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Abstract: The reaction kinetics of zinc dialkyldithiophosphate (ZDDP) and ashless DDP
antiwear additives were studied using in-situ single asperity AFM experiments. The results
show that the ZDDP molecules decompose under high temperature and contact pressure fol-
lowing rst order reaction kineticsn( = 0:71 0:14), whereas the DDP molecules follow

a more complex fractional orden & 0:52 0:07). The fractional order indicates that the
decomposition process includes more side and intermediate reactions that consume part of
the additive to form species, i.e. possibly volatile products, other than the antiwear phosphate
glass on the contacting surfaces. In the case of ZDDP, the formation rate of the phosphate
glass follows an equal exponential dependence on both temperature and contact pressure.
However, in the case of DDP, it increases exponentially only over contact pressure and lin-
early over temperature. The ndings of this study advance our understanding of the currently
widely-used P-based antiwear additives and open future opportunities to develop new green
alternatives with similar antiwear capabilities.

Keywords: reaction kinetics, in-situ AFM, ZDDP, antiwear tribo Ims, green lubricants

Introduction faces led to the widespread use of the P-based additives in

many industries due to their superior antiwear capability.

Phosphorus-based additives such as ZDDP and DDP afghe general consensus regarding the origin of the antiwear
well-known to be highly reactive when sheared at high temyyechanism is that it can be due to i) the sacri cial nature of
perature between contacting surfaces (FigQifd]. Initially,  the phosphate layers at the contacting surfaces thus prevent-
these additives adsorb to the rubbing surfaces with a maxi-ng adhesive wearl], ii) the ability of phosphate layers to
mum coverage when the ZDDP or DDP molecules are atgjgest sharp particles worn from the contacting surfaces thus
and their sulfur atoms lay near the sgrface. The reaction qfnitigating abrasive wear7], iii) the ability of the additives
the adsorbed molecules with the oxide layer on bare stegh gecompose peroxy radicals thus limiting surface oxidation
rubbing surfaces produces initially a mixture of zinc and iron[8], or iv) a combination of the previous mechanisms.

sulfate in the case of ZDDP (Figufid) [2] and iron sulfate .
in the case of DDP (Figuréc) [3, 4]. The sulfate species Apart from the many advantages of the P-based additives

are quickly reduced into sul des at the asperity contacts unSUCh @s ZDDP, they have numerous disadvantages as well.

der the in uence of high temperature and contact pressur&©' instance, they can increase micropitting of rolling con-

[2, 5]. Subsequently, the P-additive molecules decompostCtS, Which decreases their bearing I8¢10]. In addition,

completely to form layers of zinc phosphate of increasingthe use of these additives in systems equipped with catalytic

chain length away from the substrate in the case of zDpponverters such as the exhaust system of vehicles can poi-

[5], whereas in the case of DDP layers of short chain ironS°N the catalyst due to the presence of sulfur and phospho-
phosphate are mainly formef]|[ rus, which leads to more harmful emissiotg][ Therefore,

The formation of the phosphate layers on the rubbing Suri_ncreasingly stricter environmentallrules are introduced' fre—
quently on the allowed concentrations of P-based additives
in the oil [12]. In order to nd environmentally friendly al-
ternatives with a good antiwear capability, rst the decom-
*Corresponding author: position reactions and kinetics of the superior antiwear P-
Abdel Dorgham (a.dorgham@Ieeds.ac.uk) based additives need to be better understood. The formation
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Figure 1 In-situ formation of ZDDP and DDP triboreactive Ims using a single-asperity AFM tests. a, Schematics of the
in-situ AFM setup showing that the probe and steel substrate are fully submersed in oil. b and ¢, Growth steps of the ZDDP
and DDP triboreactive Ims, respectively.

