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Fig. 19 — Surface topography of SLMed Inconel 718 after drilling at (a) cutting speed 15 m/min of and feed rate of 0.025 mm/
rev, (b) cutting speed of 30 m/min and feed rate of 0.025 mm/rev, (c) cutting speed of 15 m/min and feed rate of 0.05 mm/rev,
(d) cutting speed of 30 m/min and feed rate of 0.05 mm/rev, (e) cutting speed of 15 m/min and feed rate of and 0.075 mm/rev,
(f) cutting speed of 30 m/min and feed rate of 0.075 mm/rev [69].

machining conditions. At the lower temperature, the plas- under cryogenic machining. The number of surface defects
ticity of the material was significantly reduced and resulted in increased with increasing feed rate nevertheless the pro-
grooved and irregular feed marks on the contained surface cessing route and cooling strategy. The EBM workpiece

Fig. 20 — The irregularity and feed marks generated during turning of Ti—6A1-4V under cryogenic cooling at (a) 500£
magnification and (b) 1000£ magnification [76].
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Fig. 21 — Induced surface defects (a) adhered material and (b) smeared material when turning of Ti—6Al—4V under dry

cutting [76].

Ve 80 mvVmin-f 0.2 mm/rev ] Ve 80 m/min-f0.1 mm/rev ]

Fig. 22 — Induced surface defects when turning of AMed Ti—6Al-4V under dry, wet and cryogenic cooling [77].

exhibited higher corrosion resistance compared with the
wrought workpiece. This was due to the use of cryogenic
cooling. In a study of surface characteristics, Bruschi et al. [82]
observed that the increment in machined surface micro-
hardness of the wrought titanium was 24% higher than that of
EBM titanium under cryogenic cooling. The effect of
increasing the feed rate recorded a contrary result, i.e. the
higher feed rate produced a smoother surface for the EBM
sample under cryogenic cooling while the opposite occurred
for the wrought component. The microhardness of the
wrought component was significantly affected by the cutting
speed under cryogenic cooling. The cooling strategy influ-
enced the residual compressive stresses induced by

machining. The cryogenic cooling improved the residual
compressive stresses parallel to the axial direction for both
wrought and AMed parts. However, the surface roughness
was not influenced by the environmental conditions of the
machining. The microchemical analysis of the workpiece
revealed that a higher quantity of CoCrMo flat plated was
adhered to the cryogenically machined workpiece compared
with dry turning. Bertolini et al. [84] compared the surface
integrity of wrought and AMed Ti—6A1-4V produced by EBM
under dry, flood, and cryogenic machining. They found that
the machining induced layer from the EBM sample was
thicker when compared with the wrought sample. In addition,
cryogenic cooling was more effective when compared with
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dry and flood machining. The cryogenic cooling provided
better residual stresses and nano-hardness; however, the
surface integrity of the wrought part was not appreciably
affected by the cryogenic machining. The surface integrity of
the EBM sample fared the worst of all machining conditions
compared with the wrought sample. Compared with the dry
and flood machining, fewer particles have adhered to the
cryogenically machined surface. However, the lower cutting
temperature caused by cryogenic machining lowered the
plasticity of the material, which induced grooves followed by
irregular feed smears on the machined surface. Lizzul et al.
[85] studied the effect of the microstructure caused by AM on
the surface integrity of LPBF produced Ti—6Al—4V parts. The
size of B grains was affected by the scanning strategy, which
had a direct influence on the microhardness of the sample.
The microhardness of the sample had a greater impact on the
thickness of the highly deformed layer and the hardening of
the subsurface strain. The o phase layer and the B grains had a
higher impact on the roughness. Cryogenic,
machining produced a lower surface roughness and improved
the impact of the microstructure of AMed manufactured parts
on the surface integrity. In another study, Lizzul et al. [93]
analyzed the effect of the build direction on the machined
surface topography during the milling of AMed Ti—6Al—4V
fabricated by LPBF. The sample with 0° (horizontal develop-
ment of the AM part) showed a higher pick and surface
complexity at higher feed/tooth compared with the sample of
90° (vertical development of the AM part). The surface skew-
ness value for the 0° sample was average to positive while it
was negative for the sample of 90°. The surface defects and
the surface topology were significantly more affected by the
cutting parameters than by the build direction. The lower
cutting power, followed by the cutting force, was required for
the sample of 0° due to the high angle of a shear plane
and a lower chip comparison ratio compared with the sample
of 90°.

