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ABSTRACT

It has been long speculated that the good antiwear properties of the nano-thin triboreactive interfaces might have a rheological
origin that can greatly in�uence their friction, lubrication and antiwear characteristics, which account for nearly one quarter of
the worldwide total energy consumption. However, the measurement of the nanoscale viscosity of such tribological interfaces
is still a challenging task. This is mainly due to their ultralow thickness, i.e. typically < 150 nm, high viscosity and reactivity,
which make the currently used bulk, interfacial or micro-gap rheological techniques inadequate. Here we demonstrate two
methods, i.e. creep and squeeze �ow, that can be used to quantify the viscosity of triboreactive �lms in-situ as they form and
ex-situ after formation. Films generated from the zinc and ashless dialkyldithiophosphate (ZDDP and DDP) antiwear additives
were analysed as model systems because of their industrial and academic importance. The results con�rm that the formed
tribo�lms behave as molten glass with an average viscosity ranging from 2� 1011 to 7� 1012 Pa.s. During its formation, the
molten glass showed rich intrinsic rheological properties that allowed them to maintain local order on the nanoscale through
the motion and recon�guration of single and multiple patches within the formed �lm, which can signi�cantly predetermine its
superior antiwear properties. The �ndings of this study open future opportunities for optimising the nano-�owable glass to
ef�ciently control the lubrication of tomorrow's engines without the need of any environmentally harmful oil additives.

Keywords: nanoscale viscosity, rheology, creep, squeeze �ow, tribology, ZDDP tribo�lm

1 Introduction

A massive proportion, about one quarter, of the world's total energy is consumed within tribological contacts, rubbing against
each other, to partly overcome friction or due to wear1,2. Worldwide, proactive measures, for instance by reducing friction and
wear, can save more than 1.39% in the Gross National Product (GNP) and more than 8.7% of the total fuel energy consumption
within the next 15 years2. The use of antiwear additives in lubricating oils is one of the proactive measures to reduce wear and
thus avoid considerable energy losses. Triboreactive �lms formed from P-based oil additives such as ZDDP and DDP attract
considerable attention for their superior, yet not fully elucidated, antiwear capability. The generation of these triboreactive �lms
in lubricating oils is a complex multistage process3,4. It all starts with rubbing, which occurs between contacting surfaces such
as in the cylinder/piston geometry in a typical internal combustion engine (ICE), as demonstrated in Figure1. Due to rubbing
at high temperature, the molecules of ZDDP additive (Zn[(RO)2PS2]2) in the lubricating oil start to self- and trans-alkylate
(Figure1b), which involves the migration of alkyl groups from the O to S atoms5–7. The additive then adsorbs to the steel
substrate as either unreacted molecules or as linkage isomers (Zn[O2P (SR)2]2)8. In the case of rubbing the countersurfaces at
high temperature and contact pressure, two phenomena are greatly accelerated. First, iron cations are released from the steel
substrate9. Second, the adsorbed ZDDP molecules undergo a partial decomposition into zinc and iron sulphate followed by
their reduction into sulphide species7,10. Heat causes sulphur to diffuse into the steel11, whereas shear and rubbing assist the
formation of a mixed oxide-sulphide base layer of isolated clusters12,13 (Figure1c). The base layer acts as a glue providing
excellent tenacity between the steel surface and the subsequently formed layers of amorphous iron and zinc polyphosphate
chains of increasing length towards the �lm's surface12,14 (Figure1d). These layers mark the �nal decomposition stage of the
ZDDP molecules.

The resulting amorphous polyphosphate forms a unique antiwear structure of growing thickness and patchiness as sliding
cycles increase (Figure1e). The antiwear protection of such an evolving structure has been attributed to its rigid sacri�cial
nature15,16 and its ability to digest the sharp worn particles17,18. These mechanisms are either mechanical or chemical in nature.
However, few studies9,12,19–21 speculated that the good antiwear properties might have a rheological origin, which can greatly
in�uence friction, lubrication and adhesion properties of any tribological surface22. For instance, it was suggested9,12,19 that
the layers close to the metal surface, e.g. zinc/iron sulphides and phosphates, are most likely elastic or elastoplastic solids that
can be polymeric in nature20, whereas the outer layers are viscous. This indicates that there can be layers in between that have a
combination of the two and thus contribute differentially to the overall behaviour of the �lm9. The top viscous layer can explain
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Figure 1. Ultrathin ZDDP triboreactive �lms. a, Schematic illustration of a cylinder/piston geometry inside a typical ICE, b, c,
and d, ZDDP tribo�lm formation at high temperature and contact pressure on the rubbing surfaces of the cylinder and piston, b,
Adsorption of ZDDP additive, c, Formation of mixed oxide-sulphide base layer on the steel substrate. d, Formation of iron and
zinc polyphosphate on the sulphur-oxide base layer. e, In-situ evolution of the structure of the ZDDP �lm formed at 80oC and
7.3 GPa. Small arrows indicate areas of large thickness that appear initially on the side of the �lms. All AFM images are
6� 6mm2 in area.

the patchy pad-like structure of the �lm (Figure1e) as a �nal solidi�ed image of the once hot �owing glass. The ridges of this
glass are formed due to asperity-asperity contact, whereas the troughs originate from possibly the �ow of some material from
the regions of ridges to troughs12,23. Other theories suggested that the pad-like structure is formed due to local variations in
contact pressure24 or surface heterogeneity15. However, some previous reports3,12,18 showed that the �lm is also heterogeneous
vertically over its depth, which indicates that the heterogeneity of the �lm is not solely due to local lateral variations in contact
pressure25.

Several previous studies26–33 demonstrated various methods to measure the rheological response, i.e. mainly relaxation
time, of ultrathin polymeric �lms. However, these methods are mainly applicable to interfaces of relatively low viscosity or
above the glass transition temperature (Tg). Here, we report two methods based on creep and squeeze �ow measurements
that revolutionize the quanti�cation of the rheological properties, i.e. viscosity, of highly viscous ultrathin triboreactive �lms.
In order to observe the �owability and interaction of the different patches composing such �lms, in-situ AFM experiments,
following the in-situ single asperity methodology proposed by Gosvami et al.15, are used to generate pads of close and far apart
local occupancy. The dynamic behaviour of these pads under shear is then analysed to deduce the viscosity of the formed �lms.

