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 35 

ABSTRACT 36 

The objective of this study is to replace steel-phosphating treatments with self-37 

assembled monolayers (SAMs), in this case, of phosphonic acids. Two industrial 38 

applications are targeted: 39 

- Obtaining an adhesion primer between steel and paint or lubricating stainless 40 

steel for mechanical applications, such as stamping. 41 

- Research has been conducted using alkyl phosphonic acids. The carbon chain 42 

length and terminal function are changed to obtain the best properties 43 

depending on the application. 44 

Keywords: Self-assembled monolayers, adhesion, primer, stainless steel 45 

 46 

 47 

I. Introduction 48 

 49 

Since the 1990s, regulations relating to knowledge of chemicals and assessment of their risks 50 

have led industries to innovate and develop increasingly environmentally friendly products. The 51 

steel-phosphating process, initiated in 1907 with the Coslett patent [1], is a surface treatment 52 

with several disadvantages: the production of metallic waste necessitates several rinses with 53 

subsequent treatments over time, requiring staff to follow these treatments. The presence of 54 

nitrites, nitrates, and concentrated acids in the bath requires hazardous manipulations [2]. 55 

Moreover, the miniaturization of currently manufactured products to achieve a thickness of 56 

approximately 10 to 30 µm is also problematic. A phosphatation replacement should ensure 57 

anti-corrosion, adhesion to paint, and anti-wear properties. 58 
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Thus, in recent years, research has been conducted on alternatives to phosphate coatings. 59 

Different options are currently available on the market or described in the literature. These 60 

include phosphating with a modified composition [3], sol-gels [4-20], and very thin coatings 61 

such as self-assembled monolayers (SAMs). 62 

As phosphating is used for not only its adhesion and anti-corrosion properties but also its anti-63 

wear properties, alternatives exist for applications such as cold forming and lubrication. In 64 

recent years, research has been conducted on dry lubricants to solve the problems of waste and 65 

cleaning after lubrication, which are costly for industries. These dry lubricants are manufactured 66 

with self-assembled monolayers. This nanometer-scale deposition is obtained by immersing a 67 

metal substrate in a modification solution containing active molecules at a low concentration 68 

[21-22]. These molecules are grafted onto the surface oxides by chemisorption [23], forming a 69 

monolayer with different properties depending on the molecules used. Since the early 2000s, 70 

SAMs have been increasingly used for their ease of manipulation, reproducibility, stability [24], 71 

and versatility [25]. Research has focused on alkylphosphonic acids to continue using an 72 

environmentally friendly process [26-29]. Notably, studies performed on copper showed 73 

improved tribological [30] and anti-corrosion properties [31-32]. A few years later, a new 74 

process for surface functionalization without surface preparation was patented and applied in 75 

industry [33]. 76 

Research has been conducted using phosphonic acids to obtain adherence properties on copper 77 

with a carboxylic termination [34-35]. This study was conducted based on this research. In this 78 

research, practical adhesion (i.e. adherence) was studied with two adherence tests: the single 79 

lap joint (SLJ) (AFNOR, NF EN 2243-1) and three-point bending (AFNOR, ISO 14679: 1997) 80 

tests. An epoxy-based glue, Araldite 103-1, with a hardener, HY 991, was used to closely align 81 

with the industrial conditions of cataphoretic painting, which also has an epoxy function. 82 

Phosphate coating is replaced with SAMs, where the carbon chain length and the terminal 83 
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function have been modified to obtain the best properties from the phosphating treatment and 84 

the best fracture resistance. 85 

II. Materials and methods 86 

1. Material and sample preparation 87 

a. Substrates 88 

The metallic substrate used was a plate of austenitic AISI 304 stainless steel (304SS) with a 89 

thickness of 0.8 mm for three-point bending tests. The 304SS substrate had a thickness of 90 

0.5 ± 0.05 mm for the SLJ and pull-off test. The chemical composition and roughness 91 

parameters are shown in Table 1. 92 

b. Synthesis of alkylphosphonic acids 93 

All alkylphosphonic acids were synthesized in the laboratory. All molecules are represented in 94 

Figure 1 and were analyzed by 1H and 31P Nuclear magnetic resonance (NMR). Their purity 95 

exceeded 95%. 96 

Other syntheses are described (see below). 97 

11-phosphonoundecanoic acid (C10COOH) synthesis: 98 

Although commercially available, this product can be efficiently synthesized in multigram 99 

quantities from cheap materials. Commercial 11-bromoundecanoic acid from Sigma Aldrich 100 

was esterified with excess absolute ethanol in the presence of 96% sulphuric acid for 24 h. After 101 

cooling, the solution was neutralized with solid sodium hydrogen carbonate and concentrated 102 

in vacuo. The residue was dissolved in ether/water. The ethereal phase was washed with 103 

saturated sodium hydrogen carbonate and dried. Evaporation of the solvent afforded ethyl 11-104 

bromoundecanoate, which was sufficiently pure for the following steps. The previous ester was 105 
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heated to 190°C and excess triethylphosphite (1.75–2.0 equivalents) added dropwise by stirring. 106 

Bromoethane was continuously distilled as formed (35°C–40°C/760 mm Hg). The temperature 107 

was raised to 210°C–215°C until no more bromoethane was extracted. A vacuum (20–50 mm 108 

Hg) was progressively established with caution: excess triethylphosphite was distilled with an 109 

undesirable contaminant (diethyl ethylphosphonate). The mixture, containing mainly the 110 

triethyl ester of 11-phosphonoundecanoic acid, was cooled to room temperature; 12 M aqueous 111 

hydrochloric acid was added and the mixture gently boiled with efficient stirring for 24 h 112 

(85°C–90°C). On cooling to room temperature by stirring, crude 11-phosphonoundecanoic acid 113 

was separated into thick plates, filtered, and washed with water. Recrystallization from acetic 114 

acid afforded pure 11-phosphonoundecanoic acid as a white powder or off-white needles. The 115 

overall yield was 75% with a melting point of 175°C–177°C. 116 

1,12-dodecanediphosphonic acid (-C12 (2P)-) synthesis: 117 

According to the work of S. Frey and al. [61], diethyl 1,12-dodecanediphosphonate was 118 

synthesized from 1,12-dibromododecane (Alfa Aesar) and a sixfold molar excess of 119 

triethylphosphite (Alfa Aesar) at 200°C before being hydrolyzed by refluxing from 120 

concentrated 12 M aqueous HCl for 24 h. The thick diacid, which precipitated readily in the 121 

reaction mixture, was filtered, washed free of strong acid with distilled water, and dried in air. 122 

