Dry lubrication of ferritic stainless steel functionalised with crystalline aggregates of hexadecylphosphonic acid
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Abstract
This paper demonstrates the excellent tribological behaviour afforded by a new functionalisation technique based on the combination of chemisorption and physisorption of self-assembled hexadecylphosphonic acid for application in metal forming. Surface functionalisation of an X2TiCrNb18 ferritic stainless steel with this technique led to the growth of aggregates on the surface. Detailed analysis showed that crystalline aggregates were physisorbed on a chemisorbed molecular layer. Ball-on-plate linear reciprocating sliding tests were performed under high maximal contact pressures in the 0.5–1.1 GPa range using a 100Cr6 counterpart. Results revealed exceptional low-friction and low-wear afforded by a tribofilm originating from aggregates shearing. The tribofilm built up very quickly and presented the interesting feature of reducing the friction coefficient as the contact pressure increased.
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1. Introduction
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Stainless steels are metallic alloys widely used in numerous everyday-life and industrial applications. Among them, a large amount of sheet or shell shaped components are formed through stamping, embossing or rolling operations. Since high mechanical stresses are transmitted to the tool/material interface to reach the required plastic deformation to form stainless steel products, lubricants are necessary for two main reasons. First: to ensure surface integrity of both the tool and the component: this issue is of major concern regarding stainless steels forming operations since well-known adhesion phenomena easily occur in the absence of lubricant1–3. Second: to minimize friction forces at the tool/material interface, in the perspective of costs and energy consumption reduction.
For many years, mineral-based lubricants containing friction modifiers and extreme pressure additives have been widely employed in metal forming and they are still known to be the most efficient ones. Indeed, these compounds tribochemically react with the metal surface to form highly efficient tribofilms whose shearing ensures the accommodation of the surfaces4. However, lubricant additives are chlorine, sulphur and/or phosphorous compounds that are nowadays facing to environmental restrictions due their toxicity and poor biodegradability. The development of efficient “green-lubricants” dedicated to metal forming is thus a major challenge. “Bio-lubricants” based on vegetable oils aroused interest in the last years but their potential use in metal forming is confronted to their low oxidative stability, poor low-temperature rheological behaviour, and the necessity to incorporate nanoparticles of metal oxides to improve their efficiency5–7. Moreover and from a wider prospective, the use of lubricants in liquid form infers an additional issue since they have to be eliminated after metal forming operations in most cases. Subsequent cleaning operations have thus to be performed to complete further manufacturing operations (welding, soldering, polishing…), leading to time-consumption and additional costs.
Functionalisation of metal sheets with organic molecular species offers a convincing option to circumvent the above-mentioned drawbacks of classical lubricants. This leads to the chemisorption on the metal surface of an organised molecular layer, so-called self-assembled monolayer (SAM), through the simple immersion of the metal into a weakly concentrated solution of reactive molecules dissolved in a solvent. Grafting of SAM has proven to be a powerful method to control surface properties, including frictional ones8, due to its simplicity, adaptability, and reproducibility9. Improvement of the tribological behaviour of various metallic surfaces was reported by grafting highly studied SAMs such as organothiols or organosilanes10–12. Notwithstanding, alkylphosphonic acids have naturally aroused much more interest in the past few years due to their lower toxicity and their ability to form strong O–P bonds on surface metal oxides13. Grafting of alkylphosphonic acids and subsequent improvement of tribological properties were successfully achieved on copper14–16, aluminium oxides17,18, titanium alloys19, Ti incorporated carbon coatings20, TiO2-coated galvanized steel21, and stainless steel22.
However, almost all studies were focused on the behaviour of well-organized SAMs whose realisation implies complex surface preparation and the removal through ultrasonication of physisorbed species that were not chemically adsorbed on the surface. Such additional treatments are hardly achievable at the industrial scale in the framework of metal forming. A few years ago, the authors reported exceptional low-friction and low-wear properties exhibited by dodecylphosphonic acids grafted on copper, due to the presence of physisorbed molecular clusters on the surface16. This finding led to a new functionalisation technique avoiding surface post-treatment and deliberately promoting the existence of physisorbed molecular aggregates on the original chemisorbed monolayer. Recently, the new functionalisation route was patented23 and applied in stamping operations realised on stainless steel in industrial framework24. The performance of a lubricant for stamping operations, in terms of drawability, is usually quantified by the Limiting Drawing Ratio (LDR) defined as the ratio of the maximum blank diameter to the punch diameter that can be drawn successfully without failure25. The drawability increases with increasing LDR values. Whereas oils traditionally used in metal forming (chlorinated or not) leads to LDR ranging from 1.98 to 2.25, the new functionalisation technique was found to achieve LDR ranging from 2.24 to 2.3524. This lubricating method therefore has the double advantage to provide similar or even better performance than the best conventional oils while avoiding cleaning operations. Nonetheless, both the characterisation of this advanced functionalisation and the tribological mechanisms involved have not been published yet.
The present paper consequently addresses those limitations. This study focuses on the tribological behaviour of hexadecylphosphonic acids adsorbed on a ferritic stainless steel. The growing of crystalline aggregates originating from clustered hexadecylphosphonic acids is demonstrated and characterised for the first time. A fully instrumented tribometer is used to perform tests in relevant contact pressures with respect to metal forming operations. The tribological behaviour afforded by the new functionalisation technique is compared with this of stainless steel substrate functionalised (or not) with a classical monolayer of the same molecule. An approach coupling friction force measurements and surface modification characterisation is conducted. It reveals improved tribological properties that are induced by the presence of crystalline aggregates, building up and then destruction of a protecting tribofilm, and the transient frictional behaviour of this film.


