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Abstract

The phosphor bronze (PB) is widely preferred in various engineering applications due to its high strength, toughness, fine
grain size, low coefficient of friction, and better corrosion resistance. The present work is to investigate the effect of
tungsten disulfide (W53 solid lubricant particle reinforcement in the phosphor bronze metal matrix composite (PBMC)
through the mechanical and machining characteristics. The different variant of the composite is fabricated using stir casting
technique by varying the volume percentage of \W&ticle from 0% t010%. The prepared PBMC samples are subjected

to mechanical and machining (boring and high-speed turning) characterizations. The hardness (Brinell hardness) and
flexural strength of the composites are examined as per the ASTM standard. The surface roughness (Ra) of the PBMC
sample is analyzed through the boring and high-speed turning operations by varying the spindle speed, feed rate, and deptf
of cut. The scanning electron microscope (SEM) is employed to confirm the uniform dispersion of the reinforcement
particle through the microstructural analysis. The presence of Wsticles and other ingredients is ensured by X-ray
diffraction analysis in the composites. The influence of Wiforcement particles on tool life is analyzed on the PBMC4
(PBMC with 8% W§ with the predefined machining parameters in the high-speed turning operation. The increasg in WS
particle (0—10%) improves the hardness (11.85%) and flexural strength in PBMC4 as compared to PBMC1 (PBMC with 0%
WSy,). At a higher spindle speed (1200 r/min), the Ra is reduced in PBMC1 as compared to 900 r/min, whereas the rest of
the PBMC sample show higher surface irregularity at 1200 r/min.
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Introduction matrices are aluminum, magnesium, copper, and titanium

. . . and its alloys. The aluminum matrix composite is more

The co_mp_osfnes are f_abncated by the adqun_ of two Yifficult to machine due to the improvement in hardness

more dissimilar materials to enhance the explicit behavior . : .
. : . when the ceramic partickeadded as reinforcemehtin

of a material. The matrix anthe reinforcement play a ; : : . . .

. . I ) copper matrix composites, the inclusion of machined chips
crucial role in exhibiting the desired property of the com-
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as reinforcement minimized the porosity compared to thie the machining time while drilling 10 holes of 4.5 mm
addition of alumina particle3. diameter with 5 mm depth in both materials by applying
The addition of titanium carbide (TiC) reinforcement or9.8-N load*® The turning operation performed by the use of
the copper matrix enhanced the mechanical propertigangsten carbide K10 tool on the bronze/® composites
such as hardness and wear resistarinayhich the copper and pure bronze revealed that the higher tool flank wear has
and its alloys are identified as superior material in electrichleen observed in bronze/fD; composite than pure
and thermal conductivity properti€€ The copper matrix bronze'® The increase in the percentage of graphite parti-
composites are extensively used in automobile, aeronaudie reinforcement on machining properties in aluminum
cal, and marine applications for their improved electricahronze matrix composites reduces the surface roughness
thermal, and wear resistance propertids. recent times, (Ra) of composites by 22.65-32%° From the extensive
the development of copper matrix (bronze, brass, etc.) coliterature survey, the author noticed that limited studies had
posite is emerging in the industrial field owing to its weabeen carried out on the characterization of bronze matrix
and corrosion characteristics in the natural environfflenself-lubricated composites. A few works have been
The copper is having high density and inadequate mechagported on surface finish evaluation and tool life investi-
ical properties at elevated temperatutes. gation on this kind of composites during the high-speed
Among the variety of copper alloys, bronze is an emi€omputer Numerical Control (CNC) machining operation.
nent material from ancient centuries for its high load caffo overcome these concerns, the authors are interested in
rying capacity and wear resistance properties broadly usedestigating the effect of tungsten disulfide (WSolid
in bearings, gears, bushings, valve components, and pistobricant particles on the mechanical properties of phos-
ring applications® Further, the base material propertiephor bronze matrix compa®s (PBMCs). Also, the
like mechanical, thermal corrosion, wear, electrical cormachining characteristicare performed by varying the
ductivity, and machining properties are improved by partimachining properties, such as cutting speed, surface finish
cle reinforcement. The particle-reinforced composites hayRa), depth of cut, metal removal rate (MRR), and feed rate
the capability to attain near isotropic properties with sulfr) during CNC boring and high-speed turning process.
stantial enhancements in stiffness and strength. The avail-
ability of reinforcement at an affordable cost establishe, : .
fabrication techniques that are identified as added adva%—x perimental details
tages compared to other forms of MMESThe dispersions Composite fabrication