2 Experimental

2.1 Materials
The oil used in this study was a poly-a -ole�n (PAO) base oil of a 4 cSt kinematic viscosity at 100oC. A Secondary ZDDP and
a neutral DDP antiwear additives (Figure S1) were mixed with the oil such that the concentration of P in the oil was �xed at
800 ppm. The oil and additives were supplied by Afton Chemicals (UK) and were used as received. The tribological sample
was a disc made of AISI 52100 bearing steel of average Rq roughness< 13 nm.

2.2 High temperature AFM liquid cell
The AFM cell (Figure S2) consisted of an aluminium body where the sample under study, i.e. AISI 52100 bearing steel disc, can
be �xed using a screw in the centre. This was suf�cient to �x the sample and avoid any drift due to the high contact pressures
used during the in-situ tests. The liquid cell itself was mounted on the AFM stage using four magnets. The cell was heated
using two cartridge heaters (Watlow, UK), which were inserted inside at a distance 3 cm apart. The two heaters were needed in
order to avoid any micro�ow due to thermal variations within the oil. This effect was also minimized by limiting the oil volume
to less than 3 ml by reducing the size of the liquid cell. The temperature of the cartridge heaters were controlled using a PID
controller (Watlow, UK) through a closed loop algorithm with two thermocouples integrated in the heaters. Furthermore, one
external thermometer was used frequently to externally monitor the temperature of the oil.
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2.3 In-situ atomic force microscopy
The setup used for performing the in-situ AFM tests consisted of a Dimension Icon Bruker AFM equipped with the in-house
developed liquid cell. The tests were performed using standard Rtespa 300 AFM tips (Bruker, USA), which are made of
antimony (n) doped Si and have a three-sided pyramid shape with a nominal height of12 mm and nominal radius of 8 nm
(Figures S3 and S4). The AFM cantilever was made of the same material as its tip and was rectangular in shape with length,
width and thickness of125� 40� 3:4 mm, respectively. An additional layer of 40 nm of re�ective aluminium was on the
backside of the cantilever in order to enhance the laser signal. The cantilever had a nominal spring constant of 40 N/m and
a resonant frequency of 300 kHz. The data were collected using Nanoscope v9 software (Bruker, USA). Data analysis was
performed using Gwyddion v2.47 open source software.

Before starting the tribological tests, the tip was worn away at contact force 100 nN to a radius of about 75 nm after which
the radius reached steady-state (Figure S4). The size of the tip was quanti�ed using the scanning electron microscope (SEM)
(Figure S3) and AFM using tip reconstruction method34 (Figure S4) and by generating tribo�lms under the AFM, where the
width of the formed tribo�lms re�ected the effective diameter of the tip (Figures S5 and S6).

The in-situ tests were performed in a standard contact mode while the tip and sample were completely submersed in oil at
80 oC. At this temperature, thermal drift of the AFM was found to be less than 20 nm over 6 hours scanning time (Figure S7).
The AFM contact mode operated a multi-pass two-directional raster scanning of different number of lines, i.e. 128, 64, 32,
16, 8, 4 and 1 lines (Figures S8 and S9). The large number of scanning lines, i.e. 128, 64 and 32, resulted in the formation
of tribo�lms with 'congested' morphology as the scanning lines overlap, whereas the small number of scanning lines results
in a nano-structured tribo�lm with distinctive lines. The number of sliding cycles varied from one test to another, but the
exact values were reported in the presented results. The rubbing speed of the AFM during the in-situ tests was �xed at 400
mm/s scanning an area of 5� 5 mm2. The tribotests were interrupted regularly, i.e. once every 100 to 1000 cycles, to capture
high quality AFM images of an area of 10� 10 mm2, which was centred around the rubbed area. These were capture at low
contact force< 100 nN, and speed of 40mm/s. The scanning angle throughout the tribotests and imaging was �xed at 90o, i.e.
perpendicular to the axis of the cantilever.

3 Results and discussion

3.1 Formation of �lms with congested morphology
The in-situ formation of ultrathin triboreactive ZDDP and DDP �lms is illustrated in Figure2. The �lms were generated
using the rubbing action between an AFM tip and a steel substrate in a liquid medium of PAO base oil containing ZDDP or
DDP additive, as demonstrated in Figure2a. The congested morphology was achieved using 128, 64 and 32 scanning lines
(Figure2b) rubbing at high temperature and contact force, which make the �lms grow thicker and wider over sliding cycles as
illustrated in Figure2c. The large number of scanning lines results in a maximum spacing distance of 156 nm separating any
two lines, which is comparable to the estimated diameter of the AFM tip, i.e. about 150 nm. Therefore, the formed triboreactive
�lms (Figure 2d-g), appear to have a continuous structure without any apparent distinctive lines.

In the case of ZDDP, two features appear in its triboreactive �lms (Figure2d-f) during the early sliding cycles, i.e.< 3000
cycles. The �rst feature is the distinctive arranged pads that are formed initially under the scanning lines of the tip. As rubbing
continued, the size of the pads increased until they became less uniform. For instance, a comparison between the formed �lms
using 128 lines (Figure2d) after 800 and 2000 cycles con�rms this observation.

The second interesting feature observed during the �rst 3000 cycles of the �lm's formation is the accumulated �lm formed
near the edges, which has larger thickness, i.e. nearly twice, than the one away from the edges. The reason behind this enlarged
thickness can be related to several reasons. First, the change in the sliding velocity pro�le near the edges as the AFM tip
changes direction can accelerate the rate of the tribochemical reaction of the ZDDP decomposition to form more zinc phosphate
layers by lowering the reaction's time-dependent energy barrier35. Second, the larger number of sliding cycles experienced near
the edges due to the narrower gap between the adjacent raster scanning lines (Figure2b) can enhance the formation rate. Third,
the �owability of the �lm as the AFM tip rasters the surface can push the �lm's pads to the sides. This is supported by the
continuous increase in the area of the formed �lms, whether ZDDP (Figure2h-j) or DDP (Figure2k), over sliding cycles.