It was purified by recrystallization from an acetic acid/DMSO mixture. The overall yield 123 

obtained was 65% with a melting point of 175°C–179°C. 124 

10-undecenylphosphonic acid (C9CH=CH2) synthesis: 125 

Bromoethane was formed by distilling, while 11-bromo-undec-1-ene (Sigma Aldrich) mixed 126 

with a threefold molar excess of triethylphosphite (Alfa Aesar) was heated to 200°C. After the 127 

reaction, excess phosphite and diethyl ethylphosphonate was distilled off (P = 40–50 mm Hg), 128 

leaving diethyl undecenylphosphonate as an oil in almost quantitative yield; 15 g of the 129 
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preceding phosphonate was dissolved in 70 mL of dichloromethane and cooled in an ice bath, 130 

while 20 mL of bromotrimethylsilane was added in four portions. No exothermic phenomena 131 

were observed. After standing at 0°C for 30 min, the reaction was left at room temperature 132 

overnight. Evaporation of the solvent produced a relatively mobile oil. Methanol (100 mL) and 133 

water (5 mL) were then added and the mixture left for 24 h. After evaporation of the solvent, 134 

the oily residue crystallized in ice. It was then recrystallized from heptane to give slightly gray 135 

needles. The overall yield obtained is 41% with a melting point of 80°C–84°C. 136 

1,5-phosphonopentadecanoic acid (C14COOH) synthesis: 137 

The 1,5-bromoundecanoic acid was prepared from pentadecanolide (Sigma Aldrich) in a 90% 138 

yield according to [61]; 15-phosphonopentadecanoic acid was then obtained as a white powder, 139 

following method A. The melting point obtained was 118°C–121°C. 140 

Previous research has described the syntheses of several alkylphosphonic acids, such as 141 

butanephosphonic acid (C4P) [36], dodecanephosphonic acid (C12P) [32], and 142 

hexadecanephosphonic acid (C16P) [36]. 143 

c. Surface preparation 144 

Pretreatment of samples 145 

The 304SS was immersed by stirring in an alkaline degreasing bath (Presol 7060, Coventya, 146 

France) for 2 min at 60°C. The substrate was then rinsed with distilled water and 96% ethanol. 147 

The 304SS was sonicated in 96% ethanol for 10 min before being rinsed with 96% ethanol and 148 

distilled water. Finally, samples were dried with pressurized air. 149 

Grafting preparation 150 
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The substrate was immersed in an alkylphosphonic acid ethanolic modification solution for 8 h 151 

to ensure the most reproducible results with good organization of SAMs on the surface (Table 152 

2) [36-37]. In some cases, it was then rinsed with 96% ethanol and distilled water. Finally, all 153 

the samples were dried in an oven for 30 min at 30°C. 154 

d. Glue and bonding thermal curing 155 

Grafted samples were adhesively bonded by applying a mixture of an epoxy prepolymer and an 156 

amine curing agent. The epoxy prepolymer is Araldite 103-1, while the hardener is HY 991 157 

(Huntsman, USA). After bonding, samples were kept at room temperature for 3 hours. They 158 

were then heated in an oven for 1 hour at 150°C before cooling to room temperature for 1 hour. 159 

2. Adherence tests 160 

Adherence measurements were conducted with the SLJ and the three-point bending tests. SLJ 161 

results are usually reported as tension (MPa), while three-point bending test results are reported 162 

as force (N). In this document, all results are expressed as stress.  163 

Single lap joint test (AFNOR, NF EN 2243-1) 164 

 The SLJ is a test designed for the initiation and propagation of fractures. The 304SS bare 165 

specimens used as substrates were milled for reuse after each test. First, a two-step surface 166 

preparation was conducted, followed by a surface modification treatment. In a second step, the 167 

specimens were placed in a special set-up allowing two substrates to be aligned, with the same 168 

adhesive joints. A syringe was used to apply 0.06 mL glue. A 3 kg weight was added to the 169 

specimens to ensure intimate contact between the surface and adhesive. The adhesive joint then 170 

complied with the bonding protocol indicated above. A series of five adhesive joints was 171 

prepared and tested for each configuration. 172 
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The tests were conducted on an MTS (USA) Criterion 45 machine with a 100 kN load cell at 173 

room temperature. The crosshead displacement speed was 1 mm/min. Specimen dimensions 174 

are described in Figure 2 (left). The maximum force (Fmax) was considered as the load at 175 

breaking point, while the ultimate load was divided by the overlap to evaluate the lap shear 176 

strength (σmax in MPa). 177 

b. Three-point bending test (AFNOR, ISO 14679: 1997) 178 

Plates of 304SS were used to perform the three-point bending test. First, the plates complied 179 

with the surface preparation protocol before undergoing surface modifications. In a second step, 180 

Araldite 103-1 with hardener HY991 was applied to the cut (10.0 ± 0.1 mm × 50.0 ± 0.1 mm). 181 

Specimens of 304SS were prepared by applying 0.5 mL with a syringe in a silicone mold 182 

between two clamping plates to form an adhesive block 25 × 5 × 4 mm3. A series of eight 183 

samples was prepared and tested for each configuration. 184 

These tests were conducted at room temperature (23 ± 2°C) with a tensile machine (INSTRON 185 

3369, USA) equipped with a 500 N full-scale load cell with a sensitivity of 0.5%. The 186 

displacement rate was 0.500 ± 0.003 mm/min in the three-point configuration (Figure 2 [right]). 187 

The distance between supports was 35 mm (the norm indicating a space of 33 mm). The ultimate 188 

load, Fmax, was considered as the failure initiation measurement [38]. The bending stress was 189 

calculated by dividing the load by the adhesive surface area. 190 

c. Aging with the Bac Ford test (ISO 2812-2:2007) 191 

The Bac Ford test is used to analyze the aging and corrosion of automotive paintwork. It 192 

comprises a tank where samples are immersed in demineralized water at 40°C with an angle of 193 

15–20° for several days [34]. Our specimens are produced as described above with the addition 194 

of a 24 µm film of glue to the surface to match real conditions as closely as possible. The 195 
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immersion time was set at 3 days. 196 