of carbide-, sulf_lde , Nitride-, or oxide based_materlals a8 trix materialThe phosphor bronze (PB) of grade ASTM
preferred as reinforcements in copper matrix composites, ; . )
. . o ; . B*505 C 90700 is used as a matrix to fabricate the compo-
such as silicon carbide, boron nitride, and aluminum oxide : !
. i . . Site samples. The presence of phosphorous in this alloy
(Al,03). Besides, the incorporation of graphite and other : . )
makes the bronze more fluid and also improves the tensile

solid lubricant materials also recommended for vaUirinsq[rength corrosion resistance, and reduces the frictional
good tribological propertie¥’ coofficient2: :

In the synthesized Cu/JAIC,, composites are prepared . . . . .
. ; ; . . . The major properties are to be considered in material
with the inclusion of T3AIC, particles that increased the : . . .
selection under three categories: physical, chemical, and

flexural strength, which is better than pure coppefhe mechanical propertie The chemical elements play a

fracture toughness result shown that the inclusion of rein: : ; : 2.
vital role in the material seldion process for specific

forcement up to 4% is not decreasing the fracture tough-. " . ~ . . . :
. plications. The important physical and mechanical prop-
ness of composites compared to unalloyed copper. TR

addition of ZpAlsC, particles up to 286 in the copper erties of B 505 C 90700 grade of PB are cited in Table 1.
matrix enhances the hardness value and flexural StréﬁgtrReinforcement materiBhe solid lubricants are usually
The TiC and graphite addition inferred in the properties ofpplied as films on mating surfaces or added to the base
copper matrix composites. The TiC content of up (4.0 material to prevent direct contact of metal surfaces and
improved the density of Cu/TiC composites. It is als@gjzure. It can be able to reduce friction between mating
noticed that irrespective of graphite addition, the compayrfaces without the need for liquid lubrication medium.
sites reinforced with TiC particles up to #showed better e WS is selected as the reinforcement phase, which
hardness properti€S. The mechanical behavior of bronzegffers superior dry lubrication compared to other solid
maitrix composite is compared and reported that the greajghyricants with a coefficient of friction 0.03*2° In the
improvement in ultimate strength is noticed in centrifuggfaprication of PB composites, the reinforcement particle
cast composites than sedimentation cast composites for@lle of 2rm WS, is preferred. Some of the physical and

strain rates® The incorporation of % Al,Oz reduces the mechanical behavior of Wgs presented in Table 1.
bending strength of Cu-Sn bronZé.

The machinability of the engineering material is criticaBynthesis of compositermally, the MMCs are fabricated
in the modern requirement. The machinability of brass lyy two major techniques like solid-state (powder metal-
adding graphite particles instead of lead provides variatiohsrgy, extrusion, and hot isostatic pressing) and
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Table 1. Physical properties of PB and W& 2
0,

Matrix  Reinforcement PB+0%WS2
Properties PB WS at20C
Density (g/crf) 8.78 7.50 | N
Specific gravity 8.77 7.50 :
Melting point (C) 964 1270 k.
Thermal conductivity (W/m*k) 70.6 142
Co([e):ircit(e:r;t of thermal expansion 181.3 . PB+8%WS,
Electrical conductivity (MS/cm) 0.056 — ERMEG 2R TER0Re N NS ()
Coefficient of friction — 0.03