kinetics predetermine the thickness, tenacity, durability anglicated than temperature as not only the magnitude but also
ultimately the antiwear capability of the formed tribo Ims.  the speed, i.e. time, amongst other will haveeet on the
Despite the extensive work to elucidate the antiweaobserved rateZ2, 25, 26]. The applied force is expected to
mechanisms of P-based additivag]| little is known about ~ weaken the bonds more as the force quiescent time increases
the exact kinetics of their decomposition reaction to form[25]. This indicates that the applied force has a time depen-
protective phosphate-rich tribo Ims under high temperaturedent e ect, which can induce outburst of bonds rupture and
and rubbing. The main obstacle originates from the naturgherefore making the formation and removal rates time de-
of the tribo-induced reactions that can follow dient com- ~ pendent. This eect has not been taken into account in the
plex pathways. The reaction pathway changes depending ddvailable experimental data related to the P-based additives
whether the base oil containing the antiwear additive maydespite its large potential impact.
also contain adventitious impuritie$4], other additives 15, This study aims at exploring the reaction kinetics of the P-
16], detergents17] and dispersantslp]. The operating con- based additives in more details taking into account thece
ditions [19] and compatibility between the additive and con- of speed and various levels of temperature (25-°20and
tacting surfaces0] are also important factors. contact pressure (2—7 GPa) using in-situ single asperity AFM
The only available data regarding the rate of the decompotribotests. These tests will allow us to study both the forma-
sition reactions of P-based additives in base oil suggest thaion of the protective tribo Ims over time and the evolution
the ZDDP reaction initially follows a zeroth order, but after of their structures.
long sliding cycles starts to follow a more complex fractional
rate of about 0.21]. However, previous results suggested a Materials and methods
rst order reaction kinetics for the decomposition of materi-
als of similar functional groups found in P-based additives, The base oil used in this study is synthetic pokple n
e.g. dimethyl and diethyl disul deZ1] and other groups un- (PAO), which has a kinematic viscosity of 4 cSt at 11
der shearZ2, 23]. Using this base oil, two formulations were prepared; one
Temperature and contact pressure appear to have an accepntains secondary ZDDP and the second contains DDP. The
erating e ect on the decomposition reaction of P-based addiamount of additive was added such that the phosphorus con-
tives and the formation rate of their protective tribo Inf§.[  centration in the base oil is xed at 0.8 wt.%.
However, it is still not completely clear whether temperature  The in-situ tribological tests to form the ZDDP and DDP
and contact pressure have a combined additivect or one  triboreactive Ims were performed using an atomic force mi-
has a bigger eect than the other. Thus far, the in uence croscope (AFM) - (Dimension Icon Bruker, USA), as shown
of temperature and contact pressure has been considereditoFigure 2a. The counterbodies, which slide against each
follow a chemo-mechanical Arrhenius-type model, which re-other during the in-situ tests, were submersed in oil (Figure
cently has been implemented in several studies for the case @b) using an in-house designed high temperature liquid cell.
ZDDRP [1, 24]. This model, which in its basic form consid- The counterbodies consist of a sample made of AlSI 52100
ers contact pressure to mainly reduce the activation enerdyearing steel, which has an average Rq roughness of 12 nm,
of the reaction, assumes that the kinetics have exponentiaind a silicon AFM probe (Rtespa 300, Bruker, USA), which
dependence on both temperature and contact pressure. Hotas a nominal tip radius of 8 nm and a spring constant of 40
ever, the eect of the applied force is generally more com- N/m. The in-situ AFM tests were performed using multi-pass
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Figure 2 Materials and methods used to form ZDDP and DDP triboreactive Ims. a, AFM image showing the in-situ AFM
setup consisting of Bruker Dimension Icon AFM and in-house made high temperature liquid cell. b, Schematics of the AFM
showing that the probe and AISI 52100 bearing steel substrate are fully submersed in oil. ¢, Evolution of the topography AFM
images over sliding distance of rough Ti substrate used for tip estimation under small adhesion force versus large contact force.
Evolution of the estimated d, tip radius, &, &d R;, and f, Rnax over sliding distance under small adhesion force versus large
contact force.

two-directional raster scans of an area of 5 m?. After  engagement with the surface and during the calibration of the
speci ¢ number of cycles, the tribotests were interrupted tocantilever de ection sensitivity. The evolution of the tip size
capture high quality AFM images under low contact foxce indicates that even after the rst few millimeters of sliding,
100 nN of an area of 10 10 m?, which is centered around higher normal load leads to more wear of the tip, which is
the rubbed area. expected. Furthermore, the results indicate that the majority
) . . of wear occurs during the rst 50 mm of sliding distance.
To assess the wear behavior of the AFM tip, a Ti sub-Tpe tip wear appears to follow a logarithmic trend until the
strate of large roughness was scanned foednt sliding iy radius reaches a steady state value after a sliding distance
distances as shown in (Figuée). The captured topogra- gepending on the applied load, e.g. 25 mm in the case of
phy was largely aected by the normal load applied during aghesion force and 50 mm in the case of large contact force.

scanning. The attening of the rough features under the highrps trend is in agreement with the results of Gotsmann and
contact force is mainly related to the large increase in thg antz [27] and Liu et al. p§.

tip radius due to its progressive wear over sliding distance.

