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Abstract Green and white machining has being extensively
employed in compact blanks to obtain a pre-form prior to the
sintering of advanced ceramics. Both machining processes
involve low-energy consumption and high material removal
capacity. Green machining is more sustainable than white ma-
chining; however, its use should be more demanding because
of the complex binder links between ceramic powders. The
goal of this work is to identify the limits of aggressive cutting
through measures of machining forces on green specimens
and its correlation with the mechanical properties of sintered
alumina rods. Rod specimens were obtained from alumina-
PVAl granules compacted at 100 and 200 MPa, thermal
annealed and green machining employing a head with aero-
static bearings. Gradual introduction of critical defects on the
surface due to the action of the wheel was detected. Surface
without damage was detected with a material removal rate of
10,000 mm3/min and with power consumption of 1700 W.
The speed limit that was identified resulted in the rupture of
the specimen, depending on the depth of cut, which exceeded
the mechanical strength. The correlation between power con-
sumption and rate of removal proved to be critically important
processing parameters for the design of machining in green
ceramic.

Keywords Greenmachining . Critical defects . Ceramic
manufacturing . Grinding ceramic

1 Introduction

Green machining is a classical industrial process used for
manufacture of spark plugs, thimble-shaped lambda sensors,
and ceramic filters applying grinding process in large ceramic
companies. Recently, aided by CNC technology, green ma-
chining has been used to obtain customized complex shapes
in especially medical and technological applications such as
orthopedic, dental crowns, where bio-ceramics have been
widely introduced [1–5]; this trend has enabled manufacture
by small technology-based companies or even, multidisciplin-
ary laboratories.

A mold-free customized product can be obtained based on
the “near-net shape” concept, which facilitate the production
of complex parts with highest possible structural strength.
Green machining is reliable when combined with the removal
of defects introduced during the formation processes and the
correction of distortion due to density gradient [6–8].

The key feature is its low-energy consumption per volume
removed and the large capacity of material removal, which
does not require expensive high-wear resistant tools, and the
machining can be done by numerical control (CNC) using a
single-point tool or grinding wheel pre-formed in creep feed
grinding. However, the rate of material removal is limited due
to the low mechanical strength that these components present
in this “non-sintered” state, which is generally less than
2.0 MPa. This issue was addressed by Kamboj et al., who
have found that milling could be performed on green gel-
cast ceramic compacts with reasonably low forces [9]. In his
classic text, Reed presents that aspects related to the low cut-
ting forces that a green piece resist and adapted from hard
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machining pointed out that increasing cutting pressure, the
mechanism of material removal undergoes an initial phase of
intra-agglomerate fracture to a mixed phase and subsequently
inter-agglomerate phase, which causes greater surface damage
[10].

The term green machining is used generically for machin-
ing of green and pre-sintered bodies; the last one is properly
named white machining. However, the cutting mechanisms
involved are different; when performing white machining,
microcracks occur through a process of brittle fracture in the
weak bonds around the new necks formed between
particulates.

In order to obtain green ceramic compacts, shaping via dry
pressing requires that addition to the powders of binders, plas-
ticizers, and lubricant to reduce brittleness and improve the
machining characteristics of the green ceramic. Typically cho-
sen from either polyvinyl alcohol (PVA) as applied by Chabert
et al. or acrylic to increase the structural strength of the blank
[11], Wu and Mcanany pointed out the benefit of acrylic
binders for green machining [12]. The powder must be ag-
glomerate in coarse granules and the mechanism that govern
the material removal of the compacted green is influenced for
variables, besides the material characteristics, such as particle
size, granulation method, agglomerates size, binder (type and
concentration), and humidity. Due to the organic bond be-
tween the alumina particles, the material removal process is
characterized by the formation of ductile chips more than by
brittle fracture, which enables the production of surfaces free
of chipping if machining conditions are well controlled; how-
ever, it promotes stickiness on the grinding wheel surface,
requiring permanent maintenance of its surface. Another ad-
vantage is that the chip frommachining can be directly reused
in the previous step of mixing and milling, making it more
sustainable process.