3. Surface characterization 197 

Treated surfaces were characterized by microstructural and chemical analysis using different 198 

surface analytical techniques. 199 

a. Surface energy 200 

Surface energy measurements were conducted using the drop shape analyzer (DSA25) from 201 

Krüss (Germany) in drop mode. The apparatus was equipped with a camera to perform 202 

automatic measurements. 203 

Several solvents were chosen to use the Owens, Wendt, Rabel, and Kaelble (OWRK) [40] 204 

calculation method (Equations 1–2 and Table 3). 205 

 𝜎𝑠𝑙 = 𝜎𝑠 + 𝜎𝑙 − 2(√𝜎𝑠
𝑑 × 𝜎𝑙

𝑑 +√𝜎𝑠
𝑝 × 𝜎𝑙

𝑝)       (Equation 1) 206 

 207 

σsl: Interfacial tension between liquid and solid phases 208 

σs: Interfacial tension of solid phase 209 

σl: Interfacial tension of liquid phase 210 

σs
d: Dispersive component of solid phase 211 

σl
d: Dispersive component of liquid phase 212 

σs
p: Polar component of solid phase 213 

σl
p: Polar component of liquid phase 214 

 ϴ: Contact angle at triple point    215 

 216 

 𝜎𝑠𝑙 = 𝜎𝑠 − 𝜎𝑙 × 𝑐𝑜𝑠𝜃                       (Equation 2) 217 
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A 𝜎𝑙 versus 
𝜎𝑙
𝑝

√𝜎𝑙
𝑑
 curve was plotted to obtain the surface energy of the test specimen using drop 218 

angles derived from the solvents used. Surface energies were obtained with a determination 219 

coefficient R² exceeding 0.9. 220 

 221 

Ideally, an apolar solvent should also be used; however, measurements with heptane and 222 

cyclohexane are difficult due to low wettability angles. 223 

Eight angle measurements were taken for the same drop. The contact angle measurement was 224 

conducted by considering both angles of the drop on the substrate surface. The time interval 225 

between points was 1.5 s, and each solvent was tested with four drops. 226 

Therefore, it was possible to view the drops and measurements taken directly on the associated 227 

Advance software. Surface energy calculations of the samples were obtained by the software. 228 

b. Friction test 229 

An Anton Paar circular tribometer was used to conduct a tribological study of different grafts 230 

on the steel surface. After theoretical calculations based on the Hertz contact theory, a 5 mm 231 

diameter 100Cr6 ball was used as a friction pin with a normal load of 1 N. Thus, the theoretical 232 

mean pressure under contact was Pmean = 440 MPa. Before testing, the ball was cleaned with 233 

ethanol and dried. The test speed was set at v = 1 rnd.s-1 (leading to linear velocities of 12 to 234 

20 mm.s-1 according to the friction track radius); 30 cycles were performed, and each test was 235 

conducted at least three times. 236 

c. Microstructure analysis 237 

Field emission scanning electron microscopy with energy dispersive X-ray spectroscopy 238 
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(FESEM/EDX) was used to study the morphological surface using a Tescan Mira3 (Czech 239 

Republic) instrument. Roughness was measured using an Infinite Focus optical microscope 240 

from Alicona Imaging GmbH (France). X-ray photoelectron spectroscopy (XPS) was used to 241 

measure the elemental composition to determine the surface compositions of the three-point 242 

bending samples after testing. Spectra were acquired using monochromatized Al Kα radiation 243 

(1486.6 eV), and analyses were conducted at a photoelectron angle of 45°. The X-ray radiation 244 

source operated in a vacuum of 3 × 10−9 mbar. The binding energies of core levels were 245 

calibrated as a function of the C1s binding energy set at 284.8 eV, a characteristic energy of 246 

alkyl moieties. Deconvolutions were performed using mixed Gaussian–Lorentzian curves (80% 247 

Gaussian character) with CasaXPS software. 248 

d. Polarization modulation infrared reflection adsorption spectroscopy (PM-249 

IRRAS) 250 

PM-IRRAS orientation measurements were used to probe the orientation of bonds associated 251 

with IR excitation of specific molecular vibrational modes. A Bruker Vertex 70 (USA) IR 252 

spectrometer was used. The samples were positioned to obtain the largest signal amplitude; 36 253 

scans were performed for each sample, and the resolution was 4 cm−1. The detector was 254 

positioned at an angle of 75°, according to results by F. Roy [36]. After acquisition, the spectra 255 

were processed with the OPUS software. C-H vibration bands of CH3 (wave numbers: νs = 2875 256 

cm-1, νa = 2964 cm-1) and CH2 (νs = 2851 cm-1, νa = 2921 cm-1) were analyzed to determine how 257 

the SAMs were organized on the substrate surface [36]. 258 

e. Glass transition temperature determination 259 

Differential scanning calorimetry (DSC) experiments were performed in a Mettler (DSC 1, 260 

Switzerland) apparatus to determine the glass transition temperature (Tg) of Araldite with 261 

various surface modifications. Aluminum pans containing a few mg of polymer were heated 262 
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from −10°C to 180°C at a heating rate of 10°C.min-1 under a continuous flow of oxygen and 263 

argon in the first step. (This cycle is not considered in the study because two effects remain 264 

possible: the end of the glue cross-linking and the removal of water from the sample.) After a 265 

temperature drop, a second pass from -10°C to 180°C with a heating rate of 20°C/min was 266 

performed to get a better visualization of the glass transition event. Only the last step is 267 

presented in this paper. The Tg was determined from the onset point (corresponding to the 268 

beginning of the glass transition) for coatings from various treatments. 269 

 270 

III. Results 271 

Two sets of tests were conducted. The first focused on the impact of SAMs on 304SS 272 

specimens. The second compared the two treatment processes: the classical one with phosphate 273 

coated steel and the alternative process with stainless steel modified with SAMs. 274 

The 304SS surface modification with SAMs can be used as an early grip layer before classical 275 

cataphoretic painting. Several SAMs were tested, in which the terminal function, carbon chain 276 

length, or both were modified. A glue with the same epoxy base as this paint was used to ensure 277 

a simpler study system. 278 

The adherence study was conducted using two adherence tests, the SLJ and three-point bending. 279 