The large tip overestimates the features of any size below the To quantify the attening eect of the tip size on the fea-

tip diameter. The evolution of the tip radius over the rst 200 tures of the captured images, Figute-f show the evolu-
mm of sliding distance under two dérent loads using a stan- tion of the measured surface properties based on the arith-
dard Ti substrate of high roughness is shown in Fide metic average (Ra), Root Mean Square (Rms) and maximum
The rst chosen load was only due to adhesion force with-(Rmax) roughness of the surface, as a function of the sliding
out any normal load applied whereas the second load was sdistance. These statistical properties appear to leetad

at> 150 nN to represent a large normal force that could beonly slightly in the case of sliding under the adhesion force
applied during the in-situ AFM experiments. The results in-only. In contrast, when the applied load was increases to
dicate that the tip initially has a radius of about 15 nm, which150 nN, a reduction by 30-40% was observed in the rst 100
is close to its nominal value of 8 nm. The slight deviation mm of the sliding distance, which is in agreement with the
can be related to the wear of the tip occurring during the tipobserved increase in the tip radius shown in Figide
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Results and discussion raphy of the tribo Im just before the fast formation and after
_ the removal. This indicates that the formation and removal
Growth of ZDDP tribo Ims cycles can be repetitive (Figua-c), i.e. the more the tri-

bo Im removal, the rougher the surface and the more the en-
ergy available for the next formation phase and consequently
the faster the tribo Im formation.

Evolution of thickness and topography. The thickness
and topography evolutions over sliding cycles of ZDDP tri-
bo Ims formed at 80°C under 2.7, 4.5 and 5.7 GPa are )
shown in Figur&a-d. For these dierent cases, the resultsin-  Accumulated growth behavior. The e ect of contact
dicate that initially the tribo Im thickness seems to increasePréssure can be further examined by studying itecé on
linearly. However, after a certain number of sliding cycles,th® same triboIm as it forms. This gives a better under-
which depends on the applied contact pressure as shown #janding of the eect of not only the contact pressure but
Figure3e, the thickness starts to increase sharply with mucfISC the substrate and its hardness and elastic modulus on
faster kinetics. These observations are in agreement witf{'€ tribo Im formation. Figuresf shows the evolution of the
the results of Gosvami et al.1]} which suggested that the tribo Im th_|ckn_ess _overdl erent contact pressures ramped in
growth of the ZDDP tribo Ims undergoes two distinctive the same in-situ tribotest. The data shows clearly that the for-

phases starting with a slow linear growth phase followed b)mation rate .in.creases over the contact pressure. The growth
a fast logarithmic phase. FiguBe provides a comparison 'ate Over sliding cycles was the same whether the contact

between the numbers of sliding cycles required before th@ressure was applied to the steel surface directly or to the
growth rate of the tribo Ims, formed under dérent contact surff_;lce covered b_y athin layer of tribo Im. The data provide
pressures, to switch from the slow to fast growth kinetics.WO important ndings.

The results suggest that the increase in contact pressure re-First, the substrate ective hardness and elastic modu-
duces the needed cycles exponentially. For instance, at 2!#s felt by the AFM tip are not altered due to the presence
GPa, 9000 cycles would be required as opposed to only 4000f the ultra-thin tribo Ims of < 100 nm thickness. If this
cycles at 5.7 GPa. This indicates that the larger the contad¥as not the case, the tribo Im growth rate should have been
pressure the faster the reaction kinetics of the ZDDP deconfeduced as the tribo Im grows because the increased defor-

position reactions. mation should have increased the contact area and thus de-
Wear behavior. As rubbing continued, a decrease in the créased the ective contact pressure. _
thickness of the formed tribo Ims was observed (FigGee Second, there is a pseudo steady-state thickness reached

c), which indicates that layers of the Ims were worn away. under 7.3 GPa of contact pressure. Under this pressure, it
However, in few repetitions (e.g. Figugel), no removal cy- Was expected that the tribo Im should keep growing but in-
cles were observed. The topography images of the structugiead it reached a limited thickness after which no appar-
of the formed tribo Ims indicate that the absence of removalent growth was observed. The reason behind this steady-
is typically observed when the formed tribo Im is smooth state condition can be related to the combinedat of the
and more compact. This resulted in a uniform linear growthtribo Im deformation and the equilibrium between the tri-
of the tribo Im. On the other hand, when the formed tri- b0 Im formation and removal. If removal was the only dom-
bo Im has a relatively high roughness, the growth phase proinant process, then a sharp decrease in the tribo Im thickness
ceeds with a much faster kinetics. should be observed. However, as the contact pressure is ex-
Interestingly, the tribo Im surface after every removal trgmely severe, i.e._enough to wear the steel su_rface, the_ soft
phase also appears to be rough, which seems to he|p acc@’ﬂbo Im can be eaSIIy removed but at the same tlm.e- the hlgh
erate a subsequent fast formation phase in which a large ifiresses are enough to accelerate the decomposition process
crease in the tribo Im thickness was observed over a smalf0 @ great extent as to counteract the thickness-reducing pro-
number of sliding cycles. The extra energy for this fastcesses of deformation and wear.
growth can originate from the broken dangling bonds of the E ect of sliding speed. The changes in the growth rate
undercoordinated atom29] and the creation of nascent sur- of the ZDDP tribo Ims formed at 80C and 7.3 GPa as a
face of high reactivity during the preceding removal cyclefunction of the scanning speed and sliding time per cycle are
[30]. If the tribo Im is initially smooth, no hastened for- shown in Figureda. The results show that the speed does
mation would occur and thus no removal (Figld®. This  impact the reaction kinetics. However, the apparent increase
steady formation results in a more compact tribo Im as itin the formation rate over speed is primarily related to the de-
takes more time to grow and thus steady local recon guracreased sliding time per cycle, as shown on the same Figure
tions are possible leading to a better accommodation of théa rather than a genuine ect of the speed or shear rate. This
newly formed layers and thus high compactness. Howeveis further con rmed in the inset of Figuréa, which shows
the hastened formation produces thicker but less compact trihat if the growth rate is measured per cycle instead of per
bo Im layers that can be removed easily under shear. This isime, the speed has a negligibleext on the kinetics. This
evident by noticing the striking similarity between the topog-is somewhat expected as Clasen et al] ising the micro-
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Figure 3 E ect of contact pressure on the growth of ZDDP triboreactive Ims formed &@0a, b, and c, Evolution of

