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Abstract

Surface integrity is one of the most significant quality aspects of micro-grinding of difficult-to-cut materials. On the other hand, specific grinding
energy is a fundamental parameter for describing the micro-grinding process. This paper addresses the surface integrity of the micro-ground
surface of a titanium alloy under different cutting speeds and feed-rate-to-depth-of-cut (vw/ae) ratios at the same chip thickness. Three different
cutting speeds and vw/a. ratios have been chosen and the residual stress of the workpiece, as well as the specific micro-grinding energy, have
been investigated. The results showed that almost the same minimum specific grinding energy was obtained at tested cutting speed and vw/ae
ratio. The results of the XRD analysis showed that contrary to the specific micro-grinding energy, the residual stresses of the ground surface
changed by varying the cutting speed and vw/a. ratio. Higher cutting speeds resulted in lower compressive residual stress, and higher v/a. ratios
resulted in higher compressive stresses. This can be attributed to higher temperatures in the chip-formation process compared to the plastic

deformation in micro-grinding at higher cutting speeds and lower w/a. ratios which was proved via SEM micrographs.
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1. Introduction

In comparison to other bio-materials, like ceramics and
germanium, Ti6Al4V (titanium grade 5) is a promising
material for biomedical and aerospace industries which require
extraordinary properties [1]. Due to the hard nature of titanium,
fabrication of damage-free surfaces is challenging, and its
machining is always accompanied by high plastic deformation
due to high cutting forces and rapid tool wear. The micro-
grinding process is a promising material removal method when
high form and dimensional accuracies and fine finished
surfaces with no or minimal damages are. During the micro-
grinding process, the elastic and plastic deformations, chip
formation and friction between the grains and the workpiece
material result in relatively high specific energy which is
required to remove the material. The generated specific energy
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of micro-grinding can be described as a closely correlated
parameter to the ground surface integrity. It is hence a
fundamental parameter/indicator to assess the grindability of
the material. The mechanical work during the material removal
process results in compressive residual stresses, while the
cutting temperature over the surface of the material results in
tensile residual stresses, which may cause surface and sub-
surface damages. These damages negatively affect the
performance of the parts. Therefore, connecting the specific
grinding energy to the integrity of the finished surface is
essential.

Gong et al. [2] and Zhou et al. [3] analyzed the removal
mechanism of nickel-based single crystal superalloy and
developed a prediction model for the micro-grinding forces.
They also studied the effect of grinding parameters on grinding
forces and microstructure of ground surface and sub-surface.
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They showed that the most shear slipping planes of nickel-
based single crystal superalloy are {111} planes. The thickness
of subsurface plastic deformation and the surface roughness
increased with increasing the feed rate and grinding depth and
decreased with increasing the cutting speed. Kadivar et al. [4]
showed that the surface roughness of the ground surface in
micro-grinding of Ti-6Al-4V is highly connected to the
dressing and grinding parameters.

Based on the experimental work of Fook et al. [5], low
peripheral speed and low depth of cut are the main parameters
to achieve optimum surface integrity while micro-grinding of
bioceramics. Zhang et al. [6,7] studied the surface integrity of
amorphized Si during micro-grinding of RB-SiC/Si
composites. They showed that the recrystallization developed
at higher feed rates. At lower feed rates, the surface generation
mechanism changed from micro-breaking to smoother surface.
Morgan et al. [8] studied the specific energy of micro-grinding
while grinding tungsten carbide. They showed that the grinding
specific energy dropped suddenly and then remained constant
after the tool engagement.

The number of publications with a focus on the specific
energy of micro-grinding and its connection to the surface
integrity is limited. There are very few studies with the focus
on the micro-grinding of titanium alloys. To fulfill this research
gap, Ti6Al4V titanium was ground at the same chip thicknesses
with different cutting speeds and feed rate-to-depth of cut
ratios, and the surface integrity was analyzed by XRD and SEM
techniques.