2. Materials and Methods
2.1. Materials
The present study focuses on the functionalization of an X2TiCrNb18 ferritic stainless steel (AISI 441, 1.4509). The trade name K41 will be used thereafter for the sake of clarity. K41 was used as received, i.e. in the annealed state and without additional polishing operation, and in the form of 15×15 mm² plates of 1.25 mm thickness. The tribological behaviour of functionalised K41 plates were further considered when rubbing against a 100Cr6 steel ball counterpart. Mechanical properties and surface roughness parameters of the raw samples are displayed in Table 1.

Table 1:
	Sample
	Young’s Modulus * [GPa]
	Poisson’s ratio *
	Hardness § [GPa]
	Yield strength * [MPa]
	Sa # [µm]
	Ssk #
	Sku #

	K41 plate
	220
	0.29
	1.62 ± 0.03
	310
	2.88 ± 0.25
	– 0.08 ± 0.12
	4.76 ± 0.65

	100Cr6 ball
	210
	0.3
	8.12 ± 0.14
	750
	0.21 ± 0.02
	0.29 ± 0.27
	4.01 ± 0.53


* Data provided by the suppliers.
§ Data originate from 5 measurements using a Vickers hardness tester with a 5 kg load.
# Results from the measurement of 5 surfaces (0.5×0.5 mm² for the plates and 0.2×0.2 mm² for the balls) using a variable focus optical microscope InfiniteFocus from Alicona Imaging GmbH.

Table 1: Mechanical properties and surface roughness parameters of the raw samples.
From Table 1, it is worth mentioning that the distribution of the peaks for both plates and balls is symmetric (Ssk close to 0) and is slightly more peaked than a Gaussian distribution since Sku exceeds 3. Morevover, balls are more than 10 times smoother and 5 times harder than plates.

2.2. Synthesis of hexadecylphosphonic acid
Finely powdered hexadecylphosphonic CH3(CH2)15PO(OH)2 was obtained through a reproducible synthesis of this molecule on a 0.2–0.5 kg scale. All reagents were purchased from ALFA AESAR and used as received.
First, 1 mol of 1-bromohexadecane was heated to 190-200°C with stirring and excess of triethylphosphite (1.3 mol) was added dropwise during 2.5 h. The formed bromoethane was concomitantly distilled (boiling point = 35-40°C). Heating was maintained for 1 h, and then all the volatiles (excess triethyl phosphite and some diethyl ethylphosphonate) were distilled under reduced pressure (90-100°C, 20 mm Hg). Crude diethyl hexadecylphosphonate was obtained in essential quantitative yield (purity > 85% estimated by 1H NMR). The product generally crystallized at room temperature to a thick waxy material.
Second, the former phosphonate was boiled for 16 h with commercial 70% aqueous methanesulfonic acid to obtain a dark thick mixture: 2.5 mol of water per mole of phosphonate were needed. After cooling to 30°, technical acetone was added under vigorous stirring, which precipitated hexadecylphosphonic acid. After filtration and thorough washing with acetone, crystals of hexadecylphosphonic acid (CRY) were finally obtained as a fluffy white powder of high degree of purity (global yield, 2 steps: 65-70%).

