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Abstract
Thermosetting polyester coatings crosslinked with hexa(methoxymethyl)melamine (HMMM) are ubiquitous for the pre-painted metal sheet used in white goods and architectural cladding. The coatings are typically 20 µm thick and must have superior resistance to cracking during the forming process to maintain their excellent aesthetics and corrosion resistance. Hence, understanding their structure-property relationships is key to design durable coatings with good formability. The thermo-mechanical properties of clear and TiO2-pigmented polyester-HMMM free-films with varying number average molecular weight (MW) from Mn = 1500 g/mol to 3300 g/mol and a constant crosslinker content of 20 % have been determined, and this work provides a fundamental investigation into the effects of varying the MW for the first time. Increasing the MW decreases the glass transition temperature (Tg) as the crosslink density reduces due to fewer functional chain ends. The Young’s modulus and yield stress decrease with an increase in MW at low temperatures, and the strain to failure increases around Tg. The TiO2 pigment increases the stiffness of the coatings and reduces the strain to failure around Tg, but has a toughening effect at higher temperatures. All the coatings show comparable behaviour in the Erichsen cupping test; however, increasing the MW reduces the damage during the T-bend test as the coatings are able to withstand higher applied strains. Thus controlling the MW allows a balance of properties to be achieved, as increasing the MW reduces the Tg and modulus while increasing the strain to failure and formability of the coating. Such an understanding of the structure-property relationships allows for better formulating and targeted coating design, reducing cost and increasing performance in the coil coating industry.
*Corresponding author
fabian.sorce12@imperial.ac.uk; ORCID: 0000-0003-1881-4048
tom.shields@beckers-group.com; ORCID: 0000-0003-4249-7046
sonny.ngo@beckers-group.com; ORCID: 0000-0002-3907-1629
chris.lowe@beckers-group.com; ORCID: 0000-0001-7961-4387
a.c.taylor@imperial.ac.uk; ORCID: 0000-0003-0863-8423

Keywords: Polymer, thin-film coatings, thermo-mechanical properties, formability 
Introduction
Polyester coatings crosslinked with hexa(methoxymethyl)melamine (HMMM) are typically used in the coil coating industry to produce pre-painted metal (PPM) sheet, an industry worth US$ 5.8 billion in 2018 and predicted to grow to US$ 8.3 billion by 2024 [1]. Coil coating is an efficient method to produce painted steel or aluminium, which is stored and transported in large coils then formed into a multitude of end-products ranging from white goods to architectural cladding. The technique has inherent benefits in reducing processing costs and environmental impact such as by reducing solvent use and waste [2]. The coatings must have good formability, ductility and adhesion to withstand the large strains experienced during forming. In addition, the coatings must have excellent weatherability and UV resistance to withstand harsh operating conditions [3-5]; for example, the coil coated architectural cladding at the Seven Clans Red Lake Casino [6] experienced temperatures from ~ -36 °C to 33 °C in 2018 [7]. Typically failure is by cracking or delamination of the coating, so coatings must be designed and formulated to enhance resistance to cracking. 
Coil coatings are high performance polymer paints with many variants including polyester, polyvinyl (including polyvinyl chloride and polyvinyl butyral), polyurethane and epoxy systems [8], the chemistry being chosen dependent on the requirements for the end product. The two key purposes of coil coatings are corrosion protection and aesthetics given the high quality finish that can be achieved during the coating process. The colour of a coating is dictated by its pigmentation. Titanium dioxide (TiO2) is ubiquitous for white coatings [9] due to its low cost, high brightness and low levels of toxicity, whilst carbon blacks are most commonly used for black coatings [10]. Polyester coatings are wide ranging in their applications, as is the use of TiO2, and as such these are the focus of this paper.
Their polymeric nature means that polyester coatings have complex behaviour showing dependence on temperature and humidity [11, 12]. The behaviour and failure mechanisms of coatings have been of interest for many years, e.g. [13-15]. Recent work [16, 17] has shown that there is still significant interest in the behaviour of polyester coatings with experimental work investigating the effect of varying the crosslinker content on the thermo-mechanical properties of free-films [18], determination of the toughness of polyester-HMMM coatings [19], and modelling work to compare predictions of thermo-mechanical responses [20], and development of a MARTINI coarse-grained model to efficiently predict the behaviour of specific polyester resins used in the coil coating industry [21]. Given the extensive use of pigment in coatings, there is a wealth of literature investigating the impact of pigment on the mechanical properties [22, 23], characteristics [24] and degradation [25] of coatings. 
In addition to the behaviour of free-films of coatings, the behaviour of coatings on metal substrates which is representative of their end use has been studied. Industry-standard formability tests such as the Erichsen cupping test and the T-bend test are used in a qualitative and comparative capacity to assess the ductility and adhesion of a coating. Sorce et al. [26] recently determined the surface strains during the Erichsen cupping test on hot-dipped galvanised (HDG) steel, whilst others [27-31] have also investigated these industry-standard tests. Behrens et al. [32] and Tekkaya et al. [33] investigated how the forming processes affect the gloss of coatings, showing the wide-ranging interest in the performance of coil coatings and how they fare during the forming process. 
Ultimately, it is desired to extract key material properties of coatings without having to manufacture free-films, which are challenging and laborious to manufacture and test. Attempts to determine the glass transition temperature (Tg) of a coating on a substrate using dynamic mechanical analysis (DMA) have proved difficult, with large experimental errors [34-37]. Chen et al. [38] demonstrated a 1D rule of mixtures approach for determining the properties of a coating on a substrate, although this approach is only valid for substrate to coating modulus ratios of less than five. 
This paper performs a fundamental investigation for the first time on the effect of varying the number average molecular weight (MW) from Mn = 1500 g/mol to 3300 g/mol on the thermal and mechanical properties of a typical polyester-HMMM coating, similar to that presented by Sorce et al. [18], and how the MW influences the formability. The Tg values were determined using differential scanning calorimetry (DSC) and DMA, which was also used to investigate the viscoelastic nature of the coatings [39] and determine the crosslink densities. The tensile properties of free-films were measured at various temperatures offset by the DSC Tg in order to normalise and determine any temperature effects, and summarised into failure envelopes. The effect of the addition of TiO2 on the properties was also investigated. The formability of the coatings was determined using T-bend and Erichsen cupping tests, which was then compared to the free-film behaviour. Knowing how the MW influences the behaviour and properties of the coatings means that formulations can be tuned to the forming process of the end product, and will transform the approach taken to MW in the formulation of coatings This relationship between structure-properties and the formability of a coating is key in producing high performance, durable and formable coatings.
Experimental
Materials
The thermal and mechanical properties of free-films and coatings of three formulations with varying MW are examined in this paper. The formulations were produced from three different resins with varying MW based on a reaction product of phthalic anhydride, adipic acid and neo-pentyl glycol (NPG). The resins were crosslinked using hexa(methoxymethyl)melamine (HMMM) which undergoes an acid-catalysed transesterification reaction with the hydroxyl groups on the resin at elevated temperature (232 °C). A ratio of 80:20 resin to crosslinker (commonly used in industrial applications) was maintained when formulating the coatings with varying MW. It is noteworthy to briefly mention the benefits of using a fully methylated melamine crosslinker such as an ‘improved hardness – flexibility relationship’ and ‘better exterior durability’ conventional partially methylated amines [40].
The number average (Mn) and weight average (Mw) molecular weights of the formulations investigated are presented in Table 1 alongside the polydispersity index (PDI) values. The formulation P20C is the designated control with Mn = 2700 g/mol (made from resin MWC). The MW was decreased to produce P20L, a low MW coating (Mn = 1500 g/mol, made from resin MWL), and increased to produce P20H, a high MW coating (Mn = 3300 g/mol, made from resin MWH). As the MW was increased so was the PDI of the resin, see Table 1.
Unpigmented (clear in colour) and pigmented (white in colour) free-films of the formulations were examined. Only pigmented coated-panels were prepared as it is very difficult to identify cracking in the unpigmented coating due to a lack of contrast. TiO2 pigment (the nominal diameter of each pigment is ~ 300 nm and a Hegman gauge was used to ensure no agglomerates larger than 5 µm) was added to the formulation in a ratio of 1:1 of pigment to solid resin. The pigmented formulation names have a W suffix, e.g. P20CW is the pigmented formulation of P20C. It should be noted that changes to the particle size and volume would be expected to affect the coatings properties, as detailed by [41], but such an investigation is outside the scope of this work. 

