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Abstract: In this paper, the investigation of chip formation of aluminum alloy in different machining
strategies (i.e., micro and macro cutting) is performed to develop a holistic view of the chip formation
phenomenon. The study of chip morphology is useful to understand the mechanics of surface
generation in machining. Experiments were carried out to evaluate the feed rate response (FRR) in
both ultra-precision micro and conventional macro machining processes. A comprehensive study
was carried out to explore the material removal mechanics with both experimental findings and
theoretical insights. The results of the variation of chip morphology showed the dependence on feed
rate in orthogonal turning. The transformation of discontinuous to continuous chip production—
a remarkable phenomenon in micro machining—has been identified for the conventional macro
machining of Al alloy. This is validated by the surface crevice formation in the transition region.
Variation of the surface morphology confirms the phenomenology (transformation mechanics) of
chip formation.

Keywords: phenomenology; chip formation; Al alloy; feed rate response; micro/macro machining

1. Introduction

Machining lightweight materials (like Al alloy) is an important manufacturing process
in the automobile and aerospace industries [1]. Moreover, the micro machining of Al alloy
is gaining importance due to the increased applications in precision micro industries [2].
The machinability of an alloy mainly depends on its material status (i.e., microstructure
defects, physical and mechanical properties) and machining environment (i.e., machine
tool, cutting parameters, cutting tool geometry) [3,4]. Thus, the machinability of a material
plays a crucial role in determining various applications and requirements [5]. Machining
force, power consumption, surface finish, chip shape, and size are often used for the
evaluation of machinability [6].

Properties such as low weight/strength ratio, good formability, high mechanical
strength, improved fatigue performance, and fracture toughness have made aluminum
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alloys widely applicable in the aeronautic [7,8] and automotive industries [9]. For example,
Al 6061 is used for car wheels, panels, and structures [9]. Silicon carbide hard particle
reinforced Al 6061 is used for pistons, brake discs and drums, piston sleeves [10,11]. Al 6082
is used in transport applications [12]. Al 7050-T7451 is used for aircraft structure [13].
Al 7075-T6 is used for fittings, gears, and shafts [14,15]. Al 2024-T3 is used for aircraft
skin [16]. Up to 2050, the demand for aluminum alloy expected to grow between a factor of
2.6 to 3.5 [17]. Concomitant to this growing demand, a significant surge of the processing of
aluminum alloys prevails in automotive and aerospace industry where material removal by
machining plays a vital role in the shaping of the Al alloy components [18]. Hence, a deeper
perception of the machinability assessment of Al alloys is essential for making proper
decisions about Al alloy machining process [19]. Therefore, an insightful understanding of
the material removal mechanism in terms of cutting parameter and chip morphology will
play an important role in the widespread applications of aluminum alloy.

Moreover, dry machining is widely adopted in industries as a sustainable manufactur-
ing process by the elimination of the cutting fluids that are harmful to the environment [20].
Furthermore, tool-based machining is considered one of the key technologies for the
miniaturization of parts used in various industrial sectors [21]. Therefore, precision mi-
cromachining, such as milling, drilling, and turning, is utilized for microscale material
removal to manufacture the high-quality micro sized components [22]. For example,
Al alloy thin-walled micro-channels and micro-impellers were fabricated by dry micro
milling [23,24], micro-holes were created by micro drilling on Al alloy sheets [25], surface
generated [26], and micro rod fabricated [2] by micro turning of the Al alloy. Although
the tool-based micromachining technologies are the miniaturized versions of conventional
material removal process, the mechanics of micro and macro machining requires deeper
study to explore the material removal process further [27].

