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Abstract In the mechanical micro-machining of multiphase
materials, the cutting process is undertaken at a length scale
where material heterogeneity has to be considered. This has
led to increasing interest in optimising the process parameters
for micro-machining of such materials. In this study the
micro-machinability of two steels, a predominantly ferrite
material (AISI 1005) and a near-balanced ferrite/pearlite
microstructure (AISI 1045) was studied. Workpiece sample
deformation properties were characterised by nano-
indentation testing. Additionally, metallographic grain size
evaluation was undertaken for the workpiece microstructures.
Surface roughness, workpiece microstructure and burr size for
micro-machined parts as well as tool wear were examined
over a range of feed rates. The results suggest that for micro-
machined parts, differential elastic recovery between phases
leads to higher surface roughness when the surface quality of
micro-machined multiphase phase material is compared to
that of single phase material. On the other hand, for single
phase predominantly ferritic materials, reducing burr size and
tool wear are major challenges. Thus, the paper elucidates on
material property effects on surface and workpiece edge
quality during micro-milling.
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1 Introduction

1.1 Micro-machining

Micro-mechanical machining offers great potential for
manufacturing complex micro components [1–5]. The

technology can be described as the process of removing
material from a workpiece in the form of chips typically in
the micron or sub-micron length scale. For some coarse
grained material, this chip formation can take place at a
length scale smaller or comparable to the individual grains
of a material microstructure [6]. Simoneau et al. suggested
that the cutting domain could be moved between macro-,
meso- and micro-scale by altering grain sizes of the
workpiece material [7]. Hence, some polycrystalline mate-
rial must be treated as discrete and heterogeneous at this
level [8]. Taking into account the challenges met in micro-
machining, ultra fine grain, hard and high homogeneous
workpiece materials are considered ideal for manufacturing
micro components [1, 5, 9]. Thus, it becomes desirable to
develop a deeper understanding of the fundamental mech-
anisms associated with the material microstructure behav-
iour under different cutting conditions.

The present study is a continuation of a previous work
regarding multiphase material microstructure effect in
micro-milling [10]. The already published paper focussed
on the micro-milling of one coarse grained AISI 1045 steel
workpiece material. This new paper extends the research
work and reports on the micro-machinability of single
compared to multiphase ferrous workpiece materials.

1.2 Material microstructure effect on surface generation
in micro-machining

The ratio of surface area to volume increases as devices and
their features are miniaturised. For this reason, in micro
component manufacture, more attention should be given to
surface generation and phenomena that affect the surface
character. At micro-scale it was reported that the tool–
workpiece material interaction strongly influences the
machined surface topography [11]. Weule et al. reported
by utilising different heat treated AISI 1045 steel that when
micro-machining (fly cutting), variation in material proper-
ty from one grain to the next influenced the resulting
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surface finish [5]. It was suggested that surface roughness
varies between the grains of material and is influenced by
the tool edge radius, microstructure phases, minimum chip
thickness effects [12], crystallographic orientation [13],
material elastic recovery and phase dependent elastic-
plastic anisotropy [9]. Furthermore, for single crystal face
centred cubic (f.c.c.) materials, intrinsic plastic behaviour of
individual crystals was reported to have more dominant
effect on surface roughness compared to with crystallo-
graphic cutting direction [13]. Plastic strain mismatch, grain
orientation relative to cutting edge and large energy
absorption in harder phases cause surface defects on the
multiphase microstructure of AISI 1045 steel [14, 15].

Son et al. reported the best surface finish which occurred
at the minimum chip thickness for aluminium, brass and
copper workpiece materials and observed that this was
associated with the formation of continuous chips [16]. The
dominant influence of chip thickness on surface roughness
in micro-machining was reported in literature [5, 12, 17]. It
was suggested that the effect of crystallographic orientation
on surface roughness could be alleviated by selecting chip
loads ten times larger than the grain size of the specific
material [18]. Moreover, improvement in the surface
integrity and quality of micro-machined parts can also be
achieved through metallurgical and mechanical grain
structure modifications [19]. However, this is not always
desirable since modifying a material’s microstructure
changes its properties and can affect functional perfor-
mance. This case is more critical if micro features are on a
large component.