2. Methodology

The micro-grinding of Ti6Al4V titanium alloy was carried
out on a high-precision micro-grinding machine (Kern Pyrimad
Nano) with grinding oil as the lubricant. A vitrified diamond
micro-tool with a diameter of 2 mm, a diamond grain size of
46, and a concentration of 150 was used for the experiments.
The grinding tool was dressed prior to each test using a
diamond rotary dresser with dressing overlap ratio, Uy, of 2,
dressing speed ratio, g4, of +0.8, and a constant dressing depth
of cut, acq, 2 um. The micro-grinding tests were conducted at
three different cutting speeds (v.) and feed-rate-to-depth-of-cut
ratios (vw/a.) while keeping the equivalent chip thickness at a
constant level. For the sake of repeatability, each test was
repeated two times. Table 1 lists the used grinding parameters.
The normal and tangential grinding forces were measured using
a type 9256C2 Kistler dynamometer. The experimental setup is
shown in Fig. 1. The surface integrity of the parts was analyzed
using SEM with the penetration depth of the radiation of 5 pm
and XRD techniques. Prior to each trial, each workpiece was
50 pum ground with conservative grinding parameters
(ae=lpm, v, = 50 mm/min and v. = 6 m/s), inducing low
grinding forces and temperature.

Table 1. Experimental parameters

Cutting speed (v.) 6, 10, and 14 m/s
0.5,1.3,2.3 and 2.9 um
5,8,and 11 x10*

3.5 mm

Maximum chip thickness (%)
Feed rate to depth of cut ratio (v,/a.)
Axial depth of cut (a,)

The maximum chip thickness, /4., has been used in this
study to compare the results. The maximum chip thickness, in
practice, depends on the cutting-edge density and grit shape
factor. To calculate the 4., probabilistic modeling was used
[9]. All the number of abrasive grains over the whole surface
of the grinding tool was counted in different heights using a
confocal microscope. The density of dynamic cutting edges, the
real tool-workpiece contact length and maximum chip
thickness were calculated based on this probabilistic analysis
method. The calculation method can be found in [9].

The specific grinding energy, e., indicates the process
efficiency and depends on the grinding parameters such as
grinding power and material removal rate and is given by [10]:
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where a, is the axial depth of cut, F; is the tangential grinding
force, and Q. represents the material removal rate.
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Fig. 2. The grinding specific energy versus maximum undeformed chip
thickness. (a) the effect of cutting speed (v,/a,= 8x10* mm/mm.min); (b) the
effect of feed-rate-to-depth-of-cut ratio (v.= 10 m/s)
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3. Results and discussion

Fig. 2 illustrates the effect of different cutting speeds and
feed-rate-to-depth-of-cut ratios on specific energy. With
increasing chip thickness, the shares of friction and plastic
deformation in chip formation decrease and consequently the
grinding process becomes more efficient. With this, the specific
grinding energy approaches its minimum value (between 12-
15 J/mm? [11,12]). Reaching the minimum specific grinding
energy (e.g. values common/associated with
conventional/macro grinding of same materials) via micro-
grinding process is not probable since this minimum value can
only be achieved by high values of the chip thickness in the
grinding process (utilizing high depth of cuts and feed rates).
Duo to the nature of the micro-grinding process, i.e. small tool
diameter and high tool deflection, achieving high values of the
chip thickness is practically impossible. Using lower cutting
speeds led to higher specific grinding energy. Interestingly
changing the cutting speed from 10 to 14 m/s did not change
the value of the specific grinding energy considerably. The
reason may because of the process temperature and also chip
formation mechanisms at different cutting speeds which need
to be investigated fundamentally.

