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ABSTRACT

The usual surface failures of engineering materials due
to wear-erosion, fatigue are drawing amajor concern on the
surface life, structural behavior and its properties. There is
a need of extended service life of the engineered materials.
The reinforcement of silicon carbide (SC) particles in the
metal matrix composite (MMC’s) and their improvement in
the hardness of the composite material has proved the
resistance to erosion. The surface morphology of air jet
eroded Aluminium 6061 aloy and Al6061-SC-C, composite
material produced by material removal and plastic
deformation are investigated. The experimentd results of
both samples were obtained by ASTM G76 standards using
ar jet erosion test rig. The investigation is emphasized on
different scales with the help of Con-focal microscopy and
atomic force microscopy (AFM).

After the erosion test on both samples, AI6061 dloy’s
weight loss originating from the crater resulted in larger
volume of material loss when compared to Al6061-SC-C,
composite. Thekey role of SC particlesin the matrix and its
resistanceto erosion is highlighted in this investigation. The
dominance of two mechanisms was found to be contributing
factorsfor the erosion, micro-cracking and nano-ploughing.
The considerable improvements in mechanisms on the
composite are also discussed.

INTRODUCTION

Processing and characterization of metal matrix
composites has adready drawn ample attention and today,
lot of successful work can be found on different fabricating
routesof MMC [1, 3, 5]. The expectation from the composite
has also increased to deliver the properties which can fit any
specified application [1, 3]. The MMC’s prime function is
not only restricted to tolerate any solid particle impact, but
aso other two different impact formsi.e. gaseous and fluid.
Given the different working conditions, the new-age
composites have to sustain external forces and deal with
different surface challenges[2]. These challenges might even
extend to extreme conditions such as heat and high velocity
impact. Therma power plants, coa processing plants and

gas turbine engines, are some of the mgjor industries which
are facing the erosion problem. To overcome this critica
erosion problem, the eroded surfaces were examined to
analyze wear mechanisms using 3D optica profile scanner
[4]. Even lots of solutions are examined and suggested,
varying from providing coating layer on the metal to the
extent of improving the base metal properties [4, 5].

In the present work, the Al6061 alloy and Al6061-SC-
C, composite are assessed for air jet erosion tests. Our
investigation will analyzethree dimensional eroded surfaces
with the help of conventional SEM study, and unusual
confocal-AFM studies. Our study also exposes the wear
behavior to nano scale on both the eroded alloy and
composite.

EXPERIMENTAL DETAILS

SiC particles and Carbon fibres (C) are the
reinforcements and Al6061 being the matrix material. With
the help of 100T hydraulic press, the powder-fibre mixture
was compacted. In a single compact composite mix, the
weight percentage of reinforcements i.e. SC powder and
Carbon fibres were 60 and 05 Wt% respectively. The
inclusion of carbon fibres (C,) in the compact mix which is
in minima weight percentage is only an attempt to reduce

Table 1: Air jet erosion Test Conditions

Sl. No. | Tes Parameters
1 Erodent material Silica sand
2 erodent size (mm) 30
3 Particlevelocity (m/s) D
4 Erodent feed rate (g/m) 2
5 Impact angle (degrees) 90 and 45
6. Test temperature Room temperature
7. Test duration (minutes) 30 (in steps of 5)
8 Samplesize (mm) 25258
9. Standoff distance (mm) 10
10. | System pressure (bar) 14
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total composite weight. Molten AI6061 aloy was poured into
the mould, inside which the composite mix compacts were
arranged in a circular manner. The same casted billets were
hot extruded using 200T hydraulic press adopting an
extrusionratio of 1:4 and anextruson temperaureof 520°C.
This hot extruded composite was subjected to dry air jet
erosion wear tests. The test conditions are shown in the
table 1. Weight of both hot extruded Al6061 aloy and
Al6061-S C-C, compositebefore and efter erosionwear tests
were recorded using a precision micro balance of accuracy
0.1mg.

RESULTS Mog- 50 e R s DR ot .
For both thetest samples, the weight lossat 45° impact Fig. 3: SEM of 90 degree impact on Al 6061 60% SIC
angleismorewhen compared to normd impact angleof 90°. 05% C, Composite

The figure 1 shows the graph of test duration with erosion
weight loss.

At 45° impact, the Al-alloy shows comparatively more
material lossdue to the easy plastic deformation and materia
remova. While the composite exhibits the resistance to
erosion for both the impact angle.
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25

[
=

—#— 0 Degree Al 6061 alluy
—8— 1) Degree Al 6061 Sit 6% CFU5% Compasite

e 45 Degree Al 6061 alloy
e 45 Dingrew AlGOGT S 601% CPO5% Camposite

weight Inss (mg)
= W

o

'1;-'..4: % ’ "!;‘?"".’fw / " _f{‘f'--" ?'. .
5 M i3y ol st B Fig. 4: SEM of 45 degree impact on Al 6061 alloy.

Test Duration (mins)
Fig. 1: Variation of weight loss of Al6061 alloy and
AI6061-S C-C, composite at two different impact angles.

0

DISCUSSION

Surface morphology of air jet eroded surfaces has been
discussed. In Scanning Electron Microscopy (SEM) studies,
Figure2 to Figure 5 shows the erosion mechanism. The easy
flow-metal cutting is more on the aloy surface than that of
the composites’. The presence of SiC particles in the matrix
withstands the erosion wear.

Fig. 5: SEM of 45 degreeimpact on Al 6061 60% SiC
05% C, Composite.

In Confocal Studies, Figure 6 and Figure 7 compares
the eroded surface profiles up to micro scae to get the
extreme eroded depth (cross-sectiond) of 390 um and 334
W Gy pm at 90° and 489 pm and 145 pm at 45° for alloy and
-~ .. .~ composites respectively. The AFM study reveds the wear
Shad s X IS ~ mechanism on both micro and nano scales. Figure 8 to

Fig. 2: SEM of 90 degree impact on Al 6061 alloy. Figure 11 shows the mechanism with the eroded cross-
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sectional depthof 4 pm and 750 nm for alloyand 1.8 um and
500 nm for composite a 90° and 45° impact respectively.

Fig. 9: AFM of 90 degree impact on Al 6061 60% SIC
Fig. 6: Confocal Microscopy comparing 90 degree 05% C, Composite.
impact surfaces of Al 6061 alloy and Al 6061 60% SiC
05% C, Composite.

Fig. 10: AFM of 45 degree impact on Al 6061 alloy.
Fig. 7: Confocal Microscopy comparing 45 degree
impact surfaces of Al 6061 alloy and Al 6061 60% SiC
05% C, Composite.

Both the Confoca and AFM studies leads us to two
things, first, 90° impact creates only crates of micro scale
(micro-cracking) whilesecond, the 45° impact creates lengthy
sweep called as ploughing of materia (micro-ploughing) on
the surface of up to nano scae.

Fig. 11: AFM of 45 degree impact on Al 6061 60% SIC
05% C, Composite.

CONCLUSIONS

e Threedimensiona eroded surface studies of both AI6061
aloy and its composite not only indicate the dominance
of micro-cracking, micro-ploughing mechanism, it also
reved s the fluctuation of erosion from micro to nano

Fig. 8: AFM of 90 degree impact on Al 6061 alloy. scale.
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This investigation exposes erosion-wear resistance and
therefore an extended service life of Al6061-SiC-C,
compositecompared to Al6061 aloy.
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ABSTRACT

AAB061 aloy was subjected to repetitive corrugation
and straightening (RCS) process. This has been widdy
accepted as one of the promising method in severe plastic
deformation routes. AA 6061 alloy was processed by RCS
up to eight passes with rotation 90° and without rotation
after each pass. The process includes repetitively bending
the sample and straightening as such there was no
significant change in the geometry of sample. The process
was to introduce large number of dislocations and a result
formation of sub grain and high angle grain boundaries. This
reduction in grain size would substantially responsible for
obtaining improved mechanica and sliding wear properties.
As cast and 8 pass samples of AA60614aloy were subjected
to dry diding wear test as per ASTM G99. Applied load,
diding distance on wear rate, during dry diding wear were
studied in detail. The results clearly demonstrated that there
is significant reduction grain size after RCS and led to
improved hardness values and sliding wear resistance
results. Moreover, the rotation after each pass showed a
marginal improvement in the hardness and sliding wear
results. In addition, as the number of passesisincreased, a
continuous improvement in hardness and sliding wear
resistance is observed. The reduction in grain size and its
influence on diding wear performance is explained in detail
through Scanning Electron Microscopy studies. It is
concluded that the RCS can be a processing method for
obtaining asuperior aloy. The diding wear performance of
RCS processed AA 6061 is mostly depend on applied load,
grain size and hardness.

INTRODUCTION

Many engineering components fail primarily due to
wear and corrosion in aggressive interacting environments.
Designing such components for longer life, generally
include different approaches. The first approach is bulk
material design with high wear resistance and corrosion
resistance and second approach is modification of the
functional surfacesto work satisfactorily. The third and final
approach where the bulk material subjected to severe plastic

deformation. This not only improves the strength but aso
increases the hardness. This finally leads to enhanced in
wear resistance properties.