PB: phosphor bronze; WsStungsten disulfide. Figure 2. Composite samples fabricated for boring operation.

o Table 2. Samples fabricated by stir casting.
elting Pre heating
Phosphor bronze in grams WS, in grams
[ phF::::l:rct:"::!::: :i;:‘ﬂ‘ } ( P_Iacing crucible witl_l ] Code (VOl-%) (VOl-%)
fhateral reinforcement material PBMC1 1140.86 (1000/0) 0 (0%)
< 22 PBMC2 1118.04 (98%) 22.82 (2%)
[ Heating up to 1000°C ] (;:[ Heating up to 300°C ] PBMC3 1095.21 (96%) 45.64 (4%)
02 PBMC4 1072.14 (94%) 68.71 (6%)
Adding reinforcement to the PBMC5 1049.34 (92%) 90.92 (8%)
matrix Succng the mbAure j PBMC6 1026.78 (90%) 114.08 (10%)
[ Add:;i::g;‘;:ﬁ?{:ase [ KA ] PBMC: phosphor bronze metal matrix composite; M8ngsten disulfide.
condition for an hour. Finallythe solidified composite
E:’[ Poyingitie ol ten FJ material has been removed from the die. The fabrication
mixture into the mold X A i
iF of PBMC procedure is shown in Figure 1.
Solidification | The different volume percentage% 2%, 4%, 6%, 8%,
1 and 1®@%) of WS, reinforcement has been considered for
[ Final composite ] the fabrication of PBMC samples to examine the mechan-
ical and machining characteristics. The fabricated compo-

Figure 1. Step-by-step procedure for the fabrication of PBMCsSit€S (Figure 2) are aimed toward the worm wheel
PBMC: phosphor bronze metal matrix composite. application and it involves machining operations, such as

turning and boring. The increasing volume percentage of
liquid-state (stir casting, squeeze casting, and spray depd}@!d particles into the bronze matrix results in higher hard-
tion) processes. Among the various techniques, stir castiigss. which offers complications in machinability and tool
is the commonly preferred method for the commercia¥ear. The details of fabricated samples are listed in Table 2.
application. The methodology for the characterization of the PBMC
In the fabrication of PBMC, the PB is liquefied in a gra-Sample is shown in Figure 3.

phite crucible with a precise furnace temperature of lﬁ)O X-Ray diffractiofhe X-ray diffraction (XRD) method is
The temperature of the molten metal has been maintainggeq for phase recognition of a crystalline material, which
around 1000-110€ for the time period of 15 min. The offers depth evidence about crystalline compounds and
addition of magnesium enhanced the wettability and i”terfauantifications of crystalline phases. The XRD plot
cial adhesion among the PB and Y«®mposite. obtained between intensity ang iffraction angle in 86

The WS reinforcement particles and the mold are preyys,-reinforced composite is shown in Figure 4. The peaks
heated to 300 and 2000C, respectively, before the mol- gpserved in the image show a significant presence of cop-
ten metal is poured into crucible. The preheated 2W§)er sulfide (CyS) and the tungsten phase in composites

particles are poured into the molten state PB matrix anrgong with base copper and tin constituents.
stirred with a rotational speed of 300 r/min. The stirring is

carried out to facilitate the incorporation and uniform dis- . . .
persion of W$ particles. The PB and WS3nixer are trans- Physical and mechanical characterization

ferred into the sand mold die and the composite of requir€@bmposite densifyhe prepared composite’s density has

sizes is fabricated successfully. After the metal mixer iseen determined experimentally by the Archimedes princi-
poured into the die, it is solidified at the atmospheriple. The density measurement is accomplished in PBMC
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Figure 5. ASTM bend test samples (change).

