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RACT

Recenùy, the aerospace induscry has been facing many challenges , induding an increase in the production rates to meet the market needs. In the context of adhesives and liquid shim applications, this means the possibility of on-demand curing. In other words, adhesives must cure slowly at room temperature and this process must be accelerated at any cime to allow for the fastest polymerization possible. However, while on-<len1and curing is possible in several ways (ultraviolet radiation, induction, or microwave) , the route chosen in this srudy is infrared (IR) radiation. This is because this method allows curing ac low temperatures (i.e., acound so•c) and is universal, hence requiring no modification in the adhesive formulation.

Given chat the acceleration of polymerization using thermal (temperature) and nonthern1al (radiation-matter interaction) effects has been demonstrated in another study, it is now important to srudy the properties of such an adhesive after curing under 1R radiation.

In this srudy, we measured the following properties: adherence on aluminum 2024-1'3 via three-point bending, tensile strength and modulus, and flexural strength and modulus. We also srudied the patan1eters of the 1R lanlp, including the Jan1p-adhesive distance and the rate and temperature of polymerization. For this purpose, a composite design of experin1ents was used, which generally has two main advantages: screening and response surface methodology. On the one hand, screening allows determining the factors, among chose selected, chat have a signifi cant infl uence on the studied responses. At the same rime, it allows deteflllÎlling the interactions (synergistic effects) between the influencing pacan1eters. On the other hand, response surface methodology al lows quantifying the influence of the pacan1eters and detern1ining the optimal ones.

Polyepoxide adhesives are widely used in the aerospace industty for stt•uctural bonding and liquid shin1 applications [START_REF] Anes | Bonded joints of dissimilar adherends at very low temperatures -an adhesive selection approach[END_REF]. However, currently, these two-component materials cure at room temperature and in a rather slow fashion (i.e., 5-10 hof curing tin1e for an application time of Jess than 1 h). Therefore, to reduce the cm i ng time of these adhesives without modifying their application time, it is necessary to consider on-den1and cming methods, called COD [START_REF] Javadi | Cure-on-command technology: a review of the current state of the art[END_REF]. In recent yeai• s, much attention has been paid to the new and so-called unconventional poly merization methods. Many of these methods are based either on heat tt• ansfer, such as induction polymerization [START_REF] Yungwirth | Induction curing of a Phase-Toughened adhesive[END_REF][START_REF] Fink | Ferromagnetic nano-particulate and conductive mesh susceptors for induction-based repair of composites[END_REF][START_REF] Yarlagadda | Resistive susciptor design for uniform heating during induction bonding of composites[END_REF] and microwave [START_REF] Jacob | Review: thermal and non-thermal interaction of microwave radiation with materials[END_REF][START_REF] Galema | Microwave chemistry[END_REF][START_REF] Marand | Comparison of reaction mechanisms of epoxy resins undergoing thermal and microwave cure from in situ measurements of microwave dielectric properties and infrared spectroscopy[END_REF][START_REF] Cheok | Study on the microwave curing of adhesive joints using a temperature-controlled feedback system[END_REF][START_REF] Majetich | Applications of microwave-accelerated organic synthesis[END_REF], or on reaction activation by electt•omagnetic radiation, such as ultt• avi olet radiation [11-13).

den1and curing method because it eliminates the need for adding chemical compounds to the adhesive formulation, making this method versatile (i.e., applicable to products already on the market). The other advantage of IR radiation resides in the low inertia [START_REF] Belhamra | Technology and applications of infrared heating in the industrial area[END_REF] (i.e., rapid temperature variation) and low energy consumption required to pro duce IR radiation [START_REF] Kumar | Development of infrared radiation curing system for fiber reinforced polymer composites: an experimental investigation[END_REF]. In addition, IR radiation is effective in direct contact with adhesives and in areas where the adhesive is not directly exposed to the light source (shadow zone). Hence, depending on the needs and constt• aints, several IR sources whose line of sight is perpen dicular to the smface of the adhesive can be used: a far-IR source ( 400-10 cm-1 ), which heats the adhesive on the surface; a mid-IR source (4000-400 cm -1 ), which heats the adhesive at the core; and a near-IR source (12,500-4000 cm-1 ), which penett•ates the adhesive until reaching the substrate and causes more homogeneous heating. In this work, we chose infrar• ed (IR) radiation as our preferred on-In a previous study [START_REF] Genty | Fast polymerization at low temperature of an infrared radiation cured epoxy-amine adhesive[END_REF], the kinetics of an epoxy-antine ntixture

Under the usual conditions of use, the IR lamp is placed at approximately 20 cm from the adhesive to be cured and the temperature is increased at a rate of 5.5 • C⋅min -1 until the adhesive reaches a temperature plateau of 50 • C. Notably, the emitted flux in this mode has been previously measured and presented [START_REF] Genty | Fast polymerization at low temperature of an infrared radiation cured epoxy-amine adhesive[END_REF], and this way of curing is called IR-Φ Auto .