So as to achieve on efficient cutting process with a uniform
quality, the rate of material removal can be increased by in-
creasing the depth of cut and cutting feed, which was recently
reported by Jahanmir et al. [13]. However, it is very difficult to
predict whether a green body will support green machining
and the best strategy for the implementation of worker; be-
yond the normal limits of material removal, defects are intro-
duced and loss of quality occurs, and this quality is very dif-
ficult to quantify during machining or even in green bodies
[14]. However, Fortulan et al. reported loss of mechanical
properties in porcelain billets green machined at industrial
conditions with any increasing aggressiveness of cutting;
i.e., either by increasing the feed speed or by the material
removal rate, 25 % loss of mechanical properties of sintered
pieces just with increasing intensity of green machining attrib-
uted to the change of the material removal mechanism were
found in their study [15].

Desfontaines et al. propose a criterion of machinability of
the green compacts, in order to optimize the green body’s

behavior during machining, where important parcel was
assigned to the generated flakes, since the flake generation is
usually considered as a major problem and may lead to scrap-
ping of the body [14].

On the other hand, the work of Jahanmir et al. based on
roughness analysis emphasizes that the depth of cut has little
influence on the final quality of the green ceramic surface
[13]. Therefore, it can be increased by offering low risk of
damaging to the surface, resulting in the reduction of machin-
ing time. Another advantage of increasing the feed speed is the
reduction of tool wear. This can be fully explored in grinding
operations and is limited only by the maximum available
speed of the spindle. However, due to limitations imposed
by the material strength and efforts imposed by increasing
centrifugal forces, feed speed cannot be increased indefinitely.

The grinding processing applied in green machining,
though extensively used in large industries with empirical-
based technology [14], considering new models of business
with customized products and production, suffers from a lack
of information regarding appropriate parameters for its opti-
mization. The selection of grinding wheels and tip-mounted
grinding and the careful analysis of critical defects introduced
during machining require more research in this area.

The main goal of this work is to identify the limits of
aggressive cutting in maintaining the integrity of the alumina
body with an economic output by assembling of a data acqui-
sition system to measure the machining efforts. Grinding ma-
chining was performed, in which measurements of torque and
grinding wheel peripheral speed were evaluated as critical
model parameters to predict the optimum combination of ma-
chining efforts. Also, the influence of compaction pressure
and thermal treatment applied after compacting was
evaluated.

2 Experimental procedure

For the realization of the work, external cylindrical grinding of
rods was carried out; the reasons are as follows: this process is
considered a standard; cylinders do not have edges, which
concentrate stress that may interfere with the results; and the
results may be exported to mounted points, taken as a tenden-
cy for customized parts. For that, a bench test was designed for
acquisition of experimental data for measuring the threshold
torque supported by the specimen without introducing any
critical structural damage to the analyzed samples. Figure 1a
displays a schematic drawing of the test equipment, and
Fig. 1b shows an actual photograph of the equipment. The
headstock, displayed in Fig. 1c, d, was developed to provide
sufficient torque to operate and hold a torque meter between
the motor system and the ceramic specimens. A torque sensor
MKDC-5 was used with maximum capacity of 5 Nm from
MK Control and Instrumentation Ltd., and a servo motor
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(WEG SWA56-2.5-20) with a servo converter (WEG
SCA050004). The data acquisition module USB-6009 (14-
bit resolution) from National Instruments was utilized for ex-
perimental control and data acquisition in real time during the
machining. The objective was to gather information on rota-
tion, depth of cut, and feed speed matched for optimized per-
formance. The direct measurement of the torque using a
torque meter between the drive motor and the sample was
attempted. To ensure the quality of grinding, the rotation of
the spindle and the specimen must remain the same through-
out the process. This was achieved by a computer which con-
trols the feed of the tool, so it does not exceed the stipulated
maximum torque and the defined minimum speed. As
sketched in Fig. 2, an experimental design was developed
for the machining data acquisition. A dicing spindle
D05716/3 of 2.4 kW produced by Loadpoint Bearings
Limited (UK) was used as a machining head. The setup was
instrumented by a drive (control head interface) of 20 amp
capable of handling rotations of up to 480,000 rpm of syn-
chronous and asynchronous engine and RS232 input ports and
USB drive system SD2S (SIEB & MEYER AG), compensa-
tion system for the engine head choke 11A 350 μH, and a
manual control unit test box (SIEB & MEYER AG).

