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ABSTRACT
The present study deals with tapping of Al6061/SiC metal matrix composite. Stir casting
technique was used for the fabrication of composite. Castings were produced by varying
weight percentages of SiC (5%, 7.5% and 10%) of 23μm size in Al6061. The tapping
experiments were conducted for the machinability study of Al6061/SiC metal matrix
composite using M8 x 1.25 HSS machine taps. The tapping operation was performed under
dry condition with different cutting speeds. Torque required for tapping was measured using
piezoelectric based 4-component drill tool dynamometer. Surface morphology and profile of
thread surfaces were analysed using Scanning Electron Microscope (SEM) and metallurgical
microscope. Estimation of progressive flank wear of machine taps was undertaken using
profile projector. The performance of HSS machine tap was evaluated in terms of tapping
torque, tool flank wear, and surface characteristics of thread surfaces. The flank wear of
uncoated HSS machine tap increased with the increase in weight percentage of SiC in Al/SiC
composite for a particular cutting speed. Further, when the matrix materials were reinforced
by the same kind and the same weight percentage of SiC particles, the flank wear of the tool
was found to increase with cutting speed. In addition, the damage caused to thread profiles
increased with the increase in cutting speed and weight percentage of SiC.
Keywords: Metal Matrix Composite; Al6061/SiC; stir casting; machine tap.

INTRODUCTION
The use of aluminium alloys in manufacturing industry has increased in recent years since
they are lightweight and strong. The machining of aluminium alloys has increased
proportions so that the chip volume is up to 80 % of the initial volume of the machined
material in industry such as aerospace [1]. Metal Matrix Composite is a type of composite in
which reinforcement material is embedded in a matrix material. The metal matrix composites
have been one of the materials used in aerospace and automobile industry. Out of the various
matrix materials, light metals such as titanium and aluminium have been chosen for industrial
applications as the matrix materials.
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The different methods of fabricating aluminium metal matrix composites and their
application have been explored by Surappa [2]. Stir casting is accepted as a route for
producing discontinuous metal matrix composites. Its applicability to a large quantity
production is advantageous. It allows a conventional processing route to be used and hence
reduces the cost of the product. It is one of the most economical routes for metal matrix
composite production [3] and allows large size components to be fabricated. Sozhamannan
et al. [4] studied the effects of processing parameters such as different processing
temperatures and holding time in stir casting process and found that the viscosity of
aluminium matrix decreases with increase in processing temperature. Skibo et al. [5]
concluded that the manufacturing cost of composites using stir casting method was about one
third of the other methods. The mechanical properties achieved by the reinforcements in
metal matrix composites influence their machinability. Relatively, high tool wear [6] is the
main concern during processing of metal matrix composites. Interaction of hard
reinforcement particles with tool appears to be the main reason for tool wear. Ibrahim et al.
[7] studied the effect of reinforcement particle sizes and cutting speeds on tool wear while
turning Al/SiC metal matrix composite using CBN tool and found that flank wear was the
main mode of tool wear. Kilickap et al. [8] did experimental investigation of tool wear and
surface roughness while turning Al/SiC metal matrix composites using carbide tools at
different cutting speeds, feed and depth of cut and found that the cutting speed was most
influential machining parameter followed by feed and depth of cut affecting the tool wear.
Surface quality was found to be better with higher cutting speed and lower feed rate. Dabade
et al. [9] attempted to improve the machinability of stir cast Al/SiC composite by turning in
hot condition using PVD coated carbide inserts and found that the feed and the preheating
temperature have a significant influence on surface roughness and micro-hardness during hot
machining. Beristain et al. [10] studied the machinability of Al/SiC metal matrix composites
in turning operations using poly crystalline diamond and mono crystalline diamond tools and
found that the built up edge was higher while machining with mono crystalline diamond tools
than in the poly crystalline diamond tools. Abrasive wear was found to be predominant during
the turning of Al/SiC composites [11].
Tapping is one of the widely used machining operations for obtaining internal threads.
Considerable efforts have been made over the years to develop appropriate materials for
machine taps. High speed steel (HSS) is one among those materials being used for the
purpose. The study of factors affecting the wear of machine tap at various operating
conditions and their implications on tool wear mechanisms, tool life, tool failure modes, and
the quality of the surfaces generated on the work pieces is significant. If a tapping tool fails,
the work material which has already accrued an added value, the cost of scrapping or
reworking will be high. The breakage of a tap hinders the productivity of the process. A few
research efforts on evaluating the performance of the HSS machine taps and their outcome
have been reported. Gil et al. [12] developed an application which monitors the data coming
from the current signal of the tap spindle to assess the thread quality as a result of tool wear.
Saito et al. [13] used a tapping tool coated with Ni-P/cBN film which resulted in increase of
coefficient of friction and reduced chip snarling problem during tapping when compared with
the use of taps coated with TiCN film. While tapping AISI 304 stainless steel with HSS taps
[14], the dominating factor affecting the tool life was the built-up-edge formation on the tools
and multipass threading cycle was recommended to increase the tool life. Bratan et al. [15]
developed a new design of taps with deforming and cutting teeth on each land which resulted
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in the increase of accuracy of threads cut in aluminium alloys. Bhowmick et al. [16]
undertook tapping experiment on aluminium alloys and reported that transfer of aluminium
onto the tool surface was the main reason for tool breakage. The aluminium chips formed
during the dry tapping have a tendency of adhering to the flanks of threads in the tool and
cause clogging of the tool in a very short period. Filho et al. [17] successfully demonstrated
minimum quantity lubrication technique for tapping of aluminium alloys. Steininger et al.
[18] conducted tapping experiments on the aluminium based alloys using carbide taps with
TiCN, CrN, TiB2 and DLC coatings and concluded that the DLC coated carbide taps
performed better than the other coated taps. In an aluminium based metal matrix composite
with SiC particles as the reinforcement, aluminium being the major constituent, and the
similar phenomenon is expected. The hard SiC particles would result in the progressive wear
of tap. The significantly worn out tap with clogged thread flanks are likely to affect the
quality of threads produced in the work material. Progressive wear of HSS machine taps used
for producing threads in aluminium alloy metal matrix composite, and its effect on quality of
threads are yet to be reported. This study is aimed at investigating the influence of weight
percentage of SiC particles in the aluminium matrix of the composite, the cutting speed on
progressive wear of HSS machine tap, and the quality of threads produced.

