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molecular fragments when they are subjected to variable
pressures and thermal stresses. The thermal stability of
these molecules depends on the functional group and the
molecular weight of the additive [19]. The tribological
tests performed on these additives proved that large
phosphorus content in the track zones generate tribo-
fragmentation. These tribo-fragmentations increase the
reactivity of the decomposition of the additive with
metal surface resulting in the formation of thicker fric-
tion reducing reaction layers [19]. Sarin et al. [17] have
noted that the wear and antioxidant characteristics of
these ashless thiophosphates increase with increasing
phosphorus levels in the lubrication oil. They have even
observed that the load bearing properties are indepen-
dent of phosphorous but dependent on sulfur. During
the chemical characterization [19] of these tribostressed
films using XANES it has been found that the thio-
phosphates react with iron to form short chained iron
thiophosphates both at the interface as well as in the
bulk of the film. The sulfur content for the ashless
thiophosphates appears as FeSO4 and as absorbed sul-
fur species. The formation of FeS (unlike ZnS when the
molecule is ZnDTPA) has more EP additive applica-
tions. In XPS, peak intensity of FeSO4 is comparable
with that of the PO4

3) indicating comparable amounts
of sulfates and phosphates in these films unlike in the
case of ZnDTPA. Although the thickness and phos-
phate chemistry is same at all rubbing times it is the rate
at which the pads are nucleated and grow (which is
governed by the rate of the reaction of the additives with
the substrate) controls the life of these pads and the
overall wear of the components.

In this paper we pursue the tribology of ashless thio-
phosphoric acid on steel. Here, to evolve a constitutive
understanding, we simplify the experiments by first creat-
ing a standard substrate which carries a thermally induced
film or islands grown at a deposition temperature of
150 �C and then conducting ball on disc experiments on
the substrate under dry (no lubricating oil) sliding condi-
tions at different loads. We observe the friction to have a
transient behaviour at the beginning of sliding as the
islands are deformed and worn out to yield a steady state
tribology on a reasonably smooth and continuous pad.We
study the wear of this pad as a function of varying load.

2. Experimental

2.1. Materials

The substrate used was made of polycrystalline steel
EN-31 (Carbon 1.0%, Manganese 1.1%, Silicon 0.1%,
Phosphorus 0.05%, Sulfur 0.05%, Chromium 1%, rest
Iron). The DTPA was synthesized by the IOC (Indian
Oil Corporation, R&D, Faridabad, India). Iso-octane
(99.5%, dry) and n-hexadecane (99+%, anhydrous)
obtained from Sd-fine-chem, India and Sigma-Aldrich,
USA, respectively, were used as organic solvents.

2.2. Synthesis of dioctyldithiophosphoric acid

About 4.0 moles of n-octanol was poured into a
four-necked, 1-L round-bottomed flask, fitted with
thermometer, condenser, stirrer and nitrogen gas inlet.
Nitrogen gas was flushed into the flask and the tem-
perature of the contents was raised to 50 �C. Subse-
quently, 1.1 moles of phosphorus pentasulphide was
added to the flask under constant stirring in four por-
tions, at a time interval of 15 min each. The total
addition of phosphorus pentasulphide was completed in
1 h. Due to the exothermic nature of the reaction, the
temperature of the reaction mixture rose to 80 �C. After
addition, the temperature was further maintained at
90–100 �C for 3 h, while stirring was continued. The
progress of the reaction was monitored by recording at
fixed intervals the IR spectra of the aliquots drawn from
the reaction mixture. Completion of the reaction took
place on the disappearance of –OH stretching vibration
at 3300 cm)1 in the IR spectra. After completion, the
product mixture was filtered through a G-3 crucible to
give a light-yellow product.

2.2.1. Structure of DTPA
Schema 1 where R is –(CH2)7–CH3

2.2.2. Characterization of dioctyldithiophosphoric acids
The synthesized DTPA was characterized by its

phosphorus content, Total Acid Number (TAN), IR
and NMR. The spectroscopic data is given below:

where ‘‘s’’, ‘‘t’’ and ‘‘m’’ signifies singlet, triplet and
multiplet, respectively.