The arrangement of a workpiece and single point cutting tool in orthogonal machining
is depicted in Figure 1a [28], where the feed is provided to the cutting tool. The ideal tool
is assumed with a sharp edge to plastically deform the material to remove as a chip by the
shearing mechanism. AB represents the shear zone which is inclined at an angle ϕ (shear
angle) to the horizontal as illustrated in Figure 1b [29]. The layer of material to be removed
is denoted as undeformed chip thickness, UCT (hc), while the deformed chip thickness is
denoted as ho. In micromachining operations, the undeformed chip thickness (hc) may be
comparable to the size of cutting edge radius, CER (r) and hence, cutting edge can no longer
be considered sharp as illustrated in Figure 1c [30]. To analyze the material flow in micro
cutting, the stagnation point (S) is considered on the cutting edge of the tool; above this
point a chip is formed and below only the elastic-plastic deformation takes place [31,32].
As the undeformed chip thickness (hc) reduces in micromachining, the positive rake angle
of the tool (+γtool), shown in Figure 1d [33], is not the actual rake angle participating in the
material removal process. The effective rake angle becomes negative (−γeff) as the value of
UCT (hc) reaches much smaller than the size of CER (r). In this instance, the cutting edge
plastically deforms the workpiece material, as described by the ploughing mechanism in
micromachining [34]. Thus, in order to achieve stable chip formation and increase material
removal rate (MRR) during machining, the UCT (hc) should reach an optimum value.

Therefore, micro-cutting is fundamentally different from macro cutting, due to the
variability in process mechanics resulting in distinct chip-formation [35]. The well-known
“shear plane model” explains the macro cutting, where the material is removed by shear
deformation. However, the micro-cutting mechanism is influenced by the cutting edge
geometry as the UCT (hc) becomes smaller than CER (r). Thus, both CER (r) and UCT (hc)
have a significant impact on the chip formation and surface generation mechanisms that
require in-depth study. While basic knowledge on the concentrated shearing mechanism
to ‘extrusion-like’ deformation mechanism [36] and material ploughing [37] is available, an
in-depth study on the chip morphology is still lacking in the literature. In micro-milling,
the transition from chip formation to sliding/rubbing phase is predicted for Inconel 718
with the ratio of UCT (hc) and CER (r) [38]. Again, with a change of UCT (hc) from below to
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above the size of CER (r), the formation of discontinuous, transitional and shear localised
chips observed for Inconel 718 [39]. Furthermore, the micro milling of additively fabricated
material (Inconel 625) renders shearing, transition, and ploughing behavior on a specific
cutting force as feed per tooth is reduced [40]. Similar material removal behavior reported
for additively manufactured steel (17-4 PH), with the transition from shearing to ploughing
regime at minimum uncut chip thickness [41].
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Moreover, the material microstructure and chip formation characteristics affect the
machined surface quality when the machining process is scaled down from macro to
micro/nano level [42]. As the chip formation is a vital phenomenon in metal cutting, due to
its effect on the surface finishing and part accuracy [43], this has raised the research interest
in the episodes of chip formation mechanics in machining. In a previous micro turning
study with Al alloy, the influence of machining parameters (depth of cut, spindle speed,
and feed rate) on the variations of chip morphology was shown [19]. Micro- and nano-
scale machining of aluminum 7075-T6 showed the dependence of machining forces, chip
geometry, surface roughness, specific cutting energy, shear angle, and friction coefficient
on the undeformed chip thickness [44]. The machining results were analyzed with respect
to the cutting edge radius effect, and observed trends were compared with conventional
macro-scale cutting. However, the effects of feed rate on chip formation were missing. A
recent study of conventional longitudinal turning with Mg-Al alloy has shown that feed
rate has the most significant impact on surface roughness and machined chip shape [45].
Moreover, the influence of feed rate on chip morphology in conventional macro turning
of AA6061-T6 alloys investigated through FEM simulations [46]. However, the detailed
study on the structural change of the Al alloy chip surface with feed rate is lacking in the
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literature. This paper is intended to fill this research gap. Thus, the objective of this study
is to investigate the effect of feed rate on the change of chip surface structure—both in the
micro and macro machining of Al alloy.