Aluminium and its alloys are extensively used for
several applicationsinthe field of automotive and aerospace
industries. The main advantage of using auminium alloys
is mainlyhigh strength to weight ratio. Aluminiumaloys are
availablefrom 1xxx to 8xxx seriesinwhichAA6061 alloy is
having good castability, formability and weldability [1- 3].
The severe plastic deformation is most prominent technique
to improve the mechanical properties like strength and
hardness. There are severd SPD techniquesto produce bulk
nanostructured materids, including equal channel angular
pressing (ECAP) and high-pressuretorsion (HPT). In ECAR,
it islimited to process samples only up to certain sizes. In
HPT, only disk shaped small samples can be processed under
pressure and torsiond deformation [4]. Materiad loss isthe
major problem for dl the engineering products during its
fabrication. As a result, it is dways desired to produce
materials that have unique properties and research work is
carried out for newer materials[5].

In the recent past, many processing methods are
developed for fabricating a engineering material that has
unique mechanica properties. Among these processing
methods, severe plastic deformation (SPD) has been
conceded as the cost efficient method to produce ultra-fine
and nanostructured materias with improved mechanica
properties. In various SPD methods, repetitive corrugation
and straightening process is focussed as a hovel method
for producing ultra-fine grain structured Al alloys with
improved mechanical properties and suitable for industrial
usage[6,7,8]. Inthismethod, alargeplastic strainisinduced
in to the material, leads to reduction in grain size from
micrometre to sub micrometrelevel andformation of sub grain
and low angleto high angle grain boundaries [9]. Extensive
studies have been carried out to understand grain refinement
and the effect of grain refinement with other SPD methods
to improvemechanica properties of thematerials[10, 11].The
reduction in grain size would substantially increase in the
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hardness and diding wear properties. Many researchers have
reported the effect of diding wear properties of duminium
based composites [12]. Sarkar and Clarke have worked on
aluminium-silicon dloys and reported transition wear rate
with load applied [13].The mechanism of dry dlidingwear in
metals and commented that the observed transition from
severe to mild wear after defined parameters was attributed
to the formation of layer on the wear surface[14].The shear
strain increased with the surface of thematerial removal and
cracks appeared on the surface by delaminating
phenomenon[15,16] Investigations on the development of
RCS process on bulk metals or aloysto produce ultrafine
grained structures, mechanical, and microstructural
characterization, however, have hardly been reported
[17,18,19]. In this paper we present the effect of RCS
process, dry sliding wear test as per ASTM G99 pin on disc
to ascast of AAG061 aloy and RCS processed sampl es after
8 passes could increase the wear resistance of the sample
to the applied load and dliding distance and micrograph of
worn surfaces observation through scanning electron
mi croscopy.

EXPERIMENTAL PROCEDURE AND MATERIALS

Materials

AA 6061 aloy was chosen to investigate the effect of
RCS processing up to 8 pass on wear resistance with as cast
AAB061 dloy. The AAB061 aloy composition as shown in
the Tablel.

AA6061 alloy was homogenised by heating in the
furnace at 450°C temperature and then cooled in the furnace
about 12 h. In the present study the RCS processis applied
toAABG061 alloy of dimension12x12x125 mm? 9zeby50 ton
capacity hydraulic press which has corrugated and
straightening die. Specimens were bent in a corrugated die
and then straightened in the press. Samples were processed
for 1to 8 passes either rotation between passes or by
rotating the samples by 90°, each pass is repetitive bent
(corrugated) and straightened. The RCS process imparts
dynamic recovery and subsequently improves the grain
refinement and thereby increase in the hardness. The
reduction in grain size would substantialy responsible for
obtaining improved mechanical and diding wear property.

Dry diding wear test

The wear specimens were tested under dry (un-
[ubricated) condition with ASTM-G99 standards using pin-
on-disc diding wear testing machine (Make: DUCOM).

A standard test procedure was employed. Specimens of size
8x8x25 mm were cut from the as cast and RCS processed
sampl es, and then machined and polished. The wear track
and RCS processed AA6061 aloy samples are cleaned
thoroughly with acetone prior to test. After that the
specimen is mounted on the pin holder of the tribometer
ready for wear test. During the test, the sample is held
pressed against a rotating EN32 sted disc (hardness of
65HRC) by applying load that acts as counter weight and
balances the sample. The track diameter was chosen as 80
mm and the parameters such as the load, dliding speed and
dliding distancewere varied with wear resistance, coefficient
of friction and frictional force. Once the surface in contact
with disc the specimen wesars out, the load pushes the arm
to remain in contact with the disc. Test was carried out for
as cast AAG061 aloy and RCS processed of AAG061 aloy
up to 8 pass. The experimental readings and graphs were
obtained with system connected software WINDUCOM.

L

ol
l N Specimen holder
H =

1

\-
.

Display unit

-

Motor

el

EN Stes] disc

Fig. 1: Experimental setup of pin-on-discdry diding wear
testing machine

RESULTS AND DISCUSSION

Vickers Hardness test was carried out on RCS processed
and as cast samples of AA6061 alloy. The hardness is
improved by 3 times compared to as cast. The experiments
were conducted as per ASTM-G99 standards and the wear
rate results obtained for various combinations of parameters
like load applied and diding distance.

Microhardness studies

Microhardness measurements were taken on AA6061
aloy in as cast condition. Moreover, readings were aso
taken on RCS processed AA 6061 samples. Two type RCS
tests were conducted. The first set consists of without
rotation after each pass and the second type was, with
90°rotation between each pass. The mcirohardness results

Table-1 Chemical composition of AAGO61 alloy

Element Mg Si Fe Cu

7n Mn Ti Cr Al

Weight % 0.8 0.64 0.23 0.17

0.031 0.072 0015 0016 Balance
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of the eight RCS passed samples shown in Fig.2. Theresults
clearly demonstrate that the hardness measurements are
uniformover atota length of sample As-cast AA6061 alloy
exhibited hardness value of ~40 VHN. RCS processed
samples with rotation and without rotation exhibited
hardness values of ~105 VHN and ~120 VHN, respectively.
These results suggest that a rotation of sample between
passes is beneficid in producing a high level of strain that
yielded high hardness values. In addition, the results further
suggest that the samples without rotation resulted low
hardness vaues is probably due to the inhomogeneous
strain induced in the samples. Moreover, the hardness
values are also not uniform throughout the samples
suggesting an i nhomogeneous distribution of strain in the
sample.

120f] . 4 = 4 —+—»—+—C
1104

100
90

——— A B

AABOB1 alloy

A= As cast
B=RCS 8 pass wor
C=RCS 8 pass wr

o 4 ce
L= = =}
1 1 L

504

Microhardness (VHN)
=]

1 rr r 1 7 1717 T 17T
0 5 10 15 20 25 30 35 40 45 50 55 60 55 70 75 B0 85 90
Distance (mm)

Fig. 2: Microhardeness value variation in the RCS
processed AA 6061 alloy

The effect of diding distance and applied load on the wear
rate

The eight pass RCS processed AA6061 alloy shows
improved diding wear resistance results as compared to as
cast AAG061 aloy. The effects of both applied load and
diding distance was investigated as a function of the e
experimental aloys. Figure 3(a) and 3(b) representsthe wear
loss of the as cast and RCS processed alloy without rotation
up to 8pass to as cast for 5N and 10N testing condition.
The graph clearly shows that there is decresse in the wear
loss with RCS processed aloy to as cast for applied load
and diding distance.

It is clearly observed from the Fig. 3 (a), (b) that there
is a sudden increase in the wear loss of as cast and RCS 8
pass AA 6061 samples at load applied. This is basically
adhesion that takes place between the sample surface and
surface of counter disk. Further increase in diding distance
was responsible almost and a continuous loo of wear l0ss
as the diding distance is increased. These results further
suggest that at lower diding distance, the wear loss is

80
A=as cast (a )

1 B=RCS 8 pass

607
AA 6061 alloy
50
407
30

207

Wear loss (microns)

10

0 250 500 750 1000 1250 1500 1750 2000 2250

100

80' A= as cast
. B=RCS 8 pass

70, AA 6061 alloy

Wear loss (microns)
]

0 250 500 750 1000 1250 1500 1750 2000 2250
Sliding Distance (m)

Fig. 3: Wear loss versusdiding distancefor ascast and 8
pass RCSsamplesat (a) 5N and (b) 10N

typically of mild wear nature and at later diding distances;
the wear phenomena is of severe diding wear phenomena.
This type observation is observed in both cases for the
samples in as cast condition and RCS processed conditions.
As expected, the wear loss observed for 10 N applied was
more as compared to the samples of as cast and RCS
processed for 5N applied load.

Scanning electron microscopy studies

The SEM images of as cast and RCS processed 6061
aloy subjected to 5N and 10N |oads tested at 2 m/s and
dliding distance of 2000 m are shown inFig.3 & b. It can be
seen from the images that a continuous deep ploughing
grooves on the wear surface, and abrasion phenomenon is
seen at 5N and 10 N loadsin as cast and RCS processed
samples.