1.3 Burrs in micro-machining

Burr formation is a critical factor in micro-machining since
it affects the capability to meet desirable tolerance and
geometry definition [4, 5, 20]. Gillespie highlighted that
minimisation of burr size is most desirable as conventional
de-burring process could cause dimensional imperfections
and residual stresses in miniature precision parts. Moreover,
post-processing for burr removal could often constitute
30% of the cost to produce a part [21]. There are three
generally accepted burr formation mechanisms namely;
lateral deformation, chip bending and chip tearing. Four
basic types of burrs were defined as Poisson, tear, rollover
and cut-off burrs [22]. The formation of burrs progresses
through stages of initiation, initial development, pivoting
point and final development [23].

In terms of burr control, Nakayama and Arai [24]
proposed that in macro-scale machining, the size of the
sideward burr could be minimised by decreasing the
undeformed chip thickness and reducing shear strain of
the chip. It is noted here that in micro-machining,
decreasing chip thickness only helps reduce burr size when

machining at undeformed chip thickness greater than the
tool edge radius. Otherwise ploughing effects would
promote relatively larger burr size. Turning the direction
of cutting force towards the workpiece and strengthening
the workpiece edge was proposed to be useful in this regard
[24]. Material properties also influence burr formation. In
general, it was suggested that the workpiece materials with
a higher ductility produce larger burr size [25].

Burr formation is driven by the size effect, with a larger
tool edge radius leading to larger burrs [25–27]. Cutting
modes in slot milling also generates different burr size. Filiz
et al. reported larger size of burr in down milling as
compared to up milling [26]. Fang and Liu suggested that
once the workpiece material and other process parameters
are specified, the undeformed chip thickness will determine
burr height [28]. The enlargement in the tool edge radius
which occurs due to tool wear decreases the ratio of
undeformed chip thickness to cutting edge radius; this
means that effective rake angle becomes more negative.
Material ahead of the tool is pushed/compressed and
deformed plastically into a burr.

1.4 Research motivation

From the reviewed literature, it is clear that the machin-
ability of micro parts would be favourable if all parts were
made from single phase materials with a very fine
microstructure and preferably low ductility. However, in
practice, micro components are manufactured from typical
engineering materials that contain multiphase structures.

In building a scientific base for machining such
materials, it was decided to select two binary phase
materials one dominated by a single phase and the other
with an almost balanced volume fraction. Studying the
machinability of these materials would enable the elucida-
tion of the effect of phase properties on surface roughness
and subsurface microstructure change in the micro-
machining process.

2 Experimental details and evaluations

2.1 Material metallographic grain size measurement

The selected workpiece materials were AISI 1005 and 1045
steel alloy. AISI 1005 steel is 99% ferrite content while
1045 steel can be considered as representing balanced
volume fractions of ferrite and pearlite. The microstructure
of these materials is shown in Fig. 1. The grain size of AISI
1005 steel was evaluated according to BS EN ISO643:2003
[29] and found to be on average 67 μm. For AISI 1045
steel, the grain size was determined by the linear intercept
method. In Fig. 1, the white surface is the ferrite phase and
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its average grain intercept length was 7 μm. The black
regions are the pearlite phase with 52-μm average grain
intercept length.

2.2 Material characterisation using instrumented indentation
testing

A model XP nanoindenter supplied by MTS instruments was
used for material characterisation. Each test was performed
ten times on three different samples of each workpiece
material. Indentation depth was varied from 0.2 to 2 µm. A
standard Berkovich indenter was used because it induces
plasticity at very low loads. The load and indenter displace-
ment were recorded simultaneously during the entire loading
and unloading process. Hence, the process was capable of
measuring both the plastic and elastic deformation of the
materials under test [30]. Table 1 shows the average elastic
modulus and nano-hardness data computed from the
unloading data and their standard deviation. It is clear that
the variability between measurements is very low. However,
in comparing workpieces, there is low variability for a single
phase material compared to the multi-phase AISI 1045 steel.
This can be attributed to the different properties of ferrite and
pearlite. The data shows that AISI 1045 steel is relatively
harder than AISI 1005 steel. The hardness behaviour of a

material is normally related to its resistance to plastic
deformation. Therefore, it can be expected that AISI 1005
steel, being of lower hardness, will plastically deform more.

