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Abstract

:

An integrated experimental-theoretical approach to the metallurgical characterization of the interfaces in steel plates clad by hot rolling is proposed. Three different couplings of materials have been studied: ASTM A 515 Gr.60 low carbon steel clad with austenitic stainless steel AISI 304L; extra low carbon steel ASTM A283 clad with high Ni content Alloy 59; and, low carbon steel AISI 1010 clad with Cu-Ni Monel 400. Experimental investigations, which are addressed to analyse the microstructural changes near the interfaces and identify the present phases, have been carried out through scanning electron microscopy (SEM) observations, microanalytical measurements by energy dispersive spectroscopy (EDS), and Vickers microhardness tests. In all of the cases examined, the zones that are affected by detrimental microstructural changes results in being considerably less thick than the overall cladding layer. Simulations that are based on theoretical diffusion modelling have been integrated to the experimental characterization by introducing a cladding parameter that acts on the diffusion bonding efficiency, in order to evaluate the effects of process temperature and time variations on diffusion bonding efficiency and stability. In particular, this analytical investigation has shown how the shorter is the duration of the diffusion transient and the higher the temperature, the lower results the sensitivity of the diffusion processes to temperature fluctuations.
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1. Introduction


Low carbon steel plates or tubes, clad with different types of alloys, represent an economic solution to the growing demand for quality materials. They benefit from having the peculiar properties of both base and clad metal, achieving good results in terms of mechanical performance, corrosion resistance, and lower cost if compared to the use of a massive high alloyed metal. For this reason, clad steels have been utilized with great success for several decades in process vessels, heat exchangers, chemical tanks, besides a variety of storage facilities [1], also representing a great potential for applications in structural engineering [2] and shipbuilding [3].



Clad metals can be selected from a wide variety; in particular, austenitic steel, high Ni, or Ni-Cu alloys provide specific properties in a corrosive environment, expanding the fields of use of the base material [4].



The industrial production of steels with cladding thickness of the order of millimeter can be performed through several methods, such as roll bonding, explosion welding, and weld overlay cladding [5]. Uniform bonding interface and high shear strength between carbon steel and stainless steel can be obtained by overlay welding; however, the generated high energy and consequent thermal stress lead to interface deterioration [6]. By means of solid state processes, it is possible to obtain, without melting, the continuity between substrate and coating, avoiding the negative effects of dilution that might occur in the case of metals deposition by fusion welding [7,8]. The bonding interface that was obtained by explosion welding is wavy [9], so that shear strength of the interface is high, but this process needs specific requirements, as a dedicate place for explosion, and it results in serious pollution.



Although each method has its own advantages, the hot rolling technique is the most common process due to its high efficiency and low cost [10]; moreover, it allows for obtaining products in the form of plates, bars, or reinforced tubes [11,12,13]. In addition, it can bond couples of metals with different mechanical properties [6]. When compared with explosion welding, hot rolling produces clad steels with more stable quality in terms of bonding interface and performance [2]. As a consequence of the high processing temperature, the inter-diffusion of substitution elements between dissimilar materials, besides interstitial carbon diffusion from ferritic steel, takes place.



The bonding mechanism and the interface microstructure have been extensively researched: it was suggested that the elements diffusion occurring between base and clad material represents a possibly key to understanding the bonding formation between the two metals [14]. Experimental observations that were carried out on carbon steels clad with austenitic stainless steel [15,16] showed microstructural changes that were associated with diffusion phenomena at the interface, highlighting how carbon diffusion from base to cladding material results in the formation of a decarburization layer at the carbon steel side and a copious carbide precipitation, with a significant local worsening of the corrosion resistance properties at the austenitic steel side.



In previous works [17], the microstructural changes at the cladding interface between low carbon steel (base material) and austenitic stainless steel (coating) in hot rolled plates were studied. In [18], the feasibility of welding this kind of plates by a single pass laser beam technique was experimented. In the work presented here, we carried out a metallurgical characterization of the interfaces in steel plates clad with various nickel alloys by hot rolling. The characterization has been based on the integration between the experimental investigations on the microstructural features, and a theoretical analysis of the effects due to the cladding parameters on diffusion depth and the interface characteristics. As base materials steels with low (C = 0.14%) or very low (C = 0.04%) carbon content were considered, as coating AISI 304 austenitic stainless steel, Alloy 59 with high Ni content or Monel 400 Ni-Cu alloy. With the purpose of evaluating the amplitude of the zone that is affected by microstructural changes, scanning electron microscopy (SEM) observations and microanalytical measurements by energy dispersive spectroscopy (EDS) were performed to detect the diffusion profiles of the substitution elements and measure the diffusion layer thickness. The mechanical properties near the interfaces were evaluated through Vickers microhardness measurements. The experimental profiles of the diffused elements across the bimetallic interface were fitted by a diffusion mathematical model that was based on the Gaussian error function, obtaining the couples of values of temperature and time, which are compatible with the production processes. Subsequently, the effects of process temperature variations on the thickness involved by diffusion were investigated.