METHODS AND MATERIALS
The methodology adapted for estimating the progressive wear of taps is shown in
Figure 1.

Preparation of Al/SiC metal matrix composite
specimen by stir casting process

Characterization of the composite

Measurement of torque during tapping

Measurement of flank wear

Study of surface morphology of tapped hole surface
Figure 1. Methodology adapted for the experimental study
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The aluminium alloy Al6061 was used as the matrix material for fabrication of specimens.
The composition of Al6061 alloy used in the present study is given in
Table 1. The aluminum alloy is reinforced with SiC particles in different percentages. The
previous study [19] had reported that the SiC powder particles of 20 µm were more wear
resistant than 3 µm particles. The present study has used silicon carbide powder of 23 µm
size, as the reinforcement material.
Table 1. Chemical Composition of Al6061
Contents

Al

Si

Fe

Mn

Mg

Cu

Ti

Cr

Weight %

97.547

0.773

0.22

0.068

0.922

0.276

0.022

0.072

The stir casting set up used in the present work is shown in Figure 2. The Al6061 billets were
melted in a graphite crucible by electric resistance furnace and melting allowed until a steady
temperature of 8000 C was attained. The entire melt was degassed using nitrogen. The
degassing eliminates a variety of impurities that pose serious problems in the production of
quality castings. Hydrogen is at the forefront of these impurities. The solubility of hydrogen
in the molten aluminium increases with temperature. Solidifying metal must reject the
hydrogen, otherwise resultant castings will suffer from porosity. One percent magnesium
was added to ensure good wettability of SiC particles [20]. The molten alloy was agitated
with a mechanical stirrer to form a fine vortex and the SiC particles preheated to 600º C were
added at a constant feed rate to the aluminum melt at 780º C stirring continuously at a speed
of 300-400 rpm for about 10 minutes. After stirring, the melt was heated to the liquidus
temperature of 800º C and again stirred for 5 minutes at a speed of 300 rpm. Then the melt
was poured into steel moulds preheated to 450º C. The molten metal was poured at 720º C.
The preparation of castings was repeated with 5, 7.5, and 10 weight percentage of SiC
particles.

