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Abstract

:

Although the use and promotion of renewable energies have increased in recent years, it is evident that the use of fossil fuels such as oil and gas continues to be of great importance. Likewise, pipelines are widely recognized as the most reliable and profitable means of transportation for liquid and gaseous hydrocarbons. Nevertheless, due to the nature of hydrocarbons, oil and gas pipelines are continually exposed to deterioration by corrosion and mechanical damage. In this context, this research focuses on the improvement of the surface properties of API 5L grade B pipeline steel by applying a surface hardening process. Samples of an API 5L grade B pipeline steel were exposed to boriding to form a layer of high hardness (from 2.60 GPa for the non-treated material to 14.12 GPa for the samples exposed to 1000 °C for 6 h). The treatment time was set at 2, 4, and 6 h, at temperatures of 850, 900, 950, and 1000 °C. Due to the saw-tooth morphology of the layers and the random nature of the process, it was possible to fit their thicknesses to a probability density function in all the experimental conditions. The crystalline structure of the layers was analyzed by X-ray diffraction and the morphology was observed using SEM and optical microscopy. The layer’s thickness ranged between 26.6 µm to 213.9 µm showing a close relationship with the experimental parameters of time and temperature. Finally, it is studied the changes undergone in the pipeline steel after the thermochemical process, observing an increase in the grain size as a function of the temperature.
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1. Introduction


In recent years, the use and promotion of renewable energies have increased due to the global warming crisis [1]. Nevertheless, the use of oil and gas remains important; this came to the fore most notably after the start of the war between Russia and Ukraine [2,3]. For example, in the European Union, there is great uncertainty regarding the reliable supply of gas [4]. This fact alters the economic scenario in the 2020s. Likewise, the oil and gas demand will reach around 100 million barrels per day in the following years, according to the International Energy Agency [5]. For this reason, further study of the equipment involved in oil and gas extraction, transportation, storage, and processing will continue to be necessary. In this context, pipelines are widely recognized as the most reliable and profitable means of transportation for liquid and gaseous hydrocarbons [6,7]. Another piece of evidence that shows the importance of the means of transportation is that there is currently 1.18 million kilometers of oil and gas pipelines (30 times the Earth’s circumference) [8]. One of the main threats to oil and gas pipelines is deterioration by corrosion and mechanical damage. The European Gas pipeline Incident data Group (EGIG) has indicated that the corrosion damage in pipelines has risen from 16.7% to 26.6% of the total failures detected [9]. Other research works have obtained similar conclusions regarding corrosion damage in Russian and Mexican pipelines [10,11].



Corrosion is an electrochemical process that occurs spontaneously, involving a negative change in Gibbs free energy, and it is not possible to stop it using natural methods [12]. There are four methods that are well-recognized to manage corrosion: material selection, coatings, inhibitors, and cathodic protection. Pipelines are usually manufactured from carbon steel following the standard API 5L titled “Specification for Line Pipe” [13]. Following this specification allows the material to have certain ductility and resistance to corrosion, useful for transporting hydrocarbons. However, in some cases, these pipelines transport oil sands from extraction wells to separation units, refineries, or petrochemical plants [14]. In this way, the structural integrity of the pipe results from the combination of a corrosive fluid that can cause erosion–corrosion, in which the mechanical process of metal removal by erosion is present, and the electrochemical corrosion process [14,15,16,17]. Therefore, increasing the mechanical resistance on the surface could diminish this type of damage.



As mentioned previously, coatings and protective layers could reduce the damage caused by corrosion. Steel pipelines can be corroded externally or internally [18,19,20], even if the transmitted fluid contains inhibitors [21]. One method used to improve the mechanical characteristics of the metallic surface is the boriding process [22,23,24]. Boriding is a thermochemical treatment commonly used to obtain hard layers. The relatively small size of the boron atom plays a key role in the capacity of boron to diffuse into alloys such as low-carbon steel because of its very high mobility at high temperatures [25]. In carbon steel, the boriding process is typically carried out at temperatures between 800 and 1050 °C, in 1 to 12 h of treatment [25]. After the boriding process occurs over carbon steel, the produced layer usually has a sawtooth-like shape and could contain one iron boride phase (Fe2B) or have a dual phase (FeB + Fe2B) [26]. The contour diagrams described in reference [25] detail the behavior of the iron of boride layers as a function of the experimental conditions. Likewise, J.C. Velázquez and colleagues [27] described the random behavior of the layer thickness as a function of the time of treatment. On the other hand, boriding in carbon steel must take into consideration the amount of matter involved, so as to optimize the process [28].