Measurements were characterized before the test by PM-IRRAS and surface energy. A study 280 

of metal/polymer interactions was also conducted by DSC with the glass transitions to 281 

understand the phenomena observed during the adherence tests. 282 
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1. Adherence test 283 

a. Other parameters affecting adherence: post-modification rinsing 284 

Rinsed samples have better resistance to failure (21.5 ± 1.8 MPa) than unrinsed samples (4.8 ± 285 

1.8 MPa). Rinsing samples after surface modification removes species from solution together 286 

with physisorbed clusters that form a weak attachment to the substrate (Figure 3). This layer 287 

leads to poor adherence, though it is beneficial for obtaining the tribological properties [32; 41]. 288 

b. Impact of carbon chain length 289 

Three SAMs of 4, 12, and 16 carbons were examined. Treatments were tested with the SLJ and 290 

the three-point bending test. Results are expressed as stress (MPa) to compare the adherence of 291 

SAMs in two failure modes (modes II and I). 292 

Figure 4 shows the three-point bending and SLJ results for these three SAMs. The same order 293 

of magnitude was observed for the SAMs/epoxy system and the 304SS/epoxy reference. The 294 

stress involved is approximately 15 times greater in mode II (SLJ) stress than in mode I 295 

(three-point bending). In the latter case, we divided by the adhesive surface area: S = 5 × 25 = 296 

125 mm². In reality, the fracture is initiated on a much smaller surface (Figure 5). The 297 

restitution of elastic energy during three-point bending is transferred to the interface and 298 

participates in the propagation of the fracture. Therefore, crack propagation is virtually 299 

independent of the adhesive surface [42]. 300 

These tests cannot be compared in terms of values obtained as stresses vary. The results 301 

obtained for the different treatment conditions are compared in each case. 302 

In the three-point bending test, adding SAMs significantly improves the bending 303 

strength. Without SAMs, the maximum bending stress is approximately 0.06 MPa, whereas 304 
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after adding SAMs, the maximum bending stress is between 1.0 and 1.1 MPa. Furthermore, the 305 

carbon chain length does not appear to impact the bending stress. 306 

In SLJ, adding SAMs with apolar endings to the surface of 304SS decreases the shear 307 

stress, except for C12P, which does not alter the shear stress limit. 308 

In the SLJ test, observing the test pieces may indicate mixed adhesive and cohesive fracture 309 

modes, contrary to three-point bending samples (Figure 6). In the three-point bending test, tear-310 

offs are completely adhesive between the SAMs and epoxy polymer. In our case, no fracture 311 

initiation on the three-point bending specimens was observed. SAMs are transparent and too 312 

thin to be observed under a microscope. To quickly and easily check the sample fracture 313 

location, we have developed an original test measuring the friction coefficient. Indeed, friction 314 

coefficients are very different for steel (304SS), a polymer (Araldite), and a SAM. Thus, the 315 

type of fracture can be ascertained by determining the friction coefficients on the surfaces of 316 

the test specimens: 317 

♦ Adhesive: both surfaces have different coefficients. 318 

♦ Cohesive: both surfaces have the same friction coefficient. 319 

Friction coefficients were measured at the point of adhesive failure on the test specimens after 320 

the adherence test using an Anton Paar circular tribometer [43]. These test results are shown in 321 

Figure 7. For the 304SS (reference without SAMs), the friction coefficient is around 0.5 after 322 

30 cycles. For all SAMs except C4P, we found a friction coefficient below 0.2 after 30 cycles, 323 

which is typical of the friction coefficient of a polymer such as Araldite glue for these load 324 

conditions (see Figure 8). For the C4P treatment, differences exist in the friction coefficient, 325 

which is closer to stainless steel than for the other SAMs tested. 326 

Measurements were performed on the epoxy adhesive deposited on a 304SS specimen to verify 327 
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the friction coefficient. Different thicknesses of epoxy adhesive were deposited to observe what 328 

adhesive film remained on the three-point bending specimens. Figure 8 shows the friction 329 

coefficients obtained for specimens with an epoxy adhesive on surface films with thicknesses 330 

of 24, 60, and 100 μm. These measurements were performed at least three times each. 331 

According to Figure 8, the friction coefficient of the epoxy adhesive is below that observed on 332 

the three-point bending test specimens. Furthermore, we were surprised to observe a slight 333 

decrease in the friction coefficient as the adhesive film thickness decreased. Therefore, the 334 

friction coefficient cannot be correlated with the film thickness remaining on the surfaces of 335 

the three-point bending test specimens. 336 

Based on these results, the fracture appears to be adhesive to the interphase SAM/adhesive for 337 

C4P. For all the other SAMs, the friction coefficients are between 0.08 and 0.18, indicating 338 

either an adhesive failure between the SAM and the adhesive or a cohesive failure in the 339 

adhesive. Therefore, an XPS analysis of the specimen interface was conducted to verify these 340 

results by another method. 341 

The surface was characterized before testing to understand the interface present at the time of 342 

bonding. Figure 9 represents the surface energy of SAMs with a chain length of 4  to 16 carbons. 343 

Surface energies were obtained using the OWRK method [40] with three solvents (water, 344 

ethylene glycol, and glycerol). Alkaline degreasing followed by ultrasonic degreasing in 345 

ethanol was conducted to preserve the surface oxides and hydroxides [44]. Surface oxides create 346 

a strong bond by chemisorption when SAMs are grafted to the surface. Moreover, we observed 347 

that C4P has a higher surface energy than C12P. When the carbon chain length is small, a slight 348 

overlap exists in the plate surface. Therefore, the substrate is visible, accounting for the 349 

relatively high uncertainties for C4P. Indeed, C4P has a poor distribution on the surface of the 350 

specimens [36], confirming the friction coefficients (intermediate between stainless steel and 351 
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SAMs). Observation of total surface energy indicates that the higher the carbon number in the 352 

alkyl chain, the lower the total surface energy. However, the dispersive component of surface 353 

energy has the same tendency as the three-point bending adherence results. Therefore, it appears 354 

that the adherence achieved by adding SAMs is related to the dispersive energy of the interface 355 

under test. 356 

In the remainder of this study, C12P was retained, as this molecule provides good adherence in 357 

the three-point bending test without altering shear adherence. The impact of the terminal 358 

function was then tested with four different terminations: two apolar (alkyl and alkene) and two 359 

polar (carboxylic and phosphonic acid). 360 

c. Impact of terminal groups 361 

The effect of the terminal function was tested using a chain length of 11–12 carbons with polar 362 