In scratch testing of polymers and metals, Jardret et al.
[31] noted that the proportion of the plastic deformation
increases with an increase of the Young’s modulus to
hardness ratio. Using this assumption, it can be inferred
from Fig. 2a that AISI 1005 steel will plastically deform
more compared to 1045 steel. On the other hand,
Nakayama [32] attributed larger elastic recovery to a high
ratio of the hardness to elastic modulus. In order to quantify
the elastic recovery of the investigated materials, displace-
ment into the surface was analysed. The percentage of
elastic recovery was calculated by taking the difference
between maximum indentation depth when fully loaded and
residual indentation depth after unloading. The results are
shown in Fig. 2b. It is evident from the graph that AISI
1045 steel has a higher elastic recovery compared to AISI
1005 steel. The elastic recovery decreases with a reduction
in indentation depth. This validates the use of hardness to
elastic modulus ratio in predicting elastic deformation.
Thus, it is clear from the nano-indentation testing that
pearlite and ferrite have differential deformation patterns
and a ferrite structure is expected to show deeper plastic
deformation.

Fig. 1 Workpiece microstruc-
ture. a AISI 1005 steel.
b AISI 1045 steel

Table 1 Mechanical properties variation as a function of nano-indentation depth

Nano-indentation
depth (µm)

AISI 1005 steel AISI 1045 steel

Nano-hardness Elastic modulus Nano-hardness Elastic modulus

Average
(GPa)

Standard
deviation

Average
(GPa)

Standard
deviation

Average
(GPa)

Standard
deviation

Average
(GPa)

Standard
deviation

0.2 2.65 0.18 231.75 30.9 3.53 0.81 220.8 16.5

0.5 2.43 0.37 233.05 14.3 3.49 0.32 241.5 9.64

1 2.20 0.34 236.36 10.01 2.89 0.40 238.08 17.08

2 2.15 0.24 241.83 17.7 2.66 0.48 244.01 21.21
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2.3 Experimental details and cutting parameters

To study the deformation and machining performance,
micro-milling tests were under taken. The cutting tools used
were flat end mills (Fraisa M5712080) with a diameter of
800 µm. These were manufactured from fine grain tungsten
carbide and coated with TiAlN. The cutting edges had a
rake angle of 6° and a helix angle of 25°. A tool diameter of
800 µm was selected since this falls within the 1 to 999-µm
size range common for micro-milling. Additionally, the
higher end of the micro-scale tool diameter range was ideal
in order to minimise the chance of tool edge breakage and
hence focus on workpiece-related machinability aspects.
Prior to the cutting tests, each micro-end mill was imaged
using a scanning electron microscope (SEM) and the
average radii of the cutting edges were estimated from the
SEM and found to be in the range of 1 to 2 µ.

The work presented here contributes to a theme of
sustainable manufacture where the idea is to investigate the
potential for dry or near dry machining. Dry machining can
bring environmental and health safety benefits. Environ-
mental regulations are expected to tighten up with regards
to the use of machining coolants and lubricants [33].
Moreover, coolant mists and coolant coated chips need
appropriate disposal. For these reasons, micro-slotting tests

were performed dry on a Mikron HSM 400 milling centre.
The static radial runout of spindle–collet tool system was
measured in the clamped state before each cutting trial. The
radial runout was estimated from the runout gauge
measurements to be 1.6 µm in average, with a standard
deviation of 0.76 µm.

The cutting parameters used are shown in Table 2. The
range of maximum undeformed chip thickness (i.e. feed per
tooth in slotting) was selected to cover values either side of
the tool edge radius. This enabled the study of both
negative and positive effective rake angles. Micro-milled
slots having a 20 mm length of cut were made at each feed
rate. The condition of each tool was observed before
machining and re-inspected at stages during the cutting
tests. The cutting trials were repeated twice for each
experimental run.

3 Micro-milling results and discussions

3.1 Surface roughness

The surface topography on the floor of the micro-milled
slots, for both workpiece materials, was analysed using a
Wyko NT11000 optical profiler (white light interferometer)
and Hitachi S-3400 SEM. Surface roughness was measured
in 12 different positions across the length of the slot. The
Wyko NT1100 surface profiler uses vertical scanning
interferometry mode at 2.5× magnification, full resolution
and 1× scan speed. The area sampled by the Wyko was
2.429 by 1.848 mm, with a picture resolution of 736 by
480, which yielded 3.3 µ/pixel. The resolution in Z axis
was 1 nm. The average surface roughness (as well as the
scatter in the measured values) was plotted against the
corresponding feed rate, as shown in Fig. 3. The data shows
that the surface roughness is significantly lower than the
grain size. This presents the possibility of grain polishing or
facture as an integral part of the mechanics of micro-
machining for both workpiece materials.