2.3. Surface functionalisation and characterization
Nine K41 plates were first ultrasonically cleaned in absolute ethanol during 5 min and then dried at ambient air. Two of them were stored as reference samples. They will be denominated K41 in the followings.
Six of the 7 remaining plates were dipped during 6 h in a glass-vessel containing 15 mL of a solution (SOL) obtained by dilution of CRY in absolute ethanol, resulting in a 2×10-2 M concentrated solution of hexadecylphosphonic acid dissolved in the solvent. This operation traditionally results in the chemisorption of the molecules on the substrate. Two distinctive functionalisation routes were achieved depending on the technique used to remove the plate from the SOL and to dry it. The goal of the first technique was to form a chemisorbed layer of grafted hexadecylphosphonic acids on the plate and to avoid the presence of physisorbed molecules. To this end, 2 plates were heavily rinsed with ethanol during 2 min just after their removal from the SOL and were then dried at ambient air in vertical position. The functionalised plates will be called SAM thereafter, in relation to the foreseen formation of self-assembled monolayers on the substrate. Conversely, the second technique consisted in maintaining the sample in horizontal position just after its removal from the SOL and without cleaning operation in order to promote the additional aggregation of physisorbed species onto the chemisorbed layer during the solvent evaporation. The present study mainly focuses on the 4 plates functionalised through this innovative technique. They will be called AGG in the followings.
All AGG and SAM samples were stored at ambient air during 1 week prior experiments to ensure total evaporation of the solvent. One of each AGG and SAM samples were analysed by Attenuated Total Reflectance Fourier Transform InfraRed spectroscopy (ATR-FTIR) while the 4 others (3 AGG and 1 SAM) were dedicated to friction testing (cf. section 2.4). Prior to ATR-FTIR analyses, XRD measurements were performed on the AGG sample and on one K41 as reference.
ATR-FTIR analyses were performed with a 2 cm-1 resolution using a Nicolet Nexus spectrometer equipped with a ZnSe internal reflectance element. XRD measurements were carried out with a Bruker D8 Advance diffractometer equipped with a Cu-Kα radiation source operated at 40 kV and 40 mA and using a step-scan mode of 0.01° between 2θ = 10 to 90°. A pellet of compacted CRY was also analysed by both ATR-FTIR and XRD as a reference.
The last remaining K41 plate was used to observe the evolution of the surface during the evaporation stage according to the second technique (leading to AGG). To this end, a video caption of the plate surface was recorded at x50 magnification with a KEYENCE VHX-6000 numerical microscope just after the deposition of 5 µL of SOL onto the plate and until the end of the solvent evaporation.

2.4. Friction tests
The tribological behaviour of the functionalised and un-functionalised stainless steel samples (K41, SAM, and AGG) were tested in dry sliding condition against a 5 mm diameter 100Cr6 steel ball counterpart. Before experiments, balls were ultrasonically cleaned in absolute ethanol during 10 min and then air-dried. Ball-on-plate friction tests were then performed at 24 ± 3 °C using a custom-made tribometer achieving reciprocating linear motion with a ± 1 mm displacement stroke at 1 Hz. Backward-and-forward friction cycles were carried out with a fixed 4 mm.s-1 sliding speed. A fixed normal force (FN) was applied throughout the test using dead loads. Depending on the test, FN ranged from 0.25 to 3 N leading to mean and maximal Hertzian contact pressures (Pmean and Pmax) in the range of 317–725 MPa and 475–1,088 MPa, respectively, calculated with:
	
	(1)


where R = 2.5 mm is the ball radius, and E* = 118 GPa is the reduced modulus of the contact calculated with the elastic properties of the materials presented in Table 1.
In the framework of a first test campaign, 250 friction cycles were performed on the three ball/plate configurations studied, i.e. involving AGG, SAM, and K41 samples. Friction tests realised on AGG were achieved under Pmean = 317, 399, 503, 633 and 725 MPa, and friction tests on K41 and SAM were achieved under Pmean = 317, 503 and 725 MPa. For each contact pressure applied, 6 tests on AGG and 3 tests on both K41 and SAM samples were performed for reproducibility. The tribological behaviour of AGG during the first friction cycles was further investigated through a second test campaign. To this end, tests under Pmean = 317, 503 and 725 MPa were conducted up to 45 friction cycles on AGG and on K41 as a reference. In addition, other tests carried out on AGG under Pmean = 503 MPa were stopped after 1, 3, 11 and 71 friction cycles. All tests performed within this second test campaign were tripled for reproducibility.
Throughout each test, the relative displacement of the ball (h) and the friction force (FT) were measured thanks to LVDT and piezoelectric sensors, respectively. Both signals were recorded with a 512 Hz sampling frequency. Data post-processing was performed in order to plot the local friction coefficient (FT /FN) versus h for each friction cycle. Finally, the mean friction coefficient (µ) related to an overall friction cycle was calculated from an energetic point of view as follows:
	
	(2)


where h0 is the distance between the two positions on the friction track where FT = 0 (very close to 2 mm). More details about this method can be found in26.

2.5. Friction tracks characterization
Surface topography characterization of the friction tracks were performed using a variable focus optical microscope InfiniteFocus from Alicona Imaging GmbH. Data were then post-processed with a specific custom-made image treatment software allowing for 3D surface topography visualisation and roughness profiles plotting. Samples were then gold metallised to analyse the friction tracks by Scanning Electron Microscopy (SEM). SEM imaging was performed using a high-resolution TESCAN SEM-FEG MIRA3 operated at 5 kV.