[bookmark: _Ref27126387]Table 1. Resins and coating formulations with varying molecular weight examined. *All formulations have a TiO2 pigmented equivalent denoted by a W suffix (e.g. P20LW). 
	Resin
	Formulation*
	[Resin:HMMM]
	Resin

	
	
	
	Mw (g/mol)
	Mn (g/mol)
	PDI

	MWL
	P20L
	[80:20]
	3100
	1500
	2.1

	MWC
	P20C
	
	11800
	2700
	4.4

	MWH
	P20H
	
	31800
	3300
	9.6



MW determination 
The MW was determined using gel permeation chromatography (GPC). A 1260 GPC by Agilent technologies with a refractive index detector and two ResiPore 250 x 4.6 mm2 columns maintained at 35 °C was used to analyse ~ 25 mg samples each dissolved in ~ 5 g of tetrahydrofuran (THF). A standard analysis on the results was performed using Agilent GPC/SEC (size exclusion chromatography) software. Throughout this paper, MW will refer to the number average molecular weight (Mn) as Li et al. [42] observed that Mn is the driving factor behind behaviour differences such as variations in Tg. The formulations discussed have all shown proportional increases in Mw, Mn and PDI, see Table 1, and hence have been discussed in light of Mn but could have equally been discussed in light of Mw. 
Resin manufacture
The resins were manufactured using a standard procedure. The solid monomers were added to a 0.5 L vessel purged with nitrogen, and heated gradually towards 220 °C. Whilst heating, once in liquid form, a tin-based catalyst and an antioxidant were added and the solution was mixed with electric stirrers, ensuring that the distillation head temperature was kept below 100 °C to limit glycol losses (a fractionating column was used for this purpose). The mixture was left to react for ~ 8 - 10 hrs in order to reach an acid value of 30 mg KOH/g and hydroxyl values in the required range. NPG was added to the mixture and left to react for a further ~ 2 - 4 hrs at ~ 150 °C. A reflux reaction was performed with the addition of an aromatic solvent until the end-properties (e.g. MW, acid values and hydroxyl values) were as required. The polyesterification was completed under azeotropic conditions. The resin was then thinned (using butyl glycol) to achieve an appropriate solid content (~ 60 - 70 %) and viscosity (~ 8.5 – 9.0 St).
Sample manufacture
Free-films and coated panel samples were produced from the formulations presented in Table 1 and an overarching schematic of the preparation of samples is shown in Figure 1. The free films were prepared by coating the paint onto polytetrafluoroethylene (PTFE) coated steel panels and peeling the film off after curing. The PTFE-coated steel panels used were 0.3 mm thick and 190 x 150 mm2 in size. Coated HDG steel blanks used for T-bend and Erichsen cupping tests were prepared by coating the paint onto HDG steel panels which were 0.5 mm thick and 250 x 150 mm2 in size. The HDG steel blanks were primed with a crosslinked polyester-melamine-based primer with a thickness of ~ 5 – 9 µm.
The paint formulations were applied to the panels using a drawdown bar (a standard tool consisting of a wire wound around a steel rod enabling application of consistent thickness films) to achieve a dry film thickness of ~ 20 μm. The coatings were cured in an electric furnace set at 260 °C for 35 s when producing free-films, and at 275 °C for 35 s when producing coated panels, to achieve a peak metal temperature of 232 °C, confirmed by the use of a Thermax 8-level (type E) self-adhesive irreversible temperature indicator. The coated panels were removed and were quenched in water. Any excess water droplets were blown off with compressed air and the coated panels left to air dry at room temperature. 
[image: ]
[bookmark: _Ref45200099]Figure 1. Schematic showing manufacture process of samples.