The overall relationship between the surface roughness
and maximum undeformed chip thickness is nonlinear for
both workpiece materials. For 0.02 µm/tooth undeformed
chip thickness, a substantially high surface roughness and
highest scatter was recorded for AISI 1045 steel compared
to AISI 1005. This can be attributed to the differences in
elastic recovery of ferrite and pearlite as evident by the
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Fig. 2 Comparison of elastic modulus/hardness ratio (a) and
percentage elastic recovery for workpiece specimens (b)

Table 2 Process parameters

Spindle speed (rpm) 30,000

Chip load (µm/tooth) 0.02, 0.2, 0.5, 1, 2, 5, 10, 15

Axial depth of cut (µm) 75

Tool diameter (µm) 800
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higher elastic recovery for AISI 1045 in Fig. 2. The result
suggests that micro-machining of a single phase material
minimises the differential elastic recovery that would be
found in multi-phase materials and hence improves surface
finish.

In multiphase material, the value of minimum chip
thickness is lower for a harder phase than a softer phase
[12]. This variation in minimum chip thickness causes
transition in cutting from one phase to another, affecting
surface finish of machined parts. In this respect, the AISI
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Fig. 3 Surface roughness

Fig. 4 Micro-milled slot base
for AISI 1045 steel generated at
0.02 µm/tooth

Fig. 5 Magnified area of AISI 1045 slot floor machined at 2 µm/tooth
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1045 steel surface topography was examined after ma-
chining at 0.02 µm/tooth undeformed chip thickness
(about 3% of edge radius). Figure 4a shows the image
measured from Wyko optical profiler with a 0.32 µ/pixel
resolution. Figure 4b is the 2D surface profile
corresponding to a horizontal black line marked in the
Fig. 4a. First, the dark and light regions correlate well with
the average intercept length of the pearlite and ferrite
phases. These were identified from Fig. 4a, and then the

extracted surface profile for Fig. 4b was analysed across
those areas. It shows concave and convex forms (differ-
ential elastic recovery) on the pearlite and ferrite grains
respectively with cutting discontinuity across grain bound-
aries. This analysis was repeatable at different positions of
the machined surface.

When machining at an undeformed chip thickness much
smaller than the tool edge radius, the effective rake angle
becomes highly negative and material spring-back effects

Fig. 6 Surface generated at
different feed rates
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need to be considered. In Fig. 3, as undeformed chip
thickness is increased and approaches the tool edge radius,
the rake angle becomes less negative, and the increase in
surface roughness due to material spring-back effect is
reduced. The best surface finish was achieved at feed per
tooth of 1.0 µm/tooth for both workpiece materials. This
feed per tooth is comparable to the tool edge radius and
located at the lower end of the tool edge radius values for
the tools used. This suggests that in the process planning
for these workpiece materials, knowledge of the tool edge
radius is important.

Again in Fig. 3, as the feed per tooth increases beyond
the tool edge radius, the difference in surface roughness
value between the two materials appears more pronounced
at 2 µm/tooth undeformed chip thickness. It is noted that at
2 µm/tooth undeformed chip thickness, this length scale is
shorter than the average width of the ferrite phase. Thus,
one possible explanation for surface roughness trends
observed could be due to the discontinuity (see Fig. 5) in
cutting process across the grain boundary and the formation
of a comparatively thicker miniature burr on the grain
boundary of AISI 1045 steel. Formation of grain boundary

burrs was also reported by Volger et al. [12]. Moreover,
Fig. 3 shows that the surface roughness does not signifi-
cantly increase as the feed rate is increased from 2 to 10 µ
as expected. A possible explanation is that at the lower feed
rate (2 µ) the formation of burrs at the grain boundaries is
more pronounced than at higher feed rates. This has the
effect of masking the traditional increase in surface
roughness expected when using higher feed rates. However,
at higher feed rates, the conventional trend of increasing
roughness with increasing feed rate as encountered in
macro-scale machining also holds for micro-cutting for the
signal phase ferritic steel.

The surface generated was studied at feeds per tooth
below minimum chip thickness (0.02 µm/tooth), within
the vicinity of the minimum chip thickness (0.2 µm/tooth),
comparable to (1 µm/tooth) and above the tool edge radius
(10 µm/tooth). These cases are presented for both
materials in Fig. 6. The minimum chip thickness has been
reported in literature for various workpiece materials [12,
34, 35]. Generally, images for AISI 1005 steel clearly
show smoother surface appearance compared to AISI
1045 steel. However, AISI 1005 steel shows a smeared

Fig. 7 Subsurface microstruc-
tural modification and material
side flow
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pattern which could be attributable to higher plastic
deformation at 0.02 µm/tooth. At a feed per tooth of
0.2 µm, material microstructure effects dominate the
surface texture of AISI 1045 workpiece material. Addi-
tionally, burr formation can be observed on the image of
AISI 1045 steel machined at 1 µm/tooth undeformed
chip thickness. Above the tool edge radius, feed marks
dominate the surface form.