the thickness and structure of the formed Ims at 2.7, 4.5 and 5.7 GPa, respectively, over rubbing time after two repetitions.
d, Evolution of the Ims formed at c, for longer rubbing cycles. e, Number of sliding cycles required before the growth rate
of the tribo Ims formed under dierent contact pressures to switch from the slow to fast growth kinetics. f, Evolution of the
thickness of the triboreactive Ims over sliding cycles while ramping the contact pressure from 4.0 to 7.2 GP&at 80

gap rheometer showed that the shear stress in the boundagyowth rate increases linearly with a rate of 0.027@Ra.s.
lubrication regime is independent of the shear rate and deFhe only available data similar to this work are the ones of
pends only on the friction coecient, which is constant in Gosvami et al. ], which are plotted in the same Figuda
this regime, and the applied normal force on the contactingor comparison. The shift in data is mainly related to the un-
asperities, which was constant during the in-situ tribotests atertainty in contact pressure. In agreement with our results,
the various tested speeds. This is also in line with the resultthe previously reported data seem to follow a linear trend
of Shimizu and Spikes2f], which showed that in the mixed with a similar rate of 0.033 nf&Pa.s. It is worth mentioning
sliding and rolling condition, the formation rate of the ZDDP that Gosvami et al.1] suggested that their data follow three
tribo Im is less sensitive to the exact SRR. Therefore, this in-distinct phases, i.e. i) initial slow growth below 3.5 GPa, ii)
dicates that shear stress rather than the rate is the controllirexponential growth from about 3.5 to 5.0 GPa and iii) steady-
parameter. However, they interpreted the data as the rubbirgjate equilibrium of formation and removal at high contact
time is far more important than the sliding distance. pressures above 5.0 GPa.

Our data seem to suggest that in the boundary lubrication To verify whether the tribo Im growth follows a linear or
regime the growth rate is less sensitive to the sliding speedxponential growth, a wider range of contact pressures up to
and is only dependent on the sliding cycles. This is an in7.3 GPa was tested at 8G and the results are shown in Fig-
teresting result as it indicates that the growth occurs cumudre 4b. The whole set of data appears to follow a continuous
latively in a layer-by-layer fashion, i.e. every rubbing cycle exponential growth without any apparent steady-state phase.
regardless of its timing adds one layer of a certain thicknesFhis is contrary to the results of Gosvami et dl]. [If their
depending on the other operating conditions of temperatursteady-state argument can be neglected then their whole set
and contact pressure. of data can also be tted with a single exponential growth

E ect of contact pressure and temperature. The  Model, with some variations due to the uncertainty in contact
growth rate of the ZDDP tribo Ims formed at 88C can  Pressure, without the need to divide it into three phases as
change over the applied contact pressure as shown in Figufliscussed before.

4. The data indicate that within the tested range of contact To con rm the validity of the single exponential t argu-
pressures, i.e. 2-6 GPa, shown in Figdee the tribolm  ment, the growth rate was followed over a combination of
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Figure 4. E ect of speed, temperature and contact pressure on the formation kinetics of ZDDP triboreactive InectafE

sliding speed on the growth rate of the Ims formed at®®Dand 7.3 GPa. The inset shows theset of sliding speed on the
growth rate if measured per cycle instead of per time. b and c, Linear and exponeatiglrespectively, of contact pressure

on the growth rate of the Ims formed at 8@. The results of Gosvami et all][were plotted for comparison. d, e, and f,
Evolution of the growth rate under dérent contact pressures and temperatures. The 3D surface in f, was generated using the
chemo-mechanical Arrhenius-type model described in Equation