(carboxylic and phosphonic acid) and apolar (alkyl and alkene) functions. Figure 10 compares 363 

the maximum stresses at the fracture point for shear and three-point bending where the terminal 364 

function was modified. 365 

In SLJ, the terminal function has no impact, except for C9-CH=CH2, where a slight increase in 366 

shear stress is observed. In the three-point bending test, an improvement in bending stress is 367 

observed for polar endings such as carboxylic and phosphonic acid functions. The polar endings 368 

may therefore create interactions with the adhesive. Moreover, these two chemical functions 369 

can react with one another by forming dimers for carboxyl functions, while phosphonic acid 370 

groups can form bridges between them. 371 

A friction test was conducted under the same conditions as before to verify that fracture occurs 372 

in the SAM (see Figure 11). 373 

According to Figure 11, adding SAMs allows a decrease in the friction coefficient approaching 374 
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0.2. Based on the above observations, this friction coefficient is obtained from the presence of 375 

an epoxy adhesive film remaining on the surface of the specimens after the three-point bending 376 

test. Except for C4P (Figure 7), failure of the three-point bending test specimen dots appears 377 

cohesive in the adhesive. 378 

XPS analysis of the chemical compositions of sample surfaces after three-point bending was 379 

conducted to validate these hypotheses (Table 4). 380 

The chemical composition presented in Table 4 shows an absence of phosphorus for C10COOH 381 

and C12(2P) specimens. Furthermore, these specimens contain the same chemical species as 382 

the epoxy adhesive, with approximately the same proportions of each element. The iron present 383 

in the substrate is detected in very small quantities. This information indicates that, on the three-384 

point bending test specimens, failure is therefore cohesive in the epoxy adhesive. For C4P, a 385 

low proportion of phosphorus exists, as well as the same chemical elements as the epoxy 386 

adhesive, with an iron content higher than in C10COOH and C12(2P). This confirms that C4P 387 

has an adhesive failure at the interphase of the SAMs and the adhesive, as elements of both the 388 

adhesive and the SAMs are present in the failure zone. Evidence also exists that C4P is not 389 

evenly distributed over the substrate surface due to the relatively high iron content. 390 

These observations show that specimens with a friction coefficient of approximately 0.2 exhibit 391 

cohesive failure in the adhesive in the three-point bending tests. For C4P, the friction coefficient 392 

is between 0.2 (values for other SAMs) and 0.4 (values for the 304SS reference). This is 393 

consistent with the chemical composition of the tested interface, indicating that the fracture is 394 

adhesive in the SAM/adhesive interphase. 395 

A surface energy study was then conducted on these two SAMs, as illustrated in Figure 12. This 396 

showed a decrease in the total surface energy when treated with SAMs, compared to reference 397 

304SS (without surface treatment on the specimen). Moreover, the decrease in the total surface 398 
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energy and polar component was lower when a polar carboxylic function was added. This 399 

indicates that the terminal function is perpendicular to the surface. 400 

Figures 10 and 12 demonstrate the impact of surface modification by SAMs. Therefore, the 401 

latter improves adherence, especially with a chain length of 11 carbons with a carboxyl polar 402 

terminal group, providing an adherence primer. 403 

For Figures 4 and 10, we demonstrated that the termination of SAMs is more important than 404 

the carbon chain length in obtaining a high maximum stress. Nothdurft showed that for two 405 

polar carboxylic- terminated molecules, the best peel adherence results on copper were obtained 406 

for C15COOH (16-phosphonohexadecanoic acid) compared to C5COOH (6-407 

phosphonohexanoic acid) [35]. Therefore, the question arose regarding whether a longer carbon 408 

chain length in the presence of a carboxyl termination could improve the adherence of our 409 

system. 410 

Figure 13 compares bending stresses for C12P and C16P with those for C10COOH and 411 

C14COOH, respectively. The results are compared to the reference without surface 412 

modification with the 304SS. 413 

As shown above, the carbon chain length with an apolar alkyl termination does not impact 414 

three-point bending adherence. According to Figure 13, for a longer carbon chain with a polar 415 

(carboxyl) termination, a decrease in bending stress is observed (for C14COOH compared to 416 

C10COOH). Therefore, the carbon chain length plays a major role in polar terminations. A 417 

decrease in adherence for C14COOH may originate from good SAM organization of long 418 

carbon chains and the creation of hydrogen bonds between them, forming dimers [35]. 419 

d. Comparison with reference coating: Phosphating process 420 

This study aims to replace the phosphate coating. The results were previously compared to the 421 
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reference system (Figure 14). On the left, the reference system comprises a zinc-phosphate 422 

coating on low alloy steel. On the right, the replacement system comprises 304SS to improve 423 

the anti-corrosion properties where SAMs are grafted on its surface. 424 

A calculation was conducted to eliminate the substrates to compare these two systems and the 425 

adherence results obtained in three-point bending tests. This calculation was performed to 426 

obtain the adherence energy to compare both systems. 427 

Figure 15 shows a standard three-point bending curve. The diagrams of the bonded assemblies 428 

show each test stage up to the initiation of specimen failure. Force “Fa” represents the force 429 

required to break the bonded assembly, while force “Fs” corresponds to the force required to 430 

initiate the bending of the substrate only. To break the bonding joint, the deflection distance d 431 

is required (measured by tensile machine). The following calculation obtains the energy 432 

required to break the bonded assembly by separation from the substrate. 433 

According to the publication by Alain Roche [45], the adherence energy is deduced from 434 

Equation 3, which includes all the energies of specimen components. All these energies are 435 

calculated for the same deflection, d = dfailure, for each tested specimen. 436 

𝐸𝑎𝑑ℎ𝑒𝑟𝑒𝑛𝑐𝑒 = 𝐸𝑡𝑜𝑡 − 𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒                                (Equation 1) 437 

 438 

Etot: total energy of the specimen 439 

Esubstrat: elastic deformation energy of the substrate 440 

 441 

This calculation is used to formulate Equations 4 and 5, determining the adherence energy (Ea) 442 

according to the treatment used by freeing the substrate. 443 

 𝐸𝑎𝑑ℎ𝑒𝑟𝑒𝑛𝑐𝑒 =
(𝐹𝑎×𝑑)