The above analysis confirms that the post-process
machining significantly reduced the surface roughness of
the final machined component. The feed rate has a greater
influence on the surface roughness than does the cutting
speed. Furthermore, the AMed porosity induced by AM can be
significantly reduced by the processes in finish machining.
The AMed processes increase the hardness of the component,
which makes it difficult to machine the component and,
therefore, the higher hardness results in lower surface
roughness. The work hardening effect resulting from the SLM
process increases the subsurface and surface hardness, while
the partially melted powder material causes surface irregu-
larities following the SLM process. The increasing mechanical
and thermal load on the AMed workpiece increased the value
of microhardness at a higher feed rate and cutting speed.

surface

the machining of the AMed materials is a prerequisite for the
provision of an anticipated shape and geometry in specific
industrial applications. The followings are the conclusions
from this review:

e The optimized set of machining parameters for AMed
nickel and/or titanium workpieces is different from those
for wrought.

In some instances, where the hardness of the AMed
workpiece was higher than the wrought workpiece, higher
cutting forces were observed during machining. In
contrast, lower cutting forces were generated when
machining high hardness AMed parts. This can be attrib-
uted to the differences in the cutting tool geometries used
in these studies. However, further research is required to
provide greater clarity.

e Where higher cutting forces were generated during
machining of AMed parts, correspondingly higher rates of
tool wear were also observed. The tool life was shown to be
improved when cryogenic coolant and/or MQL coolant
were used during machining.

The cryogenic cooling strategy could significantly lower
down the cutting temperature and the wear rate of the
cutting tools by reducing crater formation up to 60% for
AMed titanium alloys.

The orientation of the cutting tool concerning the build
direction of the printed component had a significant
impact on the surface quality of the machined parts which
became worse at higher cutting speeds and feed rates.
The SLMed manufactured titanium alloys have exhibited
average of 9—-32% of increment in hardness and 3—-26% of
reduction in cutting force due to different cooling/lubrica-
tion strategies used during machining.

e A very poor machined surface finish resulted where the
AMed parts had defects, such as pores, unmelted powder
particles, microstructural inhomogeneity due to segrega-
tion of secondary phase particles.

The chips formed when machining AMed parts were
shorter due to the high hardness and low plastic defor-
mation of the samples.

Coated cutting tools performed better, reducing the cutting
force, chatter, and cutting temperatures when machining
the AMed nickel-based workpiece compared with its
wrought counterpart.

The adoption of the adaptive control system could be
beneficial in preventing the cutting force variation, which
could enhance surface roughness. This system can adjust
the controlling parameters according to variations in the
microstructure of the material and can generate favorable
machining conditions to provide the desired output.

7. Conclusions

This review presents a summary of advances that have been
made in the field of machining of AMed nickel and titanium-
based alloys. AM helps to mitigate the higher overall cost
and the variation in material properties at elevated tempera-
tures of the conventionally produced material. Additionally,

8. Future scope of research

The aforementioned literature reviews exhaustively
explained the machining behavior of nickel and titanium-
based alloys. The following points have been recognized as
potential research directions in the field of machining nickel

and titanium-based alloys.
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e There is a lack of research studies that investigated the
effect of tool coating on the machinability of nickel and
titanium-based alloys. In addition, the comparison among
the tool coating needs to exemplify during the machining
of AMed alloys.

e In-depth surface roughness and tool wear analysis can be
done using various lubrication strategies during machining
of AMed nickel and titanium-based alloys such as EMQL,
nano-MQL, nano-EMQL, Cryo + MQL, and Cryo + EMQL.

e Few studies have been performed on the non-conventional
machining operations which need to be further explored.

e Minimal work has been done on the power consumption
during the machining of AMed alloys.

o Life cycle analysis of the machining processes with AMed
alloys shall open-up new avenues of research in additive-
cum-subtractive manufacturing domain.
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