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Appendix—A

+» Calculation of maximum contact pressure

The maximum contact pressure (i.e., Hertzian stress, B,,4,) Was computed using Eq. (A.1).

3w

Prax = mal (A1)
3WR' 1/3
o= [ oo
Er
=1 [1_19% + 1_022] (A.3)
' 2l E E,
e R R LT (Ad)

Where;
W: Normal load (N),
a: Hertzian radius (i.e., the radius of contact area)

R', R, and R,: Effective radius or reduced radius of curvature, the radius of body 1, body

2, respectively. (The subscripts ‘x” and ‘y”’ refer to x—direction and y—direction)

E,, E; and E': Young’s modulus of body 1, body 2, and reduced Young’s modulus,

respectively.

9, and 9,: Poisson’s ratio for body 1, body 2, respectively.
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+» Calculation of Pmax In case of four- ball tribometer

In four- ball tribometer, the tribo-pairs exhibit ball-on-ball type geometry and diameter of

both bodies (i.e., steel balls) are identical i.e., 12.7 mm.
Therefore, Ry, =R;,=R; and R,, =R,,=R,
The reduced radius of curvature can be calculated as

1_2[1+1
R "IR, R,

i _ 2[ 1 4 1 ]

R’ 6.35x 1073 * 6.35x 1073

R'=158x10"3m (A5)
Since the material properties of both bodies are the same. Therefore,
E, = E, =210 % 10° Paand 9; = 9, = 0.3
The reduced Young’s modulus can be calculated by using Eq. (A.3)

1 1[1-0.32 1-0.32

E' 2]210x 10° +210 x 10°

E’' =231x 10 Pa (A.6)

In the anti-wear test, the contact angles between balls were 35.265° as per ASTM standard.
The applied load was 40 kgf (or 392 N), and Eq. (A.7) was used to calculate the actual

contact load.

P = N cos(35.265°) (A7)
Where;
P: applied load (392 N)
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N: total actual contact load on three lower balls.

One-third of the total contact load “N” has been uniformly distributed among three lower

balls (i.e., W = N/3).
Therefore, normal load on one ball

W = 0.40825P = 0.40825 X 392
W = 160.03 N (A.8)

Hertzian radius or radius of contact area was calculated by using Eq. (A.2)

1
_ [3x160.03 x 1.58 x 107] /3
“= 231 x 1011

a=149x10"*m (A.9)

The maximum contact pressure or Hertz stress as per Eq. (A.1)

b 3 x 160.03
MAxX T2 % 3.14 x (1.49 x 104)2

Py = 3.443 x 10° Pa

Prax = 3.4 GPa (A.10)

% Calculation of maximum contact pressure for SRV 5 tribometer

In SRV 5 tribo-testing, the ball-on disc-type configuration, confirming the point contact

between the mating surfaces, and the contact area is also circular. Therefore, the radius of

contact area can be determined by using Eq. (A.2) as follows:

1
[3wRr 73
a = £
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In ball-on-disc type geometry, for the ball (body 1): R;, = Ry, =R; and for disc (body 2):
R2x = RZy:OO
Therefore, the effective radius of curvature can be calculated as per Eq. (A4), as follows:

1 2 2

R R, 5x1073
R'=25%10"3m (A.11)

Since both mating bodies (i.e., ball and disc) are made of the same material (AIS1 52100).

Therefore, E; = E, = 210 x 10° Paand 9; = 9, = 0.3
The reduced Young’s modulus was calculated by using Eq. (A.3), as

1 1] 1-0.3? 1-0.32

E' 2|210x10° +21O x 109

E' =231x 10 Pa (A.12)

The radius of contact area or Hertzian radius

1
C[BxWx25x107%] 73
4= 231 x 101

a=319x10"*x wl/3 (A.13)

The Hertzian radius at different applied load was calculated and are summarized in Table

Al

Therefore, Maximum contact pressure or Hertzian contact stress

b 3XW
max 2 % 3.14 x (a)?

Prax = 04777 X = (A.14)
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The Hertzian contact stress under different applied load was determined and are

summarized in Table A.1.