The grinding wheels were custom made by Norton (Saint
Gobain Abrasives Ltd.). The technical specification for green
machining was 75×6×19 38A80 IVH 45 M/S, where the
indices represent the external diameter (∅e) =75 mm, internal
d iamete r (∅ i ) = 19 mm, th ickness (e ) = 6 mm, I

hardness = soft, V vitrified, H industrial denominator
(Norton), and 38A= corundum white and 80 mesh size of
grains for rough and finish machining. The dressing tip was
made with a lapidated single crystal diamond, manufactured
by Master Diamond with a lapping angle of 40° and radius of
0.5 mm. It was positioned at 45° with high centered to the
wheel and dressed the cutting and peripheral surface. The
dressing conditions, without lubrication per pass, were depth
0.05 mm, feed speed 100 mm/min, and rotation 1000 rpm.

Fig. 1 Schematic drawing of the
bench test machining, wherein a 1
aerostatic head, 2 torque wrench,
3 green blank, and 4 servo motor;
b photo of the equipment; c full
design headstock; and d image-
focusing torque wrench

Fig. 2 Machining control
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2.1 Ceramic specimen fabrication

Alumina ceramic specimens, with 99.9 % purity alumina,
was selected for the study because its properties are con-
sidered universal and thus suitable for a case study.
Calcined alumina A1000-SG (Almatis Inc.) was used with
an equivalent particle diameter of 0.4 μm, surface area of
7.7 m2/g, and theoretical density of 3.99 g/cm3. The mix-
ture and de-agglomeration of the powder were performed
by wet ball milling using zirconia cylinders (∅ 12 mm, h
12 mm) as media. A suspension of 30 vol% powder was
prepared with the liquid volume comprising 68 vol% of
distilled and deionized water, 1 vol% PVA (Tg of 85 °C,
MW of 22,000), and 1 vol% ammonium polyacrylate (dis-
persal 130). The final granulated powder was obtained by
spray dryer. Sintered specimens with dimensions of
(∼Ø6×50 mm) in the form of cylinders were compacted
isostatically at 100 and 200 MPa for 30 s, resulting in
dimensions close to (∼Ø11× 50 mm). The compacted cyl-
inder specimens were left to stand for more than 48 h at
room temperature under regular atmospheric conditions.
Out of this lot, five control samples were reserved in this
state, while the remaining specimens were thermally treat-
ed in atmospheric air at 100 °C for 12 h.

2.2 Experimental analysis of machining process

As a first step, the compacted cylinders were machined
close to the f inal shape of the green specimens
Ø7× 50 mm and sintered at 1600 °C for 2 h. The cylindri-
cal specimens were machined, varying the feed speed (vf)
(longitudinal feed) at 100, 200, 300, and 400 mm/min and
depth of cut (ap) at 0.5 and 1 mm, what combined results in
different rates of material removal. In all experiments, the
grinding wheel peripheral speed was fixed at 45 m/s.
Table 1 shows the machining conditions applied, and
Fig. 3a, b provides the photographic images of the actual
machining operation of alumina cylinders with the test
equipment.

2.3 Mechanical strength

After machining and sintering the green ceramic specimens
into the shape of cylindrical rods, the tensile strength in a four-
point flexure test (ASTM C1684-08) using an universal test-
ing machine from EMIC with a crosshead speed of 0.2 mm/
min and load cell of 20 kN was monitored. Compressive
strength tests were also conducted (ASTMC1424-04) for cor-
relation with the tolerance of the machining torque. The frac-
ture surfaces of the samples were examined by optical
microscopy.