The wear loss of the as-cast AA6061 dloy was higher
than that of the RCS processed sample at al applied loads.
Theseresults clearly depicts that the wear resistance of RCS
processed samples are higher than the as cast samples, as
there was a drastic reduction in grain size due to severe
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Fig. 4: SEM images of worn surfaces of (a) As-cast
AAB061 alloy, Load=5N Siding distance=2000 m (b) As-
cast AAG061 alloy Load=10 N Siding distance=2000 m

strain induced due to RCS process. The wear losswas found
to decrease with increasing applied load for samples,
indicating an improvement in wear resistance, especidly at
higher applied load. According to Yasmin et a. and Kori et
al. [20, 21] diding at higher applied load increasesthe strain
hardening of the materias that are in contact. The increase
in load leads to more frictional force that causes larger
deformation and delaminated crater from the surface of the
materials dueto dislocation motion, so the material reveals
the strain hardening in the sample. A s a result, the
resistance to abrasion increases resulting in an increased
wear resistance.

Figure 5 shows the SEM images of worn surfaces of
RCS processed samples under applied load of 5 N and 10 N.
The worn surface details clearly depict damage like
microgrooves and craters. The presence of craters in the
worn surfaceis due to the detachment of wear debris during
the delamination wesar [22]. It was observed that the craters
and grooves were found in the as cast AA6061 alloy while

Fig. 5: SEM micrographsof wear surfaces(a) RCS8 pass
wor. of AA6061 alloy Load=5N Siding distance=2000 m
(b) RCS 8 passwor AA6061 alloy Load=10 N Siding
distance=2000 m (c) RCS 8 passwr of AAG6061 alloy
Load=5N Sliding distance=2000 m (d) RCS8 passwr
AAG061 alloy Load=10 N Siding distance=2000 m

the main surface damage on the RCS processed sample was
grooves and abrasive scoring marks indicates that
del amination wear took place. This prevails that the less
delamination wear in case of RCS as compared to as cast
for various parameters viz., applied loads, diding distance
and rpm of sted disk. It indicates improvement in the wear
resistance property could be due to the higher hardness of
RCS sample than as cast AA 6061 aloy. Anincrease in
hardness|eads to reduction inthe adhesion and delamination
of thesample, inturn decreasing thewear ratein RCS sample.
It can be concluded that RCS sample got reduction in grain
size that could lead to increasein higher hardness to as cast
AA 6061 dloy that improves the wear resistance property
inthe RCSsample.

4. CONCLUSIONS

e AA6061 samples were successfully processed up to 8
passes using RCS design.

e TheRCS processed AA 6061 sample exhibited hardness
of 120 VHN. Thisisdueto the reductionin grain size of
the sample due to intensive strain induced due to RCS
processing.

e Thehigher hardness of RCS processed sample exhibited
higher didingwear resistance ascomparedto acast 6061
aloy.

e Worn surface microstructural details suggest high wear
loss in the AA 6061 dloy in as cast samples is due to
micro deep ploughing grooves and craters.

e Theworn surface and its microstructurd details of RCS
processed sample after eight passes without rotation
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and with rotation sugges in del amination wear and crater
because of higher hardness.
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ABSTRACT

Al6061-TiC metal matrix composite was fabricated by
liquid metallurgy routeviain-situ reaction, usingthe mixture
of Al6061 aloy, Potassium hexaflourotitanate salt (K, TiF)
and graphite powder. The developed composites were
subjected to open die hot forging. SEM studies, X-ray
diffraction studies (XRD), microhardnessand dry friction and
wear tests were carried on the cast and forged composites.
Pin on disc machine was employed to perform friction and
wear tests. SEM and XRD studies confirms formation of fine
in-situ TiC particles. Composites exhibited higher
microhardness, improved wear resistance and lo wear
coeffident of friction when compared with unreinforced all oy
under identica test conditions. Further, performance of
forged aloy and its composites were superior compared to
its cast counter parts.

INTRODUCTION

Aluminium based metal matrix composites have been
one of the key research areas in materias processing field
in the last few decades. Recently, researchers are focusing
on developing easily affordable, high quality meta matrix
composites. In-situ method of processing metal matrix
composites one such technique involves synthesis of
reinforcing particles within the matrix materia and offers
severd desirable properties over ex-situ or conventional
techniques. Advantages of in-situ composites include, fine
and uniform distribution of reinforced particles with good
interfacial bond between matrix and reinforcement [1-6].

Birol[7] hasreported on In situ formation of TiC particles
inthe Al/K,TiF /graphite system: Al Ti forms as soon as the
K,TiF, and graphite mixture is added to the melt. Some
reaction between the Ti rel eased from the halide salt is taking
placeinitialy before Al Ti starts precipitating out. However,
the fractionof TiC thusformed israther small Al Ti paticles
dissolve in the melt with increasing temperatures and with
time TiC. And has concluded that the number and size of
AL Ti particles gradualy decrease while TiC particles are
noted in increasing numbers during isotherma holding at
1000°C. After 30 min at 1000°C yields a composite sample

with pre-dominantly TiC particles is obtained. Tyagi [8] etd
have studied dry diding wear behavior of Al-TiC metd matrix
composite. He has reported that wear rate of the composite
found to be following archards law linearly with load. The
wear rate was lower in composites when compared to base
materia. Has has observed oxidative wear mechanismin the
composite for agiventest conditions. Jayashed etd [9] have
reported that addition of TiC partidesin Al2219 matrix alloy
by stir casting process improved the wear resistance of the
composite. Further, wear resistance of the composite
enhanced with increased content of TiC. Rajnesh tyagi[10]
Have studied that TiC wear rate increases linearly with
increasing normd load and also concluded that wear rate
also decreases linearly with increasing volume fraction of
titanium carbide and average coefficient of friction decreases
withincreasing load in both pure a uminium and composites
and the composites show alower coefficient of friction than
pure a uminium. Chaitanya etal [11 ] have studied
microstructure and hardness of Aluminum-TiC Composite
fabricated by using stir casting route via halide st reaction
method. They have observed that TiC particles are
distributed throughout the matrix and composite exhibited a
noticeable improvement in hardness. However, from the
extensive literature review, it is noticed that very meager
informataion is available as regards hot forged Al based
MMCs.

In the light of the above present investigation deals
with Tribologica characterization of cast and forged In-situ
Al6061-TiC composites processed by liquid metal lurgy route.

EXPERIMENTAL DETAILS

Al6061-TiC composites were prepared by first melting
the base Aluminium 6061, obtained in a graphite crucible
using electric resistance furnace. Molten Aluminium aloy
maintained at a temperature of 900°C was added with
Potassium hexafluorotitanate sat (K, TiF,) (600) grams and
a graphite powder (40grams) in a stoichiometric ratio to
obtain, 5wt%, 10wt% TiC. The molten composite mixtures
were girred constantly by a mechanical stirrer for its uniform
distribution of TiC throughout the base metal. The cast metal
matrix compostesand Aluminium 6061 aloy were subjected
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Table-1 : Chemical composition of Al6061 alloy

Elements S Fe Qu Mn Ni Pb Zn Ti Sn Mg Cr Al
Percentage 043 | 043 | 024 | 0130 | <005 | 0024 | 0006 | 002 | 0001 | 0802 0184 | Baance

to open die hot forging at a temperature of 500°C at a
constant strain rate. More details on the composite
preparation and forging areavailable inour earlier works[2].
Both cast and forged Al6061 alloy and Al6061-TiC
composites were subjected to SEM studies, XRD,
microhardness test and friction and wear test. SEM studies
were carried out by using JSM 840a Jeol scanning electron
microscope a Indian Ingtitute of Science, Bangaore, India.
Microhardness tests were conducted using Vickers
microhardness tester at aload of 100 grams for duration of
10 seconds. An average of five indentations were taken has
hardness of each sample. Friction and wear studies were
carried out as per ASTM G99 standard test method using
Pin on disc type machine, (Modd: TR20 Tribometer, Make:
Ducom Instruments Pvt.Ltd. Bangal ore, India). Machined IETD] 03 | 190 pa )
samples of size 8mmF and 20mm length were used as test Fig. 2: Hot Forged Al6061-10Wt% TiC composite
specimens. Counterface disc was made of EN-31 sted and

hardened to 60HRC. A track radius of 30mm and test duration X-RAY Diffraction Analyss

of 30 minutes was adopted for al the tests. The loads and

diding velocities were in the range of 20N to 100N and o q Al
0.314m/s to 1.574m/s respectively. Frictional force was 70
recorded usingload cell of 0.1N accuracy and wear loss was w0
messured using linear variabl e differential transducer (LVDT) & o
of accuracy 1um. The coefficient of friction was calculated g aca
using frictiona load and norma load data. The wear rates %* - s
were cal culated from height lossdatain termsof volumetric " o g
wear loss per unit diding distance. 100 T T

T S 0, I
RESULTSAND DISCUSSIONS = - T o0y - ~
Scanning Electron Microscopy Fig. 3: X-raydifraction pattern of Al6061-10wt%TiC

S— composite

Fig. (1-2) shows scanning € ectron micrographs of
Al6061-10wt%TiC and in-situ metal matrix composite under
cast and forged conditions. It is observed that fine particles
of sizein 2-10 mm are distributed in an uniform manner
throughout the matrix alloy in both cast and forged
conditions. Further, the micrograph also shows other
dominant phases such as Al, Ti, Al,C, Brittle phases In
additiontoin-situ formed TiC particles. Fig. 3 reports X-ray
diffraction pettern of Al6061-TiC Composite X-ray diffraction
pattern of Al6061-TiC Composite reconfirms presenceof TiC
particlesin the devel oped composite in addition to Al Ti and
Al,C, phases.