3. Results and discussions
3.1. Growth of crystalline aggregates of hexadecylphosphonic acid
The growth of aggregates of hexadecylphosphonic acids on the same zone of the surface of a K41 sample at different times is displayed in Figure 1. From the deposition of the SOL droplet on the surface at t = 0 to t = 66 s, no visible modification of the K41 surface was observed. Nonetheless, small clusters with dimensions in the order of a few hundreds of micrometres were meanwhile detected in the SOL. They quickly moved in the liquid phase according to a Brownian motion allowing to assume that hexadecylphosphonic molecules were only partially dissolved in the solvent when the SOL was prepared. Through the gradual decrease of the overall SOL volume induced by solvent evaporation, some molecules’ aggregates appeared on the surface as grey-black patches, as highlighted in Figure 1 at t = 72 s. While some aggregates originated from the deposition of the free-to-move clusters present in the SOL, most of them seemed emanating from a germination process on the surface. Fast growing of the aggregates into the SOL then occurred during the ten following seconds (cf Figure 1 at t = 76 and 79 s). Thereafter, the whitening of the surface observed from t = 79 to 90 s indicates the end of the evaporation step. The solvent agglomerated close to aggregates leading to their further growing due to a local increase of the molecules concentration. At t = 96 s, solvent evaporation seemed apparently completed. Interestingly, a discontinuous brown film finally appeared on the surface between aggregates.

Figure 1:
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Figure 1: Microscope observations at different times of the growth of hexadecylphosphonic acid aggregates on the same zone of a K41 surface. A 5 µL droplet of 2×10-2 M of CH3(CH2)15PO(OH)2 molecules diluted in ethanol was deposited on the K41 surface at t = 0.
Since Figure 1 helps to understand the main mechanisms of hexadecylphosphonic acid aggregation on the substrate, it is worth mentioning that the operating conditions of this aggregation are somewhat different from those related to the realisation of AGG samples. Indeed, longer evaporation times (close to 3 min) were qualitatively observed for AGG due to both higher initial SOL volume and the absence of microscope lighting which may cause heating. Nonetheless, SEM observations of an AGG sample displayed in Figure 2 show similar features and allow to clarify the nature of the aggregates and the brown film previously described. The steel sample is covered by large but fine platelets that are several hundreds of micrometres long and a few micrometres thick. They are mainly arranged parallel to the surface and they only partially cover the surface (dark zones in Figure 2a). Notwithstanding, some of them are clustered into three-dimensional structures (cf Figures 2b and 2c) where platelets tend to be oriented perpendicularly to the surface, recalling the black patches observed in Figure 1. Occasionally, these clusters also comprise needle-shaped structures, as depicted in Figure 2d. Both platelets and needles exhibit geometrical features which strongly support a crystalline nature. As compared with Figure 1, it is assumed that the lower density of three-dimensional clusters and the higher density of platelets spread on the surface originate from the above-mentioned differences in the evaporation process. 
[bookmark: _GoBack]





Figure 2:
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Figure 2: SEM observations of an AGG sample, i.e. prepared according to the second functionalisation protocol involving the natural evaporation of the SOL on the substrate.

Figure 3a displays the surface topography obtained on AGG samples after functionalisation associated with a microscopic observation of the same zone. The highest peaks of the surface match the position of the three-dimensional clusters. Although the highest clusters can reach up to approximately 30 µm in reference to the mean height of the whole surface analysed, most of them do not exceed 15 µm. Nonetheless, it seems that crystalline platelets oriented parallel to the surface do not increase to a large extent the original roughness of the substrate. Indeed, Sa = 4.92 ± 0.53 µm on AGG but it reached 2.95 ± 0.33 µm without taking into account the clusters in the analyses, that is close to the K41 roughness. Consistently, Ssk increased to reach 0.81 ± 0.63 on AGG due to the presence of peaked clusters on the surface.
The thickness of individual platelets oriented parallel to the surface was analysed through local topographic analyses where peaked clusters are absent and the substrate is easily observed. After segmentation of the areas related to the platelet on the one hand and of the substrate on the other hand, the shift between the maximum of the two corresponding peaks’ height distribution was measured. As a typical example of numerous analyses performed in this way, Figures 3b and 3c confirm the thinness of the individual platelets oriented parallel to the surface. Their thickness typically ranges from 0.1 to 0.4 µm with a mean value of 262 nm. Stacking of several platelets also occurs, resulting in several micrometres thick patches.







Figure 3:
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Figure 3: (a) Topography of AGG samples after functionalization: Optical microscopy observation (grey scale - 25% weighted) overlays the topography (colour scale - 75% weighted) of the same zone. (b) Topographic analysis focused on the corner of a single crystalline platelet oriented parallel to the surface. (c) Peaks’ height distribution referring to the substrate (blue curve) and the platelet (red curve) appearing in (b). The shift between the two distributions indicates the platelet thickness.
The XRD pattern of AGG displayed in Figure 4a confirms the presence of crystalline species on the surface. Obviously, peaks at 2θ = 44°, 65° and 82° refer to the underlying K41 body-centred cubic structure, but the numerous peaks located at 2θ values lower than 30° are in agreement with the presence of crystalline organic compounds and consistent with XRD patterns recorded on lamellar octadecylphosphonic acid27. In this 2θ range, the AGG spectrum is similar to that of CRY although a shift of the peaks occurs. This suggests a slight modification of the crystallographic structure after growing through the solvent evaporation process, as compared with the original crystal of hexadecylphosphonic acid. Unfortunately, to our knowledge, the absence of registered pattern of this crystal in XRD databases makes difficult more in-depth investigation of this structural difference.