2
−

(𝐹𝑠×𝑑)

2
  (Equation 2)  444 
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                                              𝐸𝑎𝑑ℎ𝑒𝑟𝑒𝑛𝑐𝑒 =
(𝐹𝑎−𝐹𝑠)𝑑

2
                     (Equation 5) 445 

The results of the different tests were processed using equation 5 (figure 16). The results show 446 

an improvement in adherence between modified 304SS and phosphating. The Adherence 447 

energy increases when SAMs are grafted onto the surface. For an apolar alkyl-type termination, 448 

the adherence energy increases with the carbon chain length. 449 

For C12P and C9-CH=CH2, the adherence energies are essentially the same. This result is 450 

relatively consistent as the carbon chain length is similar, and the terminal function is apolar in 451 

both cases. However, the standard deviation obtained is smaller. This may be due to the 452 

presence of the double bond, which gives greater stability to the bonded assembly through 453 

stabilizing π-π interactions, a privileged conformation, or both. Indeed, the rigidity of the 454 

termination, which prevents its rotation in the assembly, leads to greater entanglement of the 455 

molecules with one another and the adhesive. 456 

In C10COOH, adding a carboxyl polar group allows a significant increase in adherence energy 457 

compared to C12P (alkyl terminal function). This increase is probably because the carboxyl 458 

termination reacts with the adhesive and forms dimers that stiffen the bonded assembly. This 459 

observation applies to C12(2P), which also has a polar termination yielding a higher bond 460 

energy than C12P. In this molecule, the polar phosphonic termination can react with the 461 

adhesive but also form bridges on the substrate surface or create bonds between them. These 462 

possibilities lead to rigidity of the bonded assembly with an inter-entanglement of molecules 463 

longer than C12P. 464 

An aging study of the three-point bending test specimens was conducted using the Bac 465 

Ford test to identify the cumulative effect of SAMs in relation to the current phosphating 466 

system. 467 
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e. Aging of samples using the Bac Ford test 468 

A Bac Ford wet aging test was conducted for 3 days to place the specimens in more aggressive 469 

conditions to reduce the adherence energies. Figure 17 shows the impact of 3-day aging in the 470 

Bac Ford test in terms of adherence energy to compare these results with phosphating (reference 471 

system). The results show that the coating from phosphating treatment is only slightly affected 472 

by this wet aging, whereas, except for the C9-CH=CH2 molecule, all other systems are more 473 

heavily impacted. 474 

C4P shows a slight decrease in adherence energy after aging for 3 days. We observed that the 475 

longer the carbon chain length, the greater the impact of aging on the bonded assembly, 476 

resulting in a sharp decrease in the system adherence energy. Evidently, the performance of 477 

SAMs comprising molecules with a long carbon chain is significantly impacted by wet aging. 478 

The coating containing the C10COOH molecules is seriously damaged by this aging, which 479 

may be due to an acid-base reaction (by dissociation) occurring at the carboxylic acid 480 

termination [pKa1(COOH) = 4.5–5]. The results for C12(2P) are identical, as a significant 481 

decrease in adherence energy is observed. This phenomenon must be due, first, to an acid-base 482 

reaction of the terminal function of phosphonic acid [Pka1(phosphonic) = 2–3] and, second, to 483 

bond formation between terminations resulting in greater chain spacing, allowing incorporation 484 

of water molecules into the thin film. 485 

Contrary to these two coatings, the one comprising the C9-CH=CH2 termination did not react 486 

to this aging. The entanglement of these molecules, described above, and the apolar terminal 487 

function make the coating visibly less accessible to water. A characterization study of interfaces 488 

and grafting was conducted to verify the various hypotheses presented in this paper. 489 
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2. Surface and interface characterization 490 

a. SAM organization 491 

The various surface SAMs were observed by PM-IRRAS. CH3 and CH2 vibration bands were 492 

analyzed to understand the organization of SAMs on the substrate surface. Indeed, CH3 and 493 

CH2 vibrations of SAMs are characteristic when well-organized. 494 

Symmetrical (s) and asymmetrical (a) vibration frequencies of the methylene group (CH2) 495 

systematically tend towards νs(CH2) = 2850 cm−1 and νa(CH2) = 2920 cm−1, according to 496 

Spori et al. [41]. Frequency variation is known to be sensitive to the conformational order of 497 

alkyl chains, shifting to higher frequencies with a conformational disorder. Symmetrical and 498 

asymmetrical vibration frequencies of the methyl group (CH3) tend towards 499 

νs(CH3) = 2870 cm−1 and νa(CH3) = 2960 cm−1, while their positions remain almost invariable 500 

depending on the chain conformation according to Spori et al. [46]. 501 

The observed values of CH3 vibration bands are almost constant, of the order of 2960 cm−1, 502 

with minimal variation depending on the SAMs tested. The length of the carbon chain 503 

influenced the locations of the CH2 vibration bands, especially the symmetrical one. Indeed, 504 

the vibration frequency appears at 2859 cm−1 for short chains such as C4P, a high value being 505 

characteristic of a disordered alkyl chain [46]. For chain lengths exceeding 12 atoms 506 

(C14COOH, C16P, and C20P), vibration bands appear at 2850 cm−1, indicating that these 507 

molecules adopt a crystalline, well-organized structure. For intermediate chains with a length 508 

of 11–12 carbons, the sym-band is located at a value between 2850 and 2860 cm-1, indicating a 509 

semi-crystalline structure [C10COOH: νs(CH2) = 2854 cm−1; C12P: νs(CH2) = 2860 cm−1]. 510 

Several research teams observed these phenomena and concluded that short carbon chains of 511 

