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Abstract

:

There are many welded structures in the world such as bridges and viaducts that are subject to fatigue. Some of these structures, generally made of non-alloy or low-alloy steels, have been put into operation many years ago and have accumulated a large number of variable load cycles over time. For this reason, the occurrence of the fatigue phenomenon is inevitable and consists in the occurrence of failures at stresses applied to the structure, below the yield limit of the material. These stresses under the static loads would not cause the failures to appear. This paper will investigate if the ecological reconditioning techniques “weld toe grinding” and “WIG re-melting weld toe,” influence favourably the behaviour of the welded structures made from HSLA steel, in static and variable loads, if the application of these techniques is justified in both cases and finally which is the environmental impact of applying these techniques. In the paper we will present the chemical composition and mechanical properties of the base and filler materials, micro and macrostructures, graphics with the variation of the micro-hardness, we will perform static and fatigue tensile tests and we will rise the durability curve in the case of the fatigue tests. We will also present a mathematical computational algorithm, which highlights the extent to which these ecological rehabilitation techniques pollute the environment. It is more efficient both for technological and ecological reasons to recondition a product than to manufacture it from the very beginning.
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1. Introduction


In the case of welded structures, a very large proportion is represented by fillet welded joints. Also, in the case of bridges in welded structures we often meet static loads, as well as variable loads that cause fatigue failures [1,2,3,4,5,6]. In the case of static loads, things are simpler and clearer in the sense that structural failures occur when the tear resistance of the base material is exceeded. In the case of variable loads, things are a little more complicated. In case of the welded bridges and welded structures in general, the fatigue failures are caused and can be estimated by the stress cycles accumulated over time, by the internal stress concentrators such as the type of macro-structural defects that extend over time (pore, cracks, etc.) but in the greatest extent by the external stress concentrators determined by the convex geometric shape of the welding seams [7,8,9,10,11,12,13,14,15,16,17,18,19]. In the past, the convex geometry of the welding seams was believed to provide better mechanical strength. In fact, this geometric shape determines high stress concentrators at the intersection between the welding seam and the base material. The effect of these cumulative stress peaks with the variable loads to which the structures are subjected may have catastrophic effects, consisting of serious accidents that may result in loss of life. It is therefore necessary to monitor these structures and their rehabilitation in optimal conditions from a technical and economical point of view. In the case of the fatigue phenomenon, as stated before, the failure occurs at stresses below the yield strength of the base material, stresses which in the case of static loads would not even produce permanent deformations in the structure and implicitly, no failures. Variable loads are those in which there is a large number of stress cycles which is varying between a maximum and a minimum value of the stress, which as stated above is below the material yield strength. In the case of these variable loads, even if the applied loads are below the yield strength of the base material, the failure occurs due to the fact that the structure is very sensitive to the stress concentrators, which are also called “local stress peaks.” For cruciform fillet welded joints which are the subject of this work, the external stress concentrators are found at the intersection between the base and the filler material, areas named “weld toe areas” in the specialized literature and also at the root of the welding, as shown in Figure 1.



These “weld toe areas” in the case of variable loads are very dangerous and from there, many cracks are initiated that can sometimes have catastrophic effects on the structure. In Figure 1, we marked with K the cords of the welding, with R/r the radius of the connection between the filler and the base material, s is the thickness of the plates, σmax is the maximum stress, σn is the nominal stress and F is the force the force acting on the weld joint.



In order to ameliorate the stress peaks in the “welding toe areas” that appear as the cruciform fillet welded joints, as we have already said, we use several ecological rehabilitation techniques. These techniques aim to increase the connection radius between the base and the filler material, in order to reduce the stress concentration. In this paper we will analyse the effects of the influence of those two rehabilitation techniques: the grinding weld toe” rehabilitation technique and the “WIG re-melting weld toe” rehabilitation technique [20,21,22]. The “grinding weld toe” rehabilitation technique consists in the milling of the top of the welding cord, along the intersection line between the filler and the base material, for the joints between the pipes (T, Y or K) and for the fillet weld joints between the tables. The tools recommended for this process are the wolfram high-speed finger cutters. The “WIG re-melting weld toe” rehabilitation technique consists of re-melting the weld metal to a depth of about 2 mm across the welding toe, without adding a filler material.



In this paper a comparison is made between the effects of those two mentioned rehabilitation techniques applied on the cruciform fillet welded joints, both in the case of static and variable loads, in order to draw conclusions about the efficiency of these techniques depending on the type of load.



Also, the ecological impact on the environment after applying these rehabilitation techniques is studied [23,24,25,26].




2. Materials and Methods


The object of the study presented in this paper is the cruciform fillet welded sample marked with D. The cruciform fillet welded sample marked with D, as we can see from Figure 2 is made from two vertical plates and a horizontal one, all welded by using the shielded gas welding procedure, with full wire and three welded rows in horizontal position. The cruciform fillet welded sample marked with D is shown as shape and dimensions in Figure 2. The dimensions of the cruciform fillet welded sample marked with D, presented in Figure 2, are expressed in millimetres.