Figure 4:
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Figure 4: Surface analyses of AGG and SAM samples compared with K41 and CRY used as references. (a) XRD pattern of AGG (red line), K41 (black line), and CRY (light grey line). (b) ATR-FTIR spectra of AGG (red line), SAM (blue line), and CRY (light grey line). For each characterization technique, the intensity scales are the same for the 3 analyses.
Figure 4b shows the ATR-FTIR spectra of SAM, AGG, and CRY samples in the 2800-3000 cm-1 region where the C-H stretching of the methylene group are usually used as references for self-assembled alkyl chains organization28,29. The three samples exhibit extremely similar position of the two main bands appearing in Figure 4b, which are related to the asymmetric and symmetric stretching vibrations of CH2, νasCH2 and νsCH2 respectively. Above all, this confirms the presence of hexadecylphosphonic acids on the surface of AGG and SAM. For the 3 samples, νasCH2 = 2916 cm-1 and νsCH2 = 2849 cm-1. These values are consistent with well-organised molecules30,31, since νasCH2 values ranging from 2914-2918 cm-1 were reported for crystalline alkane32 characterised by a high degree of order. These results confirms that SAM sample corresponds to a well-organised monolayer. As compared with AGG and CRY, the broadening and lower intensity of the bands for the SAM sample might be notwithstanding attributed to less packed alkyl chains33. While less pronounced, the bands corresponding to the stretching vibrations of CH3 at 2955 and 2870 cm-1 also confirm the good organisation of the molecules. It is noteworthy that extremely similar values were reported when functionalising copper16 or stainless steel34 with the same molecules.

3.2. Tribological performance of AGG
Figure 5 summarizes the results obtained consecutively to the friction tests performed in the framework of the first test campaign, i.e. when 250 friction cycles were achieved with the AGG, SAM and K41 samples. In each graph displayed in Figure 5 referring to different contact pressures, solid lines are the mean of different single tests (6 for AGG and 3 for SAM and K41) which are plotted with dotted lines. Results show a very good reproducibility of the tests in every contact conditions, including for AGG despite the heterogeneous distribution of crystalline aggregates on the surface.
Whatever the contact pressure applied, the friction coefficient (µ) of the un-functionalised sample (K41) is close to 0.2 at the beginning of the test and then suddenly increases to reach a steady-state value close to 0.9. This frictional variation supports an unsurprisingly occurrence of seizure without functionalising stainless steel, due to contact pressures exceeding the yield strength of the material (cf Table 1). Such tribological mechanism is confirmed with SEM observations of the friction tracks displayed in Figures 6c–e where seizure spots and material transfer are clearly visible. It is noteworthy that the higher Pmean is, the more pronounced adhesion-transfer related damages are and the wider the friction track is. Analyses of the counterpart’s track in Figures 6a and 6b also confirm seizure of the contact through a mixing of adhesion/rough-abrasion scars and the transfer of the ball material onto the K41 plate as the main wearing process involved. It is worth mentioning that such primary wear mechanism is quiet unconventional since the hardness and the yield strength of the ball are higher than those of the plate (see Table 1).

Figure 5:
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Figure 5: Friction coefficient versus the number of friction cycles (N) when a 100Cr6 ball rubs on K41 (black lines), SAM (blue lines) or AGG (red lines) under Pmean = 317, 399, 503, 633, and 725 MPa. Solid lines refer to the mean of different tests which are plotted with dotted lines.
Functionalising stainless steel with hexadecylphosphonic acids monolayer (SAM samples) leads to an improvement of the frictional behaviour. Disregarding the contact pressure applied, µ is close to 0.11 at the beginning of the test and remains low (inferior to 0.2) throughout a certain amount of friction cycles. Similar friction coefficient values were reported in the literature when immersing the same material22 or copper15 into a SOL-like liquid containing alkylphosphonic acids. The low-friction stage shows a very small increase of µ versus N ranging from 0.7×10-3 to 1.6×10-3 per friction cycle. Moreover, very high reproducibility of the frictional behaviour can be pointed out during this stage. Nonetheless, low-friction is no longer ensures after a limited number of friction cycles, which gets smaller and smaller when Pmean increases. Afterwards, µ increases towards high values and reaches approximately 0.75 at the end of tests, indicating that seizure occurs similarly to the un-functionalised substrate. Compared with K41, the moderate increase of µ under low contact pressure might be attributed to hexadecylphosphonic molecules still present inside the contact despite an overall gripping state has been reached. Although not presented herein, SEM observations of the friction tracks revealed indeed similar damages than those presented in Figure 6, confirming the limited effect of the monolayer after the completion of some tens of friction cycle.