For sample preparation and the measurement of the adhesive properties, the operating conditions are provided in the corresponding sections.

Mechanical characterization

All three mechanical tests described below were performed using a mechanical testing machine (Instron 3369, Élancourt, France) equipped with a 500 N sensor with a sensitivity of 0.5% for the measured values.

Three-point bending test

A three-point bending test was performed according to the ISO 14679:1997 [START_REF] Roche | A three-point flexure test configuration for improved sensitivity to metal/adhesive interfacial phenomena[END_REF][START_REF] Roche | Measurement of the practical adhesion of paint coatings to metallic sheets by the pull-off and three-point flexure tests[END_REF][START_REF] Bouchet | The formation of epoxy/metal interphases: mechanisms and their role in practical adhesion[END_REF] standard. This test helps determine the ability of a material to adhere to a substrate. It involves bending a rectangular polymer block (25 mm in length and 5 mm in width) bonded to the surface of a substrate (40 mm in length and 10 mm in width). For this study, although the thickness of the substrate is not specified by the standard, it was chosen as 1 mm of aluminum alloy 2024-T3. Then, the three-point bending specimens are tested at room temperature at a speed of 0.5 ± 0.001 mm min -1 .

It should be noted, however, that to measure the adhesion of a model adhesive under an IR lamp, the preparation setting differs slightly from that indicated by the standard. Indeed, different curing process types (oven or IR radiation) can lead to different conversion rates and, therefore, different adhesive modulus values. As shown in Fig. 2, the load at break (F Max ) depends not only on the adherence (W Adh ) itself, but also on the stiffness of the substrates (W Substrate ). Thus, measuring the adherence value by studying F Max is only possible if the stiffness of the substrate and that of the rectangular block remain the same from one experiment to the other.

Therefore, it is important to ensure that the rectangular block is cured under the same conditions across all tests to obtain an identical conversion rate. Hence, a new preparation setting for the three-point bending specimen has been proposed. In this method, on a degreased, deoxidized, sol-gel-coated aluminum alloy [START_REF] Genty | Experimental and statistical study of three adherence tests for an epoxy-amine/aluminum alloy system: pull-Off, Single Lap Joint and Three-Point Bending tests[END_REF], the model adhesive is applied at a thickness of 0.3 mm using spacers on both sides of the substrate. The sample is then placed immediately under an IR lamp to initiate the curing process. Once polymerization has been realized, three-point bending rectangular blocks are manufactured in accordance with ISO 14679:1997 [START_REF] Roche | A three-point flexure test configuration for improved sensitivity to metal/adhesive interfacial phenomena[END_REF][START_REF] Roche | Measurement of the practical adhesion of paint coatings to metallic sheets by the pull-off and three-point flexure tests[END_REF][START_REF] Bouchet | The formation of epoxy/metal interphases: mechanisms and their role in practical adhesion[END_REF] and cured in an oven. Fig. 3 shows the method chosen for preparing the adherence samples after curing under IR radiation.

It is worth noting that after curing in the oven, the adhesives and rectangular blocks are not completely cured, since the T g value of the Fig. 1. Chemical structures of the DGEBA and TETA molecules.

under IR radiation have been studied. IR polymerization has been shown to produce different curing kinetics from those observed with a simple increase in temperature. This additional IR effect was termed the nonthermal effect. Furthermore, after it has been demonstrated that the activation energy of the epoxide-amine reaction decreases under IR radiation, the most probable hypothesis suggested was that the epoxide functions to absorb IR radiation, causing local agitation at the reactive group, followed by an increase in reactivity without a "macroscopic" increase in temperature.

In this study, we focus on the mechanical properties (adherence, tensile and flexural strength at break, and tensile and flexural modulus) of a polyepoxy adhesive cured under IR radiation. The aim of the experiments is to identify which parameters influence the mechanical properties and to optimize these parameters to enhance the adhesive itself and its cohesive properties.

Experimental

Model adhesive

The polymer matrix that we used was a stoichiometric mixture between an epoxy prepolymer and an aliphatic amine hardener. The epoxy prepolymer (n 0.03) was a bisphenol A diglycidyl ether (DGEBA, epoxy equivalent weight 171-175 g⋅eq -1 ; D.E.R.™ 332 from Dow Chemicals), and the hardener was triethylenetetramine (TETA, amine hydrogen equivalent weight 24 g⋅eq -1 ; D.E.H.™ 24 from Dow Chemicals). The two chemical structures of these molecules used to form the model adhesive are shown in Fig. 1.

The model adhesive used in this study was a stoichiometric mixture of DGEBA with 13.9 parts per hundred grams of resin (phr) of TETA. Given these proportions, the infinite onset glass transition temperature measured using differential scanning calorimetry (i.e., at a conversion degree of 1.0) was 138 • C.