2. Materials and Methods


2.1. Clad Plates Production, Specimens Fabrication, and Experimental Tests


Before the hot rolling process, clad alloy and base steel were both rolled separately to the desired thickness and then mechanically and chemical cleaned to remove any contaminations and oxide layers [19]. Two packs of base steel/cladding metal were assembled and symmetrically stacked by interposing a sheet of a ceramic insulating material. This package was surrounded with perimeter bars that were welded in order to build a hermetic closure and then evacuated by a vacuum pump; microstructure, chemical composition, and distribution of interface oxides inclusions can be related to the vacuum degree inside the symmetrically stacked package [20,21]. This package was hot rolled after being pre-heated above the recrystallization temperature [22]. The local contact points between base steel and cladding alloy undergo plastic deformation under the high rolling pressure [11], so their area gradually expands, interesting the entire bonding surface. Under these conditions, the diffusion of the alloying element occurs, giving rise to the bonding interface, whose thickness continues to grow during the permanence at high temperature [23].



The examined plates, furnished in the hot rolling conditions, were:




	(a)

	
low carbon steel ASTM A 515 Gr.60 plate (thickness 6.5 mm), clad with AISI 304 L austenitic steel (thickness 2.5 mm) (Table 1);




	(b)

	
low carbon steel ASTM A 283 plate (thickness 10 mm), clad with Alloy 59 (thickness 2.5 mm) (Table 2); and,




	(c)

	
low carbon steel AISI 1010 plate (thickness 13 mm), clad with Monel 400 (thickness 2 mm) (Table 3).









SEM observations were carried out on samples in the as supplied conditions, cut from the hot rolled plates, and metallographically prepared by mechanical polishing and chemical etching. Nital reagent (2% HNO3, 98% ethyl alcohol) was used for carbon steel etching; the austenitic steel and the Ni alloy were etched, respectively, by Glyceregia (16% HNO3, 42% HCl, 42% glycerol) and Kroll type reagent (30 mL HNO3, 10 mL HF, 50 mL H2O); the Monel alloy was etched by Royal solution (50 mL HNO3, 50 mL HCl). The ASTM Test A262-Practice E highlighted the effects of carbide precipitation on the austenitic steel sensitization.



Energy Dispersive Spectroscopy (EDS), scanning the electron beam along lines orthogonal to the cladding interfaces, was utilized to perform concentration profiles. Mechanical properties were evaluated by Vickers microhardness test (25 g load, 10 s time) along the same direction orthogonal to the cladding interface.




2.2. Theoretical Modelling and Simulation


The experimental profiles of diffused elements across the clad interfaces were fitted by the theoretical formulation that was used for modeling the diffusion between two semi-infinite bodies characterized by different values of the starting concentration of the considered element. This phenomenon can be modelled by one of the particular solutions of the Fick’s second law of diffusion, being expressed as [24]:


   c   ( x )   =   (     c A  +  c B   2   )  −  (     c A  −  c B   2   )  erf  (   x  2    D i  t      )   



(1)




where c(x) is the concentration along the diffusion direction, cA and cB are the starting concentrations in the two regions of diffusion A and B (all expressed in wt. %), erf(Z) is the Gaussian error function, x(m) is the distance from the initial interface (Matano’s interface), t(s) is the duration of the diffusion transient, and Di (m2/s) is the interdiffusion coefficient.



In case the substitution alloying element concentration at t = 0 is negligible in region B (cB = 0), while the solvent concentration is predominant in the same region, at a first approximation, the interdiffusion coefficient Di can be assumed to be equal to the diffusion coefficient D of the considered diffusing element in dilute solution, which can be expressed as a function of the absolute temperature T by the Arrhenius type equation [24]:


   D =   D o     e  −  Q  R T      



(2)




where Q(J/mol) is the activation energy, R = 8.3144 J/mol∙K the gas constant, Do(m2/s) the pre-exponential factor, and T is the absolute temperature (K).



The fittings of the theoretical curves on the experimental profiles have been performed by a non-linear least squares approach, searching for the value of the parameter D·t, in the argument of the Gaussian error function erf(Z), which minimizes the sum of the squared distances between the concentration profiles obtained by EDS as reference curves, and the theoretical ones that are expressed by Equation (1). For this purpose, being the search for the solution a non-convex problem, an evolutionary solving tool has been used.



The theoretical curves, as fitted on the experimental profiles, have been further validated by the results of PanDiffusion, a module of PandatTM v2019.1 software (CompuTherm LLC, Middleton, WI, USA) that was specifically developed to simulate one-dimensional diffusion under a variety of conditions, and already used in the characterization of diffusion bonding [25].