Figure 6:
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Figure 6: Damages related to the friction tests performed on K41 samples after 250 friction cycles. (a) Microscope observation and (b) surface topography of the same 100Cr6 ball under Pmean = 503 MPa. (c, d, e) SEM observations of the plates’ friction track under Pmean = 317 MPa (c), 503 MPa (d), and 725 MPa (e). Red arrows indicate the friction motion direction and white dotted arrows designate approximately the location and width of the friction track.
To the contrary, the addition of crystalline aggregates of hexadecylphosphonic acid into the contact (AGG) shows a significant improvement of the tribological behaviour. The corresponding red curves in Figure 5 show that lower friction coefficients (close to 0.075) were obtained at the beginning of the test as compared to SAM, except when Pmean = 317 MPa. Moreover, an even more stable low-friction stage is observed since the slight increase of µ versus N ranges from 2.9×10-4 to 8.4×10-4 per friction cycle, depending on the contact pressure considered. Interestingly, the duration of the low-friction stage strongly increases whatever the contact pressure applied. Moreover, the increase of µ consecutive to this stage appears limited. After 250 friction cycles, the friction coefficient ranges from 0.3 to 0.6 depending on Pmean. Figures 7d, 7e and 7f show SEM observations of the friction track after tests performed on AGG under 317, 503 and 725 MPa contact pressure, respectively. Previously physisorbed crystalline platelets of hexadecylphosphonic appear in dark grey in these figures. Obviously, frictional damages are strongly reduced as compared with those related to the un-functionalised sample, presented in Figure 6. Material transfer does not cover the full track, especially under low pressure, and tracks are less than half as wide. In the outer vicinity of the tracks, cracking and flaking of crystalline platelets has visibly occurred. It is also supposed that some platelet debris should be thereafter trapped inside the contact, since pressed and sheared films originating from these debris appear in the outer border of the tracks.
Figure 7:
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Figure 7: SEM observations at the same magnification of the friction track of AGG samples after 45 (a, b, c) and 250 (d, e, f) friction cycles, under Pmean = 317 MPa (a, d), 503 MPa (b, e), and 725 MPa (c, f). Red arrows indicate the friction motion direction and white dotted arrows designate the approximate location and width of the friction track.
When looking at the AGG friction tests results (red curves in Figure 5), it is noteworthy that the low-friction stage remains effective up to approximately 50 friction cycles whatever Pmean. Friction tests were consequently stopped after only 45 friction cycles in the framework of a second test campaign. SEM observations of the resulted friction tracks are displayed in Figures 7a-c. All friction tracks exhibit very few damages and the presence of dark films originating from the spreading of platelets’ debris, including under high contact pressure.
Typical roughness profiles plotted in a direction perpendicular to friction tracks are presented in Figure 8. These results clearly confirm that strong adhesion and material transfer from the ball to the plate occurred even from the very beginning of the tests performed with K41 samples (grey profiles measured after 45 friction cycles). Conversely, black-plotted profiles related to AGG samples show limited modification of the initial surface roughness after performing 250 friction cycles. Even more interestingly, surface roughness remains unchanged when maintaining the contact in the low-friction stage, except under the highest contact pressure where local adhesion seems to initiate.
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Figure 8: Surface profiles typically measured on K41 (grey line) and AGG (black line) after 45 (left) and 250 (right) friction cycles performed under Pmean = 317 MPa (top), 503 MPa (middle), and 725 MPa (bottom). Friction tracks are approximately centred along the roughness profiles.
Tribofilm originating from crystalline aggregates of hexadecylphosphonic might be a relevant explanation of both low-friction and low-wear behaviour observed on AGG samples. As such, it is further investigated in the followings.

3.3. Tribofilm formation and disruption
While µ characterises the mean friction coefficient related to an overall friction cycle, FT/FN rather corresponds to a descriptor of the localised variations of the friction force along the friction track. Figure 9, where FT/FN is plotted with a coloured scale versus both h and N in the case of AGG sample under Pmean = 503 MPa, shows a typical example of such variations. It is found that the friction force remains extremely stable throughout the friction track, especially during the low-friction stage (where N < 100). Interestingly, the stability of FT/FN is already observed in the very first friction cycles. This supports the extremely fast establishment of an interface procuring favourable tribological behaviour. It seems appropriate in a first instance to attribute this behaviour to a tribofilm originating from hexadecylphosphonic crystalline platelets. Once again, the transition from the low-friction stage to the onset of seizure (N close to 100) shows a remarkable stability along the track. This observation, also coupled with the slight increase of µ during the low-friction stage, underlies a gradual and un-localised disintegration of the film throughout the entire friction track. It is worth mentioning that this behaviour differs from the one observed by Moine et al in the case of tribofilm originating from significantly smaller aggregates physisorbed on copper16, where micro-seizure spots led gradually to widespread seizure.