Microharness

Fig.4 shows variation of microhardness of as cast and
Fig. 1: Cast Al6061-10wt%TiC composite hot forgedAl6061 dloyand AlI6061-TiC In-situ metal matrix
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composite. It is observed that composite shows a higher
microhardness when compared with matrix aloy in both as
cast and hot forged conditions. Further, microhardness
increases with increase in the percentage of TiC particlesin
both as cast and hot forged conditions. This may be due
to fact that the large difference in coefficient of thermal
expansion between TiC and matrix aloy results in higher
density of dislocations |eading to higher hardness. Extensive
grain refinement after hot forging will act as obstacles for
dislocation motion and enhances the hardness. [2,6].

160

140 B A; Cast I
- 120 i Hot forged
=
§ (i}
21
7 G
2
z @ I
m
T 60
5
=

20

b

Als061 alloy AlGOGL-5WUHTIC AlGOG1-10WLTIC

Fig. 4: Variation of microhardnessin AlI6061- TiC
composite

Friction and Wear
Coefficient of Friction (COF):

Fig. 5 shows the variation of coefficient of friction of
Al6061 aloy and Al6061-TiC composite. It is observed that
coefficient of friction of composites reduceswith formation
of TiC particles. For a given load and diding velocity, a
maxi mum of 9% decreasein coeffid ent of frictionisobserved
in the developed in-situ composite when compared with
unreinforced alloy. Thelower value of coefficient of friction
of composite may be attributed to antifrictional propertiesof
In-situ formed TiC particles. The decrease in coefficient of
friction may be attributed to fact that during diding process
the presence of in-situ TiC particles results in formation of
oxidesof ironand aluminumwhichwill shearintheinterface

055 Load:20N

0.54 - sliding velocity: 0.314 m/s | Cast

| Forged

Al6061-10WiTiC

Coefficient of Frictian {COF)
(=

AlG0E1 alloy AlG061-5WEH%TIC

Fig. 5: Variation of COF of ascast and forged Al6061
alloy and Al6061-TiC composite

leading to lower coefficient of friction [3]. Fig.6 and Fig.7
shows influence of load and dliding velocities on coefficient
of friction of matrix alloy and developed composite
respectively. It isclear from the graph that with increasein
load areduction in coefficient of frictionis observedin both
matrix alloy and in-situ composite. However, at al the loads
studied, forged aloy and its composite exhibited reduced
coefficient of friction when compared with cast matrix alloy
and its composites. It is also observed that coefficient of
friction increases with increase in diding vel ocity.
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—B— Forged Al6061-5wi%TiC L “‘- 3
0.37 1 —A— Forged Al6061-10WE%TIC ‘\5
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Fig. 6: Variation of COF of ascast and forged
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Fig. 7: Variation of COF of as cast and forged alloy and
composite with load alloy and composite with diding
velocity

Wear Rate

Fig. 8 showsthe effect of in-situ TiC formation onwear
rate of Al6061 aloy. Under identical test conditionsthe wear
rate of in-situ composite is significantly lower than
unreinforced ones. For a given load and dliding velocity, a
maximum of 39% decreasein wear rateisobservedinthein-
situ composite when compared with matrix aloy. Improved
wear resistance may be attributed to higher hardness and
load bearing cgpacity of composite. Fig. 9 and Fig. 10 shows
influence of load and dliding vel ocities onwear rate of matrix
dloy and in-situ composite respectively. It is observed that
with increasein load, anincrease in the wear rateis noticed
in both matrix aloy and In-situ composite. Increased wear
rates with increased load can be attributed to large plastic
deformationswhich promotethe larger extent of wear debris
formation leading to higher wear rates [3, 9-10]. Fig.10
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shows the dependence of wear rates of Al 6061 matrix aloy
and In-situ composite on diding velocity. With an increase
in diding velocity there is an increase in wear rate for both
matrix alloy and composite. However, at dl the sliding
velocities studied, the wear rate of the composite was much
lower when compared with the matrix aloy. Further, under
all thetest conditions studied, wear rate of forged dloy and
its composites were considerably lower than their cast
counter parts, which may be attributed to higher hardness,
extensive grain refinement and homogeneity in distribution
of reinforced phase as discussed earlier.

CONCLUSION
Al6061-TiC composite synthesized by in-situ reaction
technique shows fairly uniform dispersion of TiC particles

s Load:20N
Sliding velocity:0.314m/s

® As cast

40

. l ]

a5 -

20 I
15 -

10 ' '

Aled61 alloy

Farged

‘Wear Rate X 10-3 mm3,/m

AlG061-SwiaTic AlGDEL-10wWt¥%TiC

Fig. 8: Variation of wear rate of as cast and forged
Al6061 alloy and Al6061-TiC composite
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Fig. 9: Variation of wear rate of as cast and forged alloy
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Fig. 10: Variation of wear rate of as cast and forged alloy
and composite with diding vel ocity

throughout the base dloy. Hot forged in-situ AI6061-TiC
composites shows higher hardness and reduced co-efficient
of friction and lower wear rates at dl the loads and diding
vd ocitieswhen compared with cast AI6061 dloyand Al6061-
TiC in-situ composites.
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ABSTRACT

High speed and high power rotating machines, i.e.
turbine, compresor etc. is commonly supported onfluid film
bearings and demand for continuous improvement in
application. Conical fluidfilm hydrodynamicjournd bearing,
having ability to support theloadin radial aswell asin axial
direction has been presented as a modification for plain
circular hydrodynamic journal bearing. In the present
research work, the effectsof semi coneang e (10°, 20°and 30°)
and aspect ratio (0.5, 0.8, and 1.0) on the pressure
distribution of conica fluid film hydrodynamic journa
bearings have been studied for Newtonian fluid (oil, water
and glycerin) using Computationa Fluid Dynamic (CFD)
software package. The maximum pressure a the mid plane
of conica hydrodynamic journa bearing is significantly
improved with increase insemi cone angle and aspect ratio.
The objective of this research work isto report the various
configuration of conical hydrodynamic journa bearings as
an option to replace two separate bearings i.e. journa and
thrust bearing in precision machines.

INTRODUCTION

The hydrodynamic journal bearings have considerable
benefits and widely used in industry because of their
simplicity, efficiency andlow cost. Theoil filmalso provides
shock absorbing capability and damping as a design
parameter to control vibrations in the rotating machines.
These benefits promoted the hydrodynamic journal bearing
to be used in industry for high load and high speed
applications. Conica fluid film hydrodynamic journal
bearings have significant advantages over cylindrical journa
bearings, such as an ability to support loads in the axial as
well as in the radia direction and clearance is dso easily
adjustable on assembly. Sharmaet a. [1, 2] have presented
gtatic and dynamic performance analysis of hydrostatic/
hybrid conical journa bearing with the influence of wear.
They have solved Reynolds equation using FEM and the
Newton Raphson method and suggested that the increase
in the value of a semi cone angle increases the axia load
carrying capacity of the bearing. The results of this study
encouraged theauthor to control the geometry of the bearing

with aspect ratio and semi cone angle with a uniform
clearance for hydrodynamic conical journal bearing.

Yoshimoto et al. [3] investigated water-lubricated
hydrostatic conical bearings with spira grooves for high
speed spindles. Their study revealed that the complaint
surface bearing has a larger load carrying capacity in a
relatively large bearing clearance than the rigid surface
bearing. Korneev [4] investigated and compared the |oad
carrying capacity of conica hydrodynamic journa bearings
by Finite Difference Methods (FDM) for the rotors of
various high speed turbines. The bearing parameters
considered for this study were cone angle (15°, 30° and 45°)
and eccentricity ratio (&= 0.2, 0.4 and 0.6).Murthy [5]
presented the analysis of conica type hydrodynamic crown
bearings for self-adjusting theworking clearancefor trouble-
free service and extended the work for different lobe
configurations as a design guide. Sumikura et al. [6,7]
devel oped the concept to use conical hydrodynamic journal
bearingsin medicd sciencefor axia blood pump. They have
devel oped the enclosed-impel ler type axid flow bloodpump
that enables an enclosed-impédler to be levitated using
hydrodynamicconical bearings. They have used the
hydrodynamic conical bearing with aspect ratio less than one
and glycerol solution as the working fluid. Heshmat et d.
and Han Qing et d.[8, 9] developedahydrodynamicjournal
bearing for the MiTiHeart®. Several bearingconfigurations
were designed based on the taper-land configuration and
tests were performed with blood analog (glycerin/
water). Theirresults indicatedthat the load carrying capacity
and power loss were dependentonbearing geometry, film
thickness and fluid film properties.Ferron et a., Jagadeesha
et al., Gertzos et a.and other investigatorg10-15] worked
in the area of fluid film hydrodynamicjourna bearing with
different aspect ratio and operating conditions.