The main goal of the present research is to study, for the first time, the API 5L grade B pipeline steel under the boriding process to enhance the surface mechanical resistance to erosion without considerably altering the material’s ductility. This issue could lead to an increase in the pipeline’s service lifetime. The recommendation should be to apply the boriding process in pipe sections or fittings that undergo erosion–corrosion damage, such as elbows, tees, reductions, etc. In this research work, the API 5L grade B pipeline steel was selected because it is used frequently in the oil and gas industry and because it has comparable characteristics to ASTM A106 grade B steel, which is typically used in oil refineries [29,30]. This means that the results obtained in this study can potentially be extended to ASTM A106 grade B steel. Typically, API 5L series or equivalent materials are steels that contain Cu and Cr to enhance the corrosion resistance; P and S as impurities; and Si and Mn that tend to increase the hardness, yield strength, and ultimate tensile strength [13]. Therefore, studying the kinetics and growth of the boride layers in steels under the interaction of these alloy elements is a novelty that could lead to an interesting industrial application.



This research work is divided into two parts. The first part, presented here, describes and analyzes only the following aspects:




	
Boriding treatment. We describe the characteristics of the materials used as substrates and the conditions under which the boriding process was carried out;



	
Kinetics. We analyze the Arrhenius-type behavior of the boriding process;



	
Layer thickness. We describe the methodology of layer thickness measurement after the boriding treatment, and this characteristic is studied from the perspective of a random process;



	
X-ray and SEM analysis. We analyze the crystalline structures found after the boriding process for different treatment conditions and the morphology of the generated boride layers; and



	
Grain size analysis. We characterize the pipeline steel microstructure and the changes in the grain size provoked by the boriding treatment conditions.









2. Materials and Methods


2.1. Boriding Treatment


All specimens were manufactured from a new API 5L grade B pipeline steel (Tubos de acero de México S.A, Veracruz, México). The chemical composition of this steel was obtained by Spark Atomic Emission Spectroscopy (SAES), using a spark spectrometer (SPECTRO Analytical Instruments GmbH, Kleve, Germany) and the values are shown in Table 1.



Twelve rectangular-prism specimens (10 × 10 × 4 mm3) were manufactured to subject them to the boriding process under different conditions after the appropriate surface finishing. A thirteenth specimen was also manufactured only as a material reference.



For the appropriate surface finishing, the samples were sequentially polished with 80–1000 SiC paper (EXTEC CORPORATION, Enfield, CT, USA). After this metallographic finishing, the samples were cleaned in an ultrasonic bath for 5 min in a mixture of ethanol and distilled water (50/50). After cleaning, the samples were introduced into a stainless-steel crucible with the boriding agent containing 5% wt. of B4C as boron donor, 5% wt. of KBF4 as activator, and 90% wt. of SiC as diluent, with a powder size of 50 μm, Hef-Durferrit (DURFERRIT, GmbH, Mannheim, Germany).



The boriding process was carried out at four different temperatures (850, 900, 950, and 1000 °C) for 2, 4, and 6 h each, under atmospheric air conditions. After boriding, samples were allowed to cool outside the furnace at room temperature and were cleaned again in an ultrasonic bath with ethanol/deionized water (50/50). To facilitate the handling and identification, the thirteen rectangular-prism specimens were numbered in sequential order, as indicated in Table 2.



For the sake of outlining, Figure 1 portrays a flowchart that explains the surface finishing process and the boriding treatment.




2.2. Kinetics of Growth


The kinetics of boride layer growth is controlled by boron diffusion, so that the growth of layers is a consequence of boron diffusion perpendicular to the surfaces of the treated material [31,32]. Likewise, by considering a given distance from the surface (x), for any treatment time (t), the relation between the boron concentration and the diffusion coefficient tends to be constant, and the growth of the boride layers can be described as follows:


   x 2  = K t  



(1)




thus, it can be said that the growth of the boride layers obeys a parabolic law.



Here, ( x ) is the thickness of the boride layers (m), ( K ) is a constant of parabolic growth (m2/s) and is related to the coefficient of diffusion of the boride layers, and ( t ) is the treatment time (s). The parabolic law is especially followed in the case of low-carbon steels such as AISI 1018 [33]. However, it can be observed that the boride layers formed on alloyed and stainless steel also obey a parabolic law [34,35,36].