The coated panels were stored out of direct sunlight at room temperature (~ 21 °C). Sections of coating ~ 20 x 50 mm2 were cut from the panel using a steel rule and razor blade, and carefully removed with tweezers. These sections were then cut to the required size for testing on a cutting mat, ensuring that the sides were parallel. For the coated HDG steel samples used in the T-bend and Erichsen cupping tests, a foot-operated guillotine was used to cut the panels to the required size. A permanent marker and steel rule were used in the preparation of these samples by measuring and marking out grid lines to aid the cutting process. 
The thickness of the free-films was measured using a Kennedy digital micrometer (± 0.001 mm), and an RS Pro digital caliper (± 0.02 mm) was used to measure the width. The sample gauge lengths, when required, were determined by the testing apparatus. 
[bookmark: _Ref35524199]Differential scanning calorimetry
Differential scanning calorimetry (DSC) was used to determine the glass transition temperature of the cured coatings. A Mettler Toledo DSC 21 was used to perform the analysis in accordance with BS EN ISO 11357 [43], using an empty aluminium pan as the reference. Samples of approximately 10 mg were analysed. These were cut from the free films and enclosed in a standard aluminium crucible with two user-produced pin holes. The crucible and lid were cold-welded with a sealing press. The test employed a double heat cycle (the first to remove any thermal history, and the second to indicate Tg  [44]). The sample was cooled from room temperature to -30 °C at a rate of -10 °C/min, and held isothermally for 2 minutes. A temperature ramp of 10 °C/min was then applied until a temperature of 100 °C was reached. The sample was then cooled at a rate of -10 °C/min to -30 °C and the cycle was repeated.
To determine the Tg of the resins, a sample of the resin being tested was coated onto an aluminium panel and placed in an electric oven set to 250 °C for 45 s to remove any solvent. A ~ 10 mg sample was then scraped off the panel using a scalpel and tested as above.
The DSC Tg corresponds to the temperature of the inflection point of the endothermic DSC curve, determined using the Glass Transition function in TA Universal Analysis software by TA Instruments, as defined by BS EN ISO 11357 [45]. The DSC Tg gives a value representative of the thermal response of a polymer based solely on its structure, and hence was used as a reference temperature (e.g. T - Tg = -10 °C) for the tensile and Erichsen cupping tests. 
Dynamic mechanical analysis
Dynamic mechanical analysis was used to determine the viscoelastic response of the paint films and their Tg values. Tests were performed in tension on free-film samples using a DMA Q800 from TA Instruments. Specimens of dimensions ~ 5 x 20 mm2 were cut from the paint films using a razor blade, and clamped to give a free length between the clamps of ~ 5 mm. The clamps were tightened to a torque of 3 lbf.in (0.339 Nm). A static force (pre-load) of 0.01 N was applied to determine the specimen length at room temperature. An oscillatory strain of 0.05 % was applied during testing, superimposed on the static force, at a frequency of 1 Hz. The ratio between the static and dynamic forces was set to 125 %, which was found to be optimum across the samples and prevented buckling of the sample during testing. A minimum dynamic force of 0.05 N was employed. A temperature ramp of 3 °C/min from 10 °C to 130 °C was used, and at least three specimens were tested for each formulation. 
The results were analysed using TA Universal Analysis software to obtain the storage modulus and tan δ responses. Tg is quoted both at the temperature where tan δ is a maximum and where the onset of the reduction in storage modulus is observed. An estimate of crosslink density is determined from the storage modulus in the rubbery region for each formulation using Hill’s criterion [46]. 
Tensile testing
Tests were performed to determine the tensile properties of the coatings (according to BS EN ISO 527 [47]) as a function of crosslinker content and temperature. A TA DMA Q800 was used to perform tensile tests on free films cut to dimensions of 5 x 20 mm2. For temperatures below ambient a TA GCA liquid nitrogen cooling unit was used. The testing sequence equilibrated the DMA furnace at the desired testing temperature, and held the chamber isothermally for 15 minutes before loading a sample. The specimens were mounted into tensile clamps, tightened with a 3 lbf.in (0.339 Nm) torque. The resulting gauge length between clamps was ~ 5 mm. After loading a sample, the furnace was equilibrated again at the test temperature and held isothermally for 3 minutes. Small contractions and expansions of the sample during this stage are accounted for by the DMA control software. A displacement ramp of 0.05 mm/min was applied, and the engineering stress and strain were calculated. 
Tensile data were collected for each formulation at 5 °C intervals between Tg - 20 °C and Tg + 10 °C. Additional tests were conducted at Tg - 40 °C and Tg + 40 °C to confirm that there was no significant change in properties in the glassy and rubbery regions respectively, spanning temperatures of -2 °C to 85 °C. A minimum of 3 specimens were tested at each condition. The engineering stress and strain were determined by the DMA instrument. The Young’s modulus (E) was calculated using BS EN ISO 527 [47] over an interval from 0.05 % to 0.25 % strain. An apparent yield stress (σy) is defined by the intersection of two tangents on the stress versus strain response as described by Sorce et al. [18]. The strain to failure (εf) and stress at failure (σf) are defined where there is a sudden drop in load with no increase in extension, or a sudden increase in extension with no change in the load. 
T-bend Tests
T-bend tests were used to measure the ductility and formability of the coatings on HDG steel. The T-bend test is representative of conditions in hemming procedures where sheet metal is folded back onto itself. T-bends were performed on white coated specimen blanks of 25 x 10 mm2. The tests were performed according to BS EN ISO 1732 [48] from 0T to 3T at room temperature (24 ± 1 °C) with 3 replicates. Uncoated panels were used as spacers when required, e.g. using a spacer of 1.8 mm for a 3T T-bend. The coating on the surface of the T-bend was examined for damage by eye with the aid of a magnifying glass to determine whether the coating had failed or not. The damage for a given coating was characterised by measuring the percentage of the area that was cracked. A 5 % solution of CuSO4 in water was used to react with any exposed metal to improve the contrast between the intact coating and the cracks. Application of this solution was determined not to have any effect on the damaged area. The solution was dripped onto the T-bend surface using a pipette and left for ~ 30 seconds, before carefully drying the surface by dabbing with paper towel to remove any excess. A Zeiss Axio Scope A1 Microscope (5x lens) fitted with a Leica MC190 HD microscope camera coupled with live image builder software was used to image the entire T-bend surface. The micrographs were analysed using ImageJ software [49]. The micrographs (~ 4400 x 800 px2) were thresholded, a 3500 x 300 px2 mask was applied to the area of interest, and the ‘analyse particles’ function was used to determine the cracked area percentage. 
Erichsen Cupping Test
The Erichsen cupping test was used to assess the formability, adhesion and ductility of coatings on a substrate. The Erichsen tests were performed using a 20 mm diameter hemispherical indenter with a 27 mm diameter die and a 33 mm diameter clamp according to BS EN ISO 1520 and BS EN ISO 20482 [50, 51]. A custom rig adapted for use with a universal testing machine (based on work by Foster [52] at the University of Exeter) was used. An Instron 3369 universal testing machine fitted with a 50 kN load cell and an Instron 3119-005 environmental chamber were used. Cupping tests were performed on white-coated specimen blanks of 50 x 50 mm2 at an indentation rate of 5 mm/min from -70 °C to 60 °C at intervals of approximately 20 °C. The environmental chamber was set to the desired temperature and left to equilibrate for 1.5 hours. The blanks were left to acclimatise inside the chamber for a minimum of 10 minutes prior to testing. An individual blank was loaded into the rig and left to equilibrate for 3 minutes to negate any temperature fluctuations. The blank was then indented to the required level, the sample removed from the test rig and the coating examined visually for failure by cracking.
The critical Erichsen index (IE) at failure of each coating was determined visually, using a trial and error approach as the test could not be monitored live due to the environmental chamber restricting the view. Tests were performed at IE intervals of 1 mm between 1 mm and 9 mm, and the result recorded as a pass or fail at a given IE. Typically, a specimen would first be assessed at IE = 6 mm, and then depending on whether the coating failed or passed, the IE would be decreased or increased respectively until the failure boundary was apparent. The critical Erichsen index value gives a good indication of the formability of a system and in what applications the coating-substrate system could be used for, as the applied strain which causes failure can be extracted using the work by Sorce et al. [26] 
Results and discussion
[bookmark: _Ref30755052]Differential scanning calorimetry
The effect of varying the molecular weight of the resin on the resin DSC Tg and coating formulation DSC Tg is shown in Figure 2. As mentioned in §2.5, the DSC Tg is purely dependent on chemical structure and gives a good indication of the transition behaviour of a polymer. 
[image: ]
[bookmark: _Ref27124009]Figure 2. Effect of varying Mn on the DSC Tg of coating resin (Resin), clear coating formulation (P20x) and pigmented coating formulation (P20xW). 
The Tg of the resin increases with an increase in MW of the resin at low MWs, then plateaus at higher MWs (see Figure 2). This behaviour agrees strongly with the literature [53, 54] and conforms to the predictions of the Flory-Fox equation [55]:
	