3.2 Subsurface microstructure modification

To investigate subsurface deformation and microstructure
change, each slot was sectioned and then set in a

conductive acrylic hot resin in order to reduce edge
rounding during polishing. Scanning electron microscopy
and nano-hardness testing was performed at the two sides
and centre of the slots. Figure 7 shows the material side
flow and grain structure for micro-machined slots. In AISI
1005 steel, at lowest feed rate, the thickness of material
being pushed out (extruded) to form a burr is of
comparable magnitude to the grain size of the material.
For all cases tested, AISI 1045 steel demonstrated better
edge definition geometry than AISI 1005. Thus, AISI
1005 with a lower hardness and higher plastic deformation
(as discussed before) generates larger burrs compared to
AISI 1045.

To characterise the machined surface, nano-indentation
was performed. An indentation depth of 0.5 µm was
selected and a series of tests were carried out at a minimum
distance (∼10 µm) from the edge of the slot to avoid lateral
push away of the material. These results are based on
repeating measurements with identical process parameters
on both workpiece materials. The tests were performed on
sectioned pieces taken before the end of second slots.
Further measurements revealed similar trends; therefore the
results can be seen as quantitatively significant. The nano-
hardness and elastic modulus of the modified surface layer
at the centre of the slot is shown in Fig. 8. Each dot on the
graph represents the average value and the bars represent
the standard error of the mechanical properties measured
from five points on the slot floor. Figure 8a shows that AISI
1045 steel exhibit work hardening during the chip forma-
tion process when compared to AISI 1005 steel. The AISI
1045 steel produces harder surface than bulk material in the
ploughing zone, while micro-machining of AISI 1005 steel
induces no noticeable change in hardness for most
investigated feed per tooth. The former can be attributable
to higher wear land (will be discussed in Section 3.4) which
contributed to higher tertiary zone temperatures and hence
promoting surface modification. It is also worth mentioning
here that elastic modulus substantially decreases for both
workpieces at the feed rates less than 20% of the tool edge
radius (Fig. 8b).
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Fig. 9 Slot down-milled side. a
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Figure 9 shows the nano-indentation marks on the down
milling side of the slot for both workpiece materials
machined at 0.02 µm/tooth. The depth below the wall
surface for the initial point of indentation was specified by
positioning the indenter approximately 10 µm below the
wall surface. The indentations then followed an automated
process until 15 nano-indentations had been carried out in
the form of 3×5 arrays for both sides. The indents were
10 μm apart from each other; this provided three indents
placed parallel at the same distance from the respective wall
surface. After performing the array of indents, back-
scattered electrons (BSE) images were taken in the indented
area to ensure the position of indents for all cases.

Figures 10 and 11 show in-depth nano-hardness profiles
across up-milled and down-milled sides of the slot
machined at four different feed rates on AISI 1045 and
AISI 1005 steel, respectively. The most noticeable increase
in hardness was recorded in the subsurface region at the
down milling side of the slot wall at the lowest undeformed
chip thickness for the both workpiece materials. The results
demonstrate that mode of milling imparts differential
change in the properties of machined surfaces. When
machining below the critical undeformed chip thickness,
applying the 0.37 and 0.32 standard deviation from Table 1
to the results after machining in Figs. 10 and 11 does not
mask the distinct trends for the two workpiece materials.
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Moreover, it is clear from Fig. 9 that the depth of deformed
zone can be in the order of 40 µ. These results imply that
the micro-machining process modifies the properties of the
workpiece material in regions of plastic deformations.

At lowest undeformed chip thickness, the value of nano-
hardness correlates well with the flank wear. The results
suggests that a sharp tool (without or with small wear)
induced no appreciable change in nano-hardness. While a
worn tool results in surface modification and increase in
hardness.

3.3 Burr formation

There is no common approach in terms of measuring curled
3D burr shape, especially in the micro domain. What
emerges from the past literature is that the burr shapes can
be qualitatively compared according to the shape [26, 27]
or quantitatively measured in terms of burr width [36, 37]
and burr height [38]. Both burr height and width do not
reflect the fact that the burr could be curled. However, in
terms of component functionality, use and assembly of burr
height and width are relevant measures. In the available
techniques, measurement of burr width was chosen to
quantify the burrs formed at the top of the slot since this is a
parameter that could be more accurately measured by the
Wyko. Focussing the microscope on the apparent top of the
burr is difficult with the optical instrument.