2. Material and Experimental Method
2.1. Workpiece, Cutting Tool and Machine Tool

Figure 2 shows the workpiece and cutting tool for the micro and macro machining
experiments. A hollow cylinder of Al alloy (96.5% Al, 1% Mg, 1.8% Si), with an outside
diameter (OD) of 50 mm and a wall thickness of 1 mm, was used as a work piece and the
CBN(cubic boron nitride) insert of 15.2 µm cutting edge radius (r) was used as a cutting tool
(see Figure 2a,e,g). An ultra-precision lathe machine, Toshiba ULG-100C(H3) (Shizuoka-
ken, Japan) was used for the micro turning process. The machine is manufactured with
a high precision air bearing spindle, and guideways to maintain process reliability in
temperature-controlled and vibration resistant surroundings. The machine tool has optical
scales with 1 nano-meter position resolution and a maximum spindle rpm of 1500. The
material microstructure and cutting scheme is shown in Figure 2c,d.

For conventional macro machining, a hollow cylinder of Al alloy with OD 45 mm and
wall thickness of 7 mm was used as a workpiece and the P-type carbide insert of 477.7 µm
cutting edge radius (r) was used as a cutting tool (see Figure 2b,f,h). Macro machining
experiments were conducted on a horizontal engine lathe manufactured by Shanghai Shenji
International Company Limited (Model CS6266B) (Shanghai, China), with a maximum
spindle rpm of 1600. The experiments were designed to keep cutting speed constant while
varying the feed rate to evaluate the feed rate response (FRR) in micro and macro cutting.
The cutting tool, machine tool, and machining parameters are listed in Table 1.

Table 1. Cutting Tool, Machine Tool, Machining Parameters.

Process Micromachining Macro Machining

Cutting Tool Insert
Sumitomo CBN

(2NC-CCGW09T308)
(−25◦ rake angle)

P type carbide
(VCMT160408-SM)

(7◦ rake angle)

Machine Tool Ultra-precision lathe,
Toshiba ULG-100C(H3)

Horizontal engine lathe,
Model CS6266B

Cutting speed 100 m/min 70.6 m/min

Spindle speed 636 rpm 500 rpm

Feed rate 1.61–96.72 µm/s 0.75–1.50 mm/s

Feed ratio, FR (Feed/Lowest feed) 1, 2, 8, 10, 40, 60 1, 1.22, 1.33, 1.44, 1.55, 2

2.2. Methods of Machining Experiments

An orthogonal micro turning test was conducted on the 1-mm wall thickness of the Al
alloy workpiece with the straight cutting edge of the CBN insert, as per the cutting scheme
shown in Figure 2e. This was carried out at a constant cutting speed of 100 m/min (spindle
speed at 636 rpm), and the feed rate was varied in the range of 1.61–96.72 µm/s to realize
six different feed ratios (feed/lowest feed), as listed in Table 1.

The orthogonal macro turning of the workpiece was undertaken with the carbide
insert on the wall thickness of 7 mm, as per the cutting scheme illustrated in Figure 2e. At a
constant cutting speed of 70.6 m/min (spindle speed at 500 rpm), the feed rate was varied
in the range of 0.75–1.50 mm/s to realize the different feed ratios (FR), as listed in Table 1,
for the variation of machining mechanics and, hence, the chip formation characteristics in
macro/conventional turning.
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3. Experimental Results
3.1. Chip Morphology in Micro Machining

Al alloy microchips produced at different feed rates exhibited different characteristics,
as shown in the optical images Figure 3. ‘Debris-like’ chips produced at a feed rate of
1.61 µm/s clearly renders incomplete, irregular, and discontinuous shapes. The increased
feed rate to 3.22 µm/s shows the chip surface with the presence of micro cracks and holes.
The increment of feed rate to 12.90 µm/s shows the spiral chip formation without micro
crack/holes on the chip surface. Chips at a feed rate of 16.12 µm/s and 64.48 µm/s show
the curly shape. The long and continuous type of chip was observed for an Al alloy at
96.73 µm/s. Thus, incomplete-punctured chip formation at micron (≈1 µm/s) feed rate
and complete-long chip formation at high feed rate (>>1 µm/s) are distinguished as the
significant chip formation characteristics in micro machining. However, the optical image
in Figure 3 does not reveal the significant characteristics of the microchips produced at
different low to high feed rates.
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Thus, micromachined chips were analyzed in a scanning electron microscope (SEM).
Distinct chip structures were observed from the SEM image of the microchips, as shown in
Figure 4. ‘Debris-like’ microchips produced at a very small feed rate of 1.61 µm/s, due to
the rubbing mechanism that resulted in incomplete and discontinuous chip formation [47].
These debris-like chips are not clearly visible to the open eye, as illustrated in Figure 3.
Moreover, a lower magnification of SEM image does not reveal the comprehensive material
deformation characteristics, as depicted in the ×250 magnification image (in Figure 4). This
necessitates higher magnification (×1000) SEM image analysis of the microchips.