The areas of small thickness away from the edges appear to increase in thickness until they match the ones near the edges.
This is counterintuitive to what is generally expected to be a uniform and continuous increase in thickness throughout the �lm as
long as the initial conditions are maintained. The inconsistent growth might originate from the intrinsic limiting thickness of the
thick regions of the �lm as they can be deformed easily leading to larger contact area and thus results in lower contact pressure
and consequently low formation rate15. Another explanation can be related to what appears as removal cycles following the
initial formation cycles once the �lm reaches a certain thickness (Figure2h-i). These appear to be induced by the progressive
shearing of the interface causing the weakly adhered top layers of the �lm to be removed or reallocated within the central area
of the evolving �lm. Following the changes in the formed �lms using 128 lines (Figure2d and h) after 2600, 3000 and 4000
cycles, reveals that the formation and removal of the �lm occur as follows. First, the �lm reaches a certain limiting thickness.
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Figure 2. In-situ generation of ultrathin triboreactive ZDDP and DDP �lms using AFM. a, Schematic of the in-situ AFM
liquid cell. b, Representation of the lines used to raster scanning a 5� 5mm2 area. c, Morphology evolution the formed �lms
under rubbing at high temperature and applied force. d, e, and f, ZDDP �lms generated using 128, 64 and 32 lines, respectively,
after different scanning cycles at 80oC and 7.3 GPa. g, DDP �lms generated using 64 lines raster scanning at 80oC and 4.8
GPa. h, i, and j, Analysis of thickness and area evolution over sliding cycles of the ZDDP reactive �lms formed using 128, 64
and 32 lines, respectively. k, The evolution of the area and thickness of the DDP �lms formed using 64 scanning lines. The
scale bars on all the AFM images represent 2mm.

Second, the thickest regions of the �lm start to be removed �rst followed by the neighbouring regions, as indicated in the drop
in thickness after the 3000 cycle. Finally, a new cycle of formation starts, as indicated by the increase in �lm thickness after the
4000 cycle compared to its previously recorded state. These formation and removal cycles appear to be repetitive in nature.

The evolution of the DDP triboreactive �lms over sliding cycles formed using 64 scanning lines at 4.8 GPa (Figure2g)
appears to be different from that of ZDDP �lms. The DDP �lms do not appear to have larger thickness near the edges during the
early stage of rubbing compared to the central region, but instead they appear to have a uniform morphology throughout with
large pads elongated in the direction of shear. In addition, the DDP �lms appear to have non-uniform thickness that depends
mainly on the initially formed regions, which keep growing more than the rest of the �lm. As rubbing cycles progressed, further
shearing does not appear to cause severe mixing and distortion to the individual pads, which leads to the preservation of the
initial structure of the triboreactive �lm despite the increase in thickness (Figure2k). All these features are different from
those observed previously in the case of the ZDDP �lms. The reason behind this can be related to the type of the phosphate
composing the main bulk of the triboreactive �lm. In the case of the ZDDP �lms, predominantly zinc phosphate of relatively
long chain length is formed3,6,7,10,13 compared to iron phosphate of short chain length in the case of DDP �lms36–38. Thus,
the type of cations available during the decomposition of the additive appears to not only affect the composition but also the
structure and possibly the �owability behaviour of the formed �lm.

3.2 Formation of �lms with nanostructured morphology
The formation of ultrathin triboreactive ZDDP and DDP �lms with nanostructured morphology using the AFM is illustrated in
Figure3a. To explore the structural dynamics of the formed pads of the triboreactive �lms, few scanning lines, i.e. 16, 8, 4 and
1, were used (Figure3b). At high temperature and contact force, the unrestrained pads formed on these lines can grow thicker
and wider over sliding cycles (Figure3c) as the maximum separation distance between any two adjacent lines is> 312 nm,
which is much larger than the estimated diameter of the AFM tip. This is the reason behind the appearance of clear distinctive
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Figure 3. In-situ generation of ultrathin triboreactive ZDDP and DDP �lms using AFM. a, Schematic of the in-situ AFM
liquid cell. b, Representation of the lines used to raster scanning a5� 5mm2 area. c, Morphology evolution of the formed �lms
under rubbing at high temperature and applied force. d-g, ZDDP �lms generated using 16, 8, 4 and 1 scanning lines,
respectively, after different rubbing cycles at 80oC and 7.3 GPa. h-k, DDP �lms generated using 16, 8, 4 and 1 scanning lines,
respectively, after different rubbing cycles at 80oC and 4.8 GPa. The analysis of thickness and area evolution of the reactive
�lms over sliding cycles are shown under the AFM images. The scale bars on all the AFM images represent 2mm.

lines during the early stages of the �lm formation whether in the case of ZDDP (Figure3d-g) or DDP (Figure3h-k).
Several common features appear in the case of the ZDDP �lms (Figure3d-f), which are similar to those observed for larger

numbers of scanning lines (Figure2). The �rst feature is related to the thicker �lm formed near the edges compared to the
middle areas, which can be related to different causes including the �lm �owability, change in tip velocity and double rubbing
action at these regions as the scanning lines get closer to each other and �nally overlap when moving towards the edges. The
second feature is related to the uniform structure of the formed �lm during the early stages compared to the �nal stages, which
can be attributed to the wear action and the intrinsic deterministic nature of the �lm formation. As rubbing continues, deviations
and less uniform �lm are increasingly expected because of wear and smearing of the thick areas of the �lm under shear. This
is evident from the worn areas near the edges where the �lm was initially thicker. Thus, the results indicate that the ZDDP
triboreactive �lm exhibits a dynamic sacri�cial nature allowing it to be continuously formed and removed24.
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E2
<latexit sha1_base64="HOcG5SYhygUQuJCCCey8ctdv9Hg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiCB4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJaPZpKgH9Gh5CFn1Fjp4bZf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKqVT236t1fVOrXeRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AG/c41u</latexit><latexit sha1_base64="HOcG5SYhygUQuJCCCey8ctdv9Hg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiCB4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJaPZpKgH9Gh5CFn1Fjp4bZf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKqVT236t1fVOrXeRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AG/c41u</latexit><latexit sha1_base64="HOcG5SYhygUQuJCCCey8ctdv9Hg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiCB4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJaPZpKgH9Gh5CFn1Fjp4bZf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKqVT236t1fVOrXeRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AG/c41u</latexit><latexit sha1_base64="HOcG5SYhygUQuJCCCey8ctdv9Hg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoMeiCB4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJaPZpKgH9Gh5CFn1Fjp4bZf65crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKqVT236t1fVOrXeRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AG/c41u</latexit>