3 Results and discussion

Samples were isostatically compacted between 100 and
200 MPa for 30 s at maximum pressure in cylindrical dies,
through a wet bag process. Figure 4 shows the images
resulting from the granules after spray dryer and the green
body surface after compaction at 100 MPa (Fig. 4b) and at
200 MPa (Fig. 4c). In the bottom position in contact with the
metal wall of the die, it was observed by the shape of the
deformed agglomerates that the higher compression applied
(200 MPa) drastically reduced the empty spaces between the
granules of alumina, which is indicative of the gain obtained
in the densification by increasing the compaction. Kocjan
et al. observed that the high packing density associated with
microstructural homogeneity is a prerequisite for green bodies
to ensure sintering temperatures low enough to minimize the
grain growth [16].

Figure 5 shows the images of the green machined surfaces
prior of sintering followed by images of scanning electron
microscopy of the chip due to each machining parameter.
The data collected through LabVIEW generated a list of
torque vs time, concentrated in the last two machining steps.

Table 1 Experimental machining conditions

Compaction pressure
(MPa)

Test description Feed speed
(mm/min)

Depth
of cut (mm)

100 MPa 05F100 100 0.5
05F200 200

05F300 300

05F400 400

100 MPa 1F100 100 1
1F200 200

1F300 300

1F400 400

200 MPa 1F100 100 1
1F200 200

1F300 300

1F400 400

A. Margarido et al.

Fig. 3 Images of the machining operation, a side view and b top view
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Due to the semi-detached particles on the surface of the grind-
ing wheel, which is common in dressing vitreous alloys, Fig. 5
allows better visualization and, consequently, interpretation of
the improvement on the quality of the surface during the green
machining with an increase in the tool feed speed. As evi-
denced by the reduction in the size of chips, it was further
noticed that a distribution of scratches with lower depth on
samples machined under the most aggressive grinding condi-
tions was found to result in a small loss of strength as a func-
tion of increasing feed speed.

Samples with different treatments were compared in Fig. 6.
The sample not treated was related to the compacted powder
rested for 48 h, and the treated sample was obtained after
pressing, and kept in an oven at 100 °C for 12 h. It can be
observed in Fig. 6b, d that the chips of the thermal treated
samples are significantly lower than Fig. 6a, c, respectively,
not treated, which sets the machining as intra-granular with
little structural damage to the workpieces.

The mechanical strength of the same material processed
with the same machining parameters (0.5 mm in depth of
cut and feed speed of 100 mm/min) was compared. Figure 7
shows the significant gain in structural strength to the samples,
where a greater compaction force and a thermal annealing
treatment were applied. The average compressive strength of
the specimens compacted at 200 MPa was significantly
higher. The specimens not treated compacted at 100 MPa pre-
sented 155 MPa, while the ones thermal annealed compacted

at 100 MPa presented 326 MPa and compacted at 200 MPa
had a compressive strength of 399MPa. As pointed by Bowen
et al., after compacting the resultant, green body microstruc-
tures can possess two types of pores, which were inter- and
intra-“agglomerate” pores [17]. During sintering, the elimina-
tion of the inter-agglomerate pores needs high temperatures,
so the compacts pressed at lower pressure contain more pores
at same sintering temperature presenting a reduced mechani-
cal strength. On the other hand, thermal treatment above the Tg
that acted as an annealing provides greater plasticity on the
polymer film and a decrease in stress concentration. It should
be emphasized that the power consumed for machining parts
without treatment was 53 and 315 W for the treated ones; i.e.,
the untreated samples gave higher lubrication (adsorbed wa-
ter), although the removal was more inter-granular with more
surface defects, leading it to stick to the grinding wheel. The
treated samples had a higher stiffness with an intra-granular
removal mechanism. The thermal treatment above the PVA
glass transition temperature (Tg 87–89 °C), in addition to re-
ducing residual moisture, also helped to relieve the residual
stress generated during the compaction.