The material from which the cruciform fillet welded sample D is made is a high-strength low-alloy steel (HSLA).This material is a type of steel alloy that provides better mechanical properties or greater resistance to corrosion than carbon steel. HSLA steels vary from other steels in that they are not made to meet a specific chemical composition but rather specific mechanical properties. They have a carbon content between 0.05–0.25% to retain formability and weldability. Other alloying elements include up to 2.0% manganese and small quantities of copper, nickel, niobium, nitrogen, vanadium, chromium, molybdenum, titanium, calcium, rare earth elements, or zirconium. Copper, titanium, vanadium and niobium are added for strengthening purposes. These elements are intended to alter the microstructure of carbon steels, which are usually a ferrite-pearlite aggregate, to produce a very fine dispersion of alloy carbides in an almost pure ferrite matrix. This eliminates the toughness-reducing effect of a pearlite volume fraction yet maintains and increases the material’s strength by refining the grain size, which in the case of ferrite increases yield strength by 50% for every halving of the mean grain diameter. Precipitation strengthening plays a minor role, too. Their yield strengths can be anywhere between 250–590 megapascals (36,000–86,000 psi). Because of their higher strength and toughness HSLA steels usually require 25 to 30% more power to form, as compared to carbon steels.



Copper, silicon, nickel, chromium and phosphorus are added to increase corrosion resistance. Zirconium, calcium and rare earth elements are added for the sulphide-inclusion shape control which increases formability. These are needed because most HSLA steels have directionally sensitive properties. Formability and impact strength can vary significantly when tested longitudinally and transversely to the grain. Bends that are parallel to the longitudinal grain are more likely to crack around the outer edge because it experiences tensile loads. This directional characteristic is substantially reduced in HSLA steels that have been treated for the sulphide shape control.



HSLA are used in cars, trucks, cranes, bridges, roller coasters and other structures that are designed to handle large amounts of stress or need a good strength-to-weight ratio. HSLA steel cross-sections and structures are usually 20 to 30% lighter than a carbon steel with the same strength.



HSLA steels are also more resistant to rust than most carbon steels because of their lack of pearlite—the fine layers of ferrite (almost pure iron) and cementite in pearlite. HSLA steels usually have densities of around 7800 kg/m3.



The chemical composition for the 945 A HSLA steel is presented in Table 1.



The mechanical properties for the 945 A HSLA steel are presented in Table 2.



Nine specimens marked with D1-D9 were cut from welding sample D, as we can see in Figure 2b. The specimens marked with D1, D4 and D7 have been used for static traction tests until fracture, the other specimens marked with D2, D3, D5, D6, D8 and D9 have been used for fatigue tests. Those two rehabilitation techniques, the “welding toe grinding” and “WIG re-melting welding toe” were applied before static and fatigue tests were carried out, as follows: D2 and D3 are specimens with no rehabilitation techniques applied, D5 and D6 are specimens on which the “grinding weld toe” rehabilitation technique is applied and D8 and D9 are the specimens with the “WIG re-melting welding toe” rehabilitation technique applied. Both the static and fatigue specimens were obtained by the mechanical cutting from the cruciform fillet welded sample D of the strips with 30 mm widths, as seen in Figure 2b. After the mechanical cutting, the vertical plates of the joint will be milled to reduce the width in the welded area from 30 to 10 mm, as shown in Figure 2c. The reducing of the cross-section was done in order to guide both the static traction and the fatigue fracture in the area of the welding seam or its heat affected zone HAZ. It is noticed that the cross section is not reduced sharply from 30 to 20 mm and milling is done with a radius connection R = 10 mm, in order not to introduce additional stress concentrators.



The filler material used for the GMAW welding procedure of the welding sample D is ER 70S-3in accordance with the specifications of ANSI/AWS A5.18.Yielding almost a slag free quality weld deposit on most steels provides an excellent welder satisfaction for post weld clean up. Some typical application includes structural steel, steel buildings, auto frames, sheet metal, ships, barges, railcars, trailers, ornamental iron, furniture storage bins, earthmoving and farm equipment.



The welding parameters for our application using GMAW procedures with spray arc regime is presented in Table 3. We used for gas protection, 100% CO2.



The welding regime parameters used for welding the sample marked with D are presented in Table 3, where Is is the intensity of the welding current, Ua is the voltage, ts is the welding time, Lc is the seam length, Vs is the welding speed, Vas is the wire feed speed and El is the linear energy.



Typical wire chemistry is presented in Table 4, the weld metal properties are shown in Table 5, the CO2 emissions resulted after welding depending on the welding process used are presented, in Table 6.



For the fatigue and tensile tests, we used the LVF 100-FM machine, with the following technical features: maximum static load + /− 100 KN; maximum dynamic load + /− 100 KN; maximum working frequency 50 Hz; piston stroke 100 mm; distance between gripping devices 1200 mm; overall dimensions WxDxH 900 × 600 × 2510 mm; weight about 830 Kg; pump flow 44 L/min/200 bar.



The fatigue tests are made according to the data of the experimental plan presented in Table 7.



In the case of the technological process of manufacturing the structural elements that make up the bridge, we must also take into account the pollution introduced into the environment when elaborating the basic materials from which the structural elements of the bridge are made. The emissions and the polluting products result from the elaboration of a ton of steel are shown in Table 8. These data were taken from the literature [27].



The material from which the product is made is the most important element in terms of the environmental impact because the material preparation is the most polluting stage in the technological path of a product. Therefore, in order to make it possible to calculate the coefficient of pollution introduced at this stage, we have to take into account more knowledge.



Besides the mechanical resistance characteristics, the material must also exhibit very good resistance against external chemical agents, different in nature, concentration and way of interacting with the metal.



Next, the methodology for calculating the coefficients of pollution for each stage of the technological process of manufacturing the bridge in welded constructions, the total coefficient of pollution and the calculation of the environmental quality indicator are presented below. The formula is taken from the literature [27]. It goes without saying that in the eco-technological process of reconditioning many of the stages of the manufacturing process will be missing. In these missing stages, the stage coefficients of pollution will be null.