2.3. Sample preparation

The EN-31 steel was machined and ground to give
samples of dimensions 30� 10� 1.5 mm. The samples
were mechanically polished using 400, 800, 1000 and
1500 E grade emery sheets and were then disk polished
using a diamond paste of grade 1/3 to give a shiney
finish. The samples were sonicated in acetone for 5 min
to remove all polishing debris. These samples were
characterized for their roughness using AFM. The
average roughness of these samples after disk polishing
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for a scan area range of 2� 2 lm was found to be
around 7 nm RMS. The roughness of these samples was
reproducible for all the experiments conducted. The
steel samples, prepared as above, were immersed in
freshly prepared additive solution (non degassed) of
DTPA in n-hexadecane (3 mM). The samples were then
immediately transferred to a preheated oven (at 150 �C).
The adsorption temperature was maintained around
150 �C for a time of immersion of 48 h. After 48 h the
samples were taken out, rinsed and washed with isooc-
tane (twice) for 5 min. Finally the samples were stored
in vacuum desiccators prior to subjecting them to tri-
bological experiments.

2.4. Imaging

The AFM experiments were performed using
‘‘EXPLORER’’ (Thermo Microscopes, Santa Barbara,
USA), with Si3N4 cantilevers (Thermo Microscope,
CA, USA) associated with a pyramidal tip of nominal
tip radius 30 nm. The cantilever normal stiffness was
found using thermal vibration technique inbuilt in the
software. A V-shaped cantilever of stiffness 0.1 N/m
was used for all experiments. All tips were cleaned
using a UV-cleaner (Bioforce nanosciences, USA) for
20 min before use. The sensors were calibrated by
taking force curves on freshly cleaved mica. The
scanner was always allowed to attain stability before
imaging. The imaging was carried out under ambient
conditions with a high PID gain.

2.5. Nanotribometer

Tribological experiments were carried out in a
25–500 mN load range using a nanotribometer (CSM
Instruments, Switzerland). A 2 mm diameter 100 Cr6
steel ball was used as the stationary probe. The steel ball
was cleaned in acetone using an ultrasonicator for
10 min. Two optical sensing mirrors attached to the
cantilever head, perpendicular to each other (X and Z
axis), measure the displacement of the cantilever during
sliding against DTPA deposited on the steel surface. The
friction coefficient was determined (while sliding) by
measuring the deflection of the elastic arm of the can-
tilever in both horizontal and vertical planes with two
high precision displacement sensors. All measurements
were carried out under ambient conditions (Relative
humidity: 42%, Temperature: 22 �C). The sliding speed
was kept constant at 1 mm/s.

2.6. Nanoindentation

Nanoindentaion tests were performed using a com-
mercially available nanoindenter (Triboindenter, Hysi-
tron, USA) which is also capable of (SPM, scanning
probe microscopy) imaging surfaces. A Berkovich dia-

mond indenter with a nominal tip radius of 150 nm was
used to make the indentations. The experiments per-
formed were load controlled and the peak loads were
varied between 30 lN and 10 mN. The loading and
unloading time intervals were kept constant at all the
applied loads. At maximum load the indenter was held
for 10 s to allow thermal drift corrections. The raw data
was also corrected for the thermal drift and load frame
compliance. The tip area function for the indenter tip
was calibrated against a standard quartz sample.
Hardness and Young�s modulus were determined from
the load–displacement data using the Oliver and Pharr
approach [20].

3. Results

The deposition of DTPA on steel was carried out
at three different temperatures (30, 110 and 150 �C).
AFM image of the deposited surface show three
dimensional islands of phosphate (the presence of
phosphates was confirmed by XPS) and covers the steel
surface well only when the deposition temperature is
150 �C (figure 1). The coverage of about 95% (by area)
is very similar to that achieved by Aktray et al. [11] in
pin-on-disc sliding experiments at very high loads
(225 N). At deposition temperatures lower than 150 �C
no phosphates islands were observed on the as depos-
ited surface. Figure 1(a) shows an AFM image of the
islands when deposited at 150 �C. Figure 1(b) shows
three characteristic sizes of islands where the large
(500 nm height) islands are separated from the medium
size (300 nm height) islands by small islands of 100 nm
height. Figure 1(c) shows the topography of these
islands as they exist on an as deposited surface using
nanoindentation scanning probe. Table 1 gives the
average base diameters and heights of these islands.
Figure 2 gives the nanoindentation hardness data of
the islands as a function of depth. The islands are hard
at the top but at depths greater than 100 nm the
hardness settles down to about 1.1 GPa, the properties
recorded here correspond well with those reported
earlier.