Table A.1: Summary of calculated Hertzian radius and Hertzian contact stress under

different loading conditions

Applied normal load Hertzian radius Hertzian contact stress
(N) (x 107*; m) (Pmax; GPa)
50 1.18 1.73
200 1.87 2.74
300 2.14 3.14

+» Calculation of maximum contact pressure in case of ball-on-disc

tribometer

In ball-on-disc tribometer, body 1, i.e., steel ball, has a diameter of 10 mm and is made of
high chrome steel (AISI 52100). Therefore, E; = 210 x 10° Pa and 99; = 0.3. Body 2 is

the disc which is made of hardened steel (EN 31). Thus, E, = 200 x 10° Paand 9, = 0.3.
The calculated effective radius of curvature using Eq. (A.4) is

R'=25%x10"3m (A.15)
The reduced Young’s modulus was calculated by using Eq. (A.3)

E' =2.25x 10! Pa (A.16)

The radius of contact area or Hertzian radius and maximum contact pressure or Hertzian

contact stress was computed as per Eq. (A.2) and, summarized in Table A.2.
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Table A.2: Summary of calculated Hertzian radius and

different loading conditions

Hertzian contact stress under

Applied normal load Hertzian radius Hertzian contact stress
(N) (x 107%; m) (Pnax; GPa)
50 1.19 1.7
80 1.39 1.99
100 1.49 2.14
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Appendix- B

Calculation of mean wear volume of worn surface in case of four-ball

/7
0’0

tribometer
The wear scar diameter of the three stationary steel balls was considered to ascertain the

wear of balls. The mean wear volume (MWV) was computed by using Eq. (B.1)

mwy = 2 (%) - (52) ®

Where, d,,,: mean wear scar diameter (WSD)

d,, d, and d5: mean scar diameter of stationary ball 1, ball 2 and ball 3
- 3WR' Y3
d,= Hertzian diameter = 2a = 2[ = ] (B.3)

Hertzian radius or radius of contact area (calculation procedure in provided in Appendix-

A)
a=149x10"*m

The diameter of contact area or Hertzian diameter,

dy=2a=2x149%x10"*m

dy =2.98x107*m (B.4)

The reduced Young’s modulus was calculated as per Appendix-A

E' =231 x 10! Pa (B.5)

The reduced radius of curvature (calculation procedure is given in Appendix-A)
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R'=158x10"3m (B.6)

The mean WSD of three stationary steel balls lubricated with plain PAO 4 were 1086.2

pm, 1077.6 pum, and 1042.1 um. Therefore, the mean WSD of three stationary steel balls
d,, = (1086.2 + 1077.6 + 1043.1)/3
d,, = 1068.9 pum
d,, = 1068.9 X 1076 m (B.7)

The mean wear volume of worn surfaces of steel ball

MWV = 3.14 x (2.98 x 107*)*(/1068.9 x 107° * 1068.9 x 107
64 x1.58x1073 298 x 10 298 x 10~*

MWV =197 x 10~ m3

MWV =197 x 10~* mm3

Similarly, the mean wear volume of each worn surfaces of steel balls lubricated with

various lubricant formulation were calculated.

X/

++ Calculation of mean wear volume of worn surface in case of SRV 5

tribometer

The wear volume (WV) was estimated by considering the total volume loss of both mating
pairs (i.e., ball and disc) as per Eq. (B.8). Equations (B.9) -(B.13) are the auxiliary

equations to Eq. (B.8)

WV - WVball + WVdiSC (BS)
Wy, d?
WVhan = ( gl 2) (B.9)
Where;
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W, = [Rl = { (r? - %5)} —w, (B.10)

2
WVase = (F22) + (8xw) (B.11)
Where;
2
w,, = [R* _ { (R*Z _ %)}] (B.12)
. _ 43
12wy, (B8.13)

Where; WV, and WVy;.: volumetric wear of ball and disc, respectively.
d,: wear scar diameter perpendicular to the sliding direction.

R, : radius of steel ball.

R*: the approximate radius of wear scar on the disc after the test.

Wj: represent the cross-sectional wear area (planimetric wear) of the disc,
W, linear wear of ball.

W, linear wear of disc.

Ax: the stroke length.