The parameter D∙t is particularly significant in cladding process. It can be meant as a concentration profile shape factor, since it characterizes the shape of the concentration curve that is expressed by Equation (1), its slope across the Matano interface and, therefore, the diffusion depth, which determines the width of bonding at the interface. The latter aspect has a direct impact on the efficiency of the interface in terms of mechanical stability, being a strong interface bonding generally attributed to a sufficient alloying elements diffusion: the wider the diffusion depth is, the stronger the interfacial shear strength of clad plates will be [26], as a result of the interaction among atoms of the different elements in solid solution.



Furthermore, from the diffusion modelling point of view, the same parameter D∙t governs the relationship between the diffusion bonding time and temperature: known the experimental value of D∙t, and set the duration of the diffusion transient (t), the value of diffusivity (D), which is required to obtain the specific shape of the diffusion curve parameterized by D∙t, can be directly calculated; then, the corresponding diffusion temperature, being considered as an equivalent temperature (Teq.) constant during all the diffusion transients, can be estimated by the Arrhenius type Equation (2), if the characteristics of the diffusing element and diffusion region are known.



In summary, coupling the results of experimental-theoretical fittings (values of parameter D∙t) with Equation (2) for the diffusion coefficient D, and the literature data for pre-exponential factor Do and activation energy Q, it is possible to:




	
obtain the couples of values of temperature and time, which are compatible with the process, and characterize the diffusion phenomena; and,



	
analyze the effects of process temperature and time variations on the thickness involved by diffusion and on cladding uniformity and stability.










3. Results of Experimental Characterization


3.1. ASTM A515 Gr.60 Low Carbon Steel Clad with AISI 304L Austenitic Stainless Steel


The interface between base and clad material is represented by a thin, but clearly identifiable, line that follows the ferritic grains profile, as shown by the SEM micrograph in Figure 1. In agreement with the investigations carried out in literature [5,13], at the carbon steel side, close to the cladding material, we found a decarburized zone with a thickness of about 120 μm, consisting of coarse ferritic grains (30–50 μm); away from the cladding line, it is observable the typical rolling microstructure, with pearlitic grains being aligned according to parallel bands.



Carbon and substitution elements give rise to diffusion profiles trough the interface between base and cladding metal due to their compositional gradients. Carbon atoms migrate from the base metal towards the austenitic steel, where they accumulate at grain boundaries, giving rise to Cr carbide formation in the sensitization temperature range. The SEM micrographs in Figure 2, which were taken on the austenitic side near the interface, show a zone with an overall width of about 300 μm that is characterized by a copious carbide precipitation at grains boundaries, as a consequence of carbon diffusion. Immediately close to the cladding line, grains appear to be strongly elongated; moving away from it, carbides precipitation decreases and the austenitic grains assume a more regular morphology. In the zone of carbide precipitation, the typical microstructure of rolled austenite indicates that recrystallization after hot working did not occur.



FM-1e Vickers microhardness tester (Future Tech Corp, Kawasaki, Japan) was used to measure carbide precipitation hardening effect. When considering that the average hardness measured in the austenitic and carbon steel is, respectively, around 220 and 180 HV, Vickers surveys, carried out along lines orthogonal to the cladding interface, showed a peak of about 350 HV at the austenitic carburized side, while, at the base material, decarburized side hardness decreases down to 150 HV (Figure 3).



The substitution alloying elements moved in the direction opposite to carbon, leading to a graded interface with different microstructures. Figure 4 shows the concentration profiles of nickel and chromium that were obtained through EDS measurements: the zone that is involved in diffusion of these elements has a width of about 10 μm (a very short length as compared to carbon diffusion). The initial position of the interface is indicated by the dashed line, which was located on the basis of the Matano’s condition.



Inside the cladding line, it is possible to distinguish the interface between the large ferritic grains and the deformed austenitic grains. Figure 5 shows a detail of the cladding interface after glyceregia etching specific for austenitic steel. In this micrograph, the boundary of a ferritic grain, located across the interface, has been marked in white: a part of this grain does not result in being affected by etching, because of the enrichment of chromium that comes from the austenitic side.



It is interesting to note that carbon diffusion in the austenitic steel takes place as soon as bonding begins; therefore, it is reasonable to assume that the interface with the carburized zone coincides with the initial interface between the two steels.



Moreover, our observations lead to considering that a backing of the ferritic phase from its initial position occurred, which was caused by diffusion of the substitution elements. In fact, following the boundaries of the ferric grains, it is possible to outline, in white, the initial position of the interface, while its position after diffusion appears to be translated of some microns towards the base steel.