As shown in Figure 5, a smaller feed rate of 1.61 µm/s, the higher SEM magnification
image (×1000) shows deformed material of the top (free) surface of the microchip produced
as ‘grid-like’ structure. At this feed rate, the value of the uncut thickness of the chip
(hc = 0.152 µm) becomes much smaller than the cutting edge radius (r = 15.2 µm), and thus,
high pressure is created in front of the cutting edge, causing high compressive stress [48].
In this instance, the CBN tool encountered higher friction, as it rubbed the workpiece
material, and thus, irregular discontinuous chips were produced. This is akin to micro-
grinding at relatively small UCT conditions when the workpiece surface is subjected to the
elastic-plastic deformation [49].
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Increasing the feed rate to 12.90 µm/s resulted in a ‘quasi-lamellar’ or partially
lamellar structure with numerous micro-holes on the µ-chips surface, as shown in Figure 5.
The morphology of chips at this stage is influenced by the cutting edge radius effect
dominated by the severe hydrostatic pressure, which deforms the material [50]. This is due
to the occurrence of stagnation point (S) on the cutting edge of the tool; the material above
the stagnation point moves to form the microchip, but the material below the stagnation
point is depressed to form the machined surface [51]. Therefore, the stagnation point acts
for material flow branching, as illustrated in Figure 1c. Thus, near to the stagnation region
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partly incomplete chips with micro-holes occur. An increase to the higher feed rate of
96.73 µm/s rendered continuous chips with regular lamella formation. This is due to the
higher feed rate when the material ahead of the tool is moved in the direction of cutting
and thus, a shear band is created [52]. By the successive rotation of the workpiece with
tool feed, lamellar chip is formed, in accordance with Merchant’s shearing model [53].
Hence, the work material is removed by conventional shearing mechanism resulted in the
formation of long continuous chips.

Moreover, closer SEM examination of top (free) surface or unrestricted surface of Al
alloy chip at small feed rate (1.61 µm/s) renders grain-induced plastic instability, as shown
in Figure 6a. The ‘grid-like’ structure suggests that individual grains undergo differential
deformation due to the heterogeneity in mechanical properties of grains [54]. This is
substantiated from the material deformation-like mechanism [55] observed at ×10,000
magnification of the SEM image. Thus, material deformation is the perceived characteristic
of chip formation at small feed rate. On the other hand, free surface of Al alloy chip at a
large feed rate (96.73 µm/s) shows lamella-like structure typically produced by shearing
mechanism [56], as shown in Figure 6b at ×10,000 magnification of the SEM image.
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3.2. Chip Morphology in Macro Machining

Reportedly, the cutting speed does not significantly affect the chip morphology on the
periodicity of shear fronts [57]. Hence, Al alloy macrochips produced at a constant cutting
speed 70.6 m/min (500 rpm), with different feed rates exhibiting different characteristics,
as shown in the optical image in Figure 7. Chips obtained at small feed rate of 0.75 mm/s
and 0.92 mm/s clearly render incomplete and discontinuous shapes. An increased feed
rate to 1.00 mm/s shows the chip structure with visible cracks on the surface. An increase
of feed from 1.08 mm/s to 1.50 mm/s produced the lamellar structure on the top (free)
surface of chips. Moreover, discontinuous chip formation at a lower feed rate (≤0.92 mm/s)
and continuous chip formation at a higher feed rate (≥1.17 mm/s) were distinguished
as the significant chip formation characteristics in macro machining in a conventional
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lathe machine. However, the optical image in Figure 7 does not reveal the significant
characteristics of the macrochips produced at different feed rates.
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Figure 7. Effect of feed rate on Al alloy chip formed in conventional macro machining.