A thorough scan of the available open literature reved s
that the most of the studies mainly focused on circular
hydrodynamic and conical hydrostatic/hybrid journal
bearing system. However, very few studies are available
onhydrodynamic conical journal bearing. The present study
is aimed to address this gap in literature and proposedthe
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CFD invedtigation of aconicd fluid film hydrodynamic
journal bearing for various semi-coneangles and aspect raio.
This study also has been extended tovarious Newtonian
fluids (oil, water and glycerin). The numericaly simulated
CFD results are expected to be quite useful to the bearing
designer and the academic community.

ANALYSS

A generalized formof Reynoldsequationisderived from
the fundamenta equations of hydrodynamics and it will be
reduced to use in the analysis of fluid-film bearings. The
modified Reynolds equation governing thefluid flow in the
clearance space of aconical journal and bearing in spherica
coordinate is expressed as [1]

19(r s@) 1 0 W 1d) o
ra\l2p &) sinyaplizpr’dp) 2 ép
Thejournal rotating with anangular velodty u and rigid
bearing with steady state equilibrium condition is assumed
with the pressure generated by thelubricant filmin clearance
space of bearing. Schematic view of aconical hydrodynamic

journal bearing supported on fluid film in clearance spaceis
shown inFig. 1.

EARING

CLE)\RANCE_\\
;¢ _-(_._-é_._."_v-_. ] = /o1 }

SN

\_J QURMNAL
2

Fig. 1: Conical hydrodynamic journal bearing

S—
=1

Inthe present CFD analysis, 3-dimensional model Fig.2
has been prepared in GAMBIT by using dimensions and
operating condition as referred in [1, 10 and 11]. After
Modeling of the conical journd bearing, the meshfile (.msh)
created in gambit has been simulated in the ANSY S Fluent
software for CFD analysis. Wodtke et a. [16] suggested that
computer models are feasible alternative to experimenta
research for overcoming the cost and operationa difficulty
inexperimental work.

Thefluid flow in the clearance space of ajournal bearing
also has been discretized by using afour noded i soperimetric
elements and the Lagrangian interpolation function, the
pressure at anoda point in the element is aso solved with
incorporating the boundary conditions and used to compare
the CFD results. The overall solutions of conical
hydrodynamic journal bearing have been found for unworn
condition and Newtonian fluid as a lubricant with the
following stages as per suggested by Sharma et d. [1, 2].

- Computation of fluid film pressure by solving
Reynolds equations for the lubricant flow

- Examine of journd center equilibrium position

- Computationof static pressurein clearance space
of bearing

Ry

Fig. 2: Mesh of Conical hydrodynamic journal bearing

VALIDATION OF CFD RESULTS

The CFD resultsfor non-dimensiona maximum pressure
values (p,.) at mid plane of the conical hydrodynamic
journal bearing is vaidated by the code developed in
Fortron-77 by using finite element method. Resultsshow that
maximum pressure ratio  computed byCFD software were
found in closerange of 10% to 25%. The computed results
for conica hydrodynamic journa bearing with semi cone
angle (y = 20°) show a good agreement for various
eccentricity ratios as shown in Fig. 3.

100

L/d=1, C/R=0.001, N=2000 rpm /i
75 Ps=0.5Mpa, Ts =40°C, v = 20° / N
!
¥
F. ——a—— FEA Code S
™ /
s0{ | --—- cD

0

0.1 0.2 03 04 0.5 0.6 0.7 0.8

€
Fig. 3: Non Dimensional Pressureversus Eccentricity
Ratio using FEA and CFD method

RESULTSAND DISCUSION

This study is carried out for the pressure distribution
of conical fluid film hydrodynamic journal bearing for
various aspect ratio (0.5, 0.8 and 1.0) and semi-cone angle
(y = 5°, 10°, 20° & 30°). The study has been further
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extended for different Newtonian fluids (oil, water and
glycerin). The effects of aspect ratio and semi-cone angle
on the pressure distribution of conical fluid film
hydrodynamic journa bearing have been studied for various
geometricd and operating parametersas mentionedin Table-
1 and Table-2.

Table 1: Operating and geometric parameters for Conical
hydrodynamicjournal bearing

Geometric parameters Notation Vaues
Bearing aspect ratio » 05,08,10
Journal Mean Radius R on 50mm

Semi cone angle @) 50,10°,20°,30°
Speed (N) 2000rpm
Eccentricity Ratio ] 0.1-09
Clearance © 50 micron
Supply Press. Gauge P, 0.5Mpa
Operating Temp. T, 400C

Table 2: Properties of fluidsfor CFD Analysis

Properties water Ol | Glycerin
Mass density (kg/n¥) 9982 &0 12599
fluid viscosity(Pa-s) 0001003 | 00277 | 079

Specific heat (J/kg°C) 182 2000 2427
Therma conductivity
(w/ mPC) 06 013 0286

CFD Analyssof bearing with various Aspect ratios

The analysis presented in this section uses mode of
conical hydrodynamicjournal bearing in gambit software for
various semi cone angles (y = 5°, 10°, 20°, 30°) and aspect
ratio (A =0.5, 0.8, 1.0). Thecomparative resultsfor conica
hydrodynamic journal bearing and cylindrical hydrodynamic
journa bearing has been shown in Table-3 to evaluate the
effect of semi cone angle on the performance of the bearing
for eccentricity ratio (¢ = 0.6). The selected pressure
contour for semi cone angle (y = 10°) and various aspect
ratio (A = 0.5, 0.8, 1.0) of conicd hydrodynamic journa
bearings are as shown in Fig. 4 and Pressure v/s eccentricity
ratio plot is aso shown in Fig. 5.

Table 3: Pressure (in Pa) developed in conical and
cylindrical bearing with various Aspect Ratiosat € = 0.6

Aspect | Cylindrical Conica variation
rio JB JB inP__
(y=0°) (y=30°) (y=30°)Vis
(=09
y=05 728x10° 844x10° 1593%
y=0.8 9.17x10° 113x10° 2323%
y=1.0 102x10° 127x10° 2451%

Centours af Slalic Pressure (paszal Jul 20, 2014

AMEYE FLUENT 13.0(3d, da, pbns, rke)

(@) Aspect ratio (A = 0.5)

’

Contours of Static Pressure (pascal| vul 17, 2614

ANGYS FLLENT 12.0 (3d, dp. pans, rke)

(b) Aspect ratio (A = 0.8)
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Contours of Slalic Pressure (pascal) Jun 28, 2014

AMSYS Fluent 14.5 (3d, dp, phns, rke)

(c) Aspect ratio (A = 1.0)

Fig. 4: Pressure contours for conical hydrodynamic
journal bearings of semi cone angle (y = 100),
eccentricity ratio (¢ = 0.6), water as a lubricant for
various aspect ratio (A = 0.5, 0.8 and 1.0)




Indian Journal of Tribology 17
5.50F+06 1
1 Lfd=1, C/R=0.001, N=2000 rpm
Pe=0.5Mpa, Ts=40"C
4501106 |
1 ——y=10° A=0.5
1 —e—y - 10° A-0.B
3.500+06 —y=10° A= 10
P'nlﬂx
2 S0E+06 |
1501106 |
S.00C+05 % : : : . : : . e
61 02 03 04 05 06 0F 08 0.0

€
Fig. 5: Pressure v/s eccentricity ratio plot for conical
hydrodynamic journal bearing with water as a
lubricant semi cone angle (y = 10°), aspect ratio
(= 0.5,0.8 and 1.0).

CFD Analysis of bearing with various Lubricant fluids

The computationa fluid dynamics model of conical
hydrodynamic journa bearing with aspect ratio (A = 1.0) has
been simulated for various lubricants i.e. water, turbine oil
and glycerin. The three configurations of conical
hydrodynamic journal bearing of semi cone angleas 10°, 20°
and 30° have been considered for this andysis. Results of
conica journa bearing (y = 30°) is comparedwith the plain
cylindrical hydrodynamic journa bearingto see the effect of
various lubricants on the performance of the conical
bearingforeccentricity ratio (A = 0.6) with aspect ratioas
mentioned in Table 4.