Figure 2. Stir casting setup.
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The cast Al6061/SiC specimens were machined to billets of size 120x45x10 mm. Holes
were tapped in the specimen using HSS M8x1.25 straight, three fluted spiral point tap as shown
in Figure 3a, with 9° chamfer angle and 22 mm flute length. The specimen was clamped on the
top of piezoelectric based four component Drill tool dynamometer 9272A (Kistler make) which
was used for measuring the torque during tapping. The tapping experiments were conducted
on Computer Numerical controlled (CNC) vertical machining centre (M/s Ace Manufacturing
Systems, India) at a feed rate of 1.25 mm/rev (pitch of thread) at the cutting speeds 12, 14, and
16 m/min. The material behavior of Al6061/SiC composite was expected to be in between
aluminium alloy and cast iron. The cutting speed recommended for cast iron is 9-12m/min and
for aluminium is19-22m/min [21]. Hence, the cutting speed for the tapping operation for the
metal matrix composite was selected such that it lies between the cutting speeds recommended
for these materials. Seventeen holes were drilled with 6.8mm diameter drill, before tapping
each specimen. Fifty-one holes were tapped for each combination of weight percentage (5, 7.5,
and 10) of SiC and cutting speed, using one tap. The arrangement used for conducting the
tapping experiments on composites is shown in Figure 3b.

Figure 3a. HSS straight, three fluted spiral point tap, M8x1.25.

Figure 3b. An experimental setup.
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The Dynoware software installed on a computer connected to the dynamometer
through A/D converter and 5070A10100 charge amplifier gave the variation of thrust force
and torque with respect to time, during tapping. A sample specimen with tapped holes is
shown in the Figure 4.

Figure 4. An Al6061/SiC specimen with tapped holes.
The wear pattern of the machine tap was measured using the Profile Projector
(METZER, India make). The profile measurement was done at a magnification of 20X. The
profile of the teeth in the chamfer portion of the tap was traced from the display in the profile
projector, before the start of tapping, as shown in Figure 5. Subsequently, the same procedure
was repeated after tapping 13, 26, 38, and 51 holes. All the cutting edges in the chamfer
portion including the first full depth thread at the end of a chamfer section undergo the
progressive wear with the increase in number of holes that are tapped. In addition, the first
full depth thread is responsible for cutting the thread to the desired size, as it is the last thread
in the cutting section of a machine tap. Therefore, the progressive wear of the other cutting
edges in the chamfer portion causes additional burden or load on the full depth thread to
perform the task. Hence, the cutting edges of the first full depth thread are taken as the
reference for estimating the progressive flank wear of the machine tap.

Figure 5. Display of tap profile in the profile projector.
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The reduction in the height of cutting tooth (h) in the chamfer section is measured as
shown in Figure 6. The flank wear was estimated after tapping 13, 26, 38, and 51 holes. The
progressive flank wear (hf) is obtained by marking the successive reduction in the height of
the teeth in the chamfer portion of a tap on its original profile. The flank wear was estimated
after tapping 13, 26, 38, and 51 holes. The progressive reduction in height of the tooth was
marked as a point on rake face in each case. The horizontal lines were drawn from these
points to intersect the flank surface. The progressive flank wear was estimated by measuring
the length of each line. The procedure adapted is shown in Figure 7.

Figure 6. A profile of the chamfer portion of tap.

Figure 7. Flank Wear (hf) derived from reduction in the height of the tooth (h).

RESULTS AND DISCUSSION
The assessment of performance of the tapping tool is done based on the progressive flank
wear of tool, quality of threads and surface morphology.
Flank wear
The typical plot of torque captured in the Dynoware software during tapping is shown in
Figure 8. It is observed that the torque increases gradually from the point of engagement of
a tap with the hole and reaches its peak when the chamfer fully engages with the hole. The
torque remains constant until all the cutting edges are engaged with the hole and it deceases
steadily as the chamfered end of the tap moves out of the hole progressively. It reaches its
minimum value when the chamfered end of the tap disengages from the hole. This trend is
comparable to the one reported earlier [22].
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Figure 8. A sample plot for torque variation during tapping.
In general, it was observed that an increase in the weight percentage of SiC particles
had increased the torque required as shown in Figures from 9 to 11. This is attributed to the
increase in hardness and strength of the composite with the increased weight percentage of
SiC [23]. Further, for a particular percentage of SiC in the composite, the increase in the
cutting speed increases the torque that is required for tapping, as shown in Figures from 12
to 14. The rate of material removal increases with the increase in the cutting speed
necessitating the increase in power and hence, the torque. Further, it was observed that an
increase in weight percentage of SiC particles had increased the torque that was required.
This is attributed to the increase in hardness and strength of the composite with the increase
in weight percentage of SiC particles.

Figure 9. Torque while machining 1, 13, 26, 38, and 51 holes at 12 m/min speed for
various weight percentages of SiC.