! 2
<latexit sha1_base64="5GiFXh4pKCGd1ds82CkwKcwGCTE=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hd0g6DHoxWME84BkCbOT3mTM7Mwy0yuEkH/w4kERr/6PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVmeGQ4NrqU07YhakUNBAgRLaqQGWRBJa0eh25reewFih1QOOUwgTNlAiFpyhk5pdQNar9kplv+LPQVdJkJMyyVHvlb66fc2zBBRyyaztBH6K4YQZFFzCtNjNLKSMj9gAOo4qloANJ/Nrp/TcKX0aa+NKIZ2rvycmLLF2nESuM2E4tMveTPzP62QYX4cTodIMQfHFojiTFDWdvU77wgBHOXaEcSPcrZQPmWEcXUBFF0Kw/PIqaVYrgV8J7i/LtZs8jgI5JWfkggTkitTIHamTBuHkkTyTV/Lmae/Fe/c+Fq1rXj5zQv7A+/wBMhaO3Q==</latexit><latexit sha1_base64="5GiFXh4pKCGd1ds82CkwKcwGCTE=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hd0g6DHoxWME84BkCbOT3mTM7Mwy0yuEkH/w4kERr/6PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVmeGQ4NrqU07YhakUNBAgRLaqQGWRBJa0eh25reewFih1QOOUwgTNlAiFpyhk5pdQNar9kplv+LPQVdJkJMyyVHvlb66fc2zBBRyyaztBH6K4YQZFFzCtNjNLKSMj9gAOo4qloANJ/Nrp/TcKX0aa+NKIZ2rvycmLLF2nESuM2E4tMveTPzP62QYX4cTodIMQfHFojiTFDWdvU77wgBHOXaEcSPcrZQPmWEcXUBFF0Kw/PIqaVYrgV8J7i/LtZs8jgI5JWfkggTkitTIHamTBuHkkTyTV/Lmae/Fe/c+Fq1rXj5zQv7A+/wBMhaO3Q==</latexit><latexit sha1_base64="5GiFXh4pKCGd1ds82CkwKcwGCTE=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hd0g6DHoxWME84BkCbOT3mTM7Mwy0yuEkH/w4kERr/6PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVmeGQ4NrqU07YhakUNBAgRLaqQGWRBJa0eh25reewFih1QOOUwgTNlAiFpyhk5pdQNar9kplv+LPQVdJkJMyyVHvlb66fc2zBBRyyaztBH6K4YQZFFzCtNjNLKSMj9gAOo4qloANJ/Nrp/TcKX0aa+NKIZ2rvycmLLF2nESuM2E4tMveTPzP62QYX4cTodIMQfHFojiTFDWdvU77wgBHOXaEcSPcrZQPmWEcXUBFF0Kw/PIqaVYrgV8J7i/LtZs8jgI5JWfkggTkitTIHamTBuHkkTyTV/Lmae/Fe/c+Fq1rXj5zQv7A+/wBMhaO3Q==</latexit><latexit sha1_base64="5GiFXh4pKCGd1ds82CkwKcwGCTE=">AAAB7XicbVDLSgNBEJz1GeMr6tHLYBA8hd0g6DHoxWME84BkCbOT3mTM7Mwy0yuEkH/w4kERr/6PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVmeGQ4NrqU07YhakUNBAgRLaqQGWRBJa0eh25reewFih1QOOUwgTNlAiFpyhk5pdQNar9kplv+LPQVdJkJMyyVHvlb66fc2zBBRyyaztBH6K4YQZFFzCtNjNLKSMj9gAOo4qloANJ/Nrp/TcKX0aa+NKIZ2rvycmLLF2nESuM2E4tMveTPzP62QYX4cTodIMQfHFojiTFDWdvU77wgBHOXaEcSPcrZQPmWEcXUBFF0Kw/PIqaVYrgV8J7i/LtZs8jgI5JWfkggTkitTIHamTBuHkkTyTV/Lmae/Fe/c+Fq1rXj5zQv7A+/wBMhaO3Q==</latexit>