As observed in porcelain machining, no visible surface
defects were detected during machining of porcelain, which
was also pointed out earlier by the work of Fortulan et al. [15].
The difference from previous work lies in the machining head,
which, in the present work, uses aerostatic bearings, where
noises and vibrations were greatly reduced and with a higher

Fig. 4 Alumina granule stage, a spray dried, b compacted at 100 MPa, and c compacted at 200 MPa

Fig. 5 Images of the surface from pieces compacted at 100MPa, thermal
annealed, and machined with different conditions, a feed speed of
100 mm/min and depth of cut 0.5 mm, b feed speed of 200 mm/min
and depth of cut 0.5 mm, c feed speed of 300 mm/min and depth of cut

0.5 mm, d feed speed of 400 mm/min and depth of cut 0.5 mm, e feed
speed of 100mm/min and depth of cut 1mm, f feed speed of 200mm/min
and depth of cut 1 mm, g feed speed of 300 mm/min and depth of cut
1 mm, and h feed speed of 400 mm/min and depth of cut 1 mm
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power of 2400 W, rather than the 500 W used on the previous
work. Another difference was the use of spray dried powder
with an average particle size of 0.4 μm avoiding the machin-
ing on the intra-granular regime.

The torque measurement was taken from the average of
points at the bottom of the plot (torque vs time) obtained by

the sensor MK-01, adopted as a standby region and the aver-
age of the five highest peaks of torque as seen in Fig. 8. It was
assumed that the torque peaks were responsible for the intro-
duction of the critical defects.

In Fig. 9, the mechanical strength of the sintered samples,
compacted at 100 and 200 MPa, were compared as a function
of material removal rate for the depth of cut of 0.5 and
1.0 mm. It was observed that at an increasing feed speed, the
mechanical properties (flexural strength) were improved,
which could be related to the surface finish due to the appear-
ance of critical surface defects at low feed speed shown in
Fig. 9a, b. However, a limit feed speed equal to 400 mm/
min for the compacted bodies at 100 MPa was found as ob-
served by the increase in the standard deviation error bars.
When this limit was exceeded, an unstable region, where a
catastrophic rupture of the bodies occurred during the course
of the grinding wheel in undefined positions, was noted. This
was due to the cutting forces that exceeded the mechanical
strength of the bodies, leading to breakage.

In Fig. 10, the power consumption in watts was compared
against the material removal rate in mm3/min during the ma-
chining process. An increase in torque with the increase in
feed speed and also with the depth of cut or some similarity

Fig. 6 Images of the chipping ofmachining specimenswith feed speed of 100mm/min and depth of cut of 0.5 mm, a compacted at 100MPa not thermal
treated, b compacted at 100 MPa thermal treated, c compacted at 200 MPa not thermal treated, and d compacted at 200 MPa thermal treated

Fig. 7 Comparative chart of mechanical four-point flexural strength for
bodies pressed at 100 MPa not thermal treated, pressed at 100 MPa
thermal treated, and pressed at 200 MPa thermal treated
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with the material removal rate independent of the conditions
(feed rate speed and depth of cut) could also be noted.

The flexural strength of the specimen pressed at
100 MPa and sintered was only slightly affected with the
increasing depth of cut (ap); 278 ± 29 MPa against 270
± 29 MPa for ap 0.5 and ap 1 mm was found, respectively,
using the same machining parameters. A loss of resistance
of less than 3 % can be neglected, however, based on the
standard deviation.

Figure 11 shows the images of the fractures of the sintered
samples tested in a four-point flexural test. The specimen
(Fig. 11a) with the lowest value of mechanical strength
(250 MPa) and specimen (Fig. 11b) with the highest
(350 MPa) were the extremes of the batch 2-100 MPa-
1F400. The arrows indicate the beginning of the crack, where
several deviations could be observed in the crack propagation.

Table 2 displays the average data of five samples of each
machining parameter, where depth of cut and feed speed of the

Fig. 8 Plot torque vs time, a the
entire spectrum and b selected
stage. The lowest points represent
the rest position and the average
of the highest five points, the
maximum torque

Fig. 9 Mechanical strength of the sintered samples as a function of the material removal rate, a samples pressed at 100 MPa and b samples pressed at
200 MPa

Fig. 10 Machining power consumption as a function of material removal rate, a specimens compacted at 100 MPa and b specimens compacted at
200 MPa
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tool were changed. The power consumed was obtained by
correlation with torque.