The morphology of the macrochip reveals distinct chip structures observed from the
analysis of SEM image of the chip top (free) surface, as shown in Figure 8. Macro chip
surfaces of Al alloy, produced at smaller feed rate (0.75 mm/s), are not distinguishable to the
open eye, as illustrated in the optical image (in Figure 7). Moreover, a lower magnification
of SEM image does not reveal the comprehensive material deformation characteristics as
depicted in Figure 8.
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Thus, a larger magnification (×1000) SEM image analysis of the top (free) surface of
the macro chips was conducted, as shown in Figure 9. At a smaller feed rate (0.75 mm/s),
a higher SEM magnification image (×1000) shows the material deformation characteristics
of the free surface of macro chip, which exhibited numerous cracks, similarly observed as
brittle fracture of A356-T0 cast Al alloys [58]. An increased feed rate to 1.00 mm/s, ‘surface
crevice’ generation on the lamellar structure was observed, as shown in Figure 9. The
morphology of chips at this stage is influenced by the change of feed rate. At a higher
feed rate of 1.50 mm/s, the continuous chip with regular lamella formation was observed,
similar to the conventional machining (shaping) of Al-Si alloys [59].
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4. Analysis and Discussion
4.1. Material Removal Rate and Relative Tool Sharpness (RTS)

The influence of the cutting edge radius has been emphasized by the role of the relative
tool sharpness, RTS (hc/r), the ratio of undeformed chip thickness (hc) and edge radius
(r) of the cutting tool, as a dominant parameter that affect the chip formation in micro
machining [60]. Additionally, the postulation of RTS has also appeared to be a pivotal ratio,
below which the chip formation transits from shearing (cutting) to ploughing dominated,
where chips do not form effectively, but elastic-plastic deformation happens [61]. This
section, thus, discusses the combined effect of RTS, feed rate (f ), and material removal rate
(MRR) on the chip formation mechanics for micro and macro machining.

The undeformed chip thickness is correlated to the tool feed rate, work piece diameter,
and cutting speed, as per the below Equation (1):

hc =
π × 60 × OD × f

V × 1000
(1)
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where undeformed chip thickness, UCT (hc) in µm (micro machining) or mm (macro
machining), work piece diameter (OD) in mm, tool feed rate (f ) in µm/s (micro machining)
or mm/s (macro machining), and cutting speed (V) in m/min.

Additionally, the material removal rate is correlated to the tool feed rate, work piece
diameter, and cutting speed, as per the below Equation (2):

MRR =
π2 ×

(
OD2 − ID2)× fz × N

4 × 1000
(2)

where material removal rate, material removal rate (MRR) in mm3/min, tool feed rate (fz)
in µm/rev, OD and ID are work piece outer and inner diameter in mm and N is rotation in
rev/min.

Using Equations (1) and (2), UCT (hc) and MRR are calculated from the machining
parameters. Figure 10a shows the influence of feed rate (f ) on the RTS and MRR in the
micro machining of Al alloy. At a lower feed rate of 1.61 µm/s, the UCT (hc) becomes
0.152 µm, which provides the RTS (hc/r) value of 0.01, making the undeformed chip
thickness 1% of cutting edge radius (r = 15.2 µm). At this extremely small UCT (hc), chip
formation is not efficient due to the ‘size effect’, which causes the transition of cutting into
ploughing/sliding-like behavior [62]. Consequently, MMR becomes smaller, as shown in
Figure 10a. On the other hand, an increased feed rate gives rise to the UCT and RTS. This
has increased the MRR similarly observed for micro milling of Al alloy 6063 T6 with an
increased feed rate [63].
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The effect of the feed rate on RTS and MMR in macro machining is illustrated in
Figure 10b. With the lower feed rate of 0.75 mm/s, the UCT (hc) becomes 90 µm, which
renders the value of RTS (hc/r) 0.188, making the UCT 18.8% of the cutting edge radius
(r = 477.7 µm). In this condition, material is removed in the form of chips, as shown from
the MRR value of 37,620 mm3/min. An increased feed rate increases RTS and MRR, similar
to that observed for conventional turning processes [64].