++ Calculation of mean wear volume of worn surface in case of ball-on-

disc tribometer

In the “ball on disc” type of arrangement, the specific wear rate was calculated by assuming
negligible wear of the disc as compared to the ball. The specific wear rate (K) was

computed as per Archard’s equation and given in Eq. (B.14).

K=VY/ys (B.14)
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Where V is the wear volume of the worn surface of the tested ball (mm?3), W is the applied

load (N), and S is the sliding distance (m).

The wear volume was determined geometrically using the diameter and the height of the

wear scar as given in Equation (B.15). Eqg. (3.16) is the subsidiary equation to Eq. (B.15).

v =mh?(R -1)

Where; R; is the radius of the steel ball (mm).

h: the height of wear scar (mm).

d: diameter of wear scar (mm) of the tested ball.

(B.15)

(B.16)
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Appendix— C

+ Calculation of lubricant minimum film thickness

The minimum film thickness was calculated in accordance with Hamrock and Dowson’s

equation by assuming hard elastohydrodynamic lubrication, and it is as shown by Eq. (C.1).

Amin _ Uno 0.68 049 [ W ~0.073 _ A—0.68k
me=363(pn)  GEN(5rm)  (-eteh) (€1
Where;

hnin: lubricant minimum film thickness (m);

u: mean velocity (m/s) i.e., u = %; where, u; is the velocity of body 1 and u, is the
velocity of body 2;

o dynamic viscosity of lubricant (Pa-S);

R': reduced radius of curvature (m);

E': reduced Young’s modulus (Pa);

w: normal load (N);

k: elliptical parameter; (k =1 for point contact and k =0 for line contact)

One of the essential parameters required to compute h,,;, is the pressure viscosity

coefficient (), which is assessed with the help of the Wooster equation (Eg. (C.2)).

& =(0.6+0.965 x log,,n)10~8 (C.2)
Where;
&: Pressure—viscosity coefficient (m?/N)
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7: the atmospheric viscosity of lubricant (cP)

« Calculation of minimum film thickness in case of four-ball tribo-

testing

In four-ball tribometer, the tribo-pairs exhibit ball-on-ball type geometry, and the diameter

of both bodies (i.e., steel balls) are identical, i.e., 12.7 mm.
Therefore, Ry, =Ry,=R; and R,, =R,,=R,

The reduced radius of curvature can be calculated as

1 1 1
v =2 te (C.3)

l _ 2[ 1 N 1 ]
R’ 6.35x 1073 * 6.35x 1073
R'=158x10"3m
Since the material properties of both bodies are the same. Therefore,
E, = E, =210 x 10° Paand ¥; = 9, = 0.3
The reduced Young’s modulus can be calculated by using Eq. (A.3) of Appendix-A

1 1] 1-0.3? 1-0.32

E' 2|210 x10° +21O x 109

E' =231 x 10 Pa (C.4)
Normal load on one ball
W = 0.40825P = 0.40825 x 392
W = 160.03 N (C.5)

The velocity of body 1(i.e., upper rotating steel ball)
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_ DN,
60

Uq

3.14 x 12.7 X 10~3 x 1200
W= 60

u; = 0.7975 m/s

Bottom balls were fixed, therefore u, = 0

The mean velocity, u= u142ruz
0.7975+ 0
U=————
2
u = 0.3988 m/s (C.6)

In the computation of pressure viscosity coefficient (&), the dynamic viscosity of different
grades of PAOs was calculated by considering the kinematic viscosity at 40 °C and density,

as shown in Table 3.1.
For example,
The dynamic viscosity of PAO 4 = 15.60 x 1073 Pa-s= 15.6 cP
The pressure viscosity coefficient (£) was calculated by using Eq. (C7) as follows
& = (0.6 + 0.965 x log,,n)1078 (C.7)
For PAO 4 base oil,
& = (0.6 4 0.965 x 10g,,15.6)1078
§=1.75%10"8 m?N (C.8)

The calculated values of ¢ for all grades of PAOs is shown in Table C.1.
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Now considering Eg. (C.1), the minimum film thickness in case of PAO 4 was determined

as follows:

Rmin _ un, \ 68 oo (W 70073 ~0.68k
363 (E’R’) GE) (W) (1-e )