The top burr width in both up and down milling was
measured from Wyko scans. The variation of the burr width
as a function of maximum undeformed chip thickness is
shown in Figs. 12 and 13 for the both workpiece materials.
The error bars of the figures were obtained using the
standard error calculated from 15 measurements. Over the
entire range of feed rates investigated, AISI 1005 steel
produced larger burr on the down milling side compared to
AISI 1045 steel. This can be attributable to the higher
ductility of AISI 1005. It was noted that when the feed per
tooth was lower than the tool edge radius, the tool wear
(discussed later in Section 3.4) considerably leads to
increased top burr size especially on the down milling side.
Interestingly for the up milling side, the effect of tool wear
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Fig. 14 Material deformation effects on the tool cutting edges
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on burr generation is less dominant at these feed rates. The
differences in the burr size between the two milling modes
may be due to the burr formation mechanisms and
vibration.

3.4 Tool wear

Again in the brief literature review, no unified approach for
tracking the condition of micro tools is available. The
change in tool diameter [26], edge radius roundness [39]
and flank wear measurement from the bottom view of the
end mills [36] were the criteria that researches have
identified for the evaluation of tool wear in micro domain.
Moreover, for steels, it was evident that trends for flank
wear at the bottom cutting edge, edge chipping, cutting
edge radius enlargement and percentage tool diameter
reduction are positively correlated [40]. It is therefore
reasonable to monitor any one of these parameters to assess
tool performance in terms of tool life. The tool bottom face
is directly in contact with slot floor surface, affecting the
surface finish. Therefore, this parameter was adopted in this
research.

In contrast to the flat end mills used here, ball nose micro-
cutters could be considered to increase the cutting edge
strength. However, it was noted that in developing technol-
ogy for ultimately machining inclined slots, ball nose micro
tools suffer from push off and deflection and this affects tool
life. Thus, this study was based on the flat end mills.

Tool wear progression was observed by taking SEM
images before and after machining. Some images of the
used cutting edges are shown in Fig. 14, corresponding to a
material removal of 1.2 mm3. It is clear from these images
that cutting tools used for machining AISI 1045 experi-
enced more uniform and abrasive wear while those used for
machining AISI 1005 have flank faces characterised by
plastic deformation.

Figure 15 shows a comparison of maximum flank wear
land measured on both flutes from the bottom view of the
micro-end mill after completion of slots. A relatively higher
degree of flank wear was observed when machining the
softer AISI 1005 material in line with the higher plastic
deformation. For both workpiece materials, the reduction in
the flank wear as the feed rate increased is consistent with
reduced ploughing effects.

4 Conclusions

The work presented in this paper compared material phase
effects, in micro-milling over a range of undeformed chip
thickness spanning the tool edge radius and grain sizes of
two selected workpiece materials. For this range, surface
finish, microstructure change, burr formation and tool wear

were investigated for the two kinds of steel. Some of the
significant findings from this study can be summarised as
follows:

▪ The results show that in terms of surface finish, the
machinability of AISI 1045 compared to AISI 1005
steel is more challenging due to cutting discontinuities
and formation of grain boundary burrs.
▪ The challenge in machining AISI 1005 relates to edge
profile definition as driven by burr size growth.
▪ The best surface finish was obtained at feed rates
closer to the tool edge radius for both workpiece
materials. This suggests that generation of the best
surface finish was more sensitive to tool edge radius
than material grain size.
▪ AISI 1045 steel which was predicted to exhibit a
higher elastic recovery also had a higher surface
roughness compared to AISI 1005. Thus, it is possible
that in AISI 1045 alloy steel, differential elastic
recovery between the phases compromises surface
finish.
▪ For AISI 1005 alloy steel, higher plastic deformation
as predicted by nano-indentation tests promotes rela-
tively larger burrs in the down milling mode compared
to micro-machining of AISI 1045 steel.
▪ At undeformed chip thickness lower than the tool
edge radius, burr size increases with reduced feed rates.
▪ The micro-milling process increases the nano-
hardness of the workpiece material in the down milling
mode. This property modification as driven by milling
mode is differential on milled surface profiles.
▪ The results suggest that nano-indentation measure-
ments can be used to provide a qualitative relative
assessment of micro-machinability for different work-
piece materials and hence, reduce the cost and time of
technology development.
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