*The coefficient of pollution introduced by the semi-finished product Cps expressed in tons of emissions, can be calculated by relation 1, knowing the useful mass of the semi-finished product used to make the product.


Cps = Qts · Msu = (Qsa + Qsl + Qss) · Msu



(1)




where Qts is the total amount of pollutant introduced by the semi-finished product expressed in tons of emissions/ton of useful semi-finished product; Qsa is the amount of substance that pollutes the air during the elaboration of the semi-finished product; Qsl is the amount of substance polluting the water in the elaboration of the semi-finished product; Qss is the amount of substance polluting the soil in the elaboration of the semi-finished product and Msu is the useful mass of the semi-finished product, in tons.



Also, in the material and semi-finished product elaboration stage there is an acute pollution of the waters by the metallurgical pollutants present in the aqueous environment circumscribed to the technological contour. The most important pollutants are fog, aerosols and smog formation.



The coefficient of pollution introduced when supplying with raw materials Cpa, expressed in tons of emissions can be calculated by relation 2, where Qpa is the amount of materials polluting the atmosphere and Qps is the amount of materials polluting the soil.


Cpa = Qpa + Qps



(2)







Air pollution and soil pollution are caused by NOx and various types of oils, greases and even fuels eliminated by the trucks that supply the raw materials. All the primary energy materials used for combustion contain carbon in the form of chemical combinations, which oxidize transforming into carbonic gas (CO2) or carbon oxide (CO) if the combustion is incomplete.



The distance travelled by the trucks to supply the raw material to the enterprise where the product is made is of 50 km.



The coefficient of pollution introduced for cleaning, pickling, degreasing Cpcd, expressed in tons of emissions, can be calculated by relation 3 in which Qptc is the total amount of the polluting substance in the cleaning, pickling, degreasing operation, Qpca is the amount of the atmosphere pollutant which appears in the cleaning, pickling, degreasing and Mu represents the useful mass of the semi-finished-product or the semi-finished-piece.


Cpcd = Qptc · Mu = Qpca · Mu



(3)







The coefficient of pollution introduced by the mechanical processing Cpm, expressed in tons of emissions, is calculated by the relation 4,where Qtpm is the total amount of polluting substance occurring in the mechanical processing, in tons of emissions/tons of product, Qpma the amount of substance polluting the air that occurs in the mechanical processing, in tons of emissions/tons of product, Qpml the amount of substance polluting the water that occurs in mechanical processing, in tons of emissions/tons of product, Qpms the amount of substance polluting the soil occurring in the mechanical processing in tons of emissions/tons of product and Mu the amount of useful substance used to make the product, in tons.


Cpm = Qtmp · Mu = (Qpma + Qpml + Qpms) · Mu



(4)







The coefficient of pollution introduced by the products control and inspection noted with Ccp, expressed in Kilograms of emissions, can be calculated by relation 5 where Qcp is the total amount of polluting substance occurring during the control or inspection operations, Qpca the amount of substance polluting the air that occurs during the control or inspection process, Qpcl the amount of substance polluting the water that occurs in the control or inspection process, Opcs the amount of substance polluting the soil occurring during the control or inspection operations and Mu is the mass of the controlled substance in kg.


Ccp= Qcp · Mu = (Qpca + Qpcl + Opcs) · Mu



(5)







The coefficient of pollution introduced for recovery, recycling and reconditioning noted withCprr, can be calculated by relation 6 where Qtp is the total amount of polluting substance, expressed in emissions, kg of reconditioned, recycled substance, Qpra the amount of substance polluting the air during the repair, reconditioning, recycling operations, in kg emissions/kg, Qprl the amount of substance polluting the water during the repair, reconditioning, recycling operations, in kg emissions/kg, Qprs the amount of substance polluting the soil during the repair, reconditioning, recycling operations, in kg emissions/kg, Npr number of repaired, reconditioned, recycled products and Mur is the useful material mass, resulted after repair, reconditioning, recycling, expressed in kg.


Cprr = Qtp · Mur = (Qpra + Qprl + Qprs) · Npr



(6)







The other stages in the flow diagram of the technological process of making a product have a lower impact on the environment, some of them even having zero impact. Therefore, in order to capture their impact on environmental pollution as efficiently and conclusively as possible, we can have for the Cpax auxiliary coefficient of pollution, expressed in kilograms of emissions, the value given by expression (7), where Cpe is the coefficient of pollution introduced in the elaboration of the material from which the product is made.


Cpax = Cpe · (0.001..0.01)



(7)







Knowing the coefficients of pollution introduced at each stage of the technological process of making the product, we can determine the total coefficient of pollution Cpt, expressed in kilograms of emissions by relation 8, where Cpa is the coefficient of pollution introduced by the supply operation, Cps the coefficient of pollution introduced in the elaboration of the semi-finished product, Cpcdthecoefficient of pollution introduced by the cleaning, pickling and degreasing operation, Cpm the coefficient of pollution introduced by the mechanical processing, Cprr the coefficient of pollution introduced by the recovery, recycling, reconditioning, Ccp the coefficient of pollution introduced by the product’s control (inspection) and Cpax the coefficient of pollution introduced by the other stages of the flow diagram of the technological process.