Table4: Pressure (in Pa) developed in conical and
cylindrical bearing with various lubricating fluid

Lubricant | Cylindrical Conica Vaiationin
Fuid JB JB Prnax
(v =10 (v =30 (v =309
v/s(y =0°)
Water 1.02x106 1.27x106 2451%
al 1231x106 1808x106 4687 %
Glycerin 3.35x108 4.86x108 4507 %

Sdlected pressure contour for various lubricating fluid
such as water, oil and glycerinfor conical hydrodynamic
journal bearingsemi cone (y = 10°) and aspect ratio (A = 1.0)
with eccentricity ratio (¢ = 0.6) are shown in Fig. 6. The
percentage increase for p__ is more significant and
prominent in case of lubricating fluid glycerin as compared
to turbine oil and water liquid. Fig. 7 indicate that the
maximum pressure is dependent on the eccentricity ratio
and show thevariation from 53.5% to 57.3% for the e= 0.2
to 0.8.

Jus 29, 2014
AMEYE Flueid 14 6 [d. dp. pbhs. kel

Conlaus of Sietic Prassurs (pascal)

(@) Water as a lubricant

1.26e
. e
1.0dg+

s feFs858 8 v
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Jun 18, 2014
ANSYS Fluent 145 (3d, pbns, rke)

(b) Oil asa lubricant

Conlours of Slalic Fressure (pascal]

.-.y‘

F7 g ]

Canlowrs of Slalic Pressune (pescal) Jul 08, 2012
AMNSYS Fluent 14.5 {1d. dp. pbns, re)

(c) Glycerin as a lubricant

Fig. 6 : Pressure contours for conical hydrodynamic
journal bearings of semi cone angle (y = 10°),
eccentricity ratio (¢ = 0.6), aspect ratio (A = 1) for
lubricating fluid (Water, Oil, Glycerin) as a lubricant

Fig. 7 dso shows the value of p__ for glycerin in the
order of approximate 27 times corresponding to turbine oil
lubricant. Whilethevalueof p,__ for turbine oil inthe order
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of approximate 13 times corresponding to water liquid as a
[ubricant.
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Fig. 7 : Pressure v/s eccentricity ratio plot for conical
hydrodynamic journal bearings of semi cone angle
(y = 10°), aspect ratio (A = 1) for various lubricating
fluid (Water, Qil, Glycerin) as a lubricant

CFD Analysisof bearing for varioussemi cone angles

Pressure contours for conica hydrodynamic journa
bearings of semi cone angle (y= 10°, 20°& 30°), aspect ratio
(A = 1), eccentricity ratio (¢ = 0.6) and water as a lubricant
are shown in Fig. 8. While the plot of pressure verses
eccentricity ratiofor semi cone angle (g = 10°, 20°& 30°), is
shown in Fig. 9. Water lubricated bearing is commonly
preferred in application such as ship building, transportation
industry, food industry and pharmaceutical industry. Water
lubricated bearing is having low load carrying capacity as
compared to the turbine oil for al configuration of conica
journa bearing (y = 10°, 20°, 30°) henceto improvethe load
carrying capacity of water |ubricated bearing higher aspect
ratio is recommended.
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Fig. 8 : Pressure contours for conical hydrodynamic

journal bearings of aspect ratio (A = 1), eccentricity

ratio (e = 0.6), water as a lubricant for various semi
cone angle (y = 10°, 20° & 30°)
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Fig. 9 : Pressurev/seccentricity ratio plot for semi cone
angle (y = 10°, 20°& 30°), water asa lubricant and
aspect ratio(4 = 1) for conical hydrodynamic journal
bearing
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CONCLUSIONS

Theinfluence of aspect ratio (1) and semi cone angles
(y) on the performance of conica hydrodynamic journa
bearing has been studied for various Newtonian fluids (oil,
water and glycerin) using CFD software package and FEA
based program results. On the basis of numerically smulated
results following conclusions may be drawn.

x The maximum pressure a mid plane of conical
hydrodynamic journa bearing significantly improved
with increase in the value of an aspect ratio and semi
cone angles aong with eccentricity ratio.

x A conical hydrodynamic journa bearing with semi
cone angle y = 10° shows a significant enhancement
in the value of maximum pressure a mid plane of
conical hydrodynamic journal bearing when glycerin
is used as a lubricant as compared to oil and water
liquid in present study.

Based on this analysis geometrical parameters such as
aspect ratio (L), semi cone angles (y) and lubricating fluid
for optimum performance of conical hydrodynamic journal
bearing may be recommended for rea bearing operating
conditions.
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NOMENCLATURE N Rotational speed (rpm)

C Radia clearance Rotational speed (rad/sec)

R Mean journal radius p hydrodynamic pressure

C/R Clearaceratio P, Lubricant supply pressure

D  Meanjournal diameter Poax  Maximum pressureratio (p,./p.)

L Bearing length c, Lubricant specific heat

A Aspect ratio (L/D) k Lubricant thermal conductivity

e Eccentricity of journal center (€2 = X2+ Y?) Q Lubricant density

€ Eccentricity ratio (e /C) u Lubricant viscosity

Semi cone angles
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ABSTRACT

The present study deals with the combined influence
of non-Newtonian lubricant and geometric irregularities
(barrdl and undulation type) of journa on the performance
of four lobe multirecess hybrid journal bearing compensated
with capillary restrictor. A power law model has been used
to characterise the physical behaviour of non-Newtonian
[ubricant. The modified Reynolds equation has been solved
using FEM. The computed results indicate that combined
influence of barrel shape journal and non-Newtonian
lubricant makes the bearing stiffer and consequently
enhance the stability of the bearing system.

INTRODUCTION

The non-circular journal bearing system is used to
overcome the disadvantage of circular journal bearing such
as poor stability and self-excited vibration characteristics at
higher speed. Multilobe bearings are often used to reduce
bearing system sensitivity to oil film whirl. At light load
application, the four-lobe multirecess hybrid journal bearing
is found to be more stable. Four lobe bearing provides
excellent characteristics such as a higher value of fluid film
stiffness and threshold speed margin than a circular bearing.
Many researchers have been carried out experimental aswell
as theoretical study on non-circular journal bearings to
eval uate its performance characteristics [1-5]. Ghosh and
Satish [6,7] theoretically determined the stability and
rotordynamic coefficientstaking the different value of offset
factor (0.5, 75, 1, 1.25 and 1.5) for four lobe and three lobe
bearings.

Generally the bearing analysis is made by on the
assumption of journal surface is free from geometric
irregularities. But in actual practice, the irregularities are
present with the journal surface dueto improper machining
operations. These journd irregularities are barrel shape,
bellmouth and undul ation (surfacewaviness). In recent times,
many researchers have included these irregularities in their
theoretical and experimental analysis of fluid film journa
bearing. Mokhtar et al. and Chennabasavan [8-10]

analytically as well as experimentally determined the
influence of the geometricirregularities (barrel, bellmouth and
undulation) in hydrodynamic bearing. Rajput and Sharma
[11, 12] investigated the influence of different recess shape,
micropolar fluid and geometricirregularities of journal onthe
performance of circular hybridjournal bearing. Very recently,
Jain and Sharma[13] determined the combined influence of
geometric irregularities of journal and power law lubricant
on the performance of two-lobe multirecess hybrid journa
bearing. Many studies have been reported which shows the
influence of non-Newtonian lubricant on the bearing
performance by using power law model for circular/non-
circular hydrodynamic/hydrostatic journal bearing. It has
been observed that the non-Newtonian lubricant
characterized by power law model have significant influence
on bearing performance characteristic which are mentioned
inliterature [13,14].

A thorough review of literature reveals that the bearing
performance is significantly influenced by type of lubricant,
journal bearing configuration and geometricirregularities of
journal. Further, the study concerning the influence of
geometricimperfection of journa onthe performance of four
lobe hybrid journal bearing operating with power lubricant
has not been reported so far. Therefore, the present work is
aimed to study the performance of geometrically imperfect
four lobe bearing operating with power law lubricant.

ANALYSIS

The configuration of geometrically imperfect four lobe
hybrid journal bearing system shownin Fig. 1.The modified
Reynolds eguation for flow of lubricant in the clearance
space of the bearing in non- dimensional form expressed as
follows[13,14]

A VA AT

F,, F, and F, are cross film viscosity functions and
are given by following relations:
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R fE R [FE R
Ju L 1

Fluid-film thickness

For geometrically imperfect four lobe hybrid journd
bearing, the fluid film thickness is expressed as follows
[11,13].

h= é B [)?a -x, ]cosa - [Z -z, ]sinaf +h, @

where h_ is contribution of geometricerrorsto the film
thickness (h)

h, = -a, sin .
22

h, =a,sn(na+y)

(For barrel shape)

(For undulation shape)
X;, Z; and X', Z,' are journal centre and lobe centre

coordinates respectively and 3 is offset factor. a, a,, A, yand
n, are the amplitude of geometric irregularities, aspect ratio,
phase angle and number of undulations respectively. o and
B are circumferential and axial coordinate of bearing.

2.2. Shear drain power law

In this model shear stress varies as some power of the
shear strain rate and is described as [13,14]

7=m(7) ®

where nisknown as power law index and m is known
as consi stency index.