! 1
<latexit sha1_base64="gb0uSsi9ateQXFvEVzjapSuLDFg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uxxpL+iVK37Vn4OskiAnFchR75W/un3NsoQrZJJa2wn8FMMJNSiY5NNSN7M8pWxEB7zjqKIJt+Fkfu2UnDmlT2JtXCkkc/X3xIQm1o6TyHUmFId22ZuJ/3mdDOPrcCJUmiFXbLEoziRBTWavk74wnKEcO0KZEe5WwobUUIYuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMYPMIzvMKbp70X7937WLQWvHzmGP7A+/wBMJKO3A==</latexit><latexit sha1_base64="gb0uSsi9ateQXFvEVzjapSuLDFg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uxxpL+iVK37Vn4OskiAnFchR75W/un3NsoQrZJJa2wn8FMMJNSiY5NNSN7M8pWxEB7zjqKIJt+Fkfu2UnDmlT2JtXCkkc/X3xIQm1o6TyHUmFId22ZuJ/3mdDOPrcCJUmiFXbLEoziRBTWavk74wnKEcO0KZEe5WwobUUIYuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMYPMIzvMKbp70X7937WLQWvHzmGP7A+/wBMJKO3A==</latexit><latexit sha1_base64="gb0uSsi9ateQXFvEVzjapSuLDFg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uxxpL+iVK37Vn4OskiAnFchR75W/un3NsoQrZJJa2wn8FMMJNSiY5NNSN7M8pWxEB7zjqKIJt+Fkfu2UnDmlT2JtXCkkc/X3xIQm1o6TyHUmFId22ZuJ/3mdDOPrcCJUmiFXbLEoziRBTWavk74wnKEcO0KZEe5WwobUUIYuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMYPMIzvMKbp70X7937WLQWvHzmGP7A+/wBMJKO3A==</latexit><latexit sha1_base64="gb0uSsi9ateQXFvEVzjapSuLDFg=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMxszPLTK8QQv7BiwdFvPo/3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41rc4M4w2mpTbtiFouheINFCh5OzWcJpHkrWh0O/NbT9xYodUDjlMeJnSgRCwYRSc1uxxpL+iVK37Vn4OskiAnFchR75W/un3NsoQrZJJa2wn8FMMJNSiY5NNSN7M8pWxEB7zjqKIJt+Fkfu2UnDmlT2JtXCkkc/X3xIQm1o6TyHUmFId22ZuJ/3mdDOPrcCJUmiFXbLEoziRBTWavk74wnKEcO0KZEe5WwobUUIYuoJILIVh+eZU0L6qBXw3uLyu1mzyOIpzAKZxDAFdQgzuoQwMYPMIzvMKbp70X7937WLQWvHzmGP7A+/wBMJKO3A==</latexit>
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J (t) = " (t)/ !
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<latexit sha1_base64="oYla1ytmOLP5GTLwU3iHAnenm9A="></latexit><latexit sha1_base64="oYla1ytmOLP5GTLwU3iHAnenm9A="></latexit><latexit sha1_base64="oYla1ytmOLP5GTLwU3iHAnenm9A="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="r1BTfJVuxbEEsNgxYNgO1HH/C9c="></latexit><latexit sha1_base64="r1BTfJVuxbEEsNgxYNgO1HH/C9c="></latexit><latexit sha1_base64="8N+/Dv127XgAvjb2T033y7sDqVc="></latexit><latexit sha1_base64="oYla1ytmOLP5GTLwU3iHAnenm9A="></latexit><latexit sha1_base64="oYla1ytmOLP5GTLwU3iHAnenm9A="></latexit><latexit sha1_base64="oYla1ytmOLP5GTLwU3iHAnenm9A="></latexit><latexit sha1_base64="oYla1ytmOLP5GTLwU3iHAnenm9A="></latexit><latexit sha1_base64="oYla1ytmOLP5GTLwU3iHAnenm9A="></latexit><latexit sha1_base64="oYla1ytmOLP5GTLwU3iHAnenm9A="></latexit>

slope =
1
! 1

<latexit sha1_base64="xcJsZ0BYfInJa016YEVW8Xnw8fo=">AAACCHicbVDJSgNBEO2JW4zbqEcPNgbBU5gRQS9C0IvHCGaBTAg9nZqkSc9Cd40Yhjl68Ve8eFDEq5/gzb+xsxw08UHB470qqur5iRQaHefbKiwtr6yuFddLG5tb2zv27l5Dx6niUOexjFXLZxqkiKCOAiW0EgUs9CU0/eH12G/eg9Iiju5wlEAnZP1IBIIzNFLXPvQQHjDTMk4gp5fUCxTjmZtnHiDrunnXLjsVZwK6SNwZKZMZal37y+vFPA0hQi6Z1m3XSbCTMYWCS8hLXqohYXzI+tA2NGIh6E42eSSnx0bp0SBWpiKkE/X3RMZCrUehbzpDhgM9743F/7x2isFFJxNRkiJEfLooSCXFmI5ToT2hgKMcGcK4EuZWygfMRIEmu5IJwZ1/eZE0TiuuU3Fvz8rVq1kcRXJAjsgJcck5qZIbUiN1wskjeSav5M16sl6sd+tj2lqwZjP75A+szx/czJnZ</latexit><latexit sha1_base64="xcJsZ0BYfInJa016YEVW8Xnw8fo=">AAACCHicbVDJSgNBEO2JW4zbqEcPNgbBU5gRQS9C0IvHCGaBTAg9nZqkSc9Cd40Yhjl68Ve8eFDEq5/gzb+xsxw08UHB470qqur5iRQaHefbKiwtr6yuFddLG5tb2zv27l5Dx6niUOexjFXLZxqkiKCOAiW0EgUs9CU0/eH12G/eg9Iiju5wlEAnZP1IBIIzNFLXPvQQHjDTMk4gp5fUCxTjmZtnHiDrunnXLjsVZwK6SNwZKZMZal37y+vFPA0hQi6Z1m3XSbCTMYWCS8hLXqohYXzI+tA2NGIh6E42eSSnx0bp0SBWpiKkE/X3RMZCrUehbzpDhgM9743F/7x2isFFJxNRkiJEfLooSCXFmI5ToT2hgKMcGcK4EuZWygfMRIEmu5IJwZ1/eZE0TiuuU3Fvz8rVq1kcRXJAjsgJcck5qZIbUiN1wskjeSav5M16sl6sd+tj2lqwZjP75A+szx/czJnZ</latexit><latexit sha1_base64="xcJsZ0BYfInJa016YEVW8Xnw8fo=">AAACCHicbVDJSgNBEO2JW4zbqEcPNgbBU5gRQS9C0IvHCGaBTAg9nZqkSc9Cd40Yhjl68Ve8eFDEq5/gzb+xsxw08UHB470qqur5iRQaHefbKiwtr6yuFddLG5tb2zv27l5Dx6niUOexjFXLZxqkiKCOAiW0EgUs9CU0/eH12G/eg9Iiju5wlEAnZP1IBIIzNFLXPvQQHjDTMk4gp5fUCxTjmZtnHiDrunnXLjsVZwK6SNwZKZMZal37y+vFPA0hQi6Z1m3XSbCTMYWCS8hLXqohYXzI+tA2NGIh6E42eSSnx0bp0SBWpiKkE/X3RMZCrUehbzpDhgM9743F/7x2isFFJxNRkiJEfLooSCXFmI5ToT2hgKMcGcK4EuZWygfMRIEmu5IJwZ1/eZE0TiuuU3Fvz8rVq1kcRXJAjsgJcck5qZIbUiN1wskjeSav5M16sl6sd+tj2lqwZjP75A+szx/czJnZ</latexit><latexit sha1_base64="xcJsZ0BYfInJa016YEVW8Xnw8fo=">AAACCHicbVDJSgNBEO2JW4zbqEcPNgbBU5gRQS9C0IvHCGaBTAg9nZqkSc9Cd40Yhjl68Ve8eFDEq5/gzb+xsxw08UHB470qqur5iRQaHefbKiwtr6yuFddLG5tb2zv27l5Dx6niUOexjFXLZxqkiKCOAiW0EgUs9CU0/eH12G/eg9Iiju5wlEAnZP1IBIIzNFLXPvQQHjDTMk4gp5fUCxTjmZtnHiDrunnXLjsVZwK6SNwZKZMZal37y+vFPA0hQi6Z1m3XSbCTMYWCS8hLXqohYXzI+tA2NGIh6E42eSSnx0bp0SBWpiKkE/X3RMZCrUehbzpDhgM9743F/7x2isFFJxNRkiJEfLooSCXFmI5ToT2hgKMcGcK4EuZWygfMRIEmu5IJwZ1/eZE0TiuuU3Fvz8rVq1kcRXJAjsgJcck5qZIbUiN1wskjeSav5M16sl6sd+tj2lqwZjP75A+szx/czJnZ</latexit>