Cpt = Cps + Cpa + Cpcd + Cpm + Ccp + Cprr + Cpax



(8)







A correct design of a technological process or activity with an environmental impact requires the knowledge of the Icm environmental quality indicator at each stage. This indicator can be calculated at the level of each pollutant i, by relation 9, where Icmi is the environmental quality indicator due to the pollutant “i”, CMAi is the maximum allowable concentration in the pollutant “i”, Cefi is the effective concentration, at the time of the calculation, in the pollutant “i” and Cmaxi the maximum concentration in the pollutant “i” leading to the unavoidable degradation of the environment.


Icmi = CMAi − Cefi/Cmaxi − CMAi



(9)







The environmental quality indicator due to all the pollutants “p” in the environment at the time of the calculation is noted with Icmt and is calculated by relation 10.


Icmt=∑i=1p(CMAi−Cefi/Cmaxi−CMAi)



(10)







The environmental indicators for certain elements with normal values, alert thresholds and intervention thresholds are shown in Table 9.




3. Results and Discussion


In Figure 3, we show schematically the cross sections of the specimens, obtained from samplesD, after applying the rehabilitation techniques. The dimensions of the cross sections from Figure 3 are expressed in millimetres.



Figure 3a shows that in the case of specimens D1, D2 and D3 without the applied rehabilitation technique, the welding cords are 8 mm in size, the thickness of the welding seam have a value of 4 mm and the connecting rays between the filler and the base material marked with r/R have the value of 4 mm.



Figure 3b shows that in the case of specimens D4, D5 and D6 using the “grinding weld toe” rehabilitation technique, the welding cords are 8 mm in size, the thickness of the welding seam have a value of 4 mm and the connecting rays between the filler and the base material marked with r/R have the value of 4.5 mm.



Figure 3c shows that in the case of specimens D7, D8 and D9 using the “WIG re-melting weld toe” rehabilitation technique, the welding cords are 9 mm in size, the thickness of the welding seam have a value of 4 mm and the connecting rays between the filler and the base material marked with r/R have the value of 5 mm.



The geometric elements K1, K2 and R/r of the welding seams of the specimens from samples D, are shown in Table 10, where a is the aperture of the welding seam, K1 and K2 are the seam legs and R/r is the radius between the seam and the base material.



These geometric elements were determined by measurements made by means of a specialized software in the macroscopic analysis presented in Figure 4. The macroscopic analysis was performed for each specimen used for the static tensile tests as follows: specimen D1 without rehabilitation, specimen D4 on which we apply the “grinding weld toe” rehabilitation technique and specimen D7 by using the “WIG re-melting weld toe” rehabilitation techniques. The dimensions of the cross sections for specimens D1; D4 and D7 are expressed in millimetres.



Also, the microscopic analysis for the same specimens for the most important areas of the welding such as: the base material marked with BM, the filler material marked with FM and the heat affected zone marked with HAZ is presented in Figure 5. The microscopic analysis is made according to EN-1321/200 at 500X magnification factor. The metallographic analysis did not reveal structures outside the equilibrium.



The measurements for micro-hardness HV 0,1 are made according to EN 9015-2-2016 along the axes I and II, as we can see from Figure 6 and the variation of micro-hardness from the axes I and II is shown in Figure 7.



The measurements of micro-hardness are made by the method of finger printing in rows on two perpendicular directions along the plate (horizontal and vertical direction-axis I) and a diagonal direction oriented at 120° to the horizontal sheet plane (axis II), which should contain the root of the welding seam, as shown in Figure 6a for specimens D1 and D4 and in Figure 6b for the specimen D7.



We can observe that the lowest value of the micro-hardness is obtained in the case of specimen D7 by using the “WIG re-melting weld toe” rehabilitation techniques and the highest for specimen D1 without any rehabilitation techniques applied.



The static tensile tests until failure, for D1, D4 and D7 specimens are presented in Figure 8. The fatigue test specimens for samplesD, one from each set, caught in the test machine’s jets, are presented in Figure 9.



The stress strain curves plotted by the machine software for the static tensile tests’ specimens are presented in Figure 10. We can observe that from specimens made from an HSLA steel, in the case of the static loads, the rehabilitation technique does not influence the value of the tensile strength.



All the fatigue tests were performed at the 10 Hz frequency, the stress cycle being a symmetrical alternating one, with the asymmetry coefficient R = −1, the cycle stress being that of the tension compression one. For the three sets of fatigue specimens for sample D, with and without reconditioning techniques applied, three durability curves were drawn and then compared. For tracing the durability curves, two variations of the force were applied to the fatigue test specimens of sample D (and the third between them was interpolated), as follows: for the first set of specimens without rehabilitation we apply to D2 ± 14 KN, to D3 ± 7.5 KN, for the second set of the specimens with “grinding weld toe” rehabilitation techniques we apply for D5 ± 14 KN, for D6 ± 7.5 KN and for the third set of test specimens by using the “WIG re-melting weld toe” rehabilitation techniques, we apply to D8 ± 14 KN and to D9 ± 7.5 KN. The forces applied to the specimens for sample D and the results obtained from the fatigue tests are presented and centralized in Table 11.



The traceability of the durability curves presented in Figure 11, is based on the law of variation of the durability curve in linear coordinates, given by expression (11).


Δσ(n)=10rnp



(11)




in expression (11) where Δσ is the stress variation, 1/p is the slope of the curve, r = lg A is the intersection between the curve and vertical axis and n is number of cycles.