various contact pressures (Figui® and temperatures (Fig- Growth of DDP tribo Ims
ure 4d). The results suggest that the whole dataset can be
tted using a single exponential t. Furthermore, the data  The evolution over sliding cycles of the thickness and to-
suggest that the higher the temperature or contact pressuigegraphy of DDP tribo Ims formed at 80C and various
the higher the increase in the growth rate, which seems tgontact pressures, i.e. 3.9, 4.3 and 5.2 GPa, are shown in Fig-
follow an exponential trend. ure5a-c, respectively. Similar to the case of ZDDP, the DDP
results show a clear acceleratingeet of contact pressure
on the tribo Im growth rate. During the rst 500 cycles, the
The similar e ect of temperature and contact pressure orformation rate increased from 0.005 fsnat 3.9 GPa to about
the growth rate of the ZDDP tribo Ims con rms their accel- 0-018 nnis at 5.2 GPa. As rubbing progressed, the tribo Im
erating e ect on the additive decomposition procea4 B2)]. growth seems to enter a second phase of faster formation.
This suggests that the decomposition process of the ZzDDP During the slow and faster formation phases, the formed
is thermally and mechanically assisted process, which caRDP tribo Ims did not show any removal as opposed to the
be activated by the availability of either shear or h&s][ case of ZDDP where the tribo Im formation was continu-
The synergy of these two factors on the growth rate of thedusly interrupted by removal cycles. This can indicate that
ZDDP tribo Im is demonstrated in Figuréf. For instance, €ither the DDP tribo Im is more durable and tenacious than
the growth rate can be increased tenfold from 0.00Zspm the ZDDP tribo Im or the removal cycles occur primarily
at 70°C and 2.7 GPa, to about 0.02 fetby increasing ei- after the tribo Im reaches a certain large thickness.
ther the temperature to 12C or the contact pressure to 7.3  The evolution of the growth rate of the DDP tribo Im over
GPa. Therefore, the ect of temperature and contact pres- a wide range of contact pressures and temperatures is shown
sure seems to be an additiveest as can be seen by the in Figure5d-f. The data indicate that the tribo Im growth
imaginary diagonal line in Figuréf between temperature rate increases exponentially over contact pressure, whereas it
and contact pressure manifested by the maximum growth ratgrows linearly over temperature. The more prominergat
when the two are both maximum. of contact pressure implies that, above a certain threshold



Tribology International Dorgham et al.
Vol. X (2018), pp. 1-13 ISSN XXX-XXXX-XXXX

of temperature, shear stress only is enough to cause a com- To t Equations1 and2 to the experimental data, we need
plete decomposition of the DDP additive to form a protectiveto make few assumptions. First, the pre-exponential factor,
tribo Im. Increasing the temperature further does not have aA, can be assumed to represent the frequency at which the
potent e ect as opposed to the case of ZDDP, which suggesteeactant molecules cross the energy barrier into the transi-
di erentreaction pathways with dérent energy barriers. tion state along the reaction coordinate. Considering that the
distance from the reactant to the transition statexiand the

Estimation of the activation energy molecules speed to be equally given by:

The accelerating eect of temperature and contact pres- r BReT
sure on the decomposition reaction of P-based additives sug- = — (5)
gests that the reaction kinetics follow a chemo-mechanical Me

Arrhenius-type model, which recently has been implementeavheren is the e ective mass, then the molecule frequency
by several studies for the case of ZDDP 24]. This model ~ can be given by:
in its general form reads: r

k(T;P) = A exp

E(P) n 2T Tm ©
KeT where is a correction factor for the uncertainties related to
where A is the pre-exponential constant in the Arrheniusthe determination of both and x, which can be limited to
equation depending on the attempt frequency that is of the 10% of the nominal frequency value. The above relation is
same order as the atomic vibration and the lattice paramesonsistent with the oscillation frequency of the bond that is
ter, Kg is the Boltzmann constarnit, is the absolute temper- broken from the reactant, which is of the order:

ature andk, is the activation energy, which considering the

second-order eects of the shear stress on the shape of the f, keT 1088s 1 7)
energy pro le, can be given by3[3]: h
2o nd whereh is the Plank constant.
PeA; The second assumption is related to the adsorption of the
E.(P)=E PA x+ 2
a(P) 0 A 2 G0 @ ZDDP molecules to the metal surface. This can be assumed

whereE, is the nominal activation energy at no applied con-to occur with a maximum coverage when the ZDDP or DDP
tact pressure (P), is the friction coe cient, A, is the reac- molecules are at on the surface, which means that their
tant area at which the contact pressure is appliedis the  sulfur atoms lay near the surface. This is supported by the
activation length from the reactant statexat 0 to the tran-  results of several previous studi€s B4, 35], which indi-
sition state along the reaction coordinateand 1 are the  cated that the concentration of sulfur chemisorption products
curvature values of the initial and transition states along thés higher on the steel surface as compared to the bulk of the
reaction coordinate, which can be given as follows: formed tribo Im. This suggests that the decomposition of

| ZDDP or DDP molecules starts with their sulfur atoms near

2% 1+ r? the surface, which is consistent with our proposed assump-
T Eg2 1 r (3) tion. Thus, considering the standard structure of the ZDDP or
DDP with average bond length of 2 &4, it follows that the
and e ective area), can be taken as 1.0 rfper ZDDP molecule
232 1 r!z [24] and 0.5 nm per DDP molecule, i.e. half the one of the
T OB Z 1+r (4) DDP.