J0 = 1 /E 1
<latexit sha1_base64="HqhcbOylmxmb0pucM7OwAj74RgQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU92IoBehKIJ4qmA/oF2WbJptQ7PZNckWytLf4cWDIl79Md78N6btHrT6YODx3gwz84JEcG1c98spLC2vrK4V10sbm1vbO+XdvaaOU0VZg8YiVu2AaCa4ZA3DjWDtRDESBYK1guH11G+NmNI8lg9mnDAvIn3JQ06JsZJ352fuBF0ifHLjY79ccavuDOgvwTmpQI66X/7s9mKaRkwaKojWHewmxsuIMpwKNil1U80SQoekzzqWShIx7WWzoyfoyCo9FMbKljRopv6cyEik9TgKbGdEzEAvelPxP6+TmvDCy7hMUsMknS8KU4FMjKYJoB5XjBoxtoRQxe2tiA6IItTYnEo2BLz48l/SPK1it4rvzyq1qzyOIhzAIRwDhnOowS3UoQEUHuEJXuDVGTnPzpvzPm8tOPnMPvyC8/ENVZ2Qfw==</latexit><latexit sha1_base64="HqhcbOylmxmb0pucM7OwAj74RgQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU92IoBehKIJ4qmA/oF2WbJptQ7PZNckWytLf4cWDIl79Md78N6btHrT6YODx3gwz84JEcG1c98spLC2vrK4V10sbm1vbO+XdvaaOU0VZg8YiVu2AaCa4ZA3DjWDtRDESBYK1guH11G+NmNI8lg9mnDAvIn3JQ06JsZJ352fuBF0ifHLjY79ccavuDOgvwTmpQI66X/7s9mKaRkwaKojWHewmxsuIMpwKNil1U80SQoekzzqWShIx7WWzoyfoyCo9FMbKljRopv6cyEik9TgKbGdEzEAvelPxP6+TmvDCy7hMUsMknS8KU4FMjKYJoB5XjBoxtoRQxe2tiA6IItTYnEo2BLz48l/SPK1it4rvzyq1qzyOIhzAIRwDhnOowS3UoQEUHuEJXuDVGTnPzpvzPm8tOPnMPvyC8/ENVZ2Qfw==</latexit><latexit sha1_base64="HqhcbOylmxmb0pucM7OwAj74RgQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU92IoBehKIJ4qmA/oF2WbJptQ7PZNckWytLf4cWDIl79Md78N6btHrT6YODx3gwz84JEcG1c98spLC2vrK4V10sbm1vbO+XdvaaOU0VZg8YiVu2AaCa4ZA3DjWDtRDESBYK1guH11G+NmNI8lg9mnDAvIn3JQ06JsZJ352fuBF0ifHLjY79ccavuDOgvwTmpQI66X/7s9mKaRkwaKojWHewmxsuIMpwKNil1U80SQoekzzqWShIx7WWzoyfoyCo9FMbKljRopv6cyEik9TgKbGdEzEAvelPxP6+TmvDCy7hMUsMknS8KU4FMjKYJoB5XjBoxtoRQxe2tiA6IItTYnEo2BLz48l/SPK1it4rvzyq1qzyOIhzAIRwDhnOowS3UoQEUHuEJXuDVGTnPzpvzPm8tOPnMPvyC8/ENVZ2Qfw==</latexit><latexit sha1_base64="HqhcbOylmxmb0pucM7OwAj74RgQ=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU92IoBehKIJ4qmA/oF2WbJptQ7PZNckWytLf4cWDIl79Md78N6btHrT6YODx3gwz84JEcG1c98spLC2vrK4V10sbm1vbO+XdvaaOU0VZg8YiVu2AaCa4ZA3DjWDtRDESBYK1guH11G+NmNI8lg9mnDAvIn3JQ06JsZJ352fuBF0ifHLjY79ccavuDOgvwTmpQI66X/7s9mKaRkwaKojWHewmxsuIMpwKNil1U80SQoekzzqWShIx7WWzoyfoyCo9FMbKljRopv6cyEik9TgKbGdEzEAvelPxP6+TmvDCy7hMUsMknS8KU4FMjKYJoB5XjBoxtoRQxe2tiA6IItTYnEo2BLz48l/SPK1it4rvzyq1qzyOIhzAIRwDhnOowS3UoQEUHuEJXuDVGTnPzpvzPm8tOPnMPvyC8/ENVZ2Qfw==</latexit>
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Figure 4. Viscosity quanti�cation of triboreactive ZDDP �lms using creep method. a, Schematic representation of the
creep-based method and sample of AFM masked images used to calculate the area evolution of the formed �lms. b, Illustration
of a creep compliance curve during creep-recovery experiment. c, The Burgers material model used to �t the creep compliance
data. d-f, Evolution of the creep compliance,J(t), over time using different scanning lines, i.e. 8, 4 and 1 at 80oC for (d)
ZDDP �lms formed at 4.5 GPa and (e, and f,) DDP �lms formed at 4.8 and 5.6 GPa, respectively. Arrows indicate instances of
�lm removal.