Therefore, we addressed our experiments to characterize the phases in the zone that were crossed by the interface displacement: punctual EDS measurements were performed across this zone (Figure 6a) and the obtained compositions are reported on the WRC-92 diagram [27,28] (Figure 6b).



For each point, two extreme conditions have been considered: carbon content negligible (C = 0.017%), under the assumption that carbon predominantly contributes to the carbide formation, and carbon equal to the base steel nominal composition (C = 0.14%). Points No. 1 and 2 are respectively in the austenitic and austenitic/martensitic field of the WRC-92, while points No. 3 and 4, located across cladding line, can be considered to be martensitic, as it can be seen in Figure 6b.



In the zone that was affected by carbide precipitation, chromium depletion near the grain boundaries results in the austenite sensitization to the intercrystalline corrosion, as highlighted by the micrograph in Figure 7 that was taken after having carried out the ASTM Test A262-Practice E (the box with the higher magnification highlights the corrosion effects in a zone immediately close to the cladding line). Anyway, the thickness of the sensitized zone is very much lower than that of the cladding layer.



This check is very important, because the lowest fracture toughness, corrosion resistance, and short fatigue lifetime characterize the carburized layer; conversely, fracture under shear stress condition is easy to occur in the decarburized layer [19,29].




3.2. ASTM A283 Extra Low Carbon Steel Clad Alloy 59


Additionally, in this case, a thin line that follows the ferritic grains boundaries represents the interface between base and clad material (Figure 8). At the ferritic steel side, for a width of about 150 μm starting from the cladding line, the grains underwent a slight coarsening.



Small austenitic grains with no evidence of carbide precipitation, as shown by SEM observation (Figure 9) performed after etching by the Kroll type reagent that dissolved the ferritic steel, characterize the structure of the Alloy 59 near the cladding interface.



The microhardness profiles of the two materials, Alloy 59 (average hardness 260 HV) and ASTM A283 steel (average hardness 150 HV), do not show any significant variations near the cladding interface (Figure 10). In fact, for the negligible carbon content of the base steel, there is no precipitation of carbides in the cladding alloy and, consequently, local hardening is absent.



It is evident the alloying element inter-diffusion from cladding layer towards base material, while iron diffused in the opposite direction, due to the different concentrations of the two materials. The extent of the area affected by diffusion makes it possible to observe that cladding line (indicated by the grey band in Figure 11) shifted towards the base steel from the initial position of the interface (dashed line), calculated through the Matano’s condition: the zone between them has been identified as austenitic by means of punctual EDS measurements, while the martensitic phase is present close to the grey band.




3.3. AISI 1010 Low Carbon Steel and Monel 400 Cu-Ni Alloy


The interface is represented by a thin but clear line, which follows the boundaries of the ferritic-pearlitic grains, as in the previous cases (Figure 12). The base steel shows the typical rolling microstructure, without evidence of decarburization phenomena; in a zone that is close to the cladding line, for a width of about 200 μm, the Monel alloy is characterized by non-recrystallized grains of small size.



Figure 13 gives the Vickers microhardness profile according to the distance from the cladding line: at the Monel alloy side, we observe almost constant values around 180 HV, while the steel microhardness is about 150 HV.



Figure 14 shows the concentration profiles of Ni, Cu, and Fe, which are obtained through EDS measurements, with an indication of the initial interface or Matano’s interface (dashed line) and the cladding line (grey band). The inter-diffusion of the substitution elements involves a small zone wide about 20 μm. In particular, the presence of Ni makes Cu soluble in this restricted zone of the base steel. Moreover, the inter-diffusion of Ni and Cu towards the base steel and Fe in the opposite direction causes, also in this case, a displacement of the cladding line towards the base steel, with respect to the initial interface position that the Matano’s condition can determine.





4. Results of Theoretical Simulation and Discussion


The experimental profiles of the solute atoms across the bimetallic interfaces have been fitted by the procedure that is reported in the previous Section 2.2. Equation (1) characterizes the element transport controlled by solid state diffusion according to the Fick’s second law, so it expresses the theoretical concentration profiles. Assuming that the diffusivity does not change with concentration, it is possible to calculate the D∙t parameter in Equation (1) that gives a good fit of the EDS experimental profiles, as shown in Figure 15 for Ni diffusion at the interface ASTM A515 Gr.60/AISI 304 L.



To perform the fitting, preliminarily the starting concentration in the two diffusion regions, which correspond to the cladding alloy and the base steel, must be fixed according to the reference values in Table 1 (10.07 and 0 wt. %, respectively), for both the experimental profile obtained by EDS and the theoretical one to be drawn by Equation (1). In the first case, this means imposing the average values of the concentrations measured experimentally in arbitrary units (A.U.), in the portions of the two regions that are not affected by the diffusion process, equal to the reference values. In the second case, it consists in imposing the reference values to the two plateaus on the theoretical profile, that is cA = 10.07 and cB = 0 wt. % in Equation (1).