Infrared curing

Fast curing was performed using an IR lamp supplied by Sunaero (Lyon, France). This method is already used industrially, in aeronautics, to accelerate the polymerization of sealants or for composite repairs [START_REF] Comoglio | Method of sealing a hollow structure, for example a fuel tank for an aircraft[END_REF]. This lamp was initially supplied to increase the kinetics of polymerization only via radiation energy transfer. It consists of a transportable control panel and an IR lamp emitter. The lamp is fixed on a tripod so that the line of sight of the IR radiation is perpendicular to the surface of the adhesive, and the distance between the lamp and the adhesive is adjustable. The induced temperatures, heat-up ramps, and heat times are set up in the control panel so that the emitted flux is automatically regulated by the temperature measurement of the cured sample with a K-type thermocouple. As previously outlined [START_REF] Genty | Fast polymerization at low temperature of an infrared radiation cured epoxy-amine adhesive[END_REF], IR emittance is mainly within the medium range (i.e., 400-4000 cm -1 ), and the radiative flux is provided in Appendix B. model adhesive cured under IR radiation is 85 • C while it is T g ∞ 138 • C when fully cured. Generally speaking, the aim in this study is to assess the influence of the curing parameters on the final mechanical properties, regardless of the degree of curing. Therefore, since the stiffness of the rectangular block always remains the same, using a constant temperature in each trial allows the results to be reproducible.

Tensile strength and modulus

Dumbbell-type specimens were molded by pouring epoxy-amine monomers into a silicon mold and then placed directly under an IR lamp, according to the various parameters considered in this study. To control the IR emission, a thermocouple was placed at the end of the sample, in an area that would not interfere with the mechanical test.

The test was performed in accordance with ISO 37:2017 at a speed of 0.5 ± 0.001 mm min -1 . Fig. 4 shows the dimensions of the manufactured samples.

Data on the tensile strength and elastic modulus were collected from these tests. Both the tensile strength (σ r , in MPa) and the elastic modulus (E, in MPa) were determined according to Equation (1) and Equation (2), respectively:

σ r F r l × e Equation 1 E ΔF l × e × Δε Equation 2
where F r is the load at break (N), l and e are, respectively, the initial width and thickness of the specimen (both in mm), and ΔF (N) is the difference in the force applied in each deformation range Δε (between 0.25% and 0.5%, as proposed in NF ISO 527-2).

Flexural strength and modulus

Beam-type specimens were molded by pouring epoxy-amine monomers into a silicon mold and then placed directly under an IR lamp, according to the various parameters considered in this study. To control the IR emission, a thermocouple was placed at the end of the sample, in an area that would not interfere with the mechanical test.

Both the load at break and flexural modulus values were determined using a three-point bending test on beam specimens, as outlined by ISO 178:2010. According to this standard, the beam dimensions for samples of thermosetting materials are a cross section of 3.2 mm by 12.7 mm and a length of 127 mm.

Both the tensile strength (σ f , in MPa) and the elastic modulus (E f , in MPa) were determined according to Equation (3) and Equation (4), respectively: Fig. 2. Illustration of the load-displacement curve for a three-point bending adherence test, highlighting the stiffness of the sample and substrate according to [START_REF] Sauvage | Using the 3-point bending method to study failure initiation in epoxide-aluminum joints[END_REF]. 

f 3.F f .L 2.b.d 2
Equation 3

E f L 3 .m 4.b.d 3 Equation 4
where F f is the load at break (N), L is the distance between supports (mm), b and d are, respectively, the width and thickness of the beamtype specimen (mm), and m is the slope of the deformation-load curve (i.e., m |ΔF| |Δf| , with f for deformation in mm). Thus, the values of σ f and E f can be calculated from the breaking force F f , obtained graphically on the bending curves. It is important to note that for this test, the deflection (and, consequently, the flexural modulus) is determined by the displacement of the crossbeam.

Design of experiments

By varying all the parameters for each experiment and conducting a statistical study, the design of experiments (DoE) allows many factors to be studied and correlated with a minimum number of tests. It also allows modeling the studied responses and suggesting an optimization for the experimental parameters from the established models [START_REF] Kumar | Optimization of infrared radiation cure process parameters for glass fiber reinforced polymer composites[END_REF]. A composite DoE was selected as it allows a second-order polynomial equation to model the effects of various factors. Besides, among all the designs that allow second-order polynomials, this design is the one with the least variance and no covariance. In other words, this design allows properly calculating the effect of each factor, even if the constant a0 is not perfectly calculated. All DoE data were processed using Design-Expert® software version 10, and all the influential factors were also directly determined on it. To determine the influence of IR polymerization parameters, the effects of three factors were studied: the distance between the IR emitter and the sample in centimeters (A), the induced temperature of the adhesive in • C (B), and the heating rate to reach the correct temperature in • C/min (C). All the factors and associated levels are presented in Table 1. For axial points, α levels are used, which in this DoE are set at ±1.32.