Figure 10 is useful to predict the MRR from the feed rate (f ) with the regression
model for micro and macro machining. The coefficient of determination R2 > 97% (micro
machining) and R2 > 93% (macro machining) reveals the fitness of the model. It can be
inferred that the predictive models are very close to the experimental results. This is
substantiated by the phenomenology of chip formation in micro machining (ploughing,
transition, and shearing) and macro machining (discontinuous, quasi-continuous and
continuous).

4.2. Phenomenology of Surface Crevice Formation

The phenomenology of microchips (Figures 3–5) revealed that at smaller feed rates,
incomplete and discontinuous chip formation resulted from irregular material deformation
on the microchip. At a feed rate of 1.61 µm/s, the RTS (hc/r) becomes 0.01 when UCT (hc)
occupies 1% of CER (r) in the tool-workpiece interaction during the microchip formation.
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The subsequent increase of the feed rate caused the increment of uncut chip thickness to
reach the level of the minimum value of chip thickness to remove the material [65]. Thus,
the increased feed rate to 12.90 µm/s, the RTS (hc/r) becomes 0.08 when the engagement of
UCT (hc) to CER (r) increases to 8%, activates the edge radius effect due to the occurrence of
material separation near the stagnation point (S), as illustrated in Figure 1c. In this instance,
the formation of a ‘quasi-lamellar’ or non-uniform lamellar structure with a micro hole like
surface crevice on an Al alloy microchip was noticed, as shown in Figure 11. The crevice
on the microchip surface, produced in the ‘transition regime’ at feed rate 12.90 µm/s,
was analyzed through ×5000 magnification SEM image. Although the micro crevice and
micro hole in the microchips were observed in SEM pictures of deformed chips of carbon
steel [66], Cu, and Mg alloy [60], the actual mechanism of such a crevice-like formation
was not reported. In this study, Al alloy microchip formation is found to be influenced by
the cutting edge effect near to the stagnation region (Figure 1c) as an intermediate feed
rate. Thus, the micro hole formation is due to the transience caused by the initiation of
the surface crevice when the UCT reaches certain percentage of CER(r) in the ‘transition
regime’, is illustrated in Figure 5. At higher feed rate of 96.73 µm/s, the RTS (hc/r) becomes
0.60 when UCT (hc) engages 60% of CER (r), the continuous chips are produced by shearing
mechanism.
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The phenomenology of macro chips (Figures 7–9) at a small feed rate of 0.75 mm/s
revealed material deformation on the chip surface. An increase in the feed rate to 1.00 mm/s
shows no systematic segmentation behavior. The formations of brittle microcracks were
noticed from the ×5000 magnification of the SEM image as shown in Figure 12. The material
is difficult to deform in the shear zone, as the material resists deformation, and thus, the
surface crevice is noticed as similarly observed in [58]. A ×5000 times magnification of the
surface crevice reveals a micropore-like formation, as shown in Figure 12. The phenomenon
of micro crevice could be due to the initiation of the rift, which subsequently de-laminates
the material from the surface similarly observed in micro machining. Thus, the crevice
formation on the chip surface, a remarkable phenomenon observed in micro cutting is also
noticed in macro cutting in the ‘transition regime’, as the feed rate is increased from a low
to medium value. An increase to a high feed rate of 1.50 mm/s provided the continuous
chips by shearing mechanism, similarly observed for the machined chip surface of an Al-Si
alloy [59].
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surface of Al alloy the macro chip.

4.3. Chip Tool Contact Length and Effective Rake Angle

The deformed chip thickness (ho) of Al alloy micro and macro chips at different feed
rates were measured from the SEM image, as shown in Figure 13a,b. The increasing trend
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of chip thickness (ho) is found with the increment of feed rate for both micro and macro
machining, due to the increase of UCT (hc).
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macro machining.