Another interesting feature is observed in the scanning lines that become less visible as the �lm grows. Two factors can
cause this behaviour to occur. First, rubbing might have pushed the worn parts of the �lm into the areas between the scanning
lines. Second, the �lm itself might be soft and deformable. Thus, it is plausible that the interfacial shear stress and large
contact pressure caused the thick soft areas of the �lm to �ow and consequently cover the gaps between the adjacent scanning
lines. This can be con�rmed for the case of ZDDP (Figure3d-g) and DDP (Figure3h-k) �lms by observing the increase in
the thickness of the formed �lms and spreadability of their areas over sliding cycles even in the case of a single scanning line.
Based on these observations, the structure of the triboreactive �lms appears to evolve as follows. Initially, the �lm is formed
under the scanning lines where the interface between the steel surface and AFM tip experiences large shear stress and contact
pressure. However, as shearing continues and �lm thickness increases, the �lm gradually starts to �ll the nearby areas. The
structure of the �lm appears as if it �ows from the areas of high contact pressure to spread to any available gap.

The results suggest that contrary to the generally perceived conception that the P-based triboreactive �lms, such as the
ones of ZDDP, are rigid16,24,39, they appear to behave as a highly viscous material that can deform and �ow under shear. The
signi�cant implication of this �nding is that for the �rst time it provides a novel mechanistic understanding for the excellent
antiwear properties of the ZDDP and DDP pads. In addition to forming a mechanical barrier, the �lm can also deform and �ow.
Thus, it mitigates the shear stress at the contacting asperities leading to less wear. A similar conclusion can also be inferred
from the results of Pereira et al.40 who showed that below 200oC the modulus of the ZDDP �lm was nearly constant at around
100 GPa but dropped to about 70 GPa at 200oC. The decrease in the modulus can indicate a compliant �lm that might be
easily deformed. The results of Pereira et al.40 were obtained by heating an already formed triboreactive �lm, whereas here we
observe the �lm deformation in-situ during its formation at much lower temperature, which suggests that shear at high contact
pressure can induce deformation even at low temperatures.

3.3 Viscosity quanti�cation using creep
In the creep experiments, a �xed stress is applied and the resulting deformation is observed (Figures4 and S8). The performed
AFM experiments described in Figure2 and3 can be considered as creep experiments. In those experiments, the AFM tip
applies a constant stress via contact pressure on a certain initial area of the formed �lm, which undergoes deformation and
�owability in the lateral direction (Figure4a). The shear stresss can be estimated to be dependent on the friction coef�cientm
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and contact pressureP, i.e. s = mP, assuming the two are constant. The straing(t) can be obtained by normalizing the area of
the �lm A(t) evolving over time by the initial �lm areaA(0) under the AFM tip, i.e.g(t) = A(t)=A(0). The creep compliance
J(t) can then be found by dividing the strain by the applied stress, i.e.J(t) = g(t)=s . In the limit of linear viscoelasticity, the
creep compliance can be de�ned using a Burgers material model (Figure4c), as follows:

J(t) = J0 + JRy (t) +
1
h1

t (1)
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whereJ0 is the instantaneous creep compliance,JR is the total recoverable compliance, andy (t) is the delayed elasticity
function, which is zero at time zero and one fort �! ¥ . As the ZDDP and DDP triboreactive �lms are formed of polyphosphate
chains of relatively small polymerisation number/ 1041, and considering the creep behaviour after long time during which the
elastic contribution can be neglected and the creep compliance approaches a linear steady state, only the last term of Equation1
(i.e. the viscous contribution) is of importance (Figure4b-c).

The evolution of the creep compliance over time for different ZDDP and DDP �lms formed using different scanning lines,
i.e. 8, 4 and 1, is shown in Figure4d-f. In order to obtain these results several assumptions and considerations were taken into
account. First, the �owability was considered to occur in the direction across the formed �lm as well as in the direction along the
action of shear (Figures S8 and S9). Second, the �lm growth (formation and removal) and �owability were supposed to occur
simultaneously, which were readily decoupled as the growth occurs only in the vertical direction whereas �owability in the
lateral direction. In the case that a big removal event occurs such that the covered area with the �lm decreases, this is registered
as a sharp drop in the followed �lm creep compliance, as identi�ed by the arrows in Figure4d-f. Third, the geometry of the
tip-substrate counterbodies can be simpli�ed to a plate-plate geometry without a direct contact between them but separated by
the �lm. This is a rough oversimpli�cation that can be especially applied for worn tips and for �lms of thickness larger than the
substrate roughness, i.e.> 13 nm. Fourth, in the limiting case of small gaps, viscosity is not affected by the shear rate but
solely by the shear stress42.

The compliance evolution over time (Figure4d-f) indicates two creep regimes. Initially, the �lm experiences a primary fast
linear creep as the neighbouring pads were not completely restrained followed by a secondary slower linear creep when the
pads became congested. The Newtonian viscosity, i.e. the inverse slope of the compliance versus time as suggested by Equation
1, was estimated based on the two creep regimes. The primary creep suggests a viscosity of about5� 7� 1011 Pa.s as opposed
to 7� 9� 1012 Pa.s for the secondary regime. These results are comparable to the bulk viscosity of various metallic glasses
near and above their glassy transition temperature, i.e.Tg > 350oC, as reported in the literature using bulk rheometry43–46.
The close viscosities between the P-based �lms of ZDDP and DDP and metallic glasses con�rm that the �nal structure of the
P-based �lms is merely a �nal solidi�ed image of what once was hot, �owing and molten phosphate glass. For the �rst time,
this evidences how rubbing can accelerate the formation of a highly viscous amorphous phosphate glass that helps protect
contacting surfaces from excessive wear.

3.4 Viscosity quanti�cation using squeeze-�ow
Quantifying the viscosity using the squeeze �ow analysis is based on squeezing the triboreactive �lm between two parallel
plates, as depicted in Figure5a, and observing the thickness evolution of the �lm over time. In our experiments, one of the
plates is the AFM tip and the other is the steel substrate. To limit this effect to genuine �owability and avoid any formation, the
experiments were carried out ex-situ at ambient temperature in base oil without any reactive additive after a continuous �lm
was formed.