Figure 3 shows the coefficient of friction recorded at
25, 100 and 250 mN normal loads. Under the normal
load of 25 mN the friction coefficient varies non-
monotonically till about 7000 laps of sliding and then
remains invariant with further sliding. The friction
varies non-monotonically in stage I and remains con-
stant in stage II. The duration of stage I was found to
reduce with increase in the normal load. When the
normal load is 100 mN, for example, stage I ends at
1000 laps of sliding. In figure 4 the island height is seen
to decrease with increasing sliding distance, the deposit
finally achieving a flat bed or pad like topography.
This progressive reduction of island heights with re-
peated contact and sliding (a group of islands are slid

P.C. Nalam et al./Dry sliding tribology of dioctyldithiophosphoric acid 233



over a contact area, determined by load and hardness
of islands, only once in a revolution of the disc) sug-
gests that an island wears out at each contact, such

that at least a part of the debris fill out the gap be-
tween islands creating finally a pad which is found to
be the consistent topography of stage II.
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Figure 1. Images of phosphate islands of DTPA on steel grown thermally at 150 �C. (a) AFM images show different sizes of islands. Scan

size—12.5� 12.5 lm. (b) AFM images (scan size 2� 2 lm) and topography of islands in three typically distinct size ranges with reference to

table 1 (i) I1 (ii) I2 and (iii) I3. The dotted line in each image indicates where the line topography was taken. (c) Three dimensional topography of

the islands obtained using the nanoindentation imaging facility (i) I1 (ii) I2 and (iii) separation of I1 and I2 by small I3 islands.
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With reference to figure 1(b, c) we note a conical/
spheroidal topography of the islands where the bearing
area increases while moving down from apex of the island
towards the base. As the islands wear out progressively in
stage I the hemispherical probe experiences larger and
larger contact area with sliding distance. This description
is not unrealistic as Aktray et al. [11] have also noted an

increase in the size of islands with sliding time.We believe
that this increases the coefficient of friction with time in
stage I, as seen in figure 3. The decrease in the friction
that is observed beyond a peak in stage I may indeed be
due to the reduction in shear strength of the contact zone
as the basal zone of the island is approached with wear.
The occurrence of the peak in sliding time is a function of

Figure 1. Continued.
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the normal load as the wear rate is going to be directly
proportional to load. The higher wear rate at high load
would lead to the stage I peak occurrence at smaller
sliding times as seen in figure 3.

In stage II the probe ploughs out a groove in the pad
as seen in figure 5. The figure 5 shows topography (not
complete width) of the worn track moving from the edge
towards the center of the track. The pile up is followed
by the curved wall of the groove; this is followed by a
near flat bed. At the commencement of stage II the
groove which conforms to the probe profile is made by
plastic flow of the pad, note the pile up at the edge of
contact. With time this groove is expanded by abrasion
by the probe asperities till the probe touches the steel
substrate and the probe-steel friction coefficient is
recovered. The number of laps at which this metal
friction recovers gives the life of the film, Lc (figure 3).
At very high loads, 250 mN and above the initial groove
depth may be sufficiently high to wear out the pad
quickly. At these loads the friction coefficient starts to
increase as metal to metal contact become more frequent
as seen in figure 3. But at lower loads the steady state
stage II friction coefficient exhibits a fall with increasing
load in the 25–100 mN range, as has also been observed
by Eglin et al. [8] and as seen in figure 6.

To investigate the reason behind this fall in friction
coefficient with increase in load we consider the central
flat regions of the track produced after stage II for
loads 25 and 100 mN. The width of this central flat
region observed in figure 5 varies from 5 to 30 lm
when the normal load is varied from 25 to 100 mN.
Figure 7 shows the image and height distribution of
these tracks in this central region (1 and 10 lm sample
widths for 25 mN (figure 7a) and 100 mN (figure 7b)
loads, respectively). It is clearly seen that unlike in the
case of 25 mN load, the track generated by 100 mN
has large roughness generated by the presence of
numerous islands. As the standard deposited substrates
used at both the loads were the same we conclude that
the islands grew at high loads during the sliding pro-
cess. These new islands which have grown in situ at
100 mN load are significantly different from those
grown thermally. These islands (1) have an average
height of 30 nm, in contrast to the as deposited
100–500 nm height islands, (2) are near spherical in
shape and do not have the facetted structure (figure 1c)
of the thermally grown islands and (3) have a hardness
in the 4–6 GPa range compared to the 1–2 GPa
hardness of the thermally grown islands. Figure 8
shows the life (Lc) of the pads as a function of normal
load. The curious feature of this characteristic is that it
is possible only if the pad thickness is a function of the
applied load (table 2).