During the tests, a discontinuity in the mechanical strength
of machined bodies with feed rate of 200 mm/min was noticed

Fig. 11 Fracture view of sintered
samples compacted at 100MPa, a
specimen with the lowest value of
mechanical strength (250 MPa)
and b the highest value
(350 MPa)

Table 2 Results of different
machining parameters on the
green grinded alumina

Compaction
pressure (MPa)

Feed speed, vf
(mm/min)

Depth of cut,
ap (mm)

Machining
power (W)

Flexural
average
(MPa)

Material
removal
rate, Q
(mm3/min)

Torque
(Nm)

0.5 76a 155 ± 25a 1,256 0.06± 0.01

100 0.5 101 326 ± 36 1,256 0.09± 0.04

1.0 278 247 ± 25 2,513 0.23± 0.03

200 0.5 76 246 ± 18 2,513 0.02± 0.06

100 1.0 656 282 ± 20 5,026 0.55± 0.03

300 0.5 226 294 ± 20 3,770 0.19± 0.02

1.0 892 271 ± 14 7,540 0.75± 0.05

400 0.5 712 247 ± 43 5,026 0.60± 0.01

1.0 821 281 ± 57 10,053 0.69± 0.10

100 0.5 386 399 ± 86 1,256 0.32± 0.06

1.0 409 331 ± 22 2,513 0.34± 0.06

200 200 1.0 506 293 ± 42 5,026 0.42± 0.03

300 1.0 1286 319 ± 50 7,540 1.08± 0.03

400 1.0 1657 320 ± 19 10,053 1.39± 0.01

A. Margarido et al.
a Not thermal treated before machining

Fig. 12 Vibration analysis, a base signal equipment connected without machining operation and b during the green machining with depth of cut (ap) of
0.5 mm and feed speed (vf) of =200 mm/min
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(Q of 2500 mm3/min; Fig. 9a), which indicated a possible
interference caused by the machining equipment. Therefore,
experiments with an accelerometer fixed on the tool holder
were performed for measuring the vibration in the headstock
of the machine in all machining conditions in the search for a
possible resonance condition. In Fig. 12a, the natural vibration
of the machine at the stand-up condition with all engines run-
ning was identified. Figure 12b plots the behavior at feed rate
of 200 mm/min and ap of 0.5 mm, and any significant vibra-
tory event to explain the drop of mechanical strength was not
observed, which could be assigned to a compromise between
gain in surface quality by increasing the feed speed and loss
due to the increased cutting forces. Therefore, atypical vibra-
tory event was attributed to experimental combination of ma-
chining events.

4 Conclusions

The green machining, performed on the developed test bench,
based on external cylindrical grinding, assembled with aero-
static bearings on the head (very low noise); optimized con-
ditions of feed speed and depth of cut; controlled processing
powder, compaction, and treatment; and generated sintered
bodies with average flexural strength of 399 MPa. This level
of value is consistent with the published literature values re-
lated to polished advanced alumina ceramic, validating the
green machining as a manufacturing method for high-
performance parts.

The experiments indicated that flexural strength of sintered
bodies was independent of the increase of feed speed to reach
a limit that resulted in the rupture of the specimen, when the
mechanical strength of green rod was exceeded. For bodies
compacted at 100MPa, an unstable region before the limit due
inter-granule failure was found.

The necessity of a thermal annealing on the blank after
pressing was evident since it promoted a significant increase
in the flexural strength of sintered bodies, increasing the
strength of the bodies compacted at 100 MPa from 155 to
325 MPa. These results reinforce the need for additional
works evaluating other types of binders and thermal-treated
conditions, for instance, acrylics.

The best value of sintered bodies was found for blanks
compacted at 200 MPa, thermal treated after pressing at
100 °C for 12 h, and machined with feed speed of 100 mm/
min and depth of cut of 0.5 mm, which reached average
strength of 399 MPa.

The present experimental conditions on the blanks
compacted at 200 MPa, a material removal rate of
10,000 mm3/min with a peak power consumption of
1700 W, was achieved as the best cost/benefit ratio, and this
information is considered critically important for the design of
ceramic green-machining equipment.
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