It should be noted that these three factors have been chosen for two specific reasons. First, these are the three parameters that the lamp user can control. Thus, from an industrial standpoint, it is possible to suggest an optimized lamp configuration to obtain the desired mechanical properties. However, above all, these parameters allow the effects of temperature and radiative flux to be uncorrelated; in other words, both the thermal and nonthermal effects should be investigated separately. Indeed, the heating rate and distance factor have an impact on the radiative flux emitted, initially during the first minutes (i.e., the low conversion rates) and then for the entire duration of the test. Finally, the temperature factor has an impact on both the thermal and nonthermal effects at the same time. Therefore, studying significant factors can help determine the role of thermal and nonthermal effects in the evolution of mechanical properties.

Thus, the thermal effect of IR radiation (only the increase in temperature) is explained with temperature (factor B) as a unique influential parameter. If the temperature factor is significant with AC, AB, or BC interactions, then the thermal and nonthermal (coupled) effects will be at the origin of the response variations. However, if the influencing factors are parameters A and C or their quadratic effects or respective interactions, then only the nonthermal effect will cause variations in the mechanical properties.

Table 2 provides the number of tests performed according to the DoE. For each experiment, four specimens were prepared simultaneously under the same conditions. This allowed obtaining an average value for the four samples. The DoE-01 to DoE-06 series correspond to different tests with the same factor values. This allows determining whether the answers studied yield reproducible results and are adapted to the chosen DoE methodology. In other words, it allows testing the reliability of the system. Thus, these six trials allow determining the level of uncertainty. However, it is important to note that all six of these points were not considered for the resolution of the DoE, with the exception of the first experiment, DoE-01. In addition, other series were performed several times at different dates to check the level of reproducibility. The results showed that the DoE-11 and DoE-12 series correspond to the same parameters, as well as the DoE-17 and DoE-18 series.

For each series of tests, five answers were studied: adherence (threepoint bending), tensile properties (tensile strength and modulus), and flexural properties (flexural strength and modulus), and for each answer, four samples were evaluated. For each result, an analysis of variance (ANOVA) was performed.

For this purpose, in the Design-Expert® software, the Fisher factor (F) is provided for each response analysis. This factor corresponds to the ratio between the sum of the squares of the model and the sum of the squares of the residues. Then, the p-value is defined by the probability of observing F if the null hypothesis H 0 is verified, and it was set at 5% (pvalue less than 0.05).

ANOVA was performed in two rounds with the Design-Expert® software. First, it was performed in a raw form with the available data. Thus, a p-value was calculated for each of the parameters. A p-value less than 0.05 (i.e., a confidence level of more than 95%) was considered to confirm the significance of factors. Thus, a new ANOVA (Round 2) was performed with only those parameters whose p-value was less than 5%. Table 3 shows the ANOVA (both Round 1 and Round 2) results for the three-point bending adherence tests as an example.

In this example, the resolution of the DoE in the Design-Expert® software shows that the significant terms are the C parameters (heating rate for a p-value less than 0.0001). Both of the A 2 parameter (the quadratic effect of the distance for a p-value of 0.0041) and the A and C parameters are correlated and significant (a p-value of 0.0071 for the distance/ramp correlation). Factor A (the distance for a p-value of 0.1203) should be included in the analysis because of the requirement of the model hierarchy as it has an interaction effect. Fig. 5 represents the normal probability of studentized residuals for adherence. Each point corresponds to a test conducted experimentally, and the real value of each point can be identified by its color (from blue to red for values between 106 and 327 N, respectively), the line representing the model. As can be seen, the points are close to the normal line, which means that the errors are distributed normally, and the model is appropriate. This means that using a model allows predicting the results for any parameter values contained in the test design. Thus, an optimization for the process parameters is suggested.

Results and discussion

Thermal versus infrared curing

In the first step, before the DoE was performed, IR polymerization (IR-Φ Auto ) was compared to pure thermal curing (50 • C). IR curing was achieved at a distance of 20 cm with an increase in temperature at a rate of 5.5 • C⋅min -1 and a maximum temperature of 50 • C in the stationary mode. This first step was performed to highlight the effects of IR radiation, regardless of the parameters modified in the later part of the article.

For these two methods of curing, four samples were manufactured for each of the mechanical properties tested: three-point bending adherence and flexural and tensile stress/strain properties. All the results are presented in Fig. 6.