The shear plane length, AB (Lc), shown in Figure 1b, is computed from the classical
mechanics of shear plane theory [67] as per the below Equation (3):

Lc =
hc

sin ϕ
(3)

The shear plane angle (ϕ) is calculated from Equation (4):

ϕ = tan−1


(

hc
ho

)
cos γe f f

1 −
(

hc
ho

)
sin γe f f

 (4)

where the effective rake angle (γeff) is calculated from the ratio of UCT (hc) and cutting
edge radius (r) [68] from Equation (5):

γe f f = sin−1
[(

hc

r

)
− 1
]

(5)

Equations (3)–(5) were used to calculate the length of the shear plane (Lc) and effective
rake angle (γeff) from the experimental results, as shown in Figure 14a,b.

As shown in Figure 3, lowering RTS (hc/r) to an extremely small value renders frag-
mented chips formation [69], where the governing mechanism is related to the ploughing-
like action [70]. In this condition, the material removal could not be performed effectively
with large effective −γeff, due to the reduced contact of the chip surface with the cutting
tool edge [69].
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In micro machining at a large feed rate of 96.73 µm/s, the shear plane angle (ϕ)
becomes 9.75◦, which provides the length of shear plane (Lc) as 53.86 µm. In this condition,
the effective rake angle (γeff) becomes −23.57◦ as shown in Figure 14a. Reducing feed
rate reduces the ϕ value, which subsequently reduces the Lc due to the reduction of chip
tool contact length. As a result, enormously large effective negative rake angle produced
(γeff = −81.86◦ at feed rate of 1.61 µm/s) activating a ploughing-like mechanism.

Moreover, in macro machining with large feed rate of 1.50 mm/s, the shear plane
angle (ϕ) becomes 11.83◦, providing the Lc of 878.13 µm. In this condition, the effective
rake angle (γeff) becomes −38.53◦, as shown in Figure 14b. A reduction of the feed rate
to 1.00 mm/s provides the value of ϕ as 10.98◦. In this instance, the values of Lc and γeff
become 629.91 µm and −48.46◦, respectively. A similar trend is observed at the smaller
feed rate of 0.75 mm/s, as Lc becomes 432.33 µm and γeff becomes −54.23◦ due to the
reduction of the chip tool contact length, resulting in discontinuous chip formation.

Figure 14 is useful to predict the Lc from the feed rate (f ) with the regression model for
micro and macro machining. The coefficient of determination R2 > 95% (micro machining)
and R2 > 96% (macro machining) reveals the fitness of the model. It can be inferred that
the predictive models are very close to the experimental results. This is evident from
the material removal mechanism, as noticed for macro machining at a smaller feed rate
(f = 0.75 mm/s), producing a discontinuous chip and at large feed rate (f = 1.50 mm/s)
producing a continuous chip. Similar behavior noticed in micro machining at a very
small feed rate (f = 1.61 µm/s) when ploughing occurs at highly effective rake angle
(γeff = −81.86◦). At a large feed rate (f = 96.73 µm/s) shearing occurs when the effective
rake angle becomes very close to the actual rake angle of the cutting tool (−25◦), as listed
in Table 1.

4.4. Feed Rate Response (FRR) on the Phenomenology of Chip Formation

Micromachining of the Al alloy provides smoother finishing on the chip-tool contact
(restricted) surface on the microchip shown in Figure 15a with variation of feed rate (f ). The
lower feed rate (1.61 µm/s) produces discontinuous chips resulting from the insufficient
tool-work piece contact length, as discussed earlier in Section 4.3. This is substantiated
by the fragmented chip surface with the presence of a surface crevice, as observed in
SEM image analysis. An increased feed rate of 12.90 µm/s reduces microchip surface
fragmentation due to the increased layer of material removal. Moreover, a chip surface is
observed in SEM with the presence of micro holes or a crevice-like formation. A higher
feed rate of 96.73 µm/s shows a continuous chip without the presence of a crevice on the
surface, as shown in the SEM image.
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On the other hand, a SEM image of macro chips of Al alloy produced in conventional
machining shows a contact surface with ‘feed marks’ as parallel lines running perpendic-
ular to the feed direction, as shown in Figure 15b. The ‘fish scaled-like’ feed marks are
produced in a conventional lathe machine, due to the chatter influenced by the stiffness of
the machine, process parameters (such as speed, feed), and process dynamics [71]. This is a
significant difference between precision micromachining and conventional macro machin-
ing. Moreover, the static stiffness of a machine tool, which affects the machining system
capability, is not directly linked to the feed rate [72]. Therefore, the feed marks observed
on the Al alloy macrochips at all conditions—from a low to high feed rate—as shown in
Figure 15b. Additionally, crevice-like formations are noticeable in the intermediate feed
rate of 1.00 mm/s, as similarly noticed for microchips in the transition regime of Figure 9.