The value of shear strain rate (5 ) acquired at every
Gaussian point of the element is described as:

T JE .: F up _Q 2 _ F, E‘E__
f"ﬁ“? oa hE, @[ JT;} @

Apparent viscosity term isused in non-Newtonian fluid
instead of viscosity which isthe function of shear strain rate
obtained as:

Finite element formulation

The lubricant flow domain has been discretized using
four-noded quadrilatera isoparametric elements [12]. The
pressure is considered to be distributed linearly over an
element and approximated as follows.

i B

= shape function of elements

Following the usual assembly procedure for the
dements in the entire discretized flow fidld, the following
global system equation is obtained:

[F] {j'_?} = {L_)}"rgl{j_an} "r‘XTJ{EX} "rZTJ{_Rz} (5)

Where, [F] = Global Fluidity matrix
{p} = Global nodal pressure vector
{Q} = globa nodal flow vector

{R,} = global column vectors due to hydrodynamic
terms

R}, {R} = global right hand side vector due to
journal centre velocities in x and z direction.
Boundary condition

The boundary conditions used for the lubricant flow
field are given as:

(i) Nodes situated on the external boundary of the
bearing have zero pressure; P | pes10=0
(ii) Nodes situated on the recess have equal pressure.

(iii) Flow of lubricant through the restrictor isequa to
the bearing input flow.

(iv) At the trailing edge of the positive region, pressure
_— = P

gradient is zero P = = =00.
l3=g=0.0 is implemented in algorithm by using

successive over-rel axation method in Gauss Sieddl iterative
method.

4

|

|
. Baml

Shape Journal

Fig. 1: Geometrically imperfect Four-lobe Hydrostatic/
Hybrid journal Bearing Configuration
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RESULT AND DISCUSSION

The governing globa system equation (4) has been
solved using FEM incorporating usual boundary conditions.
A computer program based on FORTRAN 77 has been
developed to compute the performance parameters of four
|obe bearing system. The geometric and operating parameters
have been judiciously sdected from theavailabl e literatures.
Results of the present study have been validated with the
previously published study [15] for power-law lubricant as
shown inFig. 2 .

The performance characteristics of four lobebearing viz.
fluidfilm thickness, direct stiff ness’damping coefficients and
margina threshold speed with respect to external load have
been computed and illustrated as follow.

FLUID FILM THICKNESS

Fig.2 shows that the bearing system with ideal journa
provides higher value of h,;, as compared to bearing with
barrd and undulated journa .Circular journa bearing exhibit
higher value of than four lobe bearing operating with
Newtonian and non-Newtonian lubricant. The variation of
film thickness is expected due the changein clearance space
within the bearing systems. The order of increasing for
different geometric irregularities (errors) shape journd is:
barrel, undulation and ided journal.

45

40 | —— Presentwork n=0.9 :
= = = Ref[15]
35 Present work n=1.0
£30{ |-- Refl15]
o=
g 25
& 20 -
15
ks 15
g
2 10 . .
5 »=5.0,0=1.0 hydrodynamic
= earing
0 T T T T

0 0.2 0.4 0.6 0.8 1

Eceentricity ratio
Fig. 2: Eccentricity ratio with load carrying capacity
Fluid film stiffness coefficient()

From Figs. (3), it may be observed that stiffness (S,,)
increases with increase in the value of load for both bearing
configuration. Further, it also noted that the bearing
operating with non-Newtonian lubricant possess higher
value of fluid film stiffness (S,,) than the bearing operating
with Newtonianlubricant for both bearing configuration. The
order of increasing stiffness (S,,) for different geometric
irregularities (errors) shaped journal is observed as:
undulation, ideal journa and barrel shape for both bearing
arrangement.
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Sability threshold speed margin (@)

From Fig.4, It may observed that four lobe bearing
operating with Newtonian and non-Newtonian lubricant is
more stable than that of circular journd bearing. Further,
bearing with barrel shape journal isfound to be more stable
than with the rest of journal shapes. The order of increasing
for bearing operating with Newtonian and non-Newtonian
lubricant at different typeof geometricirregularities (errors)
shaped journal is as follows:

Wy ]barrel shape > Wy ]ideal Joumal = Wy ]undulation]

CONCLUSION

Thenumerically simulated results reveal that geometric
irregularities of journa, value of power law index and the
value of offset factor significantly affect the bearing
performance characteristics of four lobe hybrid journal
bearing configuration. For higher values of external |oad, the
bearing with barrdl shape journd exhibits higher value of

direct fluid film stiffness (S,,) & stability threshold speed
margin for power law lubricant vis-a-vis Newtonian lubricant.
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ABSTRACT

This paper aims to analyze the performance
characteristic of an infinitely short rough bearing. The
roughness is modeled in the light of the method of
Christensen and Tonder. The stochastically averaged
Reynold‘s equation is solved to get the pressure
distribution, load carrying capacity and friction. It is
established that the transverse surface roughness affects the
system adversely. In addition the friction is found to be
increased. In this type of roughness pattern the standard
deviation plays a crucial role.

INTRODUCTION

Journal bearings are used to carry radia loads, for
example, to support arotating shaft. A smplejournal bearing
consists of two rigid cylinders. The outer cylinder (bearing)
wraps the inner rotating journal (shaft). Normdly, the
position of the journa center is eccentric with the bearing
center. A lubricant fills the smal annular gap or clearance
space between the journa and the bearing. The eccentricity
of thejournal isrelated to the pressurethat will be generated
in the bearing to baance the radia load. The lubricant is
supplied through a hole or a groove and may or may nhot
extend al around the journal. The need of a Maintenance
Free Bearings (MFB) was established by Hirani [1]. The
paper presented preliminary friction calculationsto highlight
the waysto achieve maintenance free bearings. The existing
technol ogies of well-established maintenance free bearings
were described. The hybridization of bearing technologies
to achieve low cost maintenance free bearings had been
exemplified. Finally a combination of passive magnetic
repulsion and hydrodynamics had been proposed and
recommended as source terms to develop maintenance free
bearings. In Raghavendra et al.[2] The analysis and design
of hydrodynamic journal bearings has drawn a considerance
attention of engineers. Emphasis was given to design those
bearings so as to avoid metal -to-metal contact .To design
these elements, few important characteristics, like | oad-
carrying capacity, maximum pressure and their location
[ubricant flow requirement between mating surfaces and so
on were to be predicted accurately. These parameters could
be determined if the pressure within the clearance space

between contact surfaces was known. To study and find this
pressure one had to solve in general the Reynolds’s
equation that governed the flow of lubricant inside the
clearance space. Moreover the accuracy of the results
obtained by FEM was mainly depended on the proper finite
element moddling that included proper selection of the type
and size of finite elements and solution agorithm. One was
requiredto determi nethe minimum number of eements those
could be used to obtain the accurate solution. Therefore,
this work was devoted to study the effect of number of finite
elements on the computed results of hydrodynamic journal
bearing and to determine minimum number of finite elements
to beused in the analysis of the journa bearing. Dwivedi et
al.[3] considered solution of Reynolds equation for
hydrodynamic journal bearing with infinitely long
approximation, infinitely short bearing approximation and
finite journd bearing approximation. Further Finite Journa
bearing approximation considers two dimensiona solution
of Reynolds equation with natural boundary condition,
which could not be solved by analytical method. So, here
the solutions for finite journa bearing was obtained using
finite difference method to get bearing performance
parameters such as load capacity and Sommerfeld number
etc. by Sandeep Vakharia [4] the steady state performance
andysis of short circular journal bearing was conducted
using the viscosity correction model under thin film
Iubrication conditions. The thickness of adsorbed molecular
layers was the most critical factor in studying thin film
lubrication and was the most essential parameter that
distinguished thin film from thick film lubrication anaysis.
Theinteraction between the lubricant and the surface within
avery narrow gap was considered. The general Reynolds
equation was derived for calculating thin film lubrication
parameters affecting the performance of short circular journal
bearing. Investigation for theload carrying capacity, friction
force, torque, and power loss for the short circular journa
bearing under the consideration of adsorbed layer thickness
had been carried out. The analysis was carried out for the
short bearing approximation (L / D = 0.5) using Gumbel’s
boundary condition. It was found that the steady state
performance parameters were comparatively higher for short
circular journal bearing under the consideration of adsorbed
layer thickness than for plain circular journal bearing.
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Numerical continuation was used by Amamou et a.[5] to
predict the branch of thejourna equilibrium point, the Hopf
bifurcation point and the emerging stable or unstable limit
cycles. Depending on the bearing characteristics, the
stability threshold occurred either at a supercritica or a a
subcritical Hopf bifurcation. For journa speeds above the
supercritical bifurcation, the journa underwent stable limit
cycles. For the stability boundaries due to a subcritica
bifurcation, a limit point of cycle bifurcation was found
defining the domain of possible journal jumping from the
equilibrium position to large limit cycles and hysteresis
phenomenon during rotor speed variation near the stability
threshold.