If a pad of thickness ‘‘t’’ is completely ploughed out
under a load ‘‘P’’ after, let us say, a sliding distance ‘‘S’’,
Archards formulation gives

t ¼ K

H
ðPSÞ ð1Þ

where H is the film hardness and K is a constant.

Table 1.

The average heights and the base diameters of the three different sizes

of islands (I1, I2 and I3) formed during deposition of DTPA on steel at

150 �C. I1, I2 and I3 the nomenclature to the islands with their reducing

dimensions.
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Figure 2. Hardness of thermally grown islands (I1) deconvoluted using

nanoindentor.

Figure 3. Coefficient of friction obtained using a ball on disc nano-

tribometer at 25, 100 and 250 mN normal loads, sliding

velocity—1 mm/s, steel ball diameter—2 mm. Friction in stage I is

non- monotonic and in stage II is invariant with number of laps, note

the increase in friction after 14,000 laps (for 25 mN) indicating the life

of the film (Lc) of the deposited film.
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If t does not change with load, for the same pad
material the product (PS) should remain invariant,
with increasing load. We have noted earlier that all the
pads are initially indented plastically at the com-
mencement of sliding. If the initial indentation depth
d = P/pHR, where R is the radius of the probe,
equation (1) may be modified as

t� d ¼ KðPSÞ
H

or

t� P

pHR

� �
¼ K

H
ðPSÞ: ð2Þ

If the pad thickness ‘‘t’’ is not a function of load, the
product (PS) should, for a given film material, decrease
with increasing load, according to equation (2).

If we take the sliding distance, S = LcD, where D is
the Hertzian contact diameter at a given load (the
reduced modulus E* = 40 GPa) and Lc is taken from
figure 8, the product PS increases from 4.0� 10)3 Nm
to 14� 10)3 Nm, when the load is increased from 25 to
500 mN. This necessitates the total pad thickness to be
worn away (the left side of equation (2)) to increase with
load. This is possible only if ‘‘t’’ increases with load
implying that the pad grows with increasing load during
the ploughing/sliding process.
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In attempting to obtain an estimate of how the pad
thickness grows with load or how the pad thickness at
different loads vary relative to each other we needed to
obtain an estimate of the thickness of the flat part of
the bed. To measure this using a nanoindentor proved
difficult. At the minimum machine load of 30 lN, the
hardness results were found erratic and at any load
greater than the minimum load the substrate hardness
was always recovered. Taking the hardness of the pads
to be 4 GPa we estimated the indentation depth due to
a normal load of 30 lN. We now arbitrarily assume
that the material response at this depth (�10 nm) is
not influenced by the substrate or the indentation is
carried out on a semi-infinite half space. Given this we

multiply this by a factor in the 4–10 range to arrive at
a possible pad thickness in the 40–100 nm range at a
tribological normal load of 25 mN when no island
growth was observed (figure 7). Now taking a pad
thickness value of 75 nm at 25 mN and pad hardness
of 4 GPa, we estimate using equation (2) the pad
thickness at higher loads.

Figure 9 shows the estimated value of the pad
thickness (t) as a function of load. It is clearly seen that
the pad thickness increases significantly with normal
load, by about 125 nm by increasing the load from 25 to
500 mN. While our results definitely indicate a load
induced growth we are much less confident of the
absolute numbers we assign to this growth. The

Figure 7. Topographical information of slid track obtained using nanoindentor imaging facility. (a) At normal load = 25 mN, number of

laps = 3500 (at stage II). (i) Gradient scan size of 1� 1 lm, (ii) topography scan size 1� 1 lm and (iii) histogram of asperity heights showing an

average height of about 3.5 nm. (b) At normal load = 100 mN, number of laps = 900 (at stage II). (i) Gradient scan size 10� 10 lm, (ii)

topography scan size 10� 10 lm and (iii) histogram of asperity height showing an average height of about 35 nm. Refer table 2 for the

experimental values.
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numbers cited in figure 9 are much dependent on the
assumptions, explained as above, we have made
regarding the pad thickness at minimum load and the

contact areas in tribology. The fact that phosphate films
grow in tribology with load, distinctly and autono-
mously, we support this with one more observation we
have made during our experimentation. We have noted
that it was not possible for us to grow the islands of
DTPA on steel when the deposition temperature was
110 �C. However when we did sliding experiments under
normal load on a surface treated at 110 �C we noted the
growth of islands at the edge of contact.