For sample D, using the Mathcad calculation program, for specimens D2, D3, with no rehabilitation technique, we found the values p = 2 and r = 6.7, for which the graph of the function σ1d (n) approaches most of our points d1 = (18,500; 46,128; 228,904) and which represents the force vector f = (14; 9; 6). The shape of this curve is shown in Figure 11, with green dot line. For the second set of specimens D5, D6 by using the “weld toe grinding,” also with the help of Mathcad, the values p = 2 and r = 6.8 were found for which the graph of the function σ2d (n) is closer to our points our d2 = (26,820; 179,358; 331,896) and the force vector is f = (14; 9; 6). The shape of this curve is also shown in Figure 11, with the broken green line. For the third set of specimens D8, D9 by using the “WIG re-melting weld toe,” also employing the Mathcad program, we found the values p = 2 and r = 7.2 for which the graph of the function σ3d (n) approaches one of our points d3 = (54,570; 370,645; 686,720) and the force vector is f = (14; 9; 6). The shape of this curve is also shown in Figure 11 with green continue line.



We can see from Table 11 and Figure 11 that in the case of the welded structure made from an HSLA steel, that the longest fatigue life time is achieved by using the “WIG re-melting weld toe” technique and the smallest if no rehabilitation technique is applied. The explanation is that by applying the rehabilitation techniques the stress concentrators are removed from the intersection between the base and the filler material, obtaining a smooth connection between them. The biggest smooth connection and the longest fatigue life time is achieved with applying the “WIG re-melting weld toe” technique.



From the point of view of the environmental impact the application results of the technological process of manufacturing the bridges in the welded construction as well as of the rehabilitation technologies “weld toe grinding” and “WIG re-melting weld toe,” are presented below. The results were determined by the calculation algorithm presented at point 2 of the paper. For the calculation of the total coefficient of pollution, the coefficients for each stage of the eco-technological production process must be calculated. In this regard, their calculation in numerical form is presented below.



First, for the bridge welding manufacturing, we have the following results.



The coefficient of pollution introduced by the semi-finished product Cps expressed in tons of emissions.



According to the data in Table 8, the calculation of the amounts of substances that pollute the air, water and soil consists of the following.



Regarding the air pollution we have air dust = 0.64 kg/t steel; CO = 28 kg/t steel; SO2 = 1.83 kg/t steel; NOx = 1.35 kg/t steel; CO2 = 2040 kg/t steel; Flue gases (others) = 23,000 kg/t steel. Total Qsat = 0.64 + 28 + 1.83 + 1.35 + 2040 + 23,000 = 25,071 kg/t steel.



The main substances polluting the water areas follows Mud = 58 kg/t steel, Used water = 20 kg/t steel and Oils = 0.8 kg/t steel. Total Qslt = 58 + 20 + 0.8 = 78.8 kg/t steel.



The substances contributing to the soil pollution areas follows Slag = 455 kg/t steel, Dust deposited = 30 kg/t steel, Refractory sub-products = 4 kg/t steel, Other deposits = 8 kg/t steel. Total Qsst = 455 + 30 + 4 + 8 = 497 kg/t steel.



Consequently Cps = (25.071 + 0.0788 + 0.497) · 0.5 = 12.82 tons of emissions.



The coefficient of pollution introduced when supplying with raw materials Cpa.



The distance travelled by the trucks to supply raw material to the enterprise where the “Condensation Tank” product is made is of 50 km.



The air pollution when supplying with raw materials consists of CO2 = 150 g/km and CO = 100 g/km. Consequently Qpa = 150 g CO2 · 50 = 7500 g and Qpa = 100 g CO · 50 = 5000 g where Qpa is the materials amount polluting the atmosphere.



The soil pollution consists of Benzene = 0.01 mg/km (dry substance), from which we have Qps = 0.01 mg · 50 = 0.0005 g where Qps is the materials amount polluting the soil. In total Cpa = Qpa + Qps = 7500 g + 5000 g + 0.0005 g = 12,500 g = 12.5 kg, where Cpa is the coefficient of pollution when supplying.



The coefficient of pollution introduced in the cleaning, pickling and degreasing Cpcd



In the cleaning, pickling and degreasing operations there will be emissions of volatile substances in the atmosphere of 0.001 t/kg. Consequently, Cpcd = Qptc · Mu = Qpca · Mu (kg emissions) = 0.001 · 0.5 = 0.0005 kg emissions, where Qptc is the total amount of the polluting substance, which occurs in the cleaning, pickling, degreasing, Qpca is the total amount of the substance polluting the atmosphere which occurs in the cleaning, pickling, degreasing and Mu is the useful mass of the semi-finished product or semi-finished piece.



The coefficient of pollution introduced by the mechanical processing Cpm



For the case, the material removed by cutting/splintering is to be calculated, knowing the weight of the semi-finished product and the product. The coefficient of pollution introduced by the mechanical processing Cpm given by relation Cpm = Qtmp · Mu = (Qpma + Qpml + Qpms) · Mu where Qtpm is the total amount of polluting substance occurring in the mechanical processing in tons of emissions/tons of product, Qpma is the amount of substance polluting the air that occurs in the mechanical processing in tons of emissions/tons of product, Qpml is the amount of substance polluting the water that occurs in the mechanical processing in tons of emissions/tons of product, Qpms is the amount of soil polluting substance occurring in the mechanical processing in tons of emissions/tons of product and Mu is the amount of useful substance used to make the product in tons. Cpm = 0.001 × 0.5 = 0.0005 tons of emissions.



The coefficient of pollution introduced by the products’ control and inspection noted with Ccp.