Testing of surface roughness Eﬁ:ﬁ olctttingspee:lf, feed,
on composite during boring iz :u; o
protess roughness
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L2 ~ Effect of machining time on BEE Loading jaw
Testing of tool life during high surface roughness & tool ‘ B Specimen
speed turning operation temperature =
pa— » " 3

& Support rollers

Adjustable jaws
For roller placement
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Universal testing machine

Figure 3. Methodology for the characterization of PBMC. PBMC:
phosphor bronze metal matrix composite. Figure 6. Experimental setup for three-point bending test.

between the roller supports (Figure 6). A 4-mm (depth)
* + acu notch is prepared on each sample and the universal testing

“Cuss machine is preferred to estimate the flexural strength with a

crosshead speed of 0.5 mm/min. The following mathemat-
ical relation is preferred to estimate the flexural strength of
the PBMC samples. The mathematical expressfon
includes the load at fractur&), the length between support
rollers (L), sample breadthB), and sample depthA)

Intensity
—
-

| .
{l
| 2

(l
| .
W MJ W ey Flexural straira GIE;N &p

% The flexural strain is estimated by the mathematical
26 (Degrees) expression (2), and the extreme deflection at the beam
center D), depth of the samplesA(), and length between
Figure 4. XRD image of 6% WSeinforcement composite. WS support rollers|() are considered. The initiation of fracture
tungsten disulfide; XRD: X-ray diffraction. near the notch is observed in each PBMC sample.

FL
Flexural stres%. 3— alb
2BW

samples underwater and air environment using microba- o ]
lance with an accuracy of 0.001 g. Machining of composite

Boring operatiohhe machining operations are carried out

on a Geedee Weiler Ecoturn 150T CNC lathe with a spindle
Hardness test speed of 4000 r/min (Figure 7). The machine has a Fr of 20
The Brinell hardness & is performed with the @nd 25 m/min in travers& andz axes, respectively. The
10-mm-diameter steel ball intender and an applied lodPring bar of a maximum of 25 mm size is used and the
of 500 kg. The indentation time of 30 s is maintained i®0ring operation is performed using DNMG 110404

each test and the three different indentation spots are iddf> MP 3025 carbide insert (Figure 8(a) and (b)).
tified in each sample. Water-soluble oil is used as a coolant during this machining

operation, which is used in diluted form to provide good
Flexural strengtAs per ASTM 399-90, the single-edgelubrication and heat transfer effect. The PBMC samples of
notched beam samples are prepared with 100 mm (L) the size of 60 mm (outer diameter (OD)), 20 mm (inner
8 mm (W) 16 mm (B) (Figure 5). The samples are subdiameter (ID)), and 50 mm (length (L)) are prepared
jected to a three-point bend test with a 10-mm-diametéFigure 9) and it is machining into 60 mm (OD),
roller support and a span distance of 64 mm is maintain®@$.2 mm (ID), and 50 mm (L) to carry out the boring
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Figure 7. Image of CNC machining setup for the boring process.

diameter D2) of the workpiece, Fr, and spindle spedy (

(a) RO.4 2 are considered for the estimation of MRR
! Metal removal ratdMRRP ¥%p 8D1 D2p Fr N
. =
2 N 9.525 4.76 . - ;
pe - G High-speed turning operatflére effect of WS particles on

tool temperature and a high-speed turning operation is car-
ried out on 8 WS,-reinforced PBMC sample. The PBMC
(b) G0 samples of size 65 mm diameter and 85 mm length are
e - i i fabricated through the stir casting technique. The fabricated
PBMC sample is finished to dimensions of 60 mm (OD)

| = oy ]
}; |'/“;"§\4 f ) : ;
! \\\_,:/ | and SQ mm Iength using a proper turning machlne_tool. The
' T 7 machining operations are carried out on a GD Weiler 150T
. e CNC lathe with carbide insert (CCMT 060204 VP-15TF)