	
	[bookmark: _Ref45042410][bookmark: _Ref45042396](1)


where Tg, ∞ is the theoretical Tg at infinite MW and K is polymer specific constant that is related to the free volume. The Flory-Fox equation relates the MW and Tg of a polymer system, and states that Tg increases with an increase in MW but shows asymptotic behaviour at high MW. 
The resins were crosslinked with HMMM to produce the coating formulations of interest (hence the increase in Tg between the resin and coating as the polymer network becomes locked in place). An increase in MW causes the DSC Tg of the crosslinked free-films to decrease, as shown in Figure 2. The most significant decrease in Tg occurs between P20L and P20C, Tg reducing from 45 ± 2 °C to 40 ± 2 °C (see Table 2). The rate of decrease in Tg with respect to increasing MW reduces to a plateau at higher MWs, an inverse trend to what was observed in the resin [56]. This is a result of the ratio of resin to HMMM crosslinker in each formulation being held constant. As the MW of the resin in a formulation increases, the number of functional hydroxyl groups at the chain ends available to react with the HMMM decreases. Therefore, the decrease in Tg is attributed to a decrease in the crosslink density of the system, and hence to an increase in chain length (MW) (see Figure 3). The crosslink densities are inversely proportional to MW provided that the number of hydroxyl groups per molecule remain the same. This agrees with the literature, which states that crosslinked chain-ends restrict movement of the network, hence higher MW systems with fewer chain-ends have a lower Tg [57]. The addition of TiO2 has no significant effect on the DSC Tg results as the values lie within the measured ± 2 °C variation (see Figure 2). The DSC Tg values for the resins, clear and pigmented formulations are shown in Table 2.
[bookmark: _Ref37919775]Table 2. DSC Tg values for resins with varying MW and the corresponding clear and pigmented formulations (Note: The temperature uncertainty is ± 2 °C for DSC).
	Resin
	DSC Tg (°C)
	Formulation (clear)
	DSC Tg (°C)
	Formulation (pigmented)
	DSC Tg (°C) 