The volatile organic compounds and aerosols resulting from the penetrating fluid control are dangerous to both eyes and breathing. To see the environmental impact introduced by the control or inspection operations, we calculate the total coefficient of pollution Cpc, using an expression of the type Ccp = Qpt · Mu = (Qpca + Qpcl + Opcs) · Mu expressed in kg of emissions, where Qcp is the total amount of polluting substance occurring during the control or inspection operations, Qpca is the amount of substance polluting the air that occurs during the control or inspection process, Qpcl is the amount of substance polluting the water that occurs in the control or inspection process, Opcs is the amount of soil polluting substance occurring during the control or inspection operations and Mu is the mass of the controlled substance, in kg. Consequently, by considering Qpt = 0.030 kg/ton of steel we have Ccp = 0.030 · 0.5 = 0.015 kg of emissions.



The coefficient of pollution introduced for recovery, recycling and reconditioning noted with Cprr.



This coefficient is neglected for our product.



The Auxiliary coefficient of pollution Cpax.



The other stages in the flow diagram of the technological process of making a product have a lower impact on the environment, some of them even have zero impact. Therefore, in order to capture their impact on the environmental pollution as efficiently and conclusively as possible, we can have for the Cpax auxiliary coefficient of pollution, the value given by the expression Cpax = Cpe · (0.001 − 0.01) expressed in kg of emissions, where Cpe is the coefficient of pollution introduced in the elaboration of the material from which the product is made and has the value of 25.65 kg of emissions. We have as result Cpax = 25.65 · 0.01 kg of emissions = 0.2565 kg of emissions.



The Total coefficient of pollution Cpt.



Knowing the pollution coefficients introduced at each stage of the technological process of making the product we can determine the total coefficient of pollution Cpt, expressed in kilograms of emissions by the relation Cpt = Cps + Cpa + Cpcd + Cpm + Ccp + Cprr + Cpax where Cpa is the coefficient of pollution introduced by the supply operation, Cps is the coefficient of pollution introduced in the elaboration of the semi-finished product, Cpcd is the coefficient of pollution introduced by the cleaning, pickling and degreasing operation, Cpm the coefficient of pollution introduced by the mechanical processing, Cprrr the coefficient of pollution introduced by the recovery, recycling, reconditioning and Cpax the coefficient of pollution introduced by the other stages of the flow diagram of the technological process. We obtain as result Cpt = 12,820 kg + 12.5 kg + 0.0005 kg + 0.5 kg + 0.015 kg + 0 + 0.256 kg = 12.833 t.



Second, for applying the “weld toe grinding” technique, we have the following results.



*The coefficient of pollution introduced by the semi-finished product Cps is zero.



*The coefficient of pollution introduced by the raw material supply Cpa is also zero.



*The coefficient of pollution introduced by the cleaning, pickling and degreasing Cpcd is equal with0.0005 kg of emissions.



*The coefficient of pollution introduced by the mechanical processing Cpm is of 0.0003 tons of emissions per ton of product.



*The coefficient of pollution introduced by products control and inspection noted with Ccp is of 0.010 kg of emissions.



*The coefficient of pollution Cprr introduced for recovery, recycling and reconditioning noted with Cprr is 0.5 kg of emissions.



*The auxiliary coefficient of pollution Cpax is zero, because it represents a fraction of the coefficient of pollution introduced by the semi-finished product Cps which is also equal with zero



*The total coefficient of pollution Cpt is of 0.3 kilograms of emissions.



Third, for applying the “WIG re-melting weld toe” technique, we have the following results.



*The coefficient of pollution introduced by the semi-finished product Cps is zero.



*The coefficient of pollution introduced by the raw materials supply Cpa is also zero.



*The coefficient of pollution introduced by the cleaning, pickling and degreasing Cpcd is equal with 0.0005 kg of emissions.



*The coefficient of pollution introduced by the mechanical processing Cpm is of 0.0001 tons of emissions per ton of product.



*The coefficient of pollution introduced by the products control and inspection noted with Ccp is kgofemissions.



*The coefficient of pollution Cprr introduced for recovery, recycling and reconditioning noted with Cprr is 0.5 kg of emissions.



*The auxiliary coefficient of pollution Cpax is zero, because it represents a fraction of the coefficient of pollution introduced by the semi-finished product Cps which is also equal with zero



*The total coefficient of pollution Cpt is of 0.1135 kilograms of emissions.



The centralized results of the pollution coefficients obtained from the three variants of welding fabrication, application of the “weld toe grinding” technique and the “WIG re-melting weld toe” technique,” are presented in Table 12. The values of the pollution coefficients are expressed in kilograms of emissions per tons of product.




4. Conclusions


As we can observe from Figure 10 regardless of whether the rehabilitation techniques are applied or not, on the specimens D1, D4 and D7, all the fractures in the case of the static loads have occurred at a close range, between 57 to 59 kN. This means that none of those two rehabilitation techniques applied on the static tensile tests’ specimens do not determine an increase in the breaking force, compared to the case where the rehabilitation technique does not apply. Based on this observation we can conclude that it is not justified to apply rehabilitation techniques to the welded structure statically stressed, made from an HSLA steel.



As can be seen in Figure 11, for the three sets of specimens from sample D, as follows: D2 and D3 without rehabilitation (green dot line curve), D5 and D6 with the “weld toe grinding” rehabilitation technique (broken green line) and D8 and D9 with the “WIG re-melting weld toe” rehabilitation technique (continuous green line), the durability curves are not asymptotic to the horizontal axis. All fatigue test specimens being manufactured and behaving like a welded structure, we can conclude that, practically, in the case of the fatigue stressed welded structures made from the HSLA steel, we cannot talk about the infinite fatigue resistance according to the classical Wohler curve. In the case of the fatigue test specimens due to the stress concentrators, we have a limited fatigue life time. This demonstrates that in the case of the fatigue stressed welded structures, in order to increase the fatigue lifetime, it is justified to apply the rehabilitation techniques. These rehabilitation techniques by reducing the stress concentrators both by grinding and WIG re-melting weld toe in the case of the welded structures, determine a decrease in the fatigue lifetime.