By means of this preliminary setting, it is possible to couple the experimental curve, and the theoretical one that will fit the former, even though they are expressed in different measure units (A.U. and wt. %, respectively).



The theoretical fitting has been optimized by minimizing the sum of the squared distances between the experimental curve (Figure 4a, and Figure 15 blue line) and the theoretical curve (Figure 15 red line), as calculated by means of Equation (1) within the interval outside the two plateaus of starting concentrations, obtaining a value of parameter D∙t = 4.24 × 10−12 m2. The fitting has been performed by the evolutionary solving tool that was implemented in Excel, while assuming the sum of the squared distances between the experimental and theoretical curves as the fitness function of the algorithm, and the parameter D∙t as the variable of the optimization problem. The algorithm showed a uniform convergence to stable solution (convergence parameter 0.0001), also as the main genetic parameters change (population size 100 ÷ 150, mutation rate 0.2 ÷ 0.5, variable seeding factor), and allowed to obtain a fitting solution with a coefficient of determination R2 = 0.956. Furthermore, the solution has been validated by the PandatTM diffusion simulator module (PanDiffusion), which provided a diffusion curve (Figure 15 yellow line) that was substantially superimposable on the fitted theoretical one.



As stated in advance (Section 2.2.), in general terms, the parameter D∙t expresses the shape factor of the diffusion profile, since it characterizes the trend of concentration in the diffusion transient and its slope across the Matano interface and, therefore, the diffusion depth, which determines the width of bonding in the direction orthogonal to the interface. Particularly, the value of the parameter D∙t previously obtained, allows for analytically modeling the diffusion of Ni experimentally detected at the interface, so as to investigate the possible combination of temperature and time of the rolling process, which are not always made known by the producers, and the effect of their variations and instabilities on cladding.



By means of the fitting value of parameter D∙t, setting some values of time (t), the corresponding values of diffusivity (D) can be fixed, and while using Equation (2) with Do = 3.00 × 10−4 m2/s and Q = 314 kJ/mol for Ni diffusion in γ-Fe [30], the corresponding equivalent temperatures (Teq.) can be calculated, to be considered as constant during the diffusion transient. Table 4 gives the resulting couples of Teq. and t for Ni diffusion at the interface ASTM A515 Gr.60/AISI 304 L, together with values of the diffusion coefficient D.



For each duration of the diffusion transient, the sensitivity of the diffusion phenomena to temperature has been investigated. Figure 16 shows the dependence of the D∙t parameter on temperature with regards to the four diffusion times set in Table 4, and highlights how the shorter is the duration of the diffusion transient, and the lower is the value of D∙t, the higher is the robustness of the diffusion processes and cladding features to temperature fluctuations. This is due to the different slopes of the curves: the higher is the slope, the higher the effect of temperature variations on the D∙t parameter, which is on the shape of diffusion curve, on diffusion depth, and subsequently on the width and properties of the bonding at the interface.



With regard to the interface ASTM A515 Gr.60/AISI 304 L examined here, the sensitivity of Ni diffusion curve and depth to the temperature variations can be quantified by the values of the slopes at the points corresponding to D∙t = 4.24 × 10−12; these values, as calculated by the derivative of D∙t with respect to temperature at T = Teq. for the four diffusion times, are reported in the same Figure 16.



This theoretical approach to interface characterization allows for assessing the robustness of its main properties to temperature fluctuations, which can occur during rolling processes.



Being the diffusion process, the more influenced by temperature variation, the longer the duration of the diffusion transient, in order to emphasize the effects of process temperature fluctuations, t = 3600 s has been assumed. Figure 17 shows some diffusion profiles that are simulated for different values of temperature fluctuations around the equivalent value (1438 K).



Due to these fluctuations, the value of diffusivity D changes, and the same does the parameter D∙t (being t fixed), with the consequent variation of the slope and depth of the diffusion transient, and therefore of the width of the zone involved in Ni diffusion, which deviates significantly from the experimental value of 10 μm when temperature changes starting from 50 K, in particular for positive fluctuations.



As highlighted before, an interface bonding effective in terms of mechanical stability is generally attributed to a sufficient alloying elements diffusion, being the interfacial shear strength of clad plates as stronger as thicker is the diffusion distance. Consequently, while positive fluctuations have a beneficial effect from the point of view of bonding strength, negative fluctuations can significantly reduce it.



With regard to the effect of the diffusion time, process settings that provide longer transient durations results are more effective for high bonding strength, since, on the contrary, their reduction tends to compress the diffusion depth. This conflicts with the beneficial effect that shorter diffusion transients have in terms of the robustness of the diffusion processes to temperature fluctuations, which can make the bonding process more uniform.