cutting tool at a high spindle speed of 3000 r/min and the
specifications of the carbide insert are shown in
Figure 8. Specification of carbide insert for (a) boring and (b) Figure 8(b).
high-speed turning. Totally, 40 passes are carried out on PB and PBMC
samples with constant machining parameters with the
operation by the proper machine tool. The Ra is evaluatéshgth of the pass as 50 mm, depth of cut of 0.5 mm, and
by Mitutoyo surface tester SJ-201 P and the stylus movEs of 0.05 mm/rev. Since the study is focused on the effect
one forward stroke and one return stroke to measure the &anS, solid lubricant while machining PB and composite,
of the workpiece. The technical specification of the surfade entire machining operations are carried out in the unlu-
tester is presented in Table 3. The following mathematichricated condition. The Ra of the composite samples is
expression (3) is preferred to compute the material remowuelsted using Mitutoyo surface tester SJ-201 P. The tempera-
rate in the boring method. The final diamet&1(), initial ture induced in the cutting zone from the beginning of the
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Figure 9. Specimen dimension for the boring operation of PBM®% WS. (a) Before machining and (b) after machining. PBMC:
phosphor bronze metal matrix composite; \WSungsten disulfide.

Table 3. Technical specifications of surface tester.

first pass to the end of fourth pass is observed by infrared
(IR) camera positioned near to the cutting zone. The posi-

Description Range tion of the workpiece in the machining center and IR cam-
Measuring range 35@m ( 200 nm to p 150 nm) era placed near to the cutting zone is denoted in Figure 10.
Measuring force 4 mN For every four passes of turning operation, the average
Straightness accuracy ~ 0.0@/100mm temperature induced on PB/PBMC samples and the tool
gg(ljlijjst%?iki g agmﬁ?d interface is recorded through FLIR software tool Version
Measuring speed 0.25, 0.5, 0.75 mm/s, returns: 0.8 mn§/4" which is interfaced with an IR camera.

Tip radius 5mm

Cutoff length 0.8 mm Microstructure analysis

The surface morphology of the machined surface before
and after the boring process with carbide insert is analyzed
by SEM with 1000 magnification. The microstructure of
the carbide insert tooltip near to the cutting edge is
examined using an optical microscope. The samples are
mechanically polished ah etched with nitric acid
(100 mL ethanol, 1-10 mL HN®68—-7®%6 concentrated:
1-2 min immersion).

Results and discussion

Physical and mechanical characterization

Composite densite density of the PBMC sample has been
determined experimentally using the Archimedes principle.
Since the compactness of W@articles is 7500 kg/rh

Figure 10. CNC machine tool and IR camera setup. IR: infraredvhich is less than PB, the W®article reduces the density
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Figure 11. The density of PBMC samples. PBMC: phosphor

bronze metal matrix composite.
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Figure 12. The hardness of PB and PB/Y«®mposites. PB:

phosphor bronze; Wg tungsten disulfide.

@

400 2000, 0,050
—%— Flexural Strength

380 {—®— Flexural Strain *
—A— Load at fracture A

360 - /

320

4 0.045
48000
L]

[

5

S
N

- 0.040

7000

-0.035

Flexural strain

@

S

S
!

6000

Load at fracture (N)

0.030

Flexural Strength (N/mm?)

MN
S
g 8

- :
\\
.

. . 2000f 0,025
0 2 4 6 8 10

% of Reinforcement (WS )

N
=
S

Figure 14. Flexural strengths of PB and PB/A\®mposites. PB:
phosphor bronze; Wg tungsten disulfide.

Flexural specimen

Fracture

Figure 15. Fracture on 6% Wgcomposite samples. WS
tungsten disulfide.

Hardnesslhe Brinell hardness test is conducted on PB and
PBMC samples and the hardness value for the percentage
of WS, is shown in Figure 12 and the indentation mark of
three spots is shown in Figure 13. The result expresses that
the hardness of PB is increased when J¥@rticles are
added to it. The increment of W$article in PBMC sam-
ples from 26 to 10% improves the hardness by 1195

The hardness is increased in PBMC sample due to the
inclusion of hard W$ uniform dispersions. The improve-
ment in hardness value is attributed due to hard,WS
particle, which acts as an obstacle to the displacements in
the matrix.