Changing the cutting speed may vary shares of the friction
and plastic deformation in the chip formation process due to
inertia effects and/or influence of the chip thickness. This can
be perceived via the obtained specific energy values. A lower
share of plowing and friction promotes a more efficient
grinding process and a higher share of the cutting action.
According to Fig. 2a, the highest values of the specific energy
occurred at a cutting speed of 6 m/s. The specific grinding
energies are in the same order for the cutting speeds of 10 and
14 m/s. For a better understanding, an SEM investigation is
required to study the effect of the cutting speed on the surface
quality and process efficiency.
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Fig. 3. The residual stress at constant chip thickness versus (a) the cutting
speed (v/a, = 8x10%); (b) the feed rate to depth of cut ratio (v.= 10 m/s)

Fig. 2b shows the effect of the feed-rate-to-depth-of-cut
ratio on the specific grinding energy. Increasing this ratio did
not result in variation of the specific grinding energy — meaning
the independency of the process efficiency to the v,./a. ratio.

In the grinding process, the induced residual stress arises as
a result of the thermo-mechanical effects during the material
removal process. They can be related either to thermal or
mechanical loads. Thermal loads, such as the thermo-plastic
deformation at elevated temperatures, lead to tensile residual
stresses — in this case, due to limited material expansion as a
result of high temperature occurring in a very short time period
and the rapid cooling in the contact zone. Mechanical loads,
like the mechanical and plastic deformation loads on the
ground surface, cause compressive residual stresses [13—16].
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Fig. 4. SEM pictures of the ground surface at different cutting speeds but
constant chip thickness (a) v. = 6 m/s; (b) v. = 10 m/s; (¢) v.= 14 m/s
(vw/a,= 8x10*mm/mm.min and /.= 1.3 um)
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Fig. 3 shows the results of residual stress measurement
using the XRD technique. Compressive residual stresses were
observed in all test specimens. In the micro-grinding process,
the grinding temperature is low compared to the
conventional/macro grinding process. Therefore, residual
stresses are likely induced by mechanical loads which are the
result of the mechanical load during the grinding process.
Increasing the cutting speed from 6 m/s to 10 m/s resulted in
lower compressive residual stresses. And increasing the cutting
speed from 10 m/s to 14 m/s did not change the residual
stresses significantly. The error bars show the repeatability of
the test as it was mentioned each test was 2 times performed
and the error bars show the domain of the result. Using a
higher feed rate and lower depth of cut (higher w,/a. ratio)
resulted in more compressive residual stress.

Fig. 4 illustrates the effect of cutting speed on the surface
quality of the ground surface at a similar chip thickness
(1.3 um) and the feed-rate-to-depth-of-cut ratio of
8x10* mm/mm.min. The results show that increasing the
cutting speed deteriorated the surface quality of the workpiece.
At a cutting speed of 6 m/s only the feed marks and grinding
paths can be observed, and the surface is free of defects.
Increasing the cutting speed to 10 m/s caused some amount of
smeared material over the ground surface as well as some
cavities — meaning more plastic deformation and possibly
higher process temperature during the grinding process.
Increasing the cutting speed to 14 m/s amplified surface errors
as a result of high plastic deformation and higher temperatures
compared to the cutting speed of 6 m/s. More cavities and large
amounts of smeared material could be observed over the
ground surface. Moreover, some material debris were found on
the ground surfaces at higher cutting speeds. The results
indicate that although the v,/a.ratio does not have a noticeable
influence on the specific grinding energy, it can largely affect
the residual stresses of the finished part, which is a novel
finding.

The integrity of the ground surface is influenced by micro-
grinding parameters i.e. cutting speed and v,./a.ratio. The
residual stress can be generated due to thermal and/or
mechanical stresses [17]. The thermal stress is responsible for
tensile residual stress and the mechanical stress for
compressive one. The measured residual stresses in Fig.3
indicate that they were generated only near the ground surface
and beneath the surface the effects of neither thermal nor
mechanical stresses were seen. In addition, no tensile residual
stresses were generated on the ground surface, but compressive
stresses up to around 150 MPa were measured. This confirms
that the effect of mechanical loads on the surface is dominant
and the heat generation in micro-grinding (in contrast to
macro-grinding) is not so high that any tensile residual stress
can be generated.