	MWL
	8
	P20L
	45
	P20LW
	45

	MWC
	17
	P20C
	40
	P20CW
	40

	MWH
	18
	P20H
	38
	P20HW
	39



[image: ]
[bookmark: _Ref45205040]Figure 3. Schematic showing how varying the MW affects the functionality of chains and therefore the crosslink density, which in turn effects the Tg of a system. 
Dynamic mechanical analysis
The storage modulus (E’) and tan δ (loss factor) responses versus temperature showing the effect of varying the molecular weight on crosslinked polyester free-films are shown in Figure 4 (a) and (b), respectively. The formulations show the typical S-shaped storage modulus versus temperature responses for thermosets presenting a distinct transition from glassy to rubbery behaviour. At low temperatures the storage modulus is high in the glassy region (~ 1500 MPa) with little variation between formulations. As the MW increases the temperature corresponding to the onset of decrease in storage modulus decreases, this indicates a decrease in Tg that agrees strongly with the trend observed in the DSC data. As Tg is approached, the systems start to soften more rapidly and a significant decrease in modulus is observed. In the rubbery region (~ 9 MPa), where the behaviour is assumed to be predominantly governed by crosslink density, the storage modulus decreases with an increase in MW. From Hill’s criterion [46], (it should be noted that this assumption was initially designed for short chain networks) the crosslink density (νe), of each system can be calculated, and the values are presented in Table 3 (νe determined at ~ 110 °C). The ve decreases with an increase in MW as per the discussion in §3.1.
The similarity in the rubbery storage modulus (see Figure 4 (a)) and hence crosslink density between P20C and P20H (see Table 3) is in agreement with the inverse of the Flory-Fox equation (asymptotic behaviour with increase in MW). However, previous work on phthalic anhydride: HMMM formulations [18] have shown a susceptibility to self-condensation of melamine, which may have contributed to not seeing a further decrease in the rubbery modulus with an increase in MW. The HMMM content is assumed to be largely in excess resulting in self-condensation and contributing to the modulus in the rubbery region. Rossi et al. [21] demonstrated that HMMM can agglomerate into particles of about 5 nm around the -OH groups in the polyester resin. Assuming that this is the only mechanism occurring during cure, and a direct relationship between Mn and νe, based on νe = 1113 mol/m3 and Mn = 1500 g/mol, it would be reasonable to expect ve values of 618 mol/m3 and 506 mol/m3 for P20C and P20H respectively. However, the experimentally determined νe values for P20C and P20H are greater than the predicted values by ~ 49 % and ~ 76 % respectively, which suggests that self-condensation of the melamine in the system occurs. Assuming two functional -OH groups per resin molecule, and a conservative estimate of five H3CO- functional groups per melamine molecule, the excess of melamine in each coating could be determined. Normalising the excesses with respect to the excess value of P20L, coatings P20C and P20H have excesses of 0.8 and 1.2 respectively. This indicates that self-condensation and the presence of an additional interpenetrating network of melamine is almost certain.
The tan δ responses (see Figure 4 (b)) are typical of thermosets. As the temperature increases the damping of the system increases to a maximum at Tg before reducing again. The magnitudes of the tan δ peaks, and hence the damping of the systems, are comparable. As expected, an increase in the MW of the coatings causes a decrease in the DMA Tg (see Table 3), and the decrease in Tg observed is similar to the decrease in the DSC Tg measurements; however, the DMA Tg values are larger than the DSC Tg values by ~ 25 °C.
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	(a)
	(b)


[bookmark: _Ref27054506][bookmark: _Ref29914701]Figure 4. Effect of varying MW on (a) storage modulus and (b) tan δ versus temperature.


[bookmark: _Ref37922627]Table 3. Effect of varying MW on DMA Tg, storage modulus (E’) and crosslink density (Note: The temperature uncertainty is ± 1 °C for DMA.).
	Formulation
	Tg (°C)
	Storage modulus, E’ (MPa)
	Crosslink density, νe (mol/m3)

	
	E’ onset
	Tan δ
	Glassy
	Rubbery
	

	P20L
	57
	69
	1500
	11
	1113

	P20C
	54
	65
	1560
	9
	923

	P20H
	49
	62
	1510
	9
	892


Pigmentation 
TiO2 pigment was added to the formulations, and the effects on the storage modulus and tan δ responses are shown in Figure 5 (a) and (b), respectively (see Table 4 for tabulated data). As expected, the TiO2 pigment increases the magnitude of the storage modulus by ~ 130 % with little effect on the overall behaviour, i.e. the trends observed in the clear and pigmented coatings are the same. This increase in storage modulus is comparable to observations in literature, e.g. [58], and is a result of the high stiffness of the TiO2 pigment and their inherently elastic nature. The low MW P20LW sample has an E’ onset temperature which is significantly higher than the other samples, and there is a decrease in the onset point with an increase in MW. In the rubbery region the modulus of P20LW is much larger than the control and high MW samples, which exhibit similar behaviour, as was observed with the reduction in modulus with an increase in MW for the unpigmented formulations seen in Figure 4 (a). The high modulus of P20LW is attributed to a combination of the shorter chain lengths increasing the crosslink density and the system being further reinforced by the well-dispersed TiO2 pigment. It should be noted, that although the pigment is assumed to be well-dispersed, that variation in the MW could potentially affect the stability of the pigment, and this is something which should be considered for further work and investigation [59]. The behaviour of the P20HW and P20CW control formulations is comparable, a result of the asymptotic nature of increasing MW. It is assumed that the pigment does not affect the ability of the system to crosslink. 
With the addition of TiO2 pigment to the formulations, the tan δ Tg decreases as the MW increases (see Figure 5(b)), which is also observed in the clear coatings. There is a slight decrease in the Tg of P20HW and P20CW compared to their clear counterparts, fitting with trends observed in other formulations [18]. The damping of the systems around Tg increases by ~ 40 % with the addition of pigment, which is in contrast to the accepted theory regarding fillers in a polymer matrix [60]. This behaviour is attributed to the polar nature of the surface treatment on the TiO2 pigment which could result in preferential formation of crosslinks close to the TiO2 particles due to adsorption of some of the melamine molecules onto the surface [18, 61, 62]. This creates an inhomogeneous network with respect to the location of crosslinks. The low MW pigmented formulation (P20LW) exhibits a much smaller increase in magnitude of tan δ and a slight increase in Tg compared to the clear P20L. Due to the much shorter chain lengths in the low MW sample and lower polydispersity, the previously assumed inhomogeneity of crosslink formation in the free-films (due to interaction with the surface of the TiO2 pigment) is reduced as the length scales between crosslinks and chains are more comparable. The increase in crosslink density locks the polymer chains into place reducing chain movement, hence the chains between crosslinks do not contribute as greatly to the damping around Tg as a more uniform, homogenous dispersion of crosslinks is formed. The crosslink density is much higher in the low MW formulations, hence more elastic behaviour is observed as opposed to the more viscous behaviour seen in samples with larger MW (i.e. the damping of the system is decreased). 
The trends observed between the clear and pigmented formulations are comparable, and the data show good agreement with the literature [18]. 
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	(a)
	(b)


[bookmark: _Ref27390334]Figure 5. Effect of TiO2 pigment on (a) storage modulus and (b) tan δ versus temperature.