Also, from Figure 11, it is observed that for a certain value of the stress variation Δσ, the specimens D8 and D9 with the “WIG re-melting weld toe” rehabilitation technique applied, resist the greatest number of fatigue cycles until failure, the specimens without rehabilitation D2 and D3 resist the smallest number of the fatigue cycles until failure and the intermediate place is occupied by the specimens D5 and D6 with the “weld toe grinding” rehabilitation technique.



Based on the results centralized in Table 11, we can conclude that we have an increase of approximately 40% in the number of fatigue cycles up to fatigue failure in the case of “grinding weld toe” specimens, respectively with 195% in the case of “WIG re-melting weld toe” specimens, compared with the specimens without rehabilitation.



The metallographic analysis for all the specimens analysed, did not reveal structures outside the equilibrium, as we can observe from Figure 5. Also, as we can observe from Figure 7, from the variation of the micro-hardness from the axes I and II of all the analysed specimens, after the application of the rehabilitation techniques, no fragile structures in which the dangerous value of 350 Vickers units is exceeded, are obtained. This proves us that fatigue failures appeared only due to the stress concentrators and not because of some fragile metallographic structure.



Therefore, in the case of the HSLA welded structures fatigue stressed, it is justified to apply those two rehabilitation techniques “grinding weld toe” and “WIG re-melting weld toe”, that have a beneficial influence in the case of the variable loads in the sense that they lead to increase the fatigue life time. But, the application of the rehabilitation techniques is not justified in the case of the statically loaded structures, to which these rehabilitation techniques do not bring any significant benefit.



As found in the calculation algorithm and in in accordance with data from Table 11, the total coefficient of pollution has the smallest value for the “WIG re-melting weld toe” technique and the highest in the case of the welding fabrication of the product.



The general conclusion is that in the case of fatigue stressed structures such as bridges in welded construction, in order to increase the fatigue lifetime, it is justified to apply the “WIG re-melting weld toe” technique, this both from technically and from the environmental impact on the environment, point of view.
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Figure 1. The “weld toe” areas, of the stress concentration; K-the cord of the welding seam; R/r the radius of the connection between the filler and the base material. 






Figure 1. The “weld toe” areas, of the stress concentration; K-the cord of the welding seam; R/r the radius of the connection between the filler and the base material.



[image: Sustainability 10 04782 g001]







[image: Sustainability 10 04782 g002 550]





Figure 2. The shape and size of the welding sample D, expressed in millimetres; (a) front view sketch welding sample, (b) test specimens from D1-D9, (c) static and fatigue specimen tests after milling. 
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Figure 3. The cross sections of the specimens: (a) Specimens D1, D2, D3 without rehabilitation; (b) Specimens D4, D5, D6 by usingthe“grinding weld toe” rehabilitation technique; (c) Specimens D7, D8, D9 by using the “WIG re-melting weld toe” rehabilitation technique. 
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Figure 4. The macroscopic analysis: (a) For the specimen D1 without rehabilitation; (b) For specimen D4 by using the “grinding weld toe”; (c) For specimen D7 by using the “WIG re-melting weld toe.” 
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Figure 5. The microscopic analysis: (a) For specimen D1 without rehabilitation; (b) For the specimen D4 using the “grinding weld toe”; (c) For specimen D7 using the “WIG re-melting weld toe.” 
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Figure 6. The measurements for micro-hardness HV 0.1: (a) For specimens D1 without rehabilitation and for D4 using the “grinding weld toe”; (b) For the specimen D7 using the “WIG re-melting weld toe.” 
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Figure 7. The variation of micro-hardness HV 0.1: (a) For specimens D1, D4 and D7 from axis I; (b) For specimen s D1, D4 and D 7 from the axis II. 
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Figure 8. The static tensile tests: (a) For specimen D1without rehabilitation; (b) For specimen D4by using the “grinding weld toe”; (c) For specimen D7 by using the “WIG re-melting weld toe.” 
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Figure 9. Fatigue tests: (a) For specimen D3without rehabilitation; (b) For specimen D6withby using the “grinding weld toe”; (c) For specimen D9 by using the “WIG re-melting weld toe.” 
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Figure 10. The stress-strain curves for the static tensile tests: (a) For specimen D1 without rehabilitation; (b) For specimen D4 by using the “grinding weld toe”; (c) For specimen D7 by using the “WIG re-melting weld toe.” 
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Figure 11. The durability curves: n-number of cycles, σ1d (n), σ2d (n), σ3d (n)-the mathematical functions of the durability curves. 
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Table 1. The chemical composition for the 945 A HSLA steel.
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	Grade
	C-max (%)
	Mn-max (%)
	P-max (%)
	S-max (%)
	Si-max (%)
	Notes





	945A
	0.15
	1.0
	0.04
	0.05
	0.9
	-
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Table 2. The mechanical properties for the 945 A HSLA steel.
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	Grade
	Form
	Yield Strength-min (MPa)
	Ultimate Tensile Strength-min (MPa)