Furthermore, too deep carbon diffusion might lead to detrimental effects that are caused by the formation of decarburized and carburized layers. In this case, the main problem is to avoid carbide precipitations at the grain boundaries. Equation (1) has been used to theoretically simulate carbon diffusion from base steel to cladding austenitic steel, but, while taking into account that C diffusion in the γ-range is strongly concentration-dependent, its diffusivity D cannot be assumed constant varying the concentration. Therefore, the relation for D as a function of temperature and molar fraction that was proposed by Agren [31] has been used, assuming T = Teq. and iterating the calculation of c(x) by Equation (1), so to take into account the effect of carbon content variation on its diffusivity along the diffusion direction. In this way, concentration profiles that have been simulated at various temperatures and diffusion times have been obtained, such as those shown in the Figure 18.



Actually, these profiles are characterized by high penetration depths (even at temperature lower than 100 degrees of the equivalent one), but luckily the time that is required to carbide precipitation grows considerably with a decrease of carbon content. Referring to the diagram TTS (Time Temperature Sensitisation) shown in [32], the time of 1 h, which is required for sensitisation at 600 °C when C = 0.042%, becomes equal to 10 h when C = 0.03%. Obviously, this time is too long for carbide precipitation to occur during the cooling stage of plates after hot rolling. This explains why the hardening effect due to carbide precipitation was detected up to a depth of about 450 μm (Figure 3).



In any case, as for the diffusion of Ni, also for that of C, it occurs that the decrease in the diffusion transient duration results in a compression of the diffusion depth, as shown in Figure 18, where this effect is highlighted for the two extreme diffusion condition (t = 3600 s and Teq. = 1438 K, solid lines; t = 1800 s and Teq. = 1477 K, dashed lines), and the corresponding temperature fluctuations more severe (±100 K).



The previous observations, as a whole, allow for completing the interpretation of the parameter D∙t. As a concentration profile shape factor, it determines the diffusion depth and the bonding width; moreover, it governs the relationship between diffusion time and temperature, which, on the basis of the previous evidences, must be appropriately set to obtain a well-balanced compromise between bonding strength and uniformity, and metallurgical stability. Therefore, it is possible to conclude that D∙t acts as a diffusion bonding efficiency parameter.



The experimental profiles of the solute atoms across the bimetallic interfaces have been fitted and validated for the other two interfaces analysed, ASTM A283/Alloy 59 and AISI 1010/Monel 400, according the same procedure of Section 2.2. Additionally, in these two other cases, as for ASTM A515 Gr.60/AISI 304 L interface, before to perform the fitting, the starting concentration in the diffusion regions, which correspond to the cladding alloy and the base steel, have been set to the reference values of the diffusing element (reported in Table 2 and Table 3), to preliminarily couple the experimental profiles and the theoretical ones that will fit them. By fitting the EDS profiles for Ni diffusion (Figure 11a and Figure 14a), the values of 3.88 × 10−12 and 9.08 × 10−12 m2, respectively, have been obtained for the parameter D∙t. Setting the four values of time (t) used before, the corresponding values of diffusivity (D) have been fixed, and using Equation (2) the corresponding equivalent temperatures (Teq.) have been calculated.



For the ASTM A283/Alloy 59 interface the same value of Do and Q for Ni diffusion in γ-Fe introduced in the previous analysis of the ASTM A515 Gr.60/AISI 304 L interface, have been used. Table 5 illustrates the resulting couples of Teq. and t.



Interface ASTM A283/Alloy 59 presents substantial similarity with the diffusion conditions of Ni across the interface ASTM A515 Gr.60/AISI 304 L, with the exception of the different content of Ni in the cladding alloy. Therefore, the analyses of diffusion profiles simulated for different values of temperature fluctuations around the equivalent values provide results that are quite similar to those represented in Figure 17 for the first interface, showing that: low duration of the diffusion transient increases the robustness of the diffusion process to temperature fluctuations; conversely, a high duration of the transient extends the diffusion depth, which is a beneficial condition for mechanical strengthening of the interface.



For the AISI 1010/Monel 400 interface, lower cladding temperatures have to be set, because of the melting temperature of Monel 400 (a value of solidus temperature just below 1600 K corresponds to the Ni-Cu alloy composition reported in Table 3 [33]). Hence, in this case, the diffusion of Ni in the α-Fe field has been considered, and the values Do = 1.30 × 10−4 m2/s and Q = 234.5 kJ/mol [34] have been used in Equation (2). Table 6 provides the resulting couples of Teq. and t for Ni diffusion.