[bookmark: _Ref35532080]Table 4. Effect of TiO2 pigment on DMA Tg, storage modulus (E’) and crosslink density of formulations with varying MW (Note: The temperature uncertainty is ± 1 °C for DMA).
	Formulation
	Tg (°C)
	Storage modulus, E’ (MPa)
	Crosslink density, νe (mol/m3)

	
	E’ onset
	Tan δ
	Glassy
	Rubbery
	

	P20LW
	57
	70
	2390
	24
	2490

	P20CW
	51
	61
	3530
	19
	1890

	P20HW
	45
	58
	3540
	15
	1600
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Tensile tests
The tensile stress versus strain responses for coatings with varying MW at a range of temperatures offset with DSC Tg are shown in Figure 6, where (a) corresponds to P20L, (b) P20C and (c) P20H. At temperatures well below Tg the coatings behave in a brittle-glassy manner, tending towards more plastic behaviour with strain softening around Tg and finally behaving like elastomers at temperatures well above Tg. The most obvious difference is the strain to failure around Tg where a significant increase is observed with an increase in the resin MW. The effects of MW on the ultimate tensile properties at different temperatures are presented in Figure 7 where the effects on (a) Young’s modulus (E), (b) apparent yield stress (σy), (c) strain to failure (εf) and (d) stress at failure (σf) are examined in detail. 
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[bookmark: _Ref27138999]Figure 6. Typical stress versus strain responses at different temperatures for (a) low MW (P20L), (b) control MW (P20C) and (c) high MW (P20H) formulations.
The variation in Young’s modulus (E) as a function of temperature offset by the DSC Tg (i.e. T - Tg) for the varying MW formulations is shown in Figure 7 (a). The E value plateaus at low temperatures before starting to decrease at around T - Tg = -15 °C and continues to do so at temperatures well above Tg. At low temperatures well below the Tg, where behaviour is governed by the intermolecular forces, an increase in the MW of formulations results in a decrease in the modulus. This behaviour is also observed through the transition region around Tg, albeit the significance decreases as the modulus of the different samples starts to converge at temperatures well above Tg. It is in this region that it is assumed the behaviour is governed predominately by the crosslink density. Although noticeable differences were observed in the storage modulus results, these data indicate that the variation in crosslink density is negligible in its contribution to stiffness. This is in contrast to the Young’s modulus data of comparable coatings with varying crosslinker which showed little effect at low temperatures but distinct variation at temperatures above Tg [18].
Similar effects on the apparent yield stress (σy) are also observed (see Figure 7 (b)). Irrespective of the MW, the σy decreases with an increase in temperature before plateauing at above T - Tg = 10 °C. At temperatures well below Tg, as the MW is increased a decrease in σy is observed. This trend is experienced through the transition region too, albeit with a lower significance. The σy behaviour shows convergence above Tg for all samples. At high temperatures well above Tg there is an assumed minimum σy exhibited by the free-films which is independent of the formulation chemistry which shows good agreement with work in literature on polyester-HMMM coatings [18, 62, 63]. The results show a distinct transition between brittle and ductile behaviour, with the largest volumetric changes occurring between T - Tg = -15 °C and T – Tg = 5 °C. 
The strain to failure (εf) values of the free-films are typically small at low temperatures, increasing to a maximum around Tg before decreasing as temperatures are increased well above Tg (see Figure 7 (c)). In the glassy region, P20L has a distinctly lower εf than the higher MW formulations P20C and P20H; however, all of the formulations exhibit brittle behaviour at these low temperatures. 
The peak associated with εf becomes broader with an increase in MW. High MW formulations, e.g. P20H, exhibit an increase in εf at temperatures much lower than Tg, giving a much wider transition. A higher MW typically means a greater distribution of chain lengths in the system (high PDI, see Table 1) and therefore uncoiling, reptation and movement of chains occur over a larger temperature range. For a low MW sample, e.g. P20L, the polydispersity is much lower and hence the increase in εf is observed at temperatures much closer to the DSC Tg. In addition, for a constant ratio between resin and crosslinker, the crosslink density of a lower MW sample will be higher and therefore a sharper, more defined transition would be expected. This is confirmed by P20L, which shows an increase in εf at ~ 5 °C higher than the higher MW samples and exhibits a narrower transition. 
The maximum εf occurs around Tg for all of the formulations. The data show that an increase in MW causes an increase in the εf; this increase in εf is distinct when comparing P20L and P20H, see Figure 7 (c). Above Tg, as the temperature is increased further, the εf of the free-films decreases. 
In the rubbery region, the εf is lower than the εf around Tg, but higher than the εf in the glassy region. In a similar way to the transition region an increase in MW results in a higher εf, although the trend is not as pronounced. Due to the failure mechanism, the chain length is thought to dominate over the smaller differences in crosslink density, resulting in the higher MW formulations being able to compensate for the applied strain through stretching and extension of chain sections previously in a coiled state. Again, the lower crosslink density allows for greater changes in free volume and for chains to withstand the larger applied strains. 
The stress at failure (σf) decreases with an increase in temperature (see Figure 7 (d)), a trend commonly observed in literature for polyester-HMMM coatings [18, 62, 63]. At low temperatures, an increase in MW results in a lower σf. This behaviour is the result of a reduction in the intermolecular forces between the longer polymer chains, due to greater entanglement and poorer packing of the chains. Throughout the transition region, the P20H formulation shows a consistently lower σf than those formulations with a lower MW. At temperatures much higher than Tg the formulations show comparable σf behaviour.
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[bookmark: _Ref27140416]Figure 7. The effect of MW on (a) Young's modulus, (b) apparent yield stress, (c) strain to failure and (d) stress at failure versus test temperature offset against DSC Tg (T – Tg).
[bookmark: _Ref35526597]Pigmentation
The effect of the addition of TiO2 on the stress versus strain behaviour of the free-films is shown in Figure 8, where (a) corresponds to P20LW, (b) P20CW and (c) P20HW. The stress versus strain responses are comparable to those of the unpigmented free-films. A brittle to ductile transition is clearly seen albeit with higher failure stresses and lower maximum strains to failure compared to the unpigmented formulations examined in §0. 
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[bookmark: _Ref31366183]Figure 8. Typical stress versus strain responses at different temperatures showing the effect of TiO2 pigment for (a) low MW (P20LW), (b) control MW (P20CW) and (c) high MW (P20HW) formulations. 