Starting with the analysis of the adherence results (first series of columns), all samples tested up to rupture were found to exhibit an interfacial fracture (i.e., the fracture looked adhesive to the naked eye). The loads at break were, therefore, representative of the adherence (adhesive initiation of fracture) for both curing pathways. Apart from uncertainty, the load required for the initiation of rupture was the same for both polymerization pathways. In other words, the level of adherence following IR curing was the same as that following thermal curing. Therefore, from these first tests, it seems that IR radiation does not significantly modify the polymer-metal interaction. For the purpose of comparison, in the literature, microwave polymerization (which is also characterized by a nonthermal effect) was found to result in an increase in the adherence measured by a single lap joint test [START_REF] Cheok | Study on the microwave curing of adhesive joints using a temperature-controlled feedback system[END_REF]. This non difference in adherence after IR curing was unexpected, as it has previously been observed that the interphase formation (i.e., the reaction between an amine and an aluminum surface) decreases the adherence [START_REF] Bouchet | The formation of epoxy/metal interphases: mechanisms and their role in practical adhesion[END_REF]. Indeed, when an epoxy-amine mixture is cured on an aluminum alloy surface, a competition arises between polymerization and the reaction between the amine and the metal [START_REF] Aufray | Properties of the interphase epoxyamine/metal : influences from the nature of the amine and the metal[END_REF], and an interphase is created [START_REF] Bouchet | The formation of epoxy/metal interphases: mechanisms and their role in practical adhesion[END_REF][START_REF] Aufray | Properties of the interphase epoxyamine/metal : influences from the nature of the amine and the metal[END_REF][START_REF] Roche | Formation of epoxy-diamine/metal interphases[END_REF]. Hence, it is reasonable to believe that a modification of the kinetics, and therefore of the vitrification, leads to a modification of this interphase, as well as of the internal stresses and consequently the adherence. Now, the flexural strength at break (second series of columns) was found to increase by more than 20% with IR curing (146 ± 15 MPa compared to 120 ± 13 MPa). This phenomenon has already been observed in the case of microwave polymerization of Carbon Fiber Reinforced Polymer (CFRP) [START_REF] Xu | Effect of microwave curing process on the flexural strength and interlaminar shear strength of carbon fiber/bismaleimide composites[END_REF]. In the case of the composite studied, the flexural strength at break was found to evolve from 1552 ± 44 MPa under microwave to 1326 ± 29 MPa under pure thermal conditions. In that study, Xu showed that the increase observed in the strength at break is explained by the decrease in the quantity of air present in the material (air bubbles). Thus, in an autoclave (under vacuum), the flexural strength at break was found to increase to 1651 ± 32 MPa. In our study, the presence of air bubbles and the internal constraints (both can be linked) are two serious avenues explaining the increase in the flexural strength at break of the DGEBA-TETA mixture. The flexural modulus (third series of columns) of the DGEBA-TETA mixture cured under IR radiation was found to be the same as that under thermal curing. Table 3 ANOVA results for the three-point bending adherence tests.

Generally, IR radiation allows obtaining a material with a higher tensile strength (+60%), in comparison to pure thermal cured adhesive. However, it also exhibits a module that is the same as thermal curing, apart from uncertainty. The increase observed in the mechanical tensile properties has already been observed in the case of IR curing [START_REF] Kumar | Optimization of infrared radiation cure process parameters for glass fiber reinforced polymer composites[END_REF]. The explanation provided in the case of this study, which seems compatible with the IR lamp polymerization performed in this work, consists of more homogeneous IR curing resulting in a reduction in the residual stresses in the material. It is also worth noting that some similarities have already been observed when microwave curing was considered. Thus, it can be concluded that microwave radiation leads to a modification of the mechanical properties of adhesives by releasing the internal stresses [START_REF] Johnston | Microwave and thermal curing of an epoxy resin for microelectronic applications[END_REF].

The role of infrared lamp parameters (DoE)

During IR curing, the changes that occur in the mechanical properties may be a combination of thermal and nonthermal effects. To study the effects of IR radiation more accurately, the effects of temperature (thermal effects) should be uncorrelated to those of radiative flux (nonthermal effects). However, since this is not experimentally feasible, using a DoE with a Central Composite Design (CCD) is proposed. This allows the investigation of influencing factors while considering quadratic effects in a minimum number of testing. The results of the experimental tests for adherence, tensile and flexural strength at break, and tensile and flexural modulus are available in Appendix A. Each line corresponds to an average of four samples with the same batch number (i.e., performed at the same time), and the errors for each of the properties are defined by the standard deviation of all the specimens from DoE-1 to DoE-6 (i.e., 24 (6 × 4) specimens).

Adherence

Given the adherence results obtained in three-point bending (last column of the table), the resolution of the DoE in the Design-Expert® software shows that the significant terms, which are the heating rate (parameter C for a p-value less than 0.0001), the square of the distance parameter (the quadratic effect of parameter A for a p-value of 0.0041), and the distance and heating rate (a p-value of 0.0071 for the distance-ramp correlation), are correlated and significant. Notably, the distance (parameter A for a p-value of 0.1203) should be included in the analysis because of the requirement of the model hierarchy as it has an interaction effect. The final equation with the coded factors for predicting the adherence of the DGEBA-TETA mixture after IR curing is provided in Equation ( 5), and the same equation with the real factors (in cm for the distance and • C/min for the heating rate) is provided in Equation ( 6 It is worth noting that the distribution of studentized residuals is in line with the theoretical values from Equation ( 5) and Equation [START_REF] Jacob | Review: thermal and non-thermal interaction of microwave radiation with materials[END_REF]. Therefore, within the limits of the parameters used for the DoE, these equations can be used to predict the adherence of the DGEBA-TETA mixture on AA 2024-T3 after IR curing. Fig. 7 shows adherence as a function of the AC parameters for a temperature value set at 65 • C.

