tooth, fz) remained unchanged, their values were ap = 0.1 mm,
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ae = 1.5 mm, fz = 0.1 mm/tooth, respectively. But the rotational speed (Ω) (or cutting
speed, vc) was varied at three levels.
Table 1

Cutting parameters used in face milling experiments
Ω (rpm)

vc (m/min)

1

636.6

30

63.7

2

1,273

60

127.3

3

1,910

90

191

Test number

Figure 2

vf (mm/min)

(a) Schematics of the experimental setup for force measurements in face milling
(b) Tool holder with a single round insert installed (see online version for colours)
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To investigate the effect of feed direction with respect to faces of the additively
fabricated nickel alloy 625 workpieces, face milling along different directions on three
different faces were performed. At first, the workpiece was fed along the y-direction on
the XY face, which is case 1 as indicated in Figure 3. After that, the workpiece was fed
along the x-direction on the XZ face which is case 2. In case 3, the workpiece was fed
along the z-direction on the YZ face. All test conditions that are listed in Table 1 were
performed for each case of the face milling experiments.
Figure 3

Cutter feed directions at different faces with respect to orthogonally rotating scan
direction and build direction (see online version for colours)
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The influence of scan strategy (or stripe pattern) rotation on the machinability of the
LPBF nickel alloy 625 was also investigated. Two workpieces with different scan
strategy rotations were used in this work; a workpiece built with scan strategy rotation of
90°, and another one built with 67° rotation. Both workpieces were face milled by
following climb milling engagement in three cases as indicated in Figure 3.

3

Results and discussion

3.1 Effects of cutting direction on cutting forces
All face milling force signals depict a similar signal form which can be divided into three
stages of climb milling cutter engagement, including the stages of cut-in, stable cut, and
cut-out as shown in Figure 4(a). At the stage of cut-in, the peak value of milling force in
every period keeps increasing, and then decreases to a relatively stable value. When the
peak values of milling force generally remain unchanged, the cutting process in this stage
is considered stable while in the cut-out stage, the peak value decreases gradually. In this
investigation, milling force signals in the stable cut stage as shown in Figure 4(b) are of
concern. The peak values of the main milling force at ten periods in the stable cut stages
were extracted and then averaged. The averaged peak force value was used in following
analysis to investigate the effect of the cutting direction and the scan strategy rotation.
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(a) The stages in the milling force signals (b) The force signal with ten periods in the
stable range (region ‘A’) (see online version for colours)
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The averaged cutting force with respect to different cutting directions is shown in
Figure 5. The cutting forces for all cutting conditions are normalized by dividing the one
obtained at the lowest cutting speed at each case when milling the workpiece sample built
with the SSR of 90°. It can be seen from Figure 5 that the main milling forces of case 3
have the largest values in general, while the milling force for cases 1 and 2 almost have
same values under the same cutting condition. It should be noted that the error bars on
these force graphs represent the standard deviation.
The influence of the cutting direction on the milling forces for the two workpiece
samples (see online version for colours)
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Figure 5
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The cutter was fed against the columnar grains (against BD) in both cases 1 and 2 (as
shown in Figure 6), and the cutter sweeps undeformed area and cuts the columnar grains.
While for case 3, the cutter was fed along the columnar grain growth direction (along
BD). The cutter sweeps mostly the columnar grains and cut the grains. Due to the larger
yield strength along the grain growth direction, a higher cutting force is needed to cut the
workpiece along the grain growth direction, which means that the milling force in case 3
has the highest values.
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The schematics of the relation between the cutting direction, the cutter rotation and the
build direction of workpiece samples during face milling at three cases (see online
version for colours)
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3.2 Effects of scan strategy rotation on cutting forces
The normalized average milling forces obtained by cutting two workpiece samples with
different scan strategy rotations are also compared, and the comparison results are shown
in Figure 7. It can be seen that when milling the workpiece sample built with SSR of 67°
in all three cases, the main cutting force increased when the cutting speed increased from
vc = 30 m/min to 60 m/min, but decreased when the cutting speed further increased to
vc = 90 m/min. While when milling the workpiece sample built with SSR of 90°, the main
cutting force increased steadily when the cutting speed increased from vc = 30 m/min to
90 m/min. In addition, the main cutting forces of milling the workpiece sample built with
SSR of 67° is higher under the cutting speed of vc = 30 m/min and 60 m/min, but it is
lower at the higher cutting speed of vc = 90 m/min in all three cases. In Figure 7, the
standard deviations on the measured peak forces are given as error bars.
The scanning strategy rotation has a significant influence on the microstructure of the
built workpiece and mechanical properties (Deng et al., 2018). It was pointed out that the
yield strength and the hardness of the additively fabricated workpiece that was built with
smaller scan strategy rotation (SSR = 45°) have slightly higher values (Ali et al., 2018).
Therefore, higher cutting force is needed to remove the workpiece material. That is the
primary reason for the cutting forces when milling of the workpiece built with SSR of
67° have higher values when the cutting speeds are vc = 30 m/min and 60 m/min. Milling
force increased with the increasing of cutting speed when increased from vc = 30 m/min
to 60 m/min for both workpiece samples. This is caused by the effect of strain rate
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hardening. The strain rate becomes higher in primary deformation zone when the cutting
speed is increased. The strain rate hardening also becomes higher during chip formation.
When cutting speed increased from vc = 60 m/min to 90 m/min, cutting forces for the
workpiece that was built with SSR of 67° decreased. This may be caused by the thermal
softening. An increasing in the cutting speed is generally related to an increase in the
cutting temperature and thus the thermal softening of the workpiece. The strain rate
hardening is balanced by the thermal softening of the workpiece at the higher cutting
speed (vc = 90 m/min). While for the workpiece that was built with SSR of 90°, the
cutting force still increased when cutting speed was varied from vc = 60 m/min to
90 m/min. This means that the strain rate hardening due to a higher cutting speed instead
of the thermal softening effect is dominant on the milling forces.
Figure 7