The addition of TiO2 pigment increases the Young’s modulus of all the formulations across the temperature range (see Figure 9 (a)). There is little variation between the moduli of the pigmented coatings at low temperatures (P20LW shows a significantly lower E at T – Tg = -10 °C; however, this result is anomalous). Similarly to the unpigmented coatings, as the temperature is increased, the E starts to decrease around Tg and continues to do so at a constant rate above T – Tg = 10 °C. The high MW pigmented formulation, P20HW, shows a distinctly lower modulus above Tg compared to the other pigmented formulations (see Figure 9 (a)). The behaviour here is comparable to the unpigmented coatings and this is attributed to the effect of the higher MW chains in the network. The longer chains result in a reduction of crosslink density which means that the effect of chain relaxation, movement and softening is much larger than for a coating with a high crosslink density. Due to the longer length of these chains and sparsity of crosslinks, at high temperatures there is little interaction between the polymer matrix and pigment, and hence the pigment has little contribution to the stiffness of the coating as the stiffness of the bulk polymer greatly decreases. 
The σy behaviour shows little change with the addition of TiO2 pigment to the formulations as seen in Figure 9 (b). Similarly to the clear coatings, as the temperature is increased there is a decrease in the yield stress for all formulations. At temperatures below Tg, increasing the MW decreases the apparent yield stress. At temperatures equal to and above T – Tg = 10 °C there is convergence of the σy values.
Similar trends were observed in the εf behaviour of the pigmented compared to the unpigmented coatings as seen in Figure 9 (c). At temperatures in the glassy region (< T – Tg = -10 °C) there is little variation in the εf between the two types of formulations suggesting that there is indeed good adhesion to the pigment. As previously, around Tg as MW increases so does the strain to failure, albeit at lower magnitudes than for the unpigmented coatings, a result of the pigment increasing the stiffness. P20HW has the largest strain to failure and the lowest inferred Tg, a sharp increase of 40 % strain in the εf is observed between T - Tg = - 15 °C and T - Tg = - 10 °C. There is a distinct increase in the breadth of the transition region (increase of εf occurs at lower temperatures) with both an increase in MW and addition of TiO2 pigment. As the temperature is increased well above Tg the εf values of all the pigmented coatings decrease. It can be seen that at higher temperatures the inclusion of TiO2 pigment has a toughening effect, resulting in a higher εf and a slower decrease in εf with the increase in temperatures above Tg. Despite the large decrease in E of P20HW at high temperatures, the TiO2 pigment still has a significant toughening effect on the εf, attributed to prevention of crack growth by the pigment.
The σf decreases with an increase in temperature as shown in Figure 9 (d). There is a slight trend suggesting that the σf decreases with an increase in MW, but this is only evident in the high MW sample (P20HW). The σf of P20HW starts to plateau at T – Tg = -10 °C, unlike the observed plateau of σf at T – Tg = 0 °C for formulations P20LW and P20CW, at which point its behaviour diverges from its unpigmented counterpart (P20H) and converges with the other pigmented samples. This increase of σf at temperatures around and above Tg suggests that the pigment has a strengthening effect. This is most likely due to a stress-sharing effect by the chain segments between pigment contact points (points at which there is interaction between the pigment and a polymer chain), similar to what was observed in elastomers with carbon black pigment by Dannenberg [64]. Dannenberg proposed a ‘molecular slippage’ mechanism based on the adsorption of pigment into the polymer network which effectively allows homogenisation of bridging chains between pigment contact points [65, 66]. The previously assumed affinity between the surface treatment of the TiO2 pigment and the crosslinked network supports this hypothesis. These data agree well with the toughening effect observed with the εf values.
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[bookmark: _Ref29456146]Figure 9. The effect of pigment on formulations with varying MW on (a) Young's modulus, (b) apparent yield stress, (c) strain to failure and (d) stress at failure versus temperature offset against DSC Tg (T – Tg).
Failure envelopes
Failure envelopes, based on the work of Landel and Fedors [67], showing normalised stress at failure versus the logarithmic strain to failure for free-films of coatings with varying MW are shown in Figure 10 (a). The results for the equivalent formulations with TiO2 pigment are shown in Figure 10 (b). At temperatures below Tg, the normalised stress at failure decreases, whilst there is an increase in the strain to failure as the temperature is increased. At around Tg and at temperatures above Tg, the strain to failure starts to decrease whilst the normalised stress continues to decrease.
Varying the MW of the coatings only has a small effect on the failure behaviour. At temperatures below Tg, an increase in the MW causes a slight increase in the normalised stress at failure. At temperatures around and above Tg, an increase in MW results in an increase in the strain to failure. At temperatures well above Tg, the failure envelopes of the normalised failure properties start to show convergence.
The addition of TiO2 pigment has little effect on the failure envelopes. A similar trend to that observed with the clear coatings is still present, i.e. an increase in MW increases the normalised failure stress. There is a slight increase of the normalised strain at temperatures below Tg when the MW is increased. At high temperatures the normalised strain to failure shows an increase, assumed to be a result of a toughening effect of the TiO2 pigment. 
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[bookmark: _Ref29896116][bookmark: _Ref29896101]Figure 10. Failure envelopes for formulations with varying MW (a) without pigment and (b) with pigmentation (Note: filled symbol indicates data point measured at Tg (DSC) of formulation).
Coated Panels
The formability of the pigmented coatings with varying MW on HDG steel was investigated using the Erichsen cupping and T-bend tests. Predictions by Ueda et al. [31] show that the surface strains experienced during T-bend tests are much higher (> 100 % at 0T) than the strains experienced in the Erichsen cupping test (~ 38 % strain at an IE of 9 mm) described by Sorce et al.[26]. 
T-bend tests