Indeed, the dependence of the adherence on the heating rate (C) and the combined effect of the heating rate and distance (parameter AC) are easily observable. The value of adherence increases to 275 N for the maximum heating rate and distance to just over 150 N for the minimum heating rate and maximum distance. It is worth noting that both the distance and heating rate have a significant influence on the energy received by the adhesive. Moreover, at a constant heating rate, the adherence values change a little as a function of the distance parameter alone (parameter A not significant).

The DoE shows that IR curing leads to a change in adherence (from 150 to 300 N, depending on the parameters used). This first response from the DoE, however, does not confirm the observations made in the simple comparison between thermal and IR curing (cf. Fig. 6). Recall that IR curing did not change the adherence level of the DGEBA-TETA mixture on AA 2024-T3 (240 and 255 N, respectively). Therefore, the resolution of the DoE allows determining whether IR radiation (i.e., nonthermal effect) modifies the level of adherence and, hence, the substrate-adhesive interaction. In addition, by further studying the significant factors, it was found that it is the nonthermal effect that causes a change in adherence with the heating rate (parameter C), distance (parameter A), and their interaction (parameter AC) as significant factors. Thus, high radiative flux at the beginning of curing (i.e., a high heating rate) leads to a significant increase in adherence.

Tensile strength

The tests performed according to the DoE show that parameters A and C are significant (distance and ramp for p-values of 0.0002 and 0.0482, respectively) and that the correlation of distance (parameter A) and temperature (parameter B) is also significant (with a p-value of 0.0013). The final equation with the coded factors for the prediction of According to parameters A, B, C, and AB of Equation ( 7) and Equation ( 8), the tensile strength values are well in line with the tensile strength measured in the DoE tests. This means that the determined model is reliable for predicting the tensile strength according to the distance, heating rate, and temperature parameters contained in the terminals as used in the DoE.

Besides, the tensile strength at break is expressed as a function of distance (parameter A) and temperature (parameter B) in Fig. 8, whose heating rate (parameter C) is set at 5.5 • C/min.

The correlation between the distance (parameter A) and temperature (parameter B) can be observed on this graph with a significant increase in the fracture strength when the temperature decreases at a short distance as well as a slight decrease in strength when the temperature decreases at a larger distance. Although parameter AB is significant, the temperature (factor B) is not, whereas the distance (parameter A) and heating rate (parameter C) are. This clearly indicates that the variation in the tensile strength is governed by the nonthermal effect of IR radiation.

Tensile modulus

Among the parameters of the DoE, only the correlation of temperature (parameter B) and heating rate (parameter C), that is, parameter BC, is significant on the tensile modulus response (with a p-value of 0.0211). The final equation with the coded factors for the prediction of the modulus of the DGEBA-TETA mixture after IR polymerization is provided in Equation ( 9), and the same equation with the real factors (in • C/min for the heating rate and • C for the temperature) is provided in Equation ( 10):

E r [GPa] 1.74 + 3.1110 3 B + 0.06C 0.093BC 0.10B 2 Equation 9 E r [GPa] 1.02 + 0.067 × Temperature + 0.186 × Heatingrate 2.4810 3 × Temperature × Heatingrate Equation 10
Although the BC factor is significant, the weight of this factor on the model is small. In other words, the influence of radiation (i.e., the nonthermal effect) on the flexural modulus is not evident, and if it exists, it is negligible and cannot be used to optimize the modulus values. Studying studentized residues revealed a very good match between the model and experimental data, proving that the suggested model is robust. Fig. 9 expresses the module in tension as a function of parameters B and C. the tensile strength of the DGEBA-TETA mixture after IR polymerization is provided in Equation [START_REF] Galema | Microwave chemistry[END_REF], and the same equation with the real factors (in cm for the distance, • C/min for the heating rate, and • C for the temperature) is provided in Equation ( 8):

It can be observed that parameters B and C separately are not significant and that it is their correlation that plays a role in the response studied.

Flexural strength

The resolution of the DoE shows that the significant factors for flexural failure strength are the temperature and distance. It also shows that the significant terms are the temperature (parameter B for a p-value of 0.0009), the quadratic effect of temperature (parameter B 2 for a pvalue of 0.0009), and the quadratic effect of the heating rate (parameter C 2 for a p-value of 0.0263). However, parameters A and C alone are not significant, but parameter AB is to a lesser extent (a p-value of 0.0993). The final equation with the coded factors for predicting the flexural strength of the DGEBA-TETA mixture after IR curing is provided in Equation [START_REF] Ellis | Chemistry and Technology of epoxy resins[END_REF], and the same equation with the real factors is provided in Equation ( 12 It is worth noting that the flexural strength prediction model as a function of on-demand curing parameters using IR radiation is reliable. Indeed, the studentized residues are in accordance with the theoretical values of the model represented by the red line. In Fig. 10, the flexural strength is expressed as a function of distance (parameter A) and temperature (parameter B), with parameter A being significant and parameter AB not very significant, for a fixed heating rate of 5.5 • C/min.