4582

An investigation into tapping of Al6061/SiC metal matrix composite with straight flute HSS machine tap

Figure 10. Torque while machining 1, 13, 26, 38, and 51 holes at 14 /min speed for
various weight percentages of SiC.

Figure 11. Torque while machining 1, 13, 26, 38, and 51 holes at 16 m/min speed for
various weight percentages of SiC.
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Figure 12. Torque while machining 1, 13, 26, 38, and 51 holes for 5 weight percentage of
SiC at various speeds.

Figure 13. Torque while machining 1, 13, 26, 38, and 51 holes for 7.5 weight
percentage of SiC at various speeds.
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Figure 14. Torque while machining 1, 13, 26, 38, and 51 holes for 10 weight
percentage of SiC at various speeds.

Figure 15. Flank wear after machining 13, 26, 38, and 51 holes at 12 m/min speed for
various weight percentage of SiC.
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Figure 16. Flank wear after machining 13, 26, 38, and 51 holes at 14 m/min speed for
various weight percentage of SiC.

Figure 17. Flank wear after machining 13, 26, 38, and 51 holes at 16 m/min speed for
various weight % of SiC.
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Figure 18. Flank wear after machining 13, 26, 38, and 51 holes for 5 weight percentage
of SiC at various speeds.

Figure 19. Flank wear after machining 13, 26, 38, and 51 holes for 7.5 weight
percentage of SiC at various speeds.
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Figure 20. Flank wear after machining 13, 26, 38, and 51 holes for 10 weight percentage of
SiC at various speeds.
It was observed from Figures 15 to 17 that the value of flank wear increased with
weight percentage of SiC. Further, for a particular weight percentage of SiC particles, the
increase in the cutting speed resulted in the increase of flank wear, as shown in Figures from
18 to 20. This phenomenon matches very well with the pattern of variation of tool wear that
is already reported [24]. In general, the flank wear increased with the increase in the number
of holes tapped. As the tapping of holes progressed, the sharpness of cutting edges is lost
and the tool becomes dull. It results in the increased requirement of torque for threading.
This is confirmed by the pattern of variation of torque as shown in Figures from 10 to 12.
From the Figures 19 and 20, a significant tool wear was observed at the speed of 16
m/min for 7.5 and 10 weight percentage of SiC composite. The maximum progressive flank
wear (0.0451mm) was found on the tapping tool for 10 weight percentage of SiC at the
speed of 16m/min after tapping 51 holes. The magnitude of flank wear in the tapping tool
for 5 (0.0209 mm) and 7.5 weight percentage of SiC (0.0346 mm) at the speed of 16 m/min
is less than 10 weight percentage of SiC at the same speed.
It is evident from the graphs that the rate of flank wear is higher for the tapping speed
of 16m/min for all the weight percentages of SiC when compared to the same for 12 m/min
and 14 m/min. In view of all these, it may be inferred that the cutting speed is more
satisfactory in the range of 12 to 14 m/min with the Al6061 composite with 5 to 10 weight
percentages of SiC.
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Quality of threads
The quality of threads was investigated by studying the surface morphology of threads and
the qualitative assessment of thread profile.
Surface morphology of threads
The surface morphology images of the thread surface were captured using EVO MA18
Scanning Electron Microscope (SEM) (Zeiss make). The study of the surface morphology
was undertaken to investigate the possible mode of failure of work material causing the
formation of chips, during the tapping. It is evident from the SEM images, shown in Figure
21,that the mode of failure of work material is due to ductile fracture of matrix material
causing shearing of chips. It also reveals the possible debonding or dislodging of SiC
particles, during the process.
The common defects in the machining of metal matrix composites are work
hardening of the soft matrix and cracking or debonding of the particles. When compared to
other defects of cast components such as gas porosity, such machining induced defects are
minor and can be ignored [25]. From SEM images, shown in Figures 21 and 23, it is evident
that the increase in weight percentage of SiC particles from 5 to 10 has given rise to
increased tendency of dislodging of SiC particles. Further, from Figures 22(b) and 23(b),
it is evident that the tendency for dislodging of SiC particles from the thread surface
increases with the increase in the cutting speed. With the increase in the number of holes
tapped, the flank of the cutting edge of the tap may be worn out due to the dislodged SiC
particles from the root of the threads, as shown in Figures 22(b) and 24(b). The debonded
SiC particles are shown in Figure 23(a). Such debonded particles entrapped between the
flank of cutting edge of tool and root of thread surface during the tapping act as abrasives
and cause damage to the root of threads. The dislodged and debonded SiC particles may
also affect the surface finish of threads.