The results of ZDDP (Figure5b) and DDP �lms (Figure5c) show that when a small contact pressure was applied the �lm
initially covered an area of5� 5mm2. However, when the contact pressure was increased to 2.7 GPa and subsequently to 3.7
GPa, the covered area increased to about6� 6mm2 and7� 7mm2, respectively. Further increase of contact pressure to 4.5 GPa
did not appear to have any signi�cant effect on the �lm area, which can be a result of wear that reduces the area proportionally
to the increase caused by the squeeze �ow.

The removal amount can be readily quanti�ed and decoupled from the true �owability by observing the changes in the area
and volume of the ZDDP (Figure5d) and DDP �lms (Figure5f). In case of �ow without wear, the volume of the squeezed �lm
should be preserved as its area spreads and thickness decreases. However, in case of �ow accompanied by wear, the volume can
decrease because of removal of parts of the �lm. This reduction can be subtracted from the apparent �lm volume to obtain its
evolution due to �owability only as shown in Figure5b for the case of ZDDP and in Figure5c for the case of DDP.

Counterintuitive to the expected decrease in the �lm thickness due to its �ow or removal, a small recovery in the �lm
volume was observed when the contact pressure was increased from 2.1 to 2.7 GPa. The source of this recovery might be
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Figure 5. Viscosity quanti�cation using squeeze-�ow method of continuous ZDDP and DDP triboreactive �lms formed using
64 scanning lines. a, Schematic of the squeeze �ow between two parallel plates assuming constant volume before and after
applying a constant load over short and long squeeze times. b and c, Evolution of the total �lm thickness (open symbols) and
�lm thickness without wear (closed symbols) for the case of ZDDP and DDP �lms, respectively, after different sliding cycles at
25 oC under different contact pressures. Green areas indicate increase in �lm thickness whereas blue areas indicate �lm
removal. d and f, Analysis of the volume and area of the ZDDP and DDP �lms, respectively. e and g, Fits of the thickness of
the ZDDP and DDP �lms, respectively, using Equation3.

related to two possible causes. First, the high contact pressure can induce transformation in the entrapped adsorbed ZDDP
molecules within the �lm or any remnant of alkyl phosphate on the �lm's surface12 into phosphate with zinc or iron cation
modi�er in the case of ZDDP and DDP �lm, respectively. Second, the high contact pressure can cause irreversible disruption of
the local compactness of the interfacial layers of the �lm leading to an increase in the free volume within the phosphate glass
layers. This makes the �lm loose and more susceptible to wear, which is con�rmed by the subsequent decrease in the �lm
volume over the sliding cycles.

In the most simpli�ed case, the �owability of the triboreactive �lms can be considered Newtonian. Therefore, the viscosity,
m, of the triboreactive �lms can be quanti�ed by following the gap evolutionH(t), i.e. the �lm thickness, while it is squeezed
as follows47:

H(t) = H0

�
1+

8H2
0F0t

3pmR4
0

� � 1=4

(3)

whereH0 is the initial �lm thickness just before applying loadF0, H(t) is the �lm thickness over time andR0 is the initial
radius of the squeezed �lm, which can be taken as the tip radius. The experimental data discussed before in Figure5 can be
�tted using the above equation to obtain the �lm viscosity, which is the only unknown. The result of this �tting is shown in
Figure5e and g for ZDDP and DDP �lm, respectively, which shows that in average the Newtonian viscosity of the �lm is about
2� 6� 1011 Pa.s. These are similar to the values obtained using the creep experiments. Similar values were also obtained
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by applying the creep methodology to analyse the squeeze-�ow data (Figures S11 and S12). In addition, viscosity values
within one order of magnitude, i.e. from2� 1012 to 8� 1013 Pa.s, with a similar �owability behaviour (Figures S13-S18) were
obtained by simulating the elasto-plastic deformation of the ZDDP tribo�lm. The different independent experimental methods,
i.e. creep and squeeze �ow, and modelling work suggest unambiguously that under rubbing the formed tribo�lm of amorphous
Zn/Fe phosphate behaves as a molten glass despite the relatively low temperature of the oil of 80oC. This suggests that one of
the antiwear mechanisms of the P-based additives is to form a highly viscous glass on the contacting surfaces that helps reduce
wear and mitigate contact stresses.

3.5 Comparison between creep and squeeze-�ow methods
The viscosity values based on either creep or squeeze �ow experiments are close to the reported values in literature for ZDDP
�lms, i.e. 108 Pa.s12. However, these values are two to three decades lower than the ones estimated in this study. Several
factors might be responsible for this discrepancy. First, Bec et al.12 did not actually measure the viscosity of the ultrathin
P-based �lms, but instead they related it to the measured elastic modulus. Thus, it was more of a numerical estimation than
an experimental quanti�cation. Second, there is a signi�cant difference between the experimental methods used in this study
compared to the previous one. The current study implemented two novel methods using the AFM with a tip radius less than 80
nm, whereas the previous study of Bec et al.12 used the surface-force apparatus with a sphere of radius of 2.125 mm. The large
difference in the probe size indicates that the viscosity values reported in the previous studies were averaged over a large area
of the �lm, whereas the current ones are of localized area within the �lm. As the �lm typically consists of ridges and troughs
of heterogeneous mechanical properties as well as varied thickness and composition, it follows that the averaged properties
measured by a large probe can be different from the local ones measured by a signi�cantly smaller probe.

3.6 Conclusion
The textural and rheological properties of nano-thin P-based triboreactive �lms were followed over time to better understand
the origin of their superior antiwear properties. The obtained results con�rm that the �lms behave as a molten glass with an
average viscosity of1� 1012 Pa.s. This suggests that their superior antiwear properties originate from their intrinsic rheological
properties that allow them to �ow while formed, which is clear from their ability to maintain local order on the nanoscale
through the motion of the formed tribo�lm's pads at the interface. This appears to effectively mitigate the smearing and
wearing of the contacting asperities resulting in less wear. The �ndings of this study open future opportunities for quantitatively
analysing the rheology of a broad range of additives and substrates and its relation to the tribological properties, which can help
build mechanistic models capable of better predicting friction and wear, and thus optimise energy consumption. In addition,
this study highlights the potential of using nano-�owable glasses to ef�ciently control the lubrication in tomorrow's engines
without the need of using harmful oil additives.
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The datasets associated with the current study are available from the corresponding author on reasonable request.
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