Flexural strengthhe flexural strength and flexural strain
values obtained by the mathematical expressions (1) and
(2) are shown in Figure 14. The addition of W/articles
improved the flexural strength of PB (Figure 14). The frac-
tured flexural test specimens are shown in Figure 15. The

Figure 13. Hardness test samples (a) PB and (b) PBMC. PBl\lﬂfxural strength of the P_E_’MC sample is pre-dominantly
phosphor bronze metal matrix composite; PB: phosphor bronz&creased with the addition of% WS, particles by

34.1%%6 compared to PB. The increase in flexural strength
is attributed to strong interfacial bonding caused by the

in PBMC samples compared to base matrix PB. The expedevelopment of a tiny layer of G& on the matrix phas¥.
mental and theoretical density (rule of the mixture) is nearlyhe addition of W$ particles more than% reduced the
the same (Figure 11). The obtained results ensure the séli#xural strength by 1.24 due to agglomeration to WS
ability of the stir casting technique for the preparation oparticle in the PBMC matrix. The flexural strain value is
WS, self-lubricating PBMC samples.

increased by up to 43.96 compared to PB. There is an
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Table 4. Machining parameter and their levels.
2.4
0.02 mm/rev PB 0.2 mm depth of cut Levels

227 | _e—0.06 mmirev
@ 207 [Z#=0.1mmhev Machining parameters  Units [ I 1]
Q
£ 18+ . -
° s Spindle speed\) r/min 600 900 1200
= Feed rate (Fr) mm/rev 0.02 0.06 0.1
S 149 Depth of cut @) mm 0.2 0.6 1
2 124
Jc:n | }
g 1.0 i
X 0.8
[0}
S 064 . 1.4 0.02 mm/rev PB 0.6 mm Depth of cut
= $ —0—0.06 mm/rev
o %4 —m—0.1 mm/rev °

1.2 4
0.2 -
G(IlO 7(I)0 S(IlO 9(I)0 lOIOO llIOO lZIOO 104
Spindle Speed (RPM)

o
o
1

Figure 16. Surface roughness for 0.2 mm depth of cut on PB
sample. PB: phosphor bronze.

o
o
1

o
~

3.0

Surface Roughness (Micrometer)

284 0.02 mm/rev ‘ PB+WS, 0.2 mm depth of cut

264 —0— 0.06 mm/rev
—u— 0.1 mm/rev T T T T T T T
2.4 600 700 800 900 1000 1100 1200
2.2 Spindle Speed (RPM)
2.0
181 Figure 18. Surface roughness for 0.6-mm depth of cut on PB

1.6 sample. PB: phosphor bronze.

o
N
1

1.4

Surface Roughness (Mcrometer)

124 Ra is improved up to 12.32in PB and 18.6% in PBMC
10 . composite. At 1200 r/min of spindle speed and increasing
08 Fr from 0.02 to 0.1 mm/rev, the Rais improved up to 36.3
600 700 800 900 1000 1100 1200 in PB and 16.6%0in PBMC composite. For the depth of cut
Spindle Speed (RPM) 0.2 mm at all levels of Fr, the Ra is enhanced due to the rise