Milling forces comparison between two scan strategies (see online version for colours)
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3.3 Effects of scan strategy rotation on chip morphology
The chips collected from experiments were found to have heavily folded fan shapes (see
Figure 8). The chips also have saw tooth edges and cracked roots due to interrupted
cutting. The chips were slightly curled because of the trochoidal motion of the cutter. The
saw tooth edges were mainly observed at the outside end of the chips. The distance
between adjacent saw tooth segments is very large. The saw tooth type segmentation
occurred for all cutting conditions. Besides, there are cracks at the inner side of the
fan-shaped chips. The cracks are either along the radial direction or circumferential
direction. At the chip free surface, folds along different directions were observed along
the radial direction as shown in Figure 8. It seems that cutting speed and scan strategy
rotation has little effect on the chip shapes (Figure 9).
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Figure 8

Chip-tool contact surface of the chips (vc = 90 m/min, fz = 0.1 mm/tooth, case 1),
(a) SSR = 90° (b) SSR = 67° (see online version for colours)
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1000 μm
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Two predominant theories to explain the saw tooth chips typically are thermoplastic
instability based and the fracture based. The thermoplastic instability theory attributes
saw tooth chip morphology to the competition between thermal softening and strain
hardening in the shear zone, while the fracture based theory claims that the saw tooth
chips are caused by the crack initiation and propagation. However, neither theory can be
solely used to explain the saw tooth observed at the ends of the fan-shaped chips. The
stress components in the chip can be considered as the stress along the radial direction
and the stress along the circumferential direction. The circumferential stress becomes
larger and larger as the chip radius increases. At the outer side of the fan shaped chip, the
stress is tensile stress. It is large enough to tear the chip repeatedly and thus form the saw
tooth edges. At the inner side of the chip, the stress is mainly compressive. It is also large
enough to squeeze and buckle the chip and thus leads to cracks on the inner end of the
chips.
Figure 9

Free surface of the chips (vc = 90 m/min, fz = 0.1 mm/tooth, case 1), (a) SSR = 90°
(b) SSR = 67° (see online version for colours)
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Surface topography of the face milled nickel alloy 625 fabricated via LPBF
(vc = 90 m/min, fz = 0.1 mm/tooth, case 1), (a) digital optical image (b) scale-limited
surface (c) scale-limited areal surface topography (see online version for colours)

2 mm
(a)

(b)

(c)

The topography of the face milled surfaces reveals very similar characteristics. Figure 10
shows an optical image of the surface area [Figure 10(a)] and a scale-limited height map
[Figure 10(b)] obtained by using laser scanning confocal microscopy (Keyence
VK-X1000). The scale-limited surface texture parameters are measured as Sa =
6.772 µm, Sq = 9.649 µm (Gaussian filtering conditions, S-filter 8 µm, L-filter 20mm).
Based on the surface areal topography, there was a little or no effect of the scan strategy
rotation on the surface topography observed.

4

Conclusions

In this paper, the cutting forces generated in the face milling of laser powder bed fusion
fabricated nickel alloy 625 are investigated by conducting cutting experiments in
different workpiece orientations and using a single round insert cutter. The effects of the
cutting direction and layer-by-layer scan strategy rotation on the peak milling force and
chip morphology are discussed. The effect of increasing the cutting speed is reported. It
was observed that the milling forces are different when cutting additively fabricated
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workpiece in different orientations. The results analyzed from the milling experiments
lead to following specific conclusions:
•

Cutting along the BD or normal to the BD will have influence on the milling force,
cutting force has the highest value when feeding along the columnar grain growth
direction.

•

The scanning strategy will affect the milling force because it has an effect on the
physical parameters and the microstructure of the additively manufactured
workpiece, and thus the milling force.

•

The chips generated in face milling are discontinuous and have a fan shape. Saw
teeth mainly exist at the outside end of the fan shaped chips.

•

The cracks observed exist on the inner side of fan shaped chips and most of the
cracks are along the radial direction of the fan shaped chips while a few of them are
along the circumferential direction.

•

There is no observable effect on surface topography.
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