4. Discussion

In this work we have prepared a standard steel sub-
strate which is densely (95% area) covered with phos-
phate islands of up to 500 nm height. Ball on substrate
(disc) tribometry was conducted under dry conditions
on this substrate. The islands lose their height with
sliding distance as they are worn out to yield a uniform
flat bed tribology which exhibits a steady state friction.
The flat bed though morphologically uniform is not so

Figure 7. Continued.
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topographically, as thick islands are separated by thin
beds. Some direct contact between the probe and the
bare steel substrate during sliding cannot thus be ruled
out completely. We record the number of laps of sliding
required to remove the initial deposit completely and
find it to decrease steadily with load (Lc). The initial
plastic indentation depth being also governed by load,
we estimate the average pad thickness (relative to an
assumed thickness at the lowest test load) required to
yield the observed life of the pad and find the estimated
thickness to increase with load. The observed wear
behavior is thus possible only if the pads experience a
load induced growth during sliding. One of our main
findings which we believe has practical implications for
steel tribology is the fact that the islands which are load
induced are distinctly different from those that are
thermally induced. We had found it impossible to grow
phosphate islands at activation temperatures less than
150 �C. Temperatures of the orders of 150 �C and above
are unlikely to be generated in tribology of soft pads at

the very low load and velocity we employ in our
experiments. One may however argue that this activa-
tion temperature is lowered in a tribological situation. If
that is so the growth mechanism would remain un-
changed from the purely thermally induced situation
and thus the size and mechanical properties of the
islands grown in tribology should be the same as in the
thermally induced case. The fact that what we observe
experimentally is not so lends further support to our
contention that growth which takes place under the
present tribological conditions is load induced. The load
induced growth leads to much smaller but much stron-
ger islands than those which are purely thermally
induced. The average results that we report here cannot
resolve the issue of when this growth takes place during
the sliding period. For example one may expect as the
pad is thinned out due to wear the peak pressure in
contact (inversely proportional of thickness of film in
contact [21]) to increase with sliding distance and yield
an enhanced rate of stress induced film growth (with
sliding distance).

Eglin et al. [8] have suggested that the effect of load
on growth of pads during sliding is a phenomenon
where frictional heat plays a role. Given the experi-
ments that they report are done under lubricated
condition and their friction forces and velocities are
very low (same order as used presently) it is not clear
what the origin of such substantial heat is. In our
experiments although a few probe-base substrate con-
tacts cannot be ruled out in tribology of an inhomog-
enous film, such incidents must be rare as the film in
stage II is morphologically (if not topographically) al-
ways uniform. Given this we are inclined to suggest
that the stress/pressure induced film growth of these
glassy phosphates in tribology, if not the only one, is at
least an important phenomenon which controls the life
of these tribofilms.

5. Summary

In this work we explore the normal load induced
growth of glassy phosphates in tribology of dioctyldi-
thiophosphoric acid on steel. We created a standard
substrate by growing large islands of phosphate on the
steel substrate by keeping the substrate in a heated
(150 �C) solution of dioctyldithiophosphoric acid. We
explored the tribology of this standard substrate by
sliding it against a steel ball in the ambient in a regime of
very low load (25–500 mN) and low velocity (1 mm/s)
where the frictional heat input can be expected to be
very small. Under these conditions the islands simply
flatten out to yield a smooth flat bed when the load is
25 mN. When the load is however raised to 100 mN, we
observe a growth of new islands which are about 10
times smaller and 5 times harder than those grown by
thermal activation alone.

Table 2.

Values of h, hmax and N0 of the islands formed on the track during

sliding under the normal loads of 25 and 100 mN of DTPA on steel.

Load h hmax N0

25 mN Test 1 3.2 6.9 1280

Test 2 2.8 5.5 1445

Test 3 3.6 7.1 1065

Test 4 3.5 6.1 2156

100 mN Test 1 24 87.5 138

Test 2 33 93.2 140

Test 3 30 87.7 135

Test 4 30 67.5 137

where h = the height of maximum number pads on the tribostressed

film; hmax = the height of the thickest pad in the track; N0 = number

of pads with height h.
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