Figure 9:
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Figure 9: Triboscopic chart showing the evolution of the local friction coefficient FT/FN (coloured scale) against the number of friction cycles (abscissa axis) and along the friction track (ordinate axis). Test was performed on AGG under Pmean = 503 MPa.
Proof of the above-mentioned tribofilm originating from the shearing of crystalline platelets is given in Figure 10. This figure displays SEM observations of both AGG plates and their corresponding counter balls related to friction tests stopped after 1, 3, 11, and 71 friction cycles. Figure 10a demonstrates that a film of sheared crystalline platelets of hexadecylphosphonic was built up over the whole friction track after a single back-and-forth pass. Although not continuous, the film regularly spread over a large part of the track. Interestingly, the associated counter body was highly covered by deformed and fragmented platelets debris originating from the plate (see Figure 10b). Morphology of the film observed on both the plate and the ball shows it was initiated by shearing, spreading and flowing of the original crystalline platelets. Fragmentation of platelets in smaller crystalline particles (of the order of 1 µm long) also occurred as depicted in the Figure 10d inset. After few friction passes, surface coverage of the film quickly decreased, especially in the centre of the plate track (see Figures 10c and 10f). However, some film patches remained inside the contact (see Figure 10e) and their flowing had a healing effect on the fine abrasion ridges generated by harder un-covered asperities from the counterpart (see the Figure 10f inset). Finally, when approaching the onset of the moderate seizure stage (see Figure 10i), the film was mostly destroyed due to a fine abrasion process, as supported by the Figure 10g inset showing ridges oriented parallel to the friction direction. Figure 10h also suggests the destruction of the film through micro-flaking. SEM observations are also consistent with the above-mentioned interpretations of Figure 9 supporting the homogeneous modification of the interface throughout the friction track.





Figure 10:
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Figure 10: SEM observations of the friction tracks on AGG plates (a, c, e, g) and on the counter balls associated (b, d, f, h) after 1, 3, 11, and 71 friction cycles. Tests were all performed under Pmean = 503 MPa. Red arrows indicate the friction motion direction and white dotted arrows designate the approximate location and width of the friction track. (i) Evolution of the coefficient of friction corresponding to the 4 contact pairs observed. Stars indicate the end of each test.
3.4. Tribofilm shearing properties
Further interpretations of the friction tests performed with AGG may be addressed to examine the contact pressure dependence of the tribofilm behaviour. With respect to the 5 contact pressures applied, comparison of the mean evolution of µ during the 25 first friction cycles and during the 225 following ones are presented in Figures 11a and 11b, respectively. Figure 11b shows that similar µ were obtained at the end of the low-friction stage. However, the onset of tribofilm breakdown occurred after a number a friction cycles which gets higher and higher when decreasing Pmean. Defining Nonset as the first friction cycle for which µ exceeds 0.2 leads to Figure 11c showing the significant drop and then the slight decrease of Nonset versus Pmean. However, it is noteworthy that the lubricated action of the tribofilm remains after approximately 50 cycles (i.e. 20 cm sliding distance) even applying a maximal Hertzian pressure Pmax as high as 1.1 GPa. Results are compared with the SAM ones, showing the net improvement procured by crystalline aggregates to prolong the low-friction stage whatever Pmean.
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Figure 11: Contact pressure dependence on the evolution of the friction coefficient measured on AGG. (a, b) Evolution of µ versus the number of friction cycles N: during the 25 first friction cycles (a) and during the following 225 friction cycles (b), when Pmean ranges from 317 to 725 MPa. Each data point is the mean value originating from 6 different tests. (c) Mean value and standard deviation of the number of friction cycles recovered before the onset of seizure (Nonset) versus Pmean for AGG sample (black line) as compared with SAM sample (dotted grey line). Nonset is defined as the first friction cycle number for which µ exceeds 0.2.
Whereas µ was less dependent on Pmean throughout the end of the low-friction stage, significant differences occurred during the 25 first friction cycles, as displayed in Figure 11a. For every contact conditions, µ first decreases and then follows its above-mentioned slight increase. The initial decrease of µ is however significantly lowered when Pmean increases and may be attributed to the tribofilm building up. This behaviour should thus reflect a modification of accommodation mechanisms at the very beginning of friction. Since no wear was detected during the 25 first friction cycles, it is assumed that both friction and normal loads applied on the Hertzian area of contact (A) defined as:
	
	(3)


where a is the contact radius. Hence, the shear stress (τ) in the contact is: 
	
	(4)