T-bend tests from 0T to 3T were performed on coatings with varying MW on HDG steel substrates. The coating damage was determined as the percentage of cracked surface area for each coating and T-bend level (see Figure 11). As the level of T-bend increases the amount of coating damage decreases. This is expected as when the T-bend level is increased, the surface strain at the bend reduces. As the MW is increased the amount of damage decreases; hence, P20LW shows the largest degree of damage at all T-bend levels. At 2T and above, P20CW and P20HW show a comparable low amount of failure, whilst P20LW still shows ~ 5 % of cracked area. As seen in §3.3.1 the low MW formulation has inferior tensile properties with a much lower strain to failure than the other formulations. The failure of the coatings is strain governed, hence the damaged area is larger. This failure behaviour is a direct result of the higher crosslink density due to more functional chain ends being able to react in the low MW formulation. Giannakopoulos [62] found that increasing the crosslinker content in polyester-HMMM coatings on reduces the ‘quality’ (amount of damage) of 0T T-bends which agrees well with the results observed here (an increase in crosslinker content increases the crosslink density [58]).
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[bookmark: _Ref35448039]Figure 11. Percentage cracked area of T-bend surface versus T-bend level for TiO2 pigmented coatings with varying MW. 
Erichsen cupping tests
The Erichsen failure plot for coatings with varying molecular weight is shown in Figure 12. All of the formulations show comparable behaviour over the test temperature range. At very low temperatures the coatings show brittle behaviour and fail at low IEs. There is a linear increase with the IE that coatings can withstand as the temperature is increased. There is a slight trend that coatings with a higher MW show better formability and are able to withstand higher levels of IE at a given offset temperature. The lack of trend in failure behaviour with varying MW is attributed to the small range of applied strains in the Erichsen cupping test (~ < 38 % strain) [26] and that all of the pigmented formulations show comparable brittle strain to failure behaviour at low temperatures, as discussed in §3.3.1 (see Figure 9 (c)). At temperatures around and above Tg, although the formulations do show variation in εf, the free-film tensile strain to failure values are all greater than ~ 45 %. Although performed on more brittle polyester-HMMM based coatings, work by Foster [52] showed similar results in that the formability of coatings improved in the Erichsen cupping test with increase in temperature. 
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[bookmark: _Ref35448029]Figure 12. Erichsen failure plot for TiO2 pigmented coatings with varying MW.
The T-bend and Erichsen test results highlight the importance of the testing conditions for assessing the formability of a coating; i.e. varying the test temperature of the Erichsen cupping test affects coating performance. It is also predicted that increasing the temperature at which the T-bend test is performed would decrease the amount of damage as the strain to failure of the coating would increase, similar to what was observed by increasing the MW of the coating.
Given the well-known equivalence between rate and temperature it is of interest to briefly note the difference in test rates, as changing the test rate would also be expected to affect the measured formability. Sorce [63] demonstrated that the typical order of the strain rate applied in the Erichsen cupping test was between ~ 0.001 s-1 to ~ 0.007 s-1 compared to the much faster strain rate of ~ 3 s-1 in the T-bend test (the tensile extension used is equivalent to ~ 0.001 s-1). This does indeed suggest that increasing the temperature would increase the measured formability as this would be equivalent to reducing the strain rate; however, it also highlights the complexity involved of choosing adequate forming parameters (e.g. rate and temperature).
Interestingly, at T – Tg = - 40 °C the εf values of the coatings are no greater than ~ 3 %, yet are able to pass an Erichsen cupping test at IE = 6 mm where the applied strains are ~ 19 % [26]. This suggests that the failure properties of free-films are enhanced when supported on a substrate as failure typically caused by stress concentrations such as pinholes is mitigated, meaning that there is a degree of latitude when forming PPM into end-products. The substrate provides reinforcement and prevents crack growth and failure from defects which would have previously caused failure. It is thought that the substrate in effect reduces the magnitude of the stress concentrations of defects. However, this should not lead to complacency when designing and during forming processes involving PPM. 
This work has successfully shown how varying the MW affects the properties of free-films and how this translates to the formability of coatings (increase in MW lowers the Tg of the coating but improves the formability). From the findings presented in this paper it could be posited that the optimum coating for forming would be one with a sufficiently high MW. However, more practical assessments, such as scratch resistance, dirt-pick up, weatherability, gloss-reduction etc., of the coatings have not been performed. As such, further studies should be performed to optimise the MW of a coating for a given application (e.g. white-goods and domestic appliances, or architectural) as these requirements would be expected to vary significantly. Nonetheless, understanding these behaviours provides an excellent starting point to allow industry to effectively formulate coatings to achieve the desired performance whilst understanding how the other material properties are affected. 
Conclusions
The effects of varying the molecular weight (MW) on the free-film and coating properties of polyester-HMMM coil coatings have been evaluated. Increasing the MW decreases both the DSC Tg and DMA Tg, a result of fewer crosslinks being formed due to fewer chain ends being present to react with the HMMM crosslinker, also confirmed by a decrease in the storage modulus in the rubbery region.
The tensile Young’s modulus and yield stress typically decrease at low temperatures with increasing MW, but are independent of MW at temperatures above Tg. Increasing the MW increases the strain to failure around Tg, and widens the brittle-ductile transition region, whilst it reduces the stress at failure, most noticeably at low temperatures. 
Addition of TiO2 pigment increases the damping, the storage modulus and Young’s modulus of the coatings but has little effect on the Tg. At high MWs, the chain length dominates the behaviour and hence the pigment has little effect on the Young’s modulus. The addition of pigment does not affect σy, nor εf in the glassy region but does cause the εf to increase at ~ 5 °C lower than without pigment. Adding TiO2 pigment reduces εf around Tg but has a toughening effect at higher temperatures, resulting in higher εf values over a larger temperature range. Similarly, the σf shows an increase in magnitude with pigment at higher temperatures. 
Formability of the coatings was shown to increase with an increase in MW. The results presented in this paper will allow MW considerations to be better taken into account when formulating coatings to achieve more efficiently the desired performance during forming of a specific end product. 
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