Figure 19 shows the diffusion profiles that were simulated for different values of temperature fluctuations around the equivalent value (1144 K) for t = 3600 s. This simulation differs from the previous ones, in that it presents a change in the properties of the diffusion region, which arises due to positive high temperature fluctuations: for increases in Teq. that are greater than +30 K, the diffusion of Ni leaves the α-Fe field to enter the γ-Fe field, being 1183 K the transition temperature between these two fields commonly assumed for diffusion in iron matrix [35]; the result is the downfall of the diffusion mechanism for fluctuations of +50 K and +100 K, being well represented by the dashed curves in the figure, which would be a particularly insidious phenomenon if arisen during the cladding process.



Contrary to the first interface, in the last two cases analysed, the diffusion of carbon does not represent a critical issue, due to the negligible content that characterizes this element in the base material for the interface ASTM A283/Alloy 59 (Table 2), and the absence of chromium in the cladding material for the interface AISI 1010/Monel 400 (Table 3).




5. Conclusions


The proposed approach based on the experimental investigations of the microstructural properties, coupled with the theoretical analysis of diffusion phenomena and their effects on bonding, allowed for obtaining a comprehensive metallurgical characterization of the interfaces in carbon steel plates clad by hot rolling with austenitic stainless steel and high Ni content alloys.



Metallographic investigations have shown the formation of continuous cladding interfaces, with microstructural modifications due to diffusion phenomena. The interdiffusion of the substitution elements caused a shift of the cladding interface towards the base steel, contributing to the formation of good bonds with cladding material. In addition, in the ASTM A515Gr.60 steel clad with AISI 304 L, we observed carbide precipitation and, consequently, the sensitization of the austenitic steel to the intergranular corrosion. However, in all of the examined cases, the wideness of the zones affected by microstructural changes was at least of an order of magnitude lower than the thickness of the cladding layer.



The simulations based on theoretical modelling have shown how much the process temperature is decisive for the wideness of the layers interested by diffusion: in general, reductions in temperature of few tens of centigrade generate evident reductions in the diffused layers, which can be detrimental for bonding strength. Concerning carbon diffusion in the first interface, the diffusion depth increases markedly at the increasing of the process temperature, but luckily its low concentration only makes sensitization possible for an extremely long permanence time at high temperature during the cooling stage after hot rolling. With regard to the effect of the diffusion time, process settings that provide longer transient durations, as expected, result in being more effective for bonding strength, due to the consequent widening of the diffusion depth; on the other hand, they conflict with the beneficial effect that shorter diffusion transients have in terms of the robustness of the diffusion processes to temperature fluctuations.



These results, as a whole, validate the choice to found the theoretical simulations on the concentration profiles shape factor D∙t, which acts as an efficiency parameter of diffusion bonding, to be well-balanced in setting process parameters. By means of this approach, which allows for operating on the relationship between diffusion time and temperature, the analytical investigation highlights how the shorter is the duration of the diffusion transient and the higher the temperature, the lower is the sensitivity of the diffusion processes to temperature fluctuations, with evident effects on the features uniformity in hot rolled clad plates. Finally, particular attention should be paid when the process conditions are close to a limit of phase field stability: in this case, as highlighted by the characterization of the third interface (AISI 1010/Monel 400), temperature fluctuations can determine phase changes that have a strong impact on the diffusion depth.
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Figure 1. ASTM A515 Gr.60/AISI 304 L interface. 
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Figure 2. Austenitic steel side: (a) zone of carbide precipitation, (b) detail of the austenitic deformed grains close to the cladding line. 
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Figure 3. The results of Vickers microhardness test along a transversal line to the interface ASTM A515 Gr.60/AISI 304 L. 
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Figure 4. Results of energy dispersive spectroscopy (EDS) measurements along a line orthogonal to the interface ASTM A515 Gr.60/AISI 304 L. Concentration profiles according to the distance from the initial interface: (a) Ni, (b) Cr. 
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Figure 5. Labelled scanning electron microscopy (SEM) micrograph of the austenitic/ferritic interface. 
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Figure 6. Results of punctual EDS measurements at the austenitic/ferritic interface: (a) SEM micrograph with indication of four points; and, (b) WRC-92 diagram utilized for phase identification. 
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Figure 7. Sensitized region at the austenitic side near the cladding line (ASTM Test A262-Practice E). 
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Figure 8. ASTM A283/Alloy 59 interface. 
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Figure 9. Microstructure of the Alloy 59. 
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Figure 10. The results of Vickers microhardness test along a transversal line to the interface ASTM A283/Alloy59. 
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Figure 11. Results of EDS measurements along a line orthogonal to the interface ASTM A2830/Alloy 59. Concentration profiles vs. the distance from the initial interface: (a) Ni; (b) Cr; (c) Mo; and, (d) Fe. 
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Figure 12. AISI 1010/Monel 400 interface. 
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Figure 13. Results of Vickers microhardness test along a line orthogonal to the interface AISI 1010/Monel 400. 
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Figure 14. Results of EDS measurements along a line orthogonal to the interface AISI 1010/Monel 400. Concentration profiles: (a) Ni; (b) Cr; (c) Fe. 
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Figure 15. Experimental and calculated concentration profiles along a line orthogonal to the interface ASTM A515 Gr.60/AISI 304 L. 
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Figure 16. Trends of parameter D∙t vs T for different values of diffusion transient duration. 
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Figure 17. Concentration profiles of nickel along a line orthogonal to the interface ASTM A515 Gr.60/AISI 304 L calculated for different fluctuations of Teq. (t = 3600 s). 
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Figure 18. Concentration profiles of carbon along a line orthogonal to the interface ASTM A515 Gr.60/AISI 304L calculated for ±100 K fluctuations of Teq.: comparison between t = 3600 s and t = 1800 s. 
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Figure 19. Concentration profiles of nickel along a line orthogonal to the interface AISI 1010/Monel 400 Cu-Ni alloy, calculated for different fluctuations of Teq. (t = 3600 s). 
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Table 1. Composition of low carbon steel and austenitic stainless steel (wt. %).
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	Materials
	Thick (mm)
	C
	Mn
	Si
	P
	S
	Al
	Cr
	Ni
	Mo
	Fe