in spindle speed from 600 r/min to 900 r/min attributed to
Figure 17. Surface roughness for 0.2 mm depth of cut on PBMthe creation of discontinuous chips. The periodical slip has
p WS,. PBMC: phosphor bronze metal matrix composite; S occurred during machining of PB, which creates a small
tungsten disulfide. magnitude of vibration on tools that resulted in an escala-
tion of Ra. At a higher spindle speed of 1200 r/min run, the
increasing trend in flextal strain found on the PBMC Rg js reduced compared to the roughness values obtained at
samples by the addition of V¥Particles between B8and  9o0 r/min. At the low depth of cut, the rough surface is
43.7%%. The obtained results reveal that the addition Oéppeared owing to the formation of built-up-edge (BUE)
WS; particles contributes to the improvement of flexurajng the chip failure. The rise in spindle speed diminishes
strength in the self-lubricating PBMC samples. the chip fracture and the BUE formation, which indicates
. . the reduction in R&®
Machining of composite The nature of variation obtained on Ra of PBMC is the
Boring operatiofhe PBMC samples are machined with 0.3ame as PB between the spindle speeds of 600 and 900 r/min
mm depth and the Ra is estimated using SJ-201 P Pick-upsgures 18 and 19). For the 0.2-mm depth of cut, the Ra
(Ra tester) (Figures 16 and 17). The design of the expergsults obtained on PBMC samples corresponding to all lev-
ment is prepared, and the machining parameters are pets of Fr are higher than PB. The greater Ra on the PBMC
sented in Table 4. sample due to porosity/tearing out of Wgarticles is com-
For various range of spindle speed (600-1200 r/mimared with the PB sample. The formation of a torn WS
and Fr (0.02-0.1 mm/rev), the Ra is amplified in the PParticle layer on the edge of the cutting tool (carbide insert)
and PBMC samples (Figures 19 and 20). This results insabsidizes to the surge in Ra on the PBMC samp&imi-
rise in temperature, which consequences the tool wear, dady, the measured Ra obtained for the 0.6-mm depth of cut
increases in Ra valu@ At 600 r/min of spindle speed, theis analyzed. At a spindle speed 600 r/min, increasing
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Figure 21. Surface roughness for 1-mm depth of cut on PBMC
Figure 19. Surface roughness for 0.6-mm depth of cut on PBME?0 WS. PBMC: phosphor bronze metal matrix composite; VS

b 8% WS. PBMC: phosphor bronze metal matric composite; tungsten disulfide.
WS;: tungsten disulfide.
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Figure 20. Surface roughness for 1-mm depth of cut on PB  Figure 22. The surface roughness of PB and[PB% WS
sample. PB: phosphor bronze. composites. PB: phosphor bronze; W8ingsten disulfide.

Fr (0.02-0.1 mm/rev) has enhanced the Ra up to 44.iR8 increasing from 0.012m to 0.016mm while machining
PB and 77.8in PBMC composite. Similarly, at 1200 r/min PBMC1 with definite machining parameters. When com-
(spindle speed), the Rais increased up to 22h61PB and pared to the roughness valobtained after four passes,
26.7246in PBMC composite (Figures 18 and 19). the Ra increased up to 33 @t the end of 40 passes. The
The measured values of Ra on the PB and composia values measured on PB and PBMC samples after every
samples for the depth of cut of 1 mm are plotted in Figfour passes are shown in Figure 22. The Ra &§ 8
ures 20 and 21. At a spindle speed of 600 r/min, the R&S,-reinforced PB composite initially increases from
increased up to 33.82in PB and 52.58 in PBMC com- 0.009 to 0.013 for an increase of a number of passes from
posite. At 1200 r/min of spindle speed, for the increase afto 16. After that, a decrease in roughness is observed at
Fr from 0.02 mm/rev to 0.1 mm/rev, the Ra increased up tfie beginning of the 20th pass to the end of the 40th pass.
28.16 in PB and 26.98 in PBMC composite. It is identified from the results that the roughness value
decreased to 36.38 from 20th pass to 40th pass in
High-speed turning operafidve Ra of PB and PBMC sam-composites. The measured Ra values at the end of each
ples on the effect of turning passes is studied (Figure 22) slet of passes of PB+WSand PB composite is shown
is observed from the results that the Ra values am Figure 22.
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Table 5. The temperature at the cutting edge of carbide insert

Average temperatureAverage temperature " Junes ten Carbide

value obtained on  value obtained on : e s Insert
S. Number of  phosphor bronze  phosphor bronze/
No. passes (O WS, composite (C)
1. 4 70.3 67.3 | Uikl
2. 8 72.6 66.7 1 Readings
3. 12 75.8 62.7
4. 16 74.3 62.1
5. 20 73.5 67.8
6. 24 73.4 67.7
7. 28 71.9 67.5
8. 32 73.7 66.5
9. 36 74.1 65.1
10. 40 68.6 65.8
Overall average 72.8 65.9