The three graphs presented on the left of Figure 12 display the mean value of τ versus Pmean for 3 distinctive friction cycles, i.e. the 1st, the 5th, and the 15th ones. Plotting τ versus Pmax gives of course similar trends. Very different frictional behaviours are observed. For the first friction cycle, the shear stress is close to be independent of the contact pressure. After only 5 friction cycles, τ is linearly correlated with Pmean but does not intersect the origin of the graph. This relationship corresponds to the modified Coulomb law which suggests the addition of an adhesive component to the friction force. However, when N = 15, the linear trend of τ vs. Pmean pass through 0, leading in a very classical behaviour in accordance with the Amontons’ laws.
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Figure 12: (left) Mean values of shear stress (τ) against Pmean related to the 1st, 5th, and 15th friction cycles for the 30 friction tests performed on AGG. Dotted lines are linear regressions. (right) Evolution of the intrinsic shear stress (τ0) and of the pressure-dependent coefficient (α) during the 25 first friction cycles.
For each friction cycle, the τ vs. Pmean trend can be approximated through a linear regression exhibiting Pearson’s correlation coefficient r > 0.98 in all cases, except for the 1st friction cycle where r = 0.61. As composed of hydrocarbonated species, it appears relevant to associate the frictional behaviour of the tribofilm with the one of a polymeric film. According to the excellent works of Briscoe and Tabor in this field35–37 and consistently to our experimental observations, it makes sense to write:
	
	(5)


where τ0 is an intrinsic shear stress (not depending on the pressure), and α is a pressure-dependent coefficient. The graph to the right of Figure 12 shows the evolution of τ0 and α that were calculated for each friction cycle until N = 25. Results highlight the gradual transition of behaviour operated at the beginning of friction. The spreading of crystalline aggregates over the friction track during the first pass is associated to a fixed shear stress that is almost not dependent on the contact pressure (τ0 ≠ 0 and α → 0). The few following friction cycles, corresponding to the shearing of the tribofilm patches trapped inside the contact, are characterized by the involvement of an adhesive component in the friction force (τ0 ≠ 0 and α ≠ 0) that quickly decreases. Then, the gradual destruction of the tribofilm leads to a more classical behaviour traditionally observed in dry contacts (τ0 = 0 and α = µ).

4. Conclusions
This study aims at highlighting the tribological properties confered by a newly developed surface functionalisation technique based on the adsorption of hexadecylphosphonic acids on the surface of a ferritic stainless steel. The main findings and their related implications in the field of metal forming are listed below.
(1) After immersion of a ferritic stainless steel in a weakly concentrated solution of hexadecylphosphonic acid, molecular aggregates physisorbed on a well-organised chemisorbed layer were very quickly formed during solvent evaporation without any external operating intervention. These aggregates present a crystalline structure and are mainly in the form of platelets oriented parallel to the surface although three-dimensional clustering of both platelets and needle-shaped crystals occurs. By avoiding operations related to the removal of physisorbed species, this new functionalisation route facilitates surface preparation for subsequent metal forming operation.
(2) An excellent tribological behaviour of this new functionalisation were observed under relevant contact conditions regarding metal forming operations. Seizure was completely prevented over sliding distances in the order of several hundreds of millimetres that are suitable for many metal forming operations, even under maximal contact pressure exceeding 1 GPa. No wear and almost no modification of surface roughness were detected.
(3) Friction was considerably reduced through this functionalisation technique. Friction coefficients lower than 0.1 and exhibiting high stability both over time and along the friction track were measured. As compared to the chemisorbed layer alone (SAM), the presence of aggregates decreased by approximately 25% the friction coefficient and increased by more than 200% the duration of the low-friction stage. Consequently, energy consumption reduction and higher length of deformation in metal forming operations are expected.
(4) Low-wear and low-friction is explained by the very fast establishment of a tribofilm over the friction track since the first pass of the counterpart. The tribofilm originates from the shearing of crystalline platelets and is then gradually eliminated through micro-flaking, causing a slight but reasonable increase of the friction coefficient. Unfortunately, results did not provide information on whether the crushing of three-dimensional clusters infer on the tribofilm morphology and behaviour. Interestingly, the tribofilm adheres on the two surfaces of the contact pair, meaning that both the tool and the metal sheet could be efficiently protected in the framework of metal forming.
(5) The shearing mechanism of the tribofilm exhibits an interesting pressure dependency transition during the first millimetres of sliding distance. From a shear stress approximately independent of the pressure, to a classical Amonton-like behaviour, the film exhibits a friction law containing an adhesive term which decreases versus the sliding distance. A direct key consequence is that the friction coefficient gets lower and lower when the contact pressure increases along the first tens of millimetres of sliding distance. This feature should be extremely beneficial in metal forming in order to enhance the maximal permitted mechanical stresses.
Since different aggregates morphologies (size, distribution on the surface, crystal structure…) were observed depending on the material substrate and the evaporation step protocol, further works have to be carried out to investigate their effect on the tribological behaviour. Moreover, investigations at the micro and nano scales are being performed at the moment to characterize the local interaction between a single counterpart asperity and crystalline aggregates.
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