Thanks to the DoE and Design-Expert® software, it was demonstrated that none of the parameters of the DoE is significant for the results of the bending modulus. Here, the model is not realistic because the experimental dispersion is smaller than the uncertainty. Therefore, the lamp parameters do not allow, besides control, the induced temperature to optimize the value of the flexural modulus. In other words, the nonthermal effect does not lead to any change in the flexural modulus value.

Optimization of IR lamp parameters (DoE)

The objective here is to determine the experimental parameters of the IR lamp to optimize the properties of the adhesive cured by IR radiation. For this purpose, the equations that have previously been obtained are reused.

Verification of the previously established models

Before initiating the optimization tests, it is important to ensure that the results obtained under the conditions of the IR-Φ Auto reference test are consistent with those predicted by the models in the DoE. This validation is particularly important since the conditions of the reference test (IR-Φ Auto : 50 • C with a distance of 25 cm and a heating rate of 5.5 • C/ min) are not part of the cube of the DoE. Table 4 outlines all of these results.

The results showed that the correlation between the properties predicted by the model and those measured in practice is very good for the flexural strength at break and adherence (less than 5% difference). Moreover, the predictions of the tensile strength at break and modulus were found to be acceptable (less than 10% deviation). Therefore, the predicted results are quite accurate as the error is below 10%, and hence the model can be considered as valid for further calculations and optimization.

From the model equations, it is possible to fix some input data and classify the desired responses according to their importance. Several scenarios have been developed, and some information is presented to analyze the optimization results. First, the optimal parameters are presented on diagrams with the minimum and maximum values of the DoE. It should be noted that all optimizations are included in the experimental domain (i.e., the presence of points outside the cube is not possible). Thus, the optimum value (-•-for factors and -•-for answers) is located on a diagram whose minimum value of the DoE is on the left and the maximum value is on the right. Studying the position of the responses in the experimental domain allows calculating the desirability, which corresponds to the average of the positions of each of the responses.

First optimization

The first optimization determines the lamp parameters to obtain an adhesive with the highest mechanical properties. For this purpose, the selected input data are a distance between 20 and 40 cm, a temperature between 40 • C and 100 • C, and a heating rate between 2 • C/min and 10 • C/min, all with no optimum required. Fig. 11 presents the optimal parameters and associated responses. Recall that desirability represents Fig. 10. Influence of the parameters on the three-point bending test according to parameter AC.

Table 4

Results of the mechanical properties of the IR-cured adhesive (IR-ΦAuto) compared to the predictions provided by the model. the degree of satisfaction with the results of the model as a function of the maximum value that can be achieved (maximum value observed in the DoE). For this first optimization, the desirability is 75%, which means that, on average, the predicted mechanical properties are at 75% of their maximum value. Desirability represents the degree of satisfaction with the results of the model as a function of the maximum value that can be achieved. This index is equal to 0 if the value of the modeled response is outside the tolerance interval associated with it.

σ r [MPa] E [GPa] σ f [MPa] E f [GPa] F Max [N]
According to the models determined from the DoE data, the optimal lamp parameters are a distance between the sample and transmitter of 20 cm, a heating rate of 8.4 • C/min, and an induced temperature of 47 • C. Fig. 12 shows the influence of the temperature and distance parameter evolution on this optimization as a 2D plot.

In general, the most sensitive parameter in optimization is the temperature. Indeed, the results change a little if the distance is changed. In addition, temperature is regarded as a determining factor, and any small change in it leads to large variations in responses.

Second optimization

The purpose of this second optimization is to determine the optimal 

Conclusion

In this study, we focused on the mechanical properties (adherence, tensile strength and modulus, and flexural strength and modulus) of a model adhesive after IR curing. The mechanical properties studied were determined for an IR-cured model adhesive (according to the conditions of the reference test in this study: IR-Φ Auto ) compared to pure thermal curing at the same temperature (50 • C). The results showed that the adherence properties and tensile and flexural moduli have not been modified by the IR radiation. In contrast, the tensile and flexural strength at break increased when IR curing was used, with an increase of 60% and 20%, respectively, for tensile and three-point bending loads. This difference can be explained by the assumption that IR allows more homogeneous curing and reduces the internal stresses of the model adhesive. In addition, we also studied the most significant factors influencing IR lamp curing. For this purpose, we used a central composite DoE with distance, induced temperature, and heating rate as factors. The results of the DoE are the five mechanical properties studied so far (adherence, tensile strength at break and modulus, and flexural strength at break and modulus). Generally, the DoE allowed us to determine the significant factors for each of the responses by proposing a mathematical model for predicting the values of the mechanical properties. The results further showed that the prediction of the mechanical properties for the IR-Φ Auto reference test is in line with the values obtained experimentally, proving that the suggested model is valid. In addition, determining the significant factors showed that the improvements in the tensile and flexural strength at break after IR curing can be explained by the nonthermal effect of IR radiation. Finally, an optimization of the experimental parameters (i.e., factors) was proposed according to several scenarios: either for a process-oriented optimization (the lowest possible temperature with the highest possible mechanical properties) or for a product-oriented optimization (the highest possible properties). This allowed submitting different parameters for using an IR lamp depending on the properties of the model adhesive required. This can be achieved thanks to the DoE software by weighting the importance of the different answers: the weight of the adherence property is 5, whereas the weight for the other properties is 1. Fig. 13 shows the results (factors and responses) of this optimization.