SAMs are disordered, whereas long carbon chains (C > 11–12) produce well-organized 512 

structures on the surface of the substrate [36] [46-55]. For intermediate chain lengths, a mixed 513 
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organization is observed with a semi-crystalline system. 514 

b. Study of metal/polymer interaction: glass transitions 515 

DSC was conducted using a Mettler instrument (DSC 1) to determine the Tg of Araldite in 516 

contact with the various SAMs. When in contact with the SAMs, the epoxy network changed, 517 

leading to a difference in Tg [56-58]. 518 

The difference in Tg may be due to the following: 519 

• Stiffness of SAMs, 520 

• Molecular mass of SAMs, 521 

• Decrease in free volume between SAMs and epoxy, 522 

• Decreased mobility of SAMs with increased reticulation, 523 

or a combination of the above conditions [59]. 524 

The adhesive undergoes the same curing cycle as in the adherence tests. Therefore, it must have 525 

the same Tg regardless of the surface treatment. 526 

Measurements of the Tg of the glue/substrate interphase with varying glue thicknesses were 527 

compared to values obtained by the glue in its volume (Figure 18). These measurements 528 

indicated that the Tg of the interphase is higher at lower glue thicknesses, leading to stable 529 

mechanical properties in a larger temperature range. In this study, an optimum value was 530 

obtained for a 24 µm glue thickness. Subsequently, the remainder of this study was conducted 531 

with 24 µm films for comparison with samples used for adherence to simulate a glue joint 532 

“towards the glue/SAM interface” (Figure 19). 533 

An optimum Tg of 96 ± 1°C was obtained for C12(2P). C12(2P) can form bridges on the 534 

substrate surface through phosphonic acid functions. Building network rigidity leads to reduced 535 
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mobility of SAMs and accounts for the greater Tg. 536 

PM-IRRAS measurements showed a mixed organization for a chain length of 11–12 carbons, 537 

which favors an increase in the layer density of SAMs, as for C12P. SAMs have a similar Tg to 538 

304SS. 539 

 540 

 541 

IV. Discussion and visualization of SAM organization 542 

1. Results overview 543 

The analyses and tests showed an improvement in adherence after adding SAMs, depending 544 

on SAMs organization. Let us know that the SAMs organization is directly linked to their 545 

composition (carbon chain length and terminal function). Table 5 provides an overview of 546 

these results. 547 

2. Visualization of SAM organization 548 

The various adherence tests and the characterization study of surfaces in terms of surface 549 

energy, PM-IRRAS, DSC, and XPS allow us to propose an organization model of the different 550 

SAMs tested (Table 6). 551 

Short-chain molecules (C4P) do not completely cover the substrate surface. Previous studies 552 

show that C4P is not correctly organized on the surface [36]. The molecules become entangled 553 

and agglomerate. 554 

Long-chain SAMs (C16P) allow Van der Waals interactions, permitting orientated organization 555 

of molecules in relation to one another. In terms of adherence, this good organization of apolar 556 
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terminations does not ensure good adherence with the epoxy, which was also observed with 557 

carboxylic terminations (C14COOH). 558 

For SAMs of average carbon chain length [C12P, C9-CH=CH2, C10COOH, and C12(2P)], 559 

PM-IRRAS and XPS are inadequate with chain entanglement, as well as with the presence of 560 

organized molecules. This combination of both types of configuration results in superior 561 

adherence compared to other chain lengths. 562 

Such a combination of organizations in the presence of a polar termination (carboxylic and 563 

phosphonic acid) results in an adherence primer capable of surpassing phosphatization 564 

regarding three-point bending stresses. 565 

This modeling confirms several studies with a short chain length. SAMs do not organize 566 

themselves or completely cover the substrate surface [46; 60]. With a chain length exceeding 567 

14 carbons, SAMs are organized automatically through London interactions. An intermediate 568 

chain length allows a good overlap due to mixed organization [36]. Moreover, adding a polar 569 

termination allows the creation of new interactions between molecules of the Keesom and 570 

Debye type, which will generate good cohesion of the bonded assembly. 571 

V. Conclusions 572 

In this study, alkylphosphonic acids were investigated to replace steel-phosphating treatments. 573 

Before the modification treatment, 304SS substrates were immersed in an alkaline degreasing 574 

bath. After modification with alkylphosphonic acids, we confirmed that it is essential to conduct 575 

optimized rinsing to remove physisorbed clusters from the surface to obtain a good-quality thin 576 

film with better adherence.  577 

This research studied practical adhesion with two adherence tests: the SLJ and three-point 578 

bending tests. To simulate the industrial conditions of cataphoretic painting, we used an epoxy-579 
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based glue, Araldite 103-1, with a hardener, HY 991, which also has an epoxy function. 580 

Phosphating treatment is replaced with SAMs where the carbon chain length and the terminal 581 

function have been modified. According to the three-point bending tests, confirmed by friction 582 

coefficient measurements at the break site, fractures are cohesive in the adhesive, except for 583 

C4P, where the fracture is adhesive in the SAM/adhesive interphase. The shear test results show 584 

that SAMs comprising molecules with short or long carbon chain lengths lead to decreased 585 

adherence compared to 304SS. The results for a median chain length (C12P) are comparable to 586 

the substrate. Terminations do not appear to impact the maximum shear stress, whereas a slight 587 

improvement could be observed with C9-CH=CH2. 588 

In three-point bending, adding SAMs improves adherence. A carbon chain with an apolar 589 

termination minimally impacts the maximum shear stress. A polar termination with a length of 590 

11–12 carbons has been shown to improve adherence. In both tests, grafting with 591 

alkylphosphonic acids appears to be optimized with a chain length of 11–12 carbons. 592 

The surface energy is consistent with the adherence results and allows modeling of the 593 

organization of the different SAMs. A chain length of 11–12 carbons gives a semi-crystalline 594 

organization of SAMs. 595 

Adherence energy results enabled the comparison of the two systems studied: phosphate coating 596 

on steel and SAMs grafted on stainless steel. It appears that treatment with SAMs significantly 597 

improves system adherence. Nevertheless, the replacement system is more sensitive to wet 598 

aging than the phosphate coating, except for C9-CH=CH2, which shows higher adherence after 599 

aging. 600 

In three-point bending, a terminal polar function of a carboxylic or phosphonic acid type allows 601 

a good adherence primer to be obtained. 602 
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Finally, the optimal condition for better adhesion is a mixture of ordered and entangled SAMs. 603 

Reducing the grafting time to 30 seconds could allow this configuration to be obtained, making 604 

the treatment compatible with industrial conditions. 605 
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Table 1: Chemical composition and roughness parameters of samples 812 

 Fe Cr Ni 

Sa 

(arithmetic 

mean height) 

Sq (root mean 

square height) 

Ssk 

(Skewness) 

Sku 

(Kurtosis) 