The third assumption is related to the friction cazent
wherejrj 1 is the potential shape parameter, €.g.0 rep- , which can be taken as 0.1 such that it matches the average
resents a gradual transition from the reactant to the transitiomalue for the ZDDP and DDP tribo Ims obtained using ex-
state, whereas = 1 represents a sharp step like transition.situ pin-on-disc rig.

This parameter is not known although a priori assumptions The t of Equationsl and?2 to the experimental data starts
can be made. For instance, previous experimental redylts [with three tting parameters, i.e., Egand xwhile ignoring

24] suggested that the contact pressure reduces the nominthle second quadratic term of Equatibn This is necessary
activation energy of the ZDDP decomposition reaction lin-for two reasons. First, in order to accurately estimatend
early, which indicates that within the experimental certain-second, to be able to assess the signi cance of the quadratic
ties: r < 0:7 [33. It follows that the higher order quadratic term when compared to the results without including it. The
term of Figure2, which consists of small quantities multi- tting results are shown in Figure4 and5 for ZDDP and
plied and all raised to the power of two, is likely to be negli- DDP, respectively. Same t was obtained with and without
gible. the quadratic term, which indicates that the decomposition
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Figure 5 E ect of contact pressure and temperature on the formation kinetics of DDP triboreactive Ims. a, b, and ¢, Evolution
of the thickness and structure of the formed Ims at at’80and 3.9, 4.3 and 5.2 GPa, respectively, over rubbing time after
two repetitions. d, e, and f, Evolution of the growth rate undeedént contact pressures and temperatures. The 3D surface in
f, was generated using the chemo-mechanical Arrhenius-type model described in Eguation

reaction has the familiar Sine-Gordon (SG) potential rathemore susceptible to contact pressure than the one of ZDDP.
than a step-like potential. This is con rmed by noticing the This indicates that the lack of zinc cations within the DDP
linear decrease of the activation enefgyover the contact molecules results in weaker overall bonds. Nonetheless, this
pressure even when extrapolated to zero pressure, as shodoes not warrant a faster reaction rate as it can be signi -
in Figure6. Such a behavior suggests a snndll 0, which  cantly a ected by the activation length, which constitutes the
is also suggested by the numerical results of Ty8Gk [ rate-force dependency.

The correction factor for the uncertainties related to the ~ The activation length in the case of DDP was found to
determination of the attempt frequendy, was found to be  be about 0.8 A, which is nearly fourfold the one found in the
in the range of 1 to 1.0 for ZDDP and in the range of 10 case of ZDDP, i.e. 0.2 A. These values are consistent with the
to 10 2 for DDP over the entire tested range of pressure an@DDP results of Gosvami et al1] of 0.35 A and other pre-
temperature. The low values obtained in the case of DDRiously reported data in the literature for other materials but
are a direct result of the linear rate increase over temperaturgsing a similar modelZ5, 37]. The reported values are fea-
compared to the exponential increase over contact pressurgble for the tted atom-by-atom decomposition model that
This causes the pre-exponential factor, A, to be much less thenplies the activation lengths to be less than the length of the
expected value at & Similar deviation from this value was bond to be broken. On the other hand, the ZDDP results of
also found by Gosvami et all] for the case of ZDDP. Zhang and Spikes?f] suggested activation length of about

The activation energy values for ZDDP range from 35 to1.8 A, which is of a relative order to the average bond length
43 kJmol, whereas for the case of DDP range from about 10f 2 A found in the ZDDP molecule3g].
to 25 kJmol, which are nearly half the value found for the  Several factors might have contributed to the wide dispar-
ZDDP additive. The range of activation energy is consistentty in the reported activation length values. First, theati
with the recent results of Gosvami et all] pf similar in-  ent operating conditions between our single asperity AFM
situ AFM tribotests and the results of Zhang and Spik& [ tribotests in the boundary lubrication regime and the con-
of the ZDDP additive decomposing in viscous uids using ventional experiments of Zhang and Spikes in the elasto-
shear only and assuming no direct asperity-asperity contacteydrodynamic lubrication (EHL) regime.

The smaller energy barriefg, of DDP compared to Second, the limited range of contact pressures used to t
ZDDP suggests that the decomposition reaction of DDP ighe data of Zhang and Spikes, which can result in misleading
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Figure 6. Evolution of activation energi, of the growth of a, ZDDP and b, DDP triboreactive Ims over contact pressure.

results by not capturing the complete but part of the formaing velocity, thus the reaction rate can be found as follows:
tion trend.