	945A
	Plates, shapes and bars
	310
	448
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Table 3. The welding parameters for GMAW procedures.
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	Wire Diameter (mm)
	Wire Speed (m/min)
	Amperes
	Volts
	Travel Speed (m/min)
	Flow Gas Protection (L/min)





	1.2
	4.3
	235–240
	22–23
	3.04
	14–16










[image: Table]





Table 4. Typical wire chemistry.
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	AWS Specifications
	Typical Wire 70S3





	C (%)
	0.060–0.15
	0.10



	Mn (%)
	0.90–1.40
	1.00



	Si (%)
	0.45–0.75
	0.55



	P-max (%)
	0.025
	0.012



	S-max (%)
	0.035
	0.012
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Table 5. The weld metal properties.
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	Properties
	AWS Specifications
	Typical Wire 70S3





	Tensile Strength (MPa)
	0.482
	0.517



	Yield Strength (MPa)
	0.399
	0.430



	Elongation—min (%)
	22
	30.7



	Charpy-V notch at 0 °C (J)
	27.12
	81.35



	Reduction of area (%)
	n/a
	59



	Average Brinell Hardness (Brinell units)
	n/a
	130
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Table 6. CO2 emissions when welding.
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Welding Process

	
CO2 Emissions

(Tons ofCO2/Tons of Welded Seam)

Minimum Maximum






	
Manual with electric arc and coated electrode

	
0.280

	
0.50




	
Automated with submerged arc flux

	
0.175

	
0.21




	
In shielded gas environment

	
0.205

	
0.24




	
By the oxy-gas flame

	
0.312

	
0.55
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Table 7. Fatigue tests.
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No.

	
Rehabilitation Technique

	
Sample Mark

	
Frequency (Hz)

	
Force + /− Fi (kN)






	
1

	
Without rehabilitation

	
D2

	
10

	
±14




	
2

	
D3

	
±7.5




	
3

	
Grinding weld toe

	
D5

	
±14




	
4

	
D6

	
±7.5




	
5

	
WIG re-melting weld toe

	
D8

	
±14




	
6

	
D9

	
±7.5
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Table 8. Emissions and pollutants produced when elaborating a ton of steel.
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No.

	
Emission or Sub Product

	
Measurement Unit

	
Amount (Max.)






	
1

	
Dust in the air

	
Kg/t steel

	
0.64




	
2

	
CO

	
Kg/t steel

	
28




	
3

	
SO2

	
Kg/t steel

	
1.83




	
4

	
NOx

	
Kg/t steel

	
1.35




	
5

	
CO2

	
Kg/t steel

	
2040




	
6

	
Flue gases(others)

	
Kg/t steel

	
23.000




	
7

	
Slag

	
Kg/t steel

	
455




	
8

	
Mud

	
Kg/t steel

	
58




	
9

	
Dust deposited

	
Kg/t steel

	
30




	
10

	
Other deposits

	
Kg/t steel

	
8




	
11

	
Refractory subproducts

	
Kg/t steel

	
4




	
12

	
Used water

	
Kg/t steel

	
20




	
13

	
Oils

	
Kg/t steel

	
0.8




	
TOTAL

	
Kg/t steel

	
25.650
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Table 9. Environmental indicators for certain chemical elements.
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	Indicators
	Normal Values

(mg/kg Dry Substance)
	Alert Thresholds

(mg/kg Dry Substance)
	Intervention Thresholds

(mg/kg Dry Substance)





	Cadmium
	1
	5
	10



	Chromium
	30
	300
	600



	Copper
	20
	250
	500



	Zinc
	100
	700
	1500



	Lead
	20
	250
	1000



	Nickel
	20
	200
	500



	Manganese
	900
	2000
	4000
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Table 10. Geometric elements of the welding seams for specimen sample D.
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	Specimen
	a (mm)
	K1 = K2 (mm)
	r/R (mm)





	D1, D2 and D3
	4
	8
	4



	D4, D5 and D6
	4
	8
	4.5



	D7, D8 and D9
	4
	9
	5
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Table 11. Results from the fatigue tests for specimens for sample D.
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No.

	
Rehabilitation Technique

	
Mark

	
Frequency (Hz)

	
Force + /− Fi (kN)

	
Time(s)

	
Number of Cycles Until Failure (N = t*f)






	
1

	
Without rehabilitation

	
D2

	
10

	
±14

	
1850

	
18.500




	
2

	
D3

	
±7.5

	
22.890

	
228.900




	
3

	
Grinding weld toe

	
D5

	
±14

	
2682

	
26.820




	
4

	
D6

	
±7.5

	
33.189

	
331.890




	
5

	
WIG re-melting weld toe

	
D8

	
±14

	
5457

	
54.570




	
6

	
D9

	
±7.5

	
68.672

	
686.720
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Table 12. Results for the coefficients of pollution for variants of welding fabrication.






Table 12. Results for the coefficients of pollution for variants of welding fabrication.





	Coefficient of Pollution/Fabrication Method
	Welding Fabrication
	The “Weld Toe Grinding” Technique
	The “WIG Re-melting Weld toe” Technique





	Cps (kg of emissions)
	12.820
	0
	0



	Cpa (kg of emissions)
	12.5
	0
	0



	Cpcd (kg of emissions)
	0.0005
	0.0005
	0.0005



	Cpm (kg of emissions)
	0.5
	0.3
	0.1



	Ccp (kg of emissions)
	0.015
	0.010
	0.013



	Cprr (kg of emissions)
	0
	0.5
	0.5



	Cpax (kg of emissions)
	0.2565
	0
	0



	Cpt (kg of emissions)
	12.833
	0.8105
	0.6135











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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