— 0.39887 x 15.6 x 1073 \*°° (175 x 1078 x 231
1.58 x 103 2.31x 1011 x 1.58 x 103 ' '
160.03 —0.073
11\0.49 _ ~—0.68
X100 | 3T 10T = (158 x 10—3)2] (1=e™)
h .
TEgx 103 = 363(171 X 1071)0€%(4.04 x 10%)°47(2.78 x 107*)70073(0.493383)

_ fmin_ 9.0832 x 106
1.58 x 10~3

Rmin = 9.0832 X 1076 x 1.58 x 1073
Rmin = 14.35x 107° m
hpin = 14.36 nm

To elucidate the lubrication regime, film thickness ratio or lambda ratio (L) was calculated

using Eq. (C.9).

A = Lmin (C.9)

0-*
Where; o* = /(02 + 07) = composite surface roughness

o,and o, are the surface roughness of body 1 and body 2. The surface roughness of body 1

(steel ball) and body 2 (steel ball) is 0.201 pm.

A 14.35 x 1072
V(2.01 X 1077)2 + (2.01 x 10-7)2
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A =0.0504

Similarly, the h,;, and A were calculated for all grades of PAOs and summarized in Table

C.1L.

Table C.1: Summary of calculated pressure viscosity coefficient, minimum film thickness,
and film thickness parameter of different PAOs

Pressure viscosity Minimum film _ )
) o ) Film thickness
Base oil coefficient (§), thickness (hpyin). _
ratio (4)
(GPa)* (nm)

PAO 4 17.5 14.34 0.051

PAO 6 19.6 21.27 0.075
PAO 40 30.4 151.6 0.533
PAO 100 34.9 335.7 1.18

s Calculation of minimum film thickness in case of SRV- 5 tribo-testing
In ball-on-disc type geometry, for the ball (body 1): Ry, = Ry, =R; and for disc (body 2):

RZx = RZy:OO
Therefore, the effective radius of curvature R’ = 2.5 x 1073 m (C.10)

Since both mating bodies (i.e., ball and disc) are made of the same material (AIS1 52100).

Therefore, E; = E, = 210 x 10° Paand 9, = 9, = 0.3
The computed reduced Young’s modulus

E' =231 x 10 Pa
The velocity of body 1(i.e., upper rotating steel ball)

u; =0.1m/s
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Body 2 (i.e., disc) is stationary, therefore u, = 0

. uit+u
The mean velocity, u=-=1-2

u = 0.05 m/s (C.11)

The pressure-viscosity coefficient, lubricant minimum film thickness, and film thickness
ratio were determined according to the procedure explained in Section 1.1 and summarized

in Table C.2.

Table C.2: Summary of calculated pressure viscosity coefficient, minimum film thickness
and film thickness parameter for different base oils

Pressure viscosity Minimum film _ )
) o ) Film thickness
Base oil coefficient (£), thickness (hpin). _
ratio (4)
(GPa)! (nm)

PAO 4 17.5 4.71 0.114

PAO 6 19.6 6.32 0.153
PAO 100 34.9 96.7 2.35
PPG 2000 28.8 329 0.779

++ Calculation of minimum film thickness in case of Pin-on-disc tribo-

testing

In ball-on-disc tribometer, body 1, i.e., steel ball, has a diameter of 10 mm and is made of
high chrome steel (AISI 52100). Therefore, E; = 210 x 10° Pa and 9, = 0.3. Body 2 is

the disc which is made of hardened steel (EN 31). Thus, E, = 200 x 10° Paand 9, = 0.3.

The calculated effective radius of curvature using Eq. (A.4) of Appendix-A is

Page | 304




R'=25x%x10"3m (C.12)
The reduced Young’s modulus was calculated by using Eq. (A.3) of Appendix-A
E’' =2.25 x 10! Pa (C.13)

Since the velocities of body 1(i.e., upper rotating steel ball) are 0.42 m/s, 1.099 m/s and

1.57 m/s.
Therefore, mean velocities are 0.21 m/s, 0.5495 m/s and 0.785 m/s

The pressure-viscosity coefficient, lubricant minimum film thickness, and film thickness
ratio as per Lig orthogonal array were determined according to the procedure explained in

Section 1.1 and summarized in Table C.3.