	Base material: ASTM A515 Gr.60
	6.5
	0.14
	0.85
	0.20
	0.008
	0.001
	0.04
	-
	-
	-
	Bal.



	Cladding: AISI 304 L
	2.5
	0.017
	1.32
	0.39
	0.029
	0.003
	-
	18.39
	10.07
	-
	Bal.
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Table 2. Composition of ferritic steel and high Ni alloy (wt. %).
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	Materials
	Thick (mm)
	C
	Mn
	Si
	P
	S
	Al
	Cr
	Ni
	Mo
	Fe





	Base material: ASTM A283
	10
	0.040
	0.52
	0.24
	0.009
	0.0016
	0.057
	0.028
	0.006
	0.006
	Bal.



	Cladding: Alloy 59
	2.5
	0.005
	0.15
	0.040
	0.004
	0.002
	-
	22.85
	59.47
	15.55
	<1.5
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Table 3. Composition of low carbon steel and Ni-Cu alloy (wt. %).
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	Materials
	Thick (mm)
	C
	Mn
	Si
	P
	S
	Al
	Cr
	Ni
	Cu
	Fe





	Base material: AISI 1010
	13
	0.109
	1.19
	0.27
	0.011
	0.001
	0.038
	0.014
	0.23
	0.14
	Bal.



	Cladding: Monel 400
	2
	0.1
	1.0
	0.2
	-
	0.002
	-
	-
	64.9
	32.0
	1.7
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Table 4. Parameter D∙t fitting value, analysed couples of t and Teq., and corresponding values of D, for Ni diffusion at the interface ASTM A515 Gr.60/AISI 304 L.
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	D∙t (m2) (Exp/Fitted)
	t (s) (Set Values)
	D (m2/s) (Calculated)
	T (K) (Calculated)





	4.24 × 10−12
	3600
	1.18 × 10−15
	1438



	4.24 × 10−12
	3000
	1.41 × 10−15
	1448



	4.24 × 10−12
	2400
	1.77 × 10−15
	1461



	4.24 × 10−12
	1800
	2.36 × 10−15
	1477
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Table 5. Parameter D∙t fitting value, analysed couples of t and Teq., and corresponding values of D, for Ni diffusion at the interface ASTM A283/Alloy 59.
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	D∙t (m2) (Exp/Fitted)
	t(s) (Set Values)
	D (m2/s) (Calculated)
	T (K) (Calculated)





	3.88 × 10−12
	3600
	1.08 × 10−15
	1434



	3.88 × 10−12
	3000
	1.29 × 10−15
	1443



	3.88 × 10−12
	2400
	1.62 × 10−15
	1455



	3.88 × 10−12
	1800
	2.16 × 10−15
	1472










[image: Table] 





Table 6. Parameter D∙t fitting value, analysed couples of t and Teq., and corresponding values of D, for Ni diffusion at the interface AISI 1010/Monel 400.






Table 6. Parameter D∙t fitting value, analysed couples of t and Teq., and corresponding values of D, for Ni diffusion at the interface AISI 1010/Monel 400.





	D∙t(m2) (Exp/Fitted)
	t(s) (Set Values)
	D(m2/s) (Calculated)
	T(K) (Calculated)





	9.08 × 10−12
	3600
	2.52 × 10−15
	1144



	9.08 × 10−12
	3000
	3.03 × 10−15
	1152



	9.08 × 10−12
	2400
	3.78 × 10−15
	1163



	9.08 × 10−12
	1800
	5.04 × 10−15
	1177
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