The chip morphology changes to discontinuous, transition (quasi-continuous), and
continuous, with an increase in the feed rate similar to the response of cutting speed [57],
the feed rate response can be utilized to develop the phenomenology in chip formation.
The onset of voids and crevices on the chip surface is triggered by the intense plastic
deformation, as the tool–chip contact/interaction becomes unstable with the reduction of
UCT (hc) [73]. A similar phenomenon of Ti chip surface tearing occurred, as a result of
the inability of the stable formation of long and continuous chips due to the inducement
of highly compressive stress at extremely small UCT(hc) [74]. From the analysis of the
material removal mechanisms of rubbing/ploughing, crevice formation, and shearing,
FRR (feed rate response) mechanics on chip formation is demonstrated in Figure 16. Three
distinct mechanics of discontinuous, quasi-continuous (discontinuous + continuous), and
continuous chip formations are identified for micro machining, which resemble the chip
formation mechanics of conventional macro machining of Al alloy. It is, thus, confirmed
that the behaviour of the chip formation is dominated by the feed rate for the production
of mostly discontinuous, quasi-continuous, and mostly continuous chips in two different
strategies—micro and macro machining.
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5. Conclusions

In this paper, the mechanics of Al alloy chip formation was investigated to establish
the feed rate response characteristics on micro and macro machining process. The following
conclusive points can be drawn from this study:

• In precision micro machining, Al alloy chips exhibited varied characteristics with
variation of feed rate (f ). At a small feed rate, the materials produced debris-like
fragmented chips, while a high feed rate rendered long and continuous chips. Anal-
ysis of µ-chips under SEM provided three distinct chip formation mechanics (i.e.,
discontinuous, quasi-continuous, and continuous).

• In conventional macro machining, with the variation of the feed rate (f ), Al alloy chips
exhibited varied characteristics too. Similar to the micro machining, at a smaller feed
rate, discontinuous chips were produced, while a high feed rate produced mostly
long and continuous chips. Only a detailed observation of the chips at higher magni-
fications showed three distinct chip formation mechanics (i.e., discontinuous, quasi-
continuous, and continuous).

• Micro holes formation in Al alloy microchips were activated by the micro crevice
formation due to the onset of a stagnation point phenomenon in the transition regime
between the discontinuous and continuous chip formation, which occurred at an
intermediate feed rate. A similar phenomenon of crevice-like formations was noticed
from Al alloy in macro machining conditions. This is akin to the chip surface tearing
of different materials, such as Ti alloy.

• A SEM investigation of Al alloy chip morphology revealed the decreasing trend of
chip thickness (ho) with the decrease of feed rate due to the decline in UCT (hc) for
both micro and macro machining. This resulted in a decrease in the shear plane length
(Lc).

• A higher material removal rate (MRR) occurs from the combined effect of high relative
tool sharpness, RTS (hc/r) resulting from large UCT (hc) at a high feed rate (f ). Lower
MRR observed at smaller feed rate due to the decreased tool-workpiece interaction is
responsible for ploughing-like behavior. This is due to the enormously large negative
effective rake angle (−γeff), −81.86◦ at a feed rate of 1.61 µm/s, and −54.23◦ at feed
rate 0.75 mm/s, during micro and macro machining, respectively.
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