304 SS 

plate 
72.93 % 18.47 % 8.60 % 4.49 µm 5.89 µm 0.08 4.44 

304 SS 

bare 
72.80 % 18.54 % 8.66 % 5.91 µm 7.45 µm 0.08 3.12 

Table 2: Different SAMs 813 

Molecules names  

Butanephosphonic acid C4P 

Dodecanephosphonic acid C12P 

Hexadecanephosphonic acid C16P 

11-phosphonoundecanoic acid C10COOH 

Dodecane-1,12-diphosphonic acid C12(2P) 

10-undecanephosphonic acid C9CH=CH2 

15-phosphonopentadecanoic acid C14COOH 

Table 3: Solvents interfacial tensions 814 

Solvents 

Interfacial 

tension  

σ l (mJ/m²) 

Dispersive 

component 

σ l 
d (mJ/m²) 

Polar 

component 

σ l 
p (mJ/m²) 

water 72.8 21.8 51 

ethylene glycol 48.3 29.3 19 

glycerol 63.4 37 26.4 

 815 

 816 

 817 

 818 
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Table 4: Analysis of sample composition by XPS in atomic percent (measurement uncertainties 819 

of 0.1 %) 820 

       C1s        N1s        O1s        Si2p       P2p        Fe2p  

C10COOH 68.1 2.6 21.0 8.0 - 0.2 

C12(2P) 68.9 2.6 19.7 8.5 - 0.2 

C4P 43.7 3.2 40.4 7.2 0.8 4.7 

Epoxy adhesive 71.2 2.5 18.2 8.1     

 821 

Table 5: Results overview 822 

Samples 

Tensile 

stress test 

(MPa) 

Three-

Point 

bending 

test 

(MPa) 

Surface 

energy 

(mN/m) 

Dispersive 

part 

(mN/m) 

Polar part 

(mN/m) 

Adherence energy (mJ) Glass 

transition 

(°C) 

νs 

(CH2) 

(cm-1) 

Without 

ageing 

Ageing 

304SS 

(Reference) 

20.3 ± 0.9 0.60 ± 

0.07 

50.67 ± 

2.42 

3.84 ± 0.56 46.82 ± 

1.86 

7.4 ± 2.9 0.6 ± 0.7 89 ± 1 
 

Phosphatation      3.5 ± 0.9 2.4 ±  1.2   

Reference values         2850 

C4P 
16.2 ± 1.4 1.03 ± 

0.20 

28.34 ± 

30.35 

10.19 ± 

12.58 

18.14 ± 2 21.4 ± 25.7 14.6 ± 4.2 88 ± 1 
2859 

C10COOH 
20.7 ± 2.1 1.62 ± 

0.15 

33.8 ± 

3.05 

10.91 ± 1.3 22.89 ± 

1.76 

97.7 ± 30.7 2.7 ± 0.5 89 ± 1 
2854 

C12P 
20.7 ± 1.0 0.93 ± 

0.40 

22.10 ± 

4.34 

9.94 ± 2.34 12.15 ± 2 29.8 ± 30.1 12.7 ± 6.9 92 ± 1 
2860 

C14COOH 
 0.21 ± 

0.02 

      
2849 

C16P 
13.7 ± 2.7 1.08 ± 

0.10 

21.05 ± 

1.1 

15.57 ± 

0.74 

5.47 ± 

0.36 

42.6 ± 7.8 0.3 ± 3.9  89 ± 1 
2850 

C9-CH=CH2 
23.1 ± 2.6 1.02 ± 

0.20  

   29.0 ± 17.1 34.6 ± 7.7 87 ± 1 
 

C12(2P) 
17.6 ± 0.9 1.48 ± 

0.14 

   74.4 ± 21.9 2.6 ± 2.3 96 ± 1 
 

 823 
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Table 6: Modelling organisation of SAMs 824 

C4P 
C12P / C10COOH / 

C12(2P) / C9-CH=CH2 
C16P / C14COOH / C20P 

 
 

 

 825 

 826 

Figure 1: Different alkylphosphonic acids 827 

 828 

Figure 2: Single Lap Joint geometry, (not to scale, dimensions in mm) mode II solicitation 829 

(Left) and Three-point bending geometry (not to scale, dimensions in mm), mode I and II 830 

solicitation (Right) 831 
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 832 

Figure 3: SEM picture of a physisorbed cluster on the surface sample without rinsing post 833 

modification 834 
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 835 

Figure 4: Effect of carbon chain length in Single Lap Joint (in right with patterns) and Three-836 

Point Bonding tests (in left in black) 837 

 838 

Figure 5: Schematic illustration of fracture initiation in a three-point bending test 839 

0

5

10

15

20

25

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

304 SS (Ref) C4P C12P C16P

M
ax

im
al

 s
h

ea
r 

st
re

ss
 (

M
Pa

)

M
ax

im
al

 b
en

d
in

g 
st

re
ss

 (
M

Pa
)

Three-Point Bending test Single Lap Joint test

SUBSTRAT
Fracture initiation

F

Real fracture surface

Maximal stress = 



39 
 

 840 

Figure 6: Single Lap joint (left) and three-point bending (right) samples 841 

 842 

Figure 7: Friction coefficient of SAMs samples after Three Point Bending tests 843 
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 844 

Figure 8: Friction coefficient as a function of Araldite film thickness 845 

 846 

Figure 9: Surface energy characterization for various length carbon chain 847 
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 848 

Figure 10: Effect of terminal group in Single Lap Joint (in right with patterns) and three-point 849 

bending tests (in left in black) 850 

 851 

Figure 11: Friction coefficient of SAMs samples after three-point bending test 852 
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 853 

Figure 12: Surface energy characterization for two terminal groups 854 
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Figure 13: Effect of terminal group with longer carbon chain in three point Bending test, the 856 

apolar (alkyl) terminations are shown in patterns and the polar (carboxyl) terminations are 857 

represented in black 858 

 859 

Figure 14: Schematic representation of the two study systems 860 

 861 

Figure 15: A typical adherence curve in three-point bending 862 
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 863 

Figure 16: Adherence energy in three-point bending test 864 

 865 

Figure 17: Impact of ageing in Bac Ford test 866 
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 867 

Figure 18: Evolution of the glass transition temperature (onset values) as a function of the 868 

glue thickness on 304SS substrate 869 
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Figure 19: Glass transition according to the tested interphases. The variation of the length of 871 

the carbon chain is shown in patterns and the variation of the terminal groups in black. In 872 

grey, it’s the reference without treatment. 873 

  874 

 875 