Page | 305



Table C.3: Summary of calculated pressure viscosity coefficient, minimum film thickness
and film thickness parameter as per Lig orthogonal array

Pressure | Minimum .
. viscosity film .F'Im
Expt. | Velocity, Load, Base oil | coefficient | thickness thlck_ness
No. (m/s) (N) ratio,
(f)a (hmin)v O“)
(GPa)? (nm)

1 0.42 50 PAO 4 17.5 26.6 0.058
2 1.099 80 PAO 6 19.6 69.5 0.152
3 1.57 100 PAO 40 30.4 501.3 1.098
4 0.42 50 PAO 6 19.6 37.4 0.082
5 1.099 80 PAO 40 30.4 399.8 0.876
6 1.57 100 PAO 4 17.5 62.08 0.136
4 1.099 50 PAO 4 17.5 51.2 0.112
8 1.57 80 PAO 6 19.6 88.6 0.194
9 0.42 100 PAO 40 30.4 204.5 0.448
10 1.57 50 PAO 40 30.4 527.3 1.155
11 0.42 80 PAO 4 17.5 25.7 0.056
12 1.099 100 PAO 6 19.6 25.7 0.150
13 1.099 50 PAO 40 30.4 68.4 0.906
14 1.57 80 PAO 4 17.5 413.7 0.138
15 0.42 100 PAO 6 19.6 63.1 0.078
16 1.57 50 PAO 6 19.6 35.5 0.201
17 0.42 80 PAO 40 30.4 91.7 0.455
18 1.099 100 PAO 4 17.5 207.9 0.107
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Appendix-D

¢+ Calculation of the stoichiometric amount of 12-hydroxystearic acid and lithium

hydroxide monohydrate required in the formulation of 250 gm grease sample

The molecular weight of thickener ingredients is listed in Table D.1.

Table D.1: Molecular weight of thickener ingredients

Name of thickner ingredients Molecular weight (gm/mol)

12-hydroxystearic acid 300.53
Lithium hydroxide monohydrate 41.96
Lithium 12-hydroxystearate 306.40

12 — hydroxy stearic acid + lithium hydroxide ———

Lithium 12 — hydroxy stearate + water

CH; — (CH,)s — CHOH — (CH,),, — COOH + LiOoH —

CH; — (CH,)s — CHOH — (CH,);, — COOLi + H,0

weight of compound

Moles of lithium 12—-hydroxystearate in mixture = -
molecular weight

35gm
306.40 gm/mole

= 0.1142 mole

Weight of 12-hydroxystearic acid required = number of moles x molecular weight
=0.1142 x 300.53 = 34.32 gm
Weight of lithium hydroxide monohydrate required = number of moles x molecular weight

=0.1142 x 41.96 = 4.79 gm
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Response sheet for the examiner’s comment

Examiner-1

(@)

Table 1.1 correct the position of R in the structure of alkyl
benzene

As per the examiner’s suggestion, the
position of R in the structure of alkyl
benzene has been corrected.

The correct
structure of alkyl
benzene has been
included in Table
1.1 (page no. 10)

(b)

Section 1.4 Role of additives in synthetic lubrication. The section
title is broad-based, but the text is specific only to nano-additives.
Please list the other additives used and their purpose. It gives the
wrong impression that the final lubricant doesn't need additional
additives other than nano-additives.

As per the examiner’s suggestion, section
1.4 has been modified in the revised
thesis.

Modifications are
included in page
no.12.

(©)

Please do a plagiarism check. (For example, load balancing page
7 matched almost exactly with the text at
http://lwww.soil7.com/mobile/eng/knowledge/basic/function.jsp)

As per the examiner’s suggestion, the
plagiarism check has been done, and the
thesis is modified wherever it is required.

Changes are
included in page no.
1.

(d)

P64, section 2.9.3: The broad answers to the questions asked as a
part of the Problem definition could be given in the summary.
That will help in highlighting the main contributions of this work.

As per the examiner’s suggestion, the
overall conclusions regarding the
problem definition have been included in
the revised thesis.

The modifications
have been included
in section 8.2 on
page 266.
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Examiner-2

Comment
No.