Appendix A. Results of adherence, tensile and flexural strength, tensile and flexural modulus

It should be noted that in this second optimization, the optimal parameters are different from those in the previous one. That is, the distance used is 40 cm with an induced adhesive temperature of around 60 • C and a heating rate of 9.5 • C/min. These parameters allow obtaining an excellent level of adhesion (very close to the highest possible value) and maintaining an average desirability level of 80%. It is also true that the induced temperature is high compared to the industrial constraints. Fig. 14 shows the influence of temperature and distance parameter evolution on this optimization as a 2D plot.

In this optimization, modifying the lamp parameters leads to a strong variation in the response. Therefore, it is possible to propose parameters that can result in maximized adhesion, but with less consistent mechanical properties.
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 3 Fig. 3. Method used for preparing three-point bending samples.

Fig. 4 .

 4 Fig. 4. Dumbbell samples used to determine the tensile strength and modulus (dimensions in mm).
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 5 Fig. 5. "Studentized" residuals plot for adherence data measured in threepoint bending.

Fig. 6 .

 6 Fig. 6. Some mechanical characteristics of the DGEBA-TETA mixture according to both methods of curing (IR-Φ Auto and thermal curing).
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 7 Fig. 7. Influence of the parameters on the measurement of the three-point bending according to parameter AC.

  σ r [MPa] 44.45 + 8.09A 5.63B + 2.00C + 8.56AB Equation 7
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 8 Fig. 8. Influence of the parameters on the measurement of the tensile strength at break according to parameter AB.
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 9 Fig. 9. Influence of the parameters on the measurement of the tensile modulus according to parameter BC.

  σ r [MPa] 8.54 0.18 × Distance 0.81 × Temperature + 0.799 × Heatingrate + 7.19.10 3 × Distance × Temperature Equation 8
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 11 Fig. 11. IR lamp parameters calculated using models from the DoE.
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 12 Fig. 12. Influence of temperature and distance on the results from the optimization.
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 13 Fig. 13. IR lamp parameters calculated using the models from the DoE.

Fig. 14 .

 14 Fig. 14. Influence of temperature and distance on the results from the optimization.
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 . Infrared lamp emitter spectrum and the measurement of the temperature of the sample when the set point is 50 • C parameters to propose an adhesive with the highest adhesion possible.

  

Table 1

 1 Factors and levels chosen for the DoE.

	Factors	Levels				
		-α	-1	0	+1	+α
	(A) Distance [cm]	16.8	20.0	30.0	40.0	43.1
	(B) Temperature [ • C]	45.2	50.0	65.0	80.0	84.7
	(C) Heating rate [ • C/min]	2.2	3	5.5	8	8.8

Table 2

 2 List of tests of the DoE. The first row (colored in red and underlined) is the reference point that is outside the DoE, whereas the labels written in italics are iterations.

	Number	A	B	C	(A)	(B)	(C)
					Distance	Temperature	Heating rate
					[cm]	[ • C]	[ • C/min]
	IR-	N/	N/	N/	25	50	5.5
	Φ Auto	A	A	A			
	DoE-01	0	0	0	30	65	5.5
	DoE-02	0	0	0	30	65	5.5
	DoE-03	0	0	0	30	65	5.5
	DoE-04	0	0	0	30	65	5.5
	DoE-05	0	0	0	30	65	5.5
	DoE-06	0	0	0	30	65	5.5
	DoE-07	+1	-1	+1	40	50	8
	DoE-08	-1	-1	+1	20	50	8
	DoE-09	-1	-1	-1	20	50	3
	DoE-10	+1	-1	-1	40	50	3
	DoE-11	0	-α	0	30	45.2	5.5
	DoE-12	0	-α	0	30	45.2	5.5
	DoE-13	+α	0	0	43.1	65	5.5
	DoE-14	-α	0	0	16.8	65	5.5
	DoE-15	0	0	-α	30	65	2.2
	DoE-16	0	0	+α	30	65	8.8
	DoE-17	0	+α	0	30	84.7	5.5
	DoE-18	0	+α	0	30	84.7	5.5
	DoE-19	-1	+1	-1	20	80	3
	DoE-20	-1	+1	+1	20	80	8
	DoE-21	+1	+1	+1	40	80	8
	DoE-22	+1	+1	-1	40	80