Third, the original chemo-mechanical Arrhenius-type _ X 2F  2kgT 2 tc #
model suggested by Gotsmann and Lar# fis typically ~ Mk()=1n kO*'m —*t3 In P a Eln a
applied when the shear stress is taken to act on the bonds (8)

directly. However, the way the model implemented here isyherek, is the thermal reaction ratejs the sliding velocity,
by taking the average shear stress to be equal to the appligdis some characteristic time such thata 1, Pis a
contact pressure multiplied by the friction coeient. The  factor related to the sliding transition over the energy bar-
oversimpli cation of the complex ow within the contactcan rier, E is the change in the initial potential minimum due
bring large errors in estimating the activation energy and it3o sliding,F = Eg=a  F is the maximum force that can
length. Itis worth noting that Zhang and Spikes assumed thaause spontaneous slidiry anda are the height and peri-
no direct contact exists between the sliding counterbodies asdicity of the energy potential. The terms inside the square
their experiments were conducted in the EHL regime. How-brackets represent the applied force. Therefore, the model re-
ever, they considered the shear stress in a similar way to owjuires two tting steps; one for the force to nd the unknown
treatment. Again, this is an overestimation rather than actugdarameters:F ;a; P, andt. and the other is for the whole
consideration. rate equation in order to nd the unknownx. In the case
Fourth, for the used Arrhenius kinetics model, the appliedthe change in the energy minimumy, is smaller than the
force is expected to weaken the bonds more as the force quihermal energyksg T, which is expected to be almost always
escent time increases due to the sharp decrease in the lifdre case, the model predicts that increasing the sliding ve-
time of the bond by several orders of magnitud2d], i.e.  locity would result in increasing the reaction rate. This is be-
F / 1= . This indicates that the applied force has a time de-cause the original formulation was designed to accommodate
pendent eect, which can induce outburst of bonds' rupture the observation that at small sliding speeds, where slip-stick
and therefore making the formatibemoval rate constalt  friction occurs, increasing the speed results in a logarithmic
time dependent. However, despite its potential large impacincrease in the atomic lateral force, i.e. atomic friction, lead-
this e ect has not been taken into account in the available exing to lower activation energy barried(, 41]. However,
perimental data related to the ZDDP additive. Nonethelesghis does not hold true for micro- and macroscopic friction at
it is worth noting that there are several models proposed thigh sliding speeds like the one used during the in-situ AFM
take into account the ect of sliding speed. For instance, tribotests. Furthermore, Equati@nis in contrast with our
the models of Briscoe and Evardg and Sang et al. 39 previous discussion that the longer the quiescent time of the
consider the eect of low and high speeds, respectively, onapplied force, the weaker the bonds and thus the larger the
the shear stress at the interface and how it caeththe ob- reaction rate. A more appropriate treatment would rely on
served nanoscale friction. More recently, Tys88][pro-  the reduction caused on the activation energy as the force is
posed a model to account for the velocityeet on the tribo-  applied, which can be assumed a monotonically increasing
chemical reactions. The model is based on assuming that thene dependent eect, e.g. following a square-root depen-
energy barrier is time dependent and convoluted in the sliddence. Thus, the external force terms in Equafiarzan be
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modi ed, as follows: rough estimation but still feasible under the assumption that
the thicker the tribo Im the larger the phosphate concentra-

" # s tion.
E.(P)= Eo+ PA x+ 2p? 2( L) i+ _Xé As discuss_ed before_, the tribo Im formation follows a sin-
2 te gle exponential rate (Figureésand5) as opposed to the sug-

(9)  gestion of Gosvami et all] that it undergoes two distinctive
Fitting this equation is straightforward and based on thephases starting from a slow linear growth phase followed by
speed of 400 m/s, it yields insigni cant contribution of a fast logarithmic phase. For comparison purposes, our data
speed to the applied force, i.e the last terni. Thisis con-  will be tted assuming two phases in order to have a paral-
sistent with our results (Figuréa) that the scanning speed lel comparison with the available data in the literature. This
per se does not impact the growth rate. would not a ect the conclusions as the rst linear t can al-