Incorporation of different shapesof textures on journal
and/or bearing at different location of texture zone was
reported by Singh et. a[6]to have significant influence on
the bearing performance. Different types of surface
roughness / texturing had been proposed and evaluated for
this purpose. Constrai nts wereimposed on themaximum fluid
pressure, minimum film thi ckness, maxi mum temperature rise
and critical speed. The Reynolds equation for the pressure
distribution of the lubricant in ajourna bearing with finite
length was solved by Sfyris and Chasalevrig[7] anayticaly.
Using the method of separation of variables in an additive
and amultiplicative form, aset of particular solutionsof the
Reynolds equation was added in the general solution of the
homogenous Reynolds equation. Thus a closed form
expression for the definition of the lubricant pressure was
presented. The Reynolds equation was split into four linear
ordinary differential equations of second order with variable
coefficients. The resultant pressure distribution presented

p.dy.dz

-—dx -

Fig: 1(a) Geometry and Coordinate system
Fig: 1(b) Equilibriumof Forceson Fluid Element

dlight differences compared to thisof thenumerical solution
and the approximate analytical solution in the values of
maximum and minimum pressure but aso in the domain of
lower values of pressure. Hence it has been proposed to
study and andyze the effect of certain type of roughness
onthe performance characteristics of ainfinitely short rough
hydrodynamic journal bearing. The geometry of the bearing
system and equilibrium of forces on fluid dement are
presented in figures 1(a) and 1(b).

Normal forces dueto fluid pressure p act upon the left
and right surfaces of the fluid element whereas shear forces
due to viscosity act upon the bottom and top surfaces of
the fluid element. Considering equilibrium of forcesin X-
direction, one finds that

o7, dyydudz —t dvdz —(p + P iy Yelydz =0
ay ’ éx

pidvdz + (1, +

i

dt.  op
O o 1 (1)
dy  Ox

According to the Newton‘s law of viscosity

ou
DT ey

Substituting the value in equation (1), one obtains that

8 &'u
e _,,cn

ax T &yt @

this gives pressure gradient in X-direction. Since the
pressure of the lubricant is constant in the direction of film

thickness that is %"=0

. _— .. op_ Ow
While the pressure gradient in z directionis 5—/1?
For timebeingwewill restrict to analysisin X-direction
only. From equation Integrating equation (2) twice with
respect to y, this results in
1 ép

U =——="y'+C y+C ©)]
2u Ox ) H :

The constants of integrations are C, and C, are
evaluated from the following boundary conditions:
y=0 u=0
y=nh u=u
Where U is the velocity in X-direction. In view of
boundary conditions one arrives at

T

1 &p ) v
H o= v w o (v —hy)+ . ¥ @)
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Thus equation gives the velocity distribution of
Lubricant in the film as a function of y and g—s pressure
gradient

The flow rate of lubricant in X-direction per unit width
of Z-direction is given by

i

q.= Judy
0 i ®)
_ kT op N Uh
12u &x 2

Similarly, the flow rate of lubricant in the Z-direction
per unit width of X-direction is found

h- rip N W h ®)
[’,l

-7 T4 8z 2

Assuming thereisno flow of lubricant inthe Y-direction,
the Reynolds’s equation is obtained as

2 L alhap g . g
“'_{ﬁ_ﬂyr"_ h_c’_j|_6|if—([,-’h)+;—(ﬂ’:‘x):| Y]
;- = ’ GXx 1z

As U and W are not a function of x and z respectively.

It is, in fact very hard to think of any moving system
where wedge h vary in two dimensionsi.e. X and Y. Hence

consideration of % =0.

& 5 8p & 2 8p | _ L dh
—{h —}+—{h ﬁ—} =6ul — ®

ax adx oz &z
The pressure distribution dong circumferenceis shown
infigure

F il of viscosity p
and tlow rate Q

s :_-’JBD,L iy,
\x-' ; "\F"Q-p".‘f?“”'!' - Film pressure, p
¥ [ S ¢.F

4 -

":é L Averane film pressure. p= F

s Exl
Fig. 2(a) : Pressure distribution along circumference
Pressure Distribution
For infinitely short journal bearing

Lo (9)

Substituting equation (9) in equation (8)

G ; O
¢ {k’i]zﬁ_u{f {ﬂ} @
0z Oz dx

In view of discussion of Christensen and Tonder
[8-10] thisleads

- 1
O v3em P | = outr| L +30tm): k)
dz oz dx

Fluid film thickness h is not a function of z, hence
equation (10) becomes

Efz)g): ouls i(f13+"%0'2h)-%
dz°  (h° +30°h) dx ) @

=

Integrating above equation

Juls d oy Sk
= [ 4+3c7h)P " +ez+cmnnn
P\ o) e, @

Using the boundary conditions

z=0 P _y
dz

and smplifying, one gets the expression for pressure
distribution in the bearing system as

‘]
2 |22
; {;—1—2} “
{(chos())" +3% (1+scos())}
o

{ esind) {(1 F scosd)

3l
o= £

Introduction of dimensionless quantities

cor
P=- 7

ith

=% x_Z
c !

Leads to the expression for the pressure distribution in
the dimensionless form

(3esinfl) l+ecos0) +o %
. [(1+6c050) }F} 0

1 - 4
[{] +zeos@) +30* (1+¢ cosﬂ]]‘

L oad carrying capacity

By using pressure distribution the load carrying
capacity of the bearing can be obtained. The load carrying
capecity is determined by using half Sommerfeld condition.
Cameron [11]. The haf Sommerfeld condition states that
when the film becomes divergent a 6 = & the pressure
becomes zero. Hence only the positive pressure region that
is convergent filmregion® = 0to ® = & supports the total
load in bearing.
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The component of total forcein the direction of line of
centres (N-direction) is described by,

W, = joﬂ j_;;prdf? dzcosd 9

The component of total forcein the direction of line of
centres (T-direction) is given by,

I
W, = ‘[) j‘ffpr d8 dzsin 8 @

Load Carrying capacity of the bearing is given by

Resulting load carrying capacity is computed by
Trapezoidal rule.

Friction

The friction force is determined by

I

fe

N A== @9
SR+ 30k

which turns out to be governed by the expression

do @

fe ulit’y 2; 1
oo (1 +£c059]'1 +3cc(1+£c0sb)

Non dimensiona frictional force is given by

Jid 1 2]1 1 g0 @)

S WLr L +ecostl) +3a7¢(1+Ecos)

Also thecoefficient of friction isdecided by therelation

_F
=W
The performance characteristics W, f, F and x4 are

calculated by adopting Trapezoida rule.

Fig. 3: Non dimensional pressure distribution P versus 8
for different value of z*
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——z=0.04

——z=005

Fig. 4: Non dimensional pressure distribution P versus
ofor different value of

Fig. 5: Non dimensional pressure distribution P versus 6
for different value of ¢ *

$

Fig. 6: Non dimensional load carrying capacity w versus
o *for different values of £
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Fig. 7: Non dimensional load carrying capacity w versus

efor different values of ¢ *
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Fig. 8: Coefficient of friction u versus o *for different

values of ¢
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Fig. 9: Coefficient of friction u versusc *for different
values of ¢

RESULT AND DISCUSSION

The nerely parabolic profile of the pressure distribution
can be seen from fig 3,4 and 5.However the decresing
pressureis littlebit slow inthe case of 4. The variance of non
dimensional load carrying capacity is presented in fig 6 and
7.1t is clearly seen that the standard devivation adversely
affects the performance of the bearing system.Further the
effect of eccentricity on the variance of load carrying
capacity with respect to 6* is negligible when 6* exceeds
0.15. Theprofilefor cofficent of frictionisprovidedinfig 8
and 9.1t is clear that the standard deviation increses the the
cofficent of friction but the affects of skeness on the
coefficient of friction with respect to 6* is dmost marginal.

CONCLUSION

Thisarticlerevelesthat the performance charactersitics
of ainfinitely short journal bearing are singificantly affected
by the standard devivation associated with the roughness
charactersitics.The bearing reffers due to the transeverse
surface roughness. So while desiging the bearing system
oneis requred to account for roughness.

Nomenclature

p: Lubricant pressure (N/mm2)
P: Dimensionless pressure
w: Load-carrying capacity (N)

F: Dimensionlessfriction force

u: Coefficiert of friction
W: Dimensionless load carrying capacity

h: Lubricant viscosity (N.Smm2)

e Eccentricity (mm).
o: Standard deviation
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of rotation. The load can either be applied by a
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e Delivered worldwide to more than 200
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Standards: ISO 14635, CEC-L-07, IP

334, ASTM D 5182, ASTM D 4998, FVA

243, FVA 54, FVA 2

Option: Wear at low speed

2 oil units possible

Siemens control with colour LCS

Curve display

Determination of scoring load capacity of oils
Pitting test to determination the effects of
various transmission oils and additives on gears
Micropittings test to determine the effects of
additives and oils on the occurrence of micropittings
Shear stability test to determine the frictional
losses of multi-grade oils

Technical data
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Max. torque: 715Nm (pinion)

Max. oil temperature: 120°C (dip)/90°C
(inject)

Center distance: 91,5mm
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