(a)

(b)

Figure 21. SEM images (500X) of the tapped surface of Al6061 composite with 5 weight
percentage of SiC (51 holes) MMC at a tapping speed of (a) 12 m/min
(b) 16 m/min
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(a)

(b)

Figure 22. SEM images (500X) of the tapped surface of Al6061 composite with 7.5
weight percentage of SiC (51 holes) MMC at a tapping speed of (a) 12 m/min
(b) 16 m/min.

(a)

(b)

Figure 23. SEM images (500X) of the tapped surface of Al6061 composite with 10 weight
percentage of SiC (51 holes) MMC at a tapping speed of (a) 12 m/min
(b) 16 m/min.
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Figure 24. EDAX of thread surface (after 51 holes) of the Al6061composite with 10
weight percentage of SiC, at 16 m/min.
The Energy Dispersive X-ray Spectroscopy (EDAX) analysis conducted for the
thread surface of the composite with 10 weight percentage of SiC at 16m/min cutting speed
(after 51 holes) is shown in Figure 24. It did not reveal the presence of the elements such as
tungsten, chromium, nickel, molybdenum of the tool material on the thread surface. These
elements are the main constituents of the HSS taps. From this, it could be concluded that no
diffusion of elements of the tool material has taken place to the work material. Therefore,
the wear of the tap is due to the adhesion and the abrasion mechanisms and not due to the
diffusion.
Quality of profile of the thread
The qualitative assessment of profile of the thread was undertaken by observing the profiles
of the sectioned thread samples under Trinocular Inverted metallurgical microscope. The
images of profile of the thread for different combinations of weight percentage of SiC, cutting
speed, and number of holes are shown in Figure 25.
It is observed in Figures from 25(a) to (f) that the profile of the threads deteriorated
with the increase in cutting speed and weight percentage of SiC in the composite. The
increase in the percentage of SiC particles increases the number of particles present on profile
of the thread, giving rise to a higher probability of dislodging or debonding of particles at the
surface of the thread. It is also observed that the increase in speed increases the torque and
hence the power required for tapping. In the region of tapping, the increased consumption of
power increases the temperature, which may cause thermal softening of the matrix material
of Al/SiC MMC. This may increase the intensity of plastic deformation of the matrix material
resulting in the deterioration of flank of machined thread. The effect of number of holes
tapped on the quality of thread surface is visible while tapping the specimens with all weight
percentages of SiC. This phenomenon may be due to the flank surface of the thread being
damaged progressively by the dislodged or debonded SiC particles from the matrix material.
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Hole number
and weight
percentage of
SiC and in the
sample

Cutting Speed
12 m/min

14 m/min

(a)
Hole number 1,
5 weight
percentage SiC
(100X)
(b)
Hole number
51,
5 weight
percentage SiC
(100X)
(c)
Hole number 1,
7.5 weight
percentage SiC
(100X)
(d)
Hole number
51,
7.5 weight
percentage SiC
(100X)
(e)
Hole number 1,
10 weight
percentage SiC
(100X)
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(f)
Hole number
51,
10 weight
percentage SiC
(100X)
Figure 25. A profile of the thread for different combinations of weight percentage of SiC,
cutting speed and number of holes.

CONCLUSIONS
In this experimental investigation, the performance of uncoated HSS machine taps was
evaluated in terms of tapping torque, progressive flank wear and surface characteristics of
the thread surfaces. The conclusions derived from the outcome of this study are as following:

The flank wear of uncoated HSS machine taps increases with the increase in weight
percentage of SiC in Al/SiC composite for a given cutting speed.

When the matrix materials are reinforced by the same weight percentage of SiC
particles, the flank wear of the tool increases with the cutting speed.

The maximum progressive flank wear (0.0451mm) was found on tapping tool for 10
weight percentage SiC at a speed of 16m/min after tapping 51 holes. Therefore, the
cutting speed in the range of 12 to 14 m/min could be more appropriate for the
Al6061/SiC composite with 5 to 10 weight percentages SiC.

As the weight percentage of the SiC and the cutting speed increase, there would be
qualitative deterioration of profile of the thread in the work material.

During the tapping operation, no diffusion of elements of tool material has taken place
to the work material and hence the wear of the tap could be due to the adhesion and
the abrasion mechanisms. This needs to be confirmed through further study.
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