Fifth, under certain harsh conditions of high temperatureways be ignored and the second exponential t be extended
and contact pressure, the severity at the contacting interfade the whole dataset.
causes distortion to the structure of the transition state, i.e. For the case of ZDDP, the reaction order was estimated
the shape of the energy potentidQ[ 41]. As the decom- by tting Equation 10 to the growth evolution data obtained
position reaction is endothermic, Hammond's postuld®,[ at three dierent contact pressures, i.e. 2.7, 4.5, and 5.7
which describes the structure of the transition state along th&Pa (Figure4). The tting results indicate that, regard-
reaction coordinate, suggests that the energy of the transiess of the applied contact pressure, the slow linear phase
tion state would be closer to that of the products than that 0éf the tribo Im formation follows a zero reaction order with
the reactants. In this case, the harsh conditions might altatr = 0:.073 0:10. On the other hand, the fast logarith-
this state such that the energy minimum in the reactants stataic growth phase of the tribo Im appears to follow approxi-
to the transition state along the reaction coordinate becomesately rst order reaction kinetics with = 0:71  0:14. As
smaller with possible alteration to the relative energyesi ~ mentioned earlier, the entire dataset can be tted using rst
ence as well33]. Nonetheless, it is worth noting that this order kinetics without the need of the initial zero order rate.
e ect is not probable within our in-situ tested conditions asThe tting results are in line with several previous reports
the contact pressure is not large enough to cause any altestggesting a rst order reaction kinetics for the decomposi-
ation to the structure of the energy potential. Furthermore, ition of materials of similar functional groups found in ZDDP,
any alteration occurs, the activation length is expected to be.g. dimethyl and diethyl disul de1] and other groups un-
shortened rather than elongated. der shearZ2, 23].

Sixth, the possible dierent types of the ZDDP additives,  The zero order of the slow initial reaction is in agreement
e.g. primary, secondary or a mixture of the two among othvyith the in-situ AFM results reported by Gosvami et dl], [
ers, used in the two cases though not expected to have afyhich suggested that the ZDDP decomposes initially with a
signicante ect. zeroreactionrate = 0:12 0:11, whereas as rubbing contin-
ues the reaction rate becomres 0:22 0:02, which suggests
more complex reaction pathways during the decomposition

To nd the order of the ZDDP and DDP decomposition Of the ZDDP.
reaction to form protective tribo Ims on the shearing inter-  For the case of DDP, the tting results indicate that, re-
faces, the following equation for thérorder reaction rate gardless of the applied contact pressure, the slow linear phase

Estimation of reaction order

can be usedl]: of the tribo Im formation follows a zero reaction order with
n = 0:047 0:01. On the other hand, the fast logarithmic
o1 (n 1)kt (10)  growth phase of the tribo Im follows a more complex reac-
V"t [Vt tion kinetics withn = 0:52  0:07.
wheren is the reaction ordek is the reaction constant/y The zero order of the slow initial reaction is in agreement

andV are the tribo Im volumes at the beginning of the tri- with the in-situ AFM results regarding the ZDDP tribo Ims
botest and at any timi respectively. The initial volume of as well as the previously reported data of ZDOP [How-
the tribo Im, Vy, can be taken as zero. ever, the fractional logarithmic rate is lower than the one
It should be noted that the above equation is suitable to efeund for the case of ZDDP, i.e. 0.77. The reaction order
timate the reaction order only in the case of considering the&an be taken as a measure for the decompositiotiency
changes of the reactants, i.e. additive concentration, or the form the bulk of the tribo Im, i.e. sul des and phos-
products, i.e. the formed species of the tribo Im presumablyphates. The low order indicates that the DDP decomposi-
phosphate species. As this information cannot be assess#ddn process includes more side and intermediate reactions
during the AFM in-situ tribotests, the volume of the productsof possibly volatile products that consume part of the avail-
will be considered instead of the concentration. This is aable DDP molecules to form species other than sul des and

10
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phosphates. 3)

Conclusion

In summary, the kinetics of P-based antiwear additives
were studies under derent operating conditions of sliding  (4)
speed, temperature and contact pressure. The results indi-
cate that the decomposition reactions of the additives and the
growth rate of their protective tribo Ims are independent of
the sliding speed and are only dependent on the scanning cy(5)
cles. This suggests that the growth occurs cumulatively in
a layer-by-layer fashion, i.e. every rubbing cycle regardless
of its timing adds one layer of a certain thickness depending
on the other operating conditions of temperature and contact
pressure. The data suggest that temperature and contact pre?é)
sure have an acceleratingext on the reaction kinetics, i.e.
the higher the temperature or pressure the higher the increase
in the growth rate. For the ZDDP, the ect of temperature
and contact pressure seems to have an additigetee.g. the
maximum growth rate occurs when temperature and contact(7)
pressure are both maximum. However, the formation rate of
the DDP tribo Im increases over contact pressure exponen-
tially compared to its linear growth over temperature. The (g
activation energy of the ZDDP ranges from about 35 to 43
kJmol, which is nearly twice the value found for the DDP
additive ranging from 10 to 25 k&ol. The relatively small
energy barrier of the DDP decomposition makes it more sus-
ceptible to contact pressure than the larger barrier found for(g)
ZDDP. This suggests that the lack of zinc cations within the
DDP molecules results in overall weaker bonds compared
to the ZDDP molecules. The ZDDP decomposition and the
growth of its phosphate-based tribo Ims appear to follow (10)
rst order reaction kinetics. However, in the case of DDP,
it appears to follow more complex reaction pathways with a
fractional kinetics order of 62  0:07. The fractional order (11)
indicates that the DDP decomposition process includes more
side and intermediate reactions of possibly volatile products.
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