Questions

Reply to the comments

Remarks

The tabular summary of the literature survey
is appreciated. This will serve as a good
reference for future researchers. If it has not
been published as a review paper, then these
tables could be displayed on a website.

It has not been published as a review paper. However, the
soft copy of the thesis will be available on the institute
website under the e-resource of the library.

No changes are made
in the revised thesis.

Rheological investigations of base oil+
nanoparticles were not carried out as it was
assumed that the nanoparticles would have the
least influence on viscosity. While that
assumption may not be valid, certainly, the
stability of the suspension to the shear rate
would be an important contribution.

The authors reported rheological test only on neat PAOs
because initial trial experiments with the LaFs as an
additive did not significantly impact the rheological
characteristics of PAOs and this may be because of the
minimal concentration of additive (i.e., 0.025-0.15 wt.%)
used in the test. Therefore, the authors provided the
rheological characterization of only pure PAOs.

No changes are made
in the revised thesis.

What are the reasons for using three different
tribometers? What are the practical situations
that are being simulated in these instruments?
Maybe these questions can be addressed in
chapter 3.

Bearing and engine components are encountered with
various loads, speeds and motion at the contacting surface
of the rubbing pairs. Therefore, three different tribometer
were used to analyze the characteristics of lubricants under
various sliding movements as well as under different
lubrication conditions (i.e., fully flooded and starved)

The practical
application of all
tribometers has been
included in
respective section of
chapter 3 i.e., section
3.5.1 (page no.77),
section 3.5.2 (page
no. 80) and section
3.5.3 (page no. 83)
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The contact in most of the tribo-test is
assumed to be elastic. This would mean that
the contact pressure should not exceed
Meyer's hardness (approx. three times yield
stress) of the softest material in the contact
pair. Please check this for all the tribo-
contacts used. Reported contact pressures
seem to be higher than the hardness.

The contact stress is calculated according to the Hertz
theory considering elastic deformation characteristics. The
classical theory of contact focused primarily on non-
adhesive contact. The contact area is small compared to the
sizes of the objects, and the stresses are highly
concentrated in this area. The hertz contact pressure is
different from nominal contact pressure. The anti-wear
tests were conducted according to ASTM standards, and
the calculated contact pressure (as reported in the thesis) is
significantly higher than the hardness of steel. However,
the lubricants were applied between the tribo-surfaces and
thus formed a few nanometers thickness, separating the
tribo-pairs and bearing the contact pressure. The pressures
encountered in these contacts can be so high, and the rate
of pressure rise so rapid that the lubricants are assumed to
be squeezed out. The wear scar obtained in any typical test
condition is very small. If the applied stresses are
calculated for the given load, this will be less than the
hardness of the steel.

The test has been
conducted as per
ASTM standards.
Therefore, no change
is required in the
thesis. Further this
will be clarified
during viva-voce
examination.

In general, it needs to be made clear that the
results presented from chapter 4 onwards
correspond to which tribometer. Section 4.1
title provides that detail but is missing
elsewhere.

As per the examiner’s suggestion, details about the
tribometer have been provided in the title of the respective
section of the revised thesis (i.e., section 4.1 onwards).

The corrections have
been included in page
no. 161, 195 and 229.

What does the scatter bar indicate? Max/min
or std dev? How many tests were carried out?

The scatter bar indicates the standard deviation. Each
experiment was repeated thrice, and the average value of

Figure 4.4 (page no.
102), Figure 4.11
(page no. 118), and
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These details need to be provided for all the
experiments.

these results was reported. The scatter bar has been
provided for all the experiments.

Figure 7.4 (page no.
237) are corrected,
and a modified figure

is included in the

revised thesis.

Figure 4.5 is

corrected and a
Sliding directions need to be indicated in all | As per the examiner’s suggestion, all SEM micrographs | modified figure is
the SEM micrographs. have been provided with sliding direction. included in  the

revised thesis (page
no. 106)

While measuring the 2D roughness profile,
care should be taken on how the mean
reference line (or curve if the specimen is a
ball) is subtracted from the measured profile.
The central flat/curved surface profile should
be excluded while fitting the mean line. This
needs to be done manually as the software
included assumes a nominally flat surface.

In the present thesis work, the 2D roughness profile of
worn surfaces are used to measure the depth of the wear
scar (i.e., height difference) only.