Figs. 2-4 suggest that the grinding specific energy can be
connected to the surface integrity. Comparing Figs. 2a and 3b
shows that where the specific micro-grinding energy is higher
(ve = 6 m/s) more compressive residual stress was induced.
This is due to the higher mechanical loads (grinding forces) on
the surface at v. = 6 m/s compared to the higher cutting speeds.

The residual stress values shown in Fig. 3a corresponds to the
chip thickness of about 1.3 um in Fig.2a. In order to keep the
chip thickness constant, depth of cut and feed rate varied at
different cutting speeds, resulting in a change in the tool-
workpiece contact length (/). Hence, according to Fig.3a,
rising the cutting speed from 6 to 10 m/s leads to a 10%
increase in the contact length (/). The specific energy and
consequently mechanical load on the ground surface at
ve=06m/s (at he, = 1.3 pm) is about 15% higher than that at
ve=10m/s. On the other hand, this increased force is
distributed on the 10% smaller contact zone, as a result of
which about 35% more compressive residual stress on the
ground surface was generated. The same effect, but with a
slighter trend, can be seen in Figs. 2a and 3a by increasing the
cutting speed from 10 to 14m/s (almost the same specific
energy, 7% larger [;).

At the higher cutting speed and at a constant chip thickness,
the number of wheel rotation during the grinding path increases
(cutting speed 14 m/s about 2 times higher than cutting speed
6 m/s). Despite, lower heat generation at higher cutting speeds
(e.g. v =6 m/s compared to 10 and 14 m/s), due to the higher
rotation number, the surface temperature can elevate. As a
result, the surface quality became worse with cutting speed
(Fig.4; more debris and smeared material at higher cutting
speeds). The elevated surface temperature with an increase in
cutting speed can principally induce tensile residual stresses if
its order is big enough. Recognizing the contribution of thermal
and compressive stresses on the values measured in Fig.3a
needs further fundamental investigation.

Comparing Figs. 2b and 3b shows that the specific grinding
energy is in the same order by varying the v,/a. ratio (at each
constant chip thickness); the residual stresses changed with
changing the v,/a. ratio. The almost constant grinding specific
energies at various cutting speeds and the v./a.ratios (at
constant chip thicknesses) express that the tangential grinding
forces are in the same order. Increasing the v./a. ratio leads to
a lower contact time between the tool and the workpiece (either
due to a smaller contact length (Fig.3b.) or due to higher feed
speeds, leading to a smaller heat partition into the workpiece.
Thus, higher compressive residual stress was induced in
vw/a.= 11x10* compared with 8x10* and 5x10*.

Measuring the process temperature may lead to a better
understanding of the effects of the process parameters on the
surface integrity and the specific grinding energy. This is
beyond the scope of current work but is planned in the future.

Conclusions

The surface integrity of Ti6Al4V in micro-grinding process
considering the specific energy was studied. The combined
effect of both material removal and plastic deformation has
been considered, and the effects of the cutting speed and feed-

rate-to-depth-of-cut ratio was studied. The following
conclusions were drawn:
e Feed-rate-to-depth-of-cut ratio did not significantly

change the value of the specific energy of micro-grinding
while keeping the maximum chip thickness constant.
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However, using lower cutting speeds resulted in higher
specific grinding energy.

e  Micro-grinding experiments induced only compressive
residual stresses —limited to the ground surface. Lower
cutting speed and higher v./a.ratio resulted in larger
compressive residual stresses. The induced compressive
residual stresses by varying the v,./a. ratio were mostly as
a result of thermal loads. Changing the cutting speed
generated both thermal and mechanical loads.

e The tool-workpiece contact length plays an important role
in induced residual stresses. At the same specific energies,
changing the contact length results in different residual
stresses.

e Almost a damage-free surface was achieved employing
the cutting speed of 6 m/s. High cutting speeds led to a
huge amount of smeared material, cavities, and material
debris.

e To achieve a finished surface with good surface integrity,
in a constant material removal rate, the lower cutting speed
and higher feed rate instead of a large depth of cut are
suggested.
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