WS,: tungsten disulfide.
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iy 10 Figure 24. Thermograph images obtained while machining
(gL B & N N & B = =N § (a) PBMC1 and (b) PBME WS,. PB: phosphor bronze; PBMC:
4 08 1 16 20 4 18 N % 4 phosphor bronze metal matrix composite; \W3ungsten
disulfide.
No of Passes ) ) o
temperature values obtained during machining of PBMC1.

Figure 23. Temperatures at tip of insert while machining PB an§€ results revealed that the inclusion of Y\@"q lubri-
PBMCp WS,. PB: phosphor bronze; PBMC: phosphor bronze cant particles as reinforcement in PB is contributing well to
metal matrix composite. the reduction of cutting tool temperature, which results to

increase in tool life.

The maximum temperature induced near to the cutting The thermography image obtained from an IR camera
edge of the carbide insert at the end of each set (four passgflle machining PB is the first four passes that are shown
obtained from FLIR tool software is given in Table 5. Thg, Figure 24(a). By giving suitable emissivity value in the
maximum temperature induced in the cutting zone from theymera, the temperature induced in different zones is
starting to end of a single-pass is recorded. Similarly, thghtained from FLIR softwar& From the thermograph, the
maximum temperature values in another three indiViduﬁllaximum, minimum' and average values of temperature
passes are also recorded. An average maximum tempegfatuced at any point within the cutting zone can be taken
ture induced among four passes is found as T.3n a for analysis. By observing the different colors from the
similar way, the average maximum temperatures aftghage, the hot and cold zones are differentiated and it is
every four passes are noticed and considered for compgfénoting the temperature variation at different points. The
son. The result shows that an overall average of maXimL{ﬁbrmography image obtained from the IR camera while

temperature 72.& is induced on the cutting zone whenmachining PB/W$ composite samples in the first four
high-speed machining is performed on PBMC1. Whilgasses is shown in Figure 24(b).

machining PBMC4-reinforced PB composite, an average
of 65.9 C is induced near the cutting edge. It is alsrjglicrostructure analvsis

observed from Figure 23 that for all sets of readings, tl y

temperature induced on cutting edge of the insert duririthe dispersion of reinforcement (WSin the matrix is
the machining of composite material is lower than thensured with the aid of a SEM images. The SEM images
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Figure 25. SEM images of (a, b) phosphor bronze and (c, d) PBN® of WS. PB: phosphor bronze; PBMC: phosphor bronze metal
matrix composite; Wg tungsten disulfide.

Tungsten
Carbide Insert

Figure 26. The microstructure of carbide insert before machining.

of pure PB and PB composites reinforced withh 8f WS, microstructure of cutting edge after machining of PBMC1
particles are shown in Figure 25(a) and (b), respectiveljas shown in Figure 27, which exposes some abrasive
The SEM image shown in Figure 25(c) and (d) shows thaature of wear traces. Similarly, the microstructure of cut-
the WS patrticles are well distributed in the PB matrix anding edge after machining PB/WWSomposite is obtained
provide good adhesion between the PB matrix andbWS from the microscope and it is shown in Figure 28 that some
The microstructure of the tool surface near to cuttingaces of W$ layers are observed on the edge of carbide
edge is examined using an optical microscope. Figure &Gsert, which is obtained from the composite workpiece
shows the microstructure of the carbide insert beforuring the machining process.
machining. It is observed from the images that the surface By observing the temperature results obtained on insert
of the tool is clean and smooth before machining. Thedge during machining of composite samples and the
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Figure 27. The microstructure of carbide insert after machining phosphor bronze.

Figure 28. The microstructure of carbide insert after machining phosphor bronze/\8nposites. W tungsten disulfide.

corresponding microstructure images, it is evidenced thBeclaration of conflicting interests
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