No changes are made
in the revised thesis.

In SRV-5 tests, the oscillation amplitude
should be much larger than the contact
diameter to ensure sliding. Has this condition
been satisfied for all the loads used? Please
check

The amplitude and frequency for given test conditions
depend on the capability of the test rig. In the present study,
tests were carried out as per ASTM D6425. The test
condition has been satisfied for all the loads in the SRV-5
tribo-testing device.

No changes are
required in  the
section 3.5.2 of

chapter 3 of revised
thesis. The details of
ASTM standards
have been given in
the thesis.
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10

In the accelerated tribo-tests as carried out in
this work, the load and the velocity are chosen
such that it simulates the actual experimental
condition. Hence, they can be chosen as the
input parameter for Taguchi method? In
general, what are the assumptions behind this
method and how the current conditions satisfy
those conditions should be elaborated.

Since load and velocity are among the most important
parameters that affect the tribological properties of
lubricants. Hence, the load and velocity are chosen to
investigate the influences of variation in input parameters
on output parameters (COF and wear).

The Taguchi method is based on fractional factorial design.
So, it was assumed that the input variables are correlated
to the response factor (output parameter) through a linear
model. The responses are mainly affected by input factors
and lower-order interactions, while higher-order
interactions are relatively unimportant. Furthermore, it was
also assumed that ambient temperature and relative
humidity would remain constant for all tests.

As explained in the thesis, the confirmation test validates
all assumptions and conditions taken into account while
applying the Taguchi method.

No changes are made
in the revised thesis.

11

Generally, tribology is about detecting
anomalous behavior in otherwise a steady-
state experiment. A crack propagation,
removal of a chunk of material, breakage of
the protective film, and other such events
dictate the tribological behavior. | think
Taguchi method assumes a steady deviation
from the steady-state process. Please verify.

Taguchi method does not assume a steady deviation from
the steady-state process. Taguchi method’s primary
purpose is to reduce the variability around the target value
while simultaneously guiding the performance towards
optimal combination of input parameters.

The confirmation test can verify the above statements as
explained in the thesis.

No changes are made
in the revised thesis.

12

What are the dotted lines in the bear area
curves? Why are the parameters defined with

The dotted line is used to illustrate the various parameters
as explained in the thesis. The dotted lines are only used to
differentiate between the tangent drawn on the BAR curve

Figure 6.9 is
corrected, and a
modified figure is
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respect to the dotted lines instead of the actual
curves?

and other parameters. Therefore, there is no physical
significance of dotted lines.

included in  the
revised thesis (page
no. 215)

13

What is the effect of the AFM tip radius on the
peak and valleys of the topography? Any
attempt made to estimate the tip radius?

The AFM tip radius was constant, i.e., 10 nm. Therefore,
no attempt was performed to analyze the effect of AFM tip
radius on the peak and valleys. This is the limitation of this
thesis work.

No change is made in
the revised thesis.

14

AFM scans a small area. When the worn area
has inhomogeneous topography choosing the
area for AFM scan becomes very important.
No details on how this was done is given.

The AFM used in the present thesis work has scanned the
arbitrary area (60x60 pm?) of the worn surface of steel
balls. Based on the worn scan area, the wear mechanism
was explained.

No changes are made
in the revised thesis.

15

Why is the rheological properties of the PAO
spread over two different chapters?

The primary purpose of the rheological characterizations
of PAOs is to support the tribological test results.
Therefore, it was explained in two different chapters.

No changes are made
in the revised thesis.

16

Overall, a lot of experimental work has been
carried out. However, it is not clear what the
main contributions that will help the lubricant
designers are? Most of the results are specific
to the tests that have been carried out, and no
attempt has been made to generalize the
results in terms of identifying the underlying
mechanisms. If these shortcomings had been
addressed, this thesis would have been much
better.

The effect of different concentrations of two different
nano-additives on tribological characteristics  will
undoubtedly help the lubricant designer. The results show
the performance of lubricants under different tribological
test conditions. The authors have attempted to explain the
underlying mechanisms in various tribological test
conditions wherever necessary in the present thesis work.

No changes are made
in the revised thesis.
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