The constant of parabolic growth ( K ) can be estimated from the slopes of the square of the thickness (   x 2   ) versus the treatment time graphs. Likewise, ( K ) has Arrhenius-type behavior, as follows:


  K =  K 0  exp   − Q / R T    



(2)




where (   K 0   ) is a pre-exponential constant that reflects the frequency with which boron atoms collide with the substrate, ( Q ) is the activation energy (kJ∙mol−1) required for the reaction to occur, ( T ) is the absolute temperature (K), and ( R ) is the universal constant of ideal gases (8.3144 J∙mol−1∙K−1).



The value of the activation energy can be estimated by plotting Equation (2) in logarithmic form as follows:


  ln K = ln  K 0  exp −    Q R     1 T   



(3)







On the other hand, by substituting the value of the parabolic constant ( K ) (Equation (2)) in Equation (1), it is possible to obtain a practical equation that allows the estimation of the thickness of the layer ( X ) as a function of the treatment conditions (time and temperature):


   x 2  =    K 0  exp   −  Q  R T       t  



(4)






  X =      K 0  exp    Q  R T         t  



(5)








2.3. Layer’s Thickness


Standard metallographic techniques were used to prepare the samples for microscopic examination. The boride layers’ thicknesses were measured from the rectangular-prism specimens by optical examination using a GX-51 optical microscope (Olympus, Center Valley, PA, USA). At least 50 measurements were performed to establish a mean value of the layer thickness. Figure 2 illustrates the methodology used to establish the mean value of the layer thickness.




2.4. Physical and Structural Characterization by X-ray Diffraction and SEM


The presence of the boride layers was observed by means of optical microscopy (OM) with the aid of an Olympus GX- 51 optical microscope (Olympus, Center Valley, PA, USA) and scanning electron microscopy (SEM) (JOEL, JSM-6360LV, JEOL, Ltd., Akishima, Japan). Before the OM and SEM examination, one sample of each treatment condition was cross-sectioned and prepared via a conventional metallographic procedure.



The nature and the crystallographic structure of the layers were corroborated by X-ray diffraction (XRD) with the aid of a D8 FOCUS diffractometer, using Cu–Kα radiation at a wavelength of 1.5418 Å (Bruker, Billerica, MA, USA).




2.5. Mechanical Characterization


The hardness and the elastic modulus of the boride layer obtained at the surface of the API 5L grade B steel were evaluated by the instrumented indentation technique with the aid of a nanohardness tester (TTX-NHT, CSM Instruments, Needham Heights, MA, USA), using a Berkovich indenter and following the methodology established by Oliver and Pharr [37]. A set of ten indentations was realized on the surface of the borided sample. The distance between indentation prints was established by following the limits of the ISO instrumented indentation standards [38] to avoid the interaction between the stress fields of the indentations [39]. The indentation load was established at 350 mN, based on the contact depth of the indentations and the measured layer’s thickness.




2.6. Grain Size Estimation


Another characteristic that typically is used when a pipeline steel is studied is the grain size. In this work, the grain size was determined following the process indicated in the Standard ASTM E112-13 titled “Standard Test Methods for Determining Average Grain Size” [40]. All the samples, including the non-treated sample, were analyzed to determine the effect of the temperature and boriding treatment on the grain size of the API 5L grade B steel.





3. Results and Discussion


3.1. Boriding Treatment


Both optical and SEM examinations of the cross-sections of borided samples revealed the presence of well-formed layers, assumed to be a layer containing only the Fe2B phase with a saw-toothed morphology (Figure 3). This is the typical morphology formed on low-carbon steels when they are exposed to the boriding process [24,25].



Different researchers have reported that the characteristic saw-tooth boride layer morphology is seen in low-alloy steels, unalloyed low-carbon steels, and pure iron [27,41,42]. The layers’ thickness ranged from approximately 30 to 218 µm for the samples exposed to 850 °C for 2 h and the samples exposed to 1000 °C and 6 h, respectively. The average thickness, standard deviation, and coefficient of variation of layer thickness values are summarized in Table 3, Table 4 and Table 5.



Comparing the resulting layers’ thicknesses with those reported in the literature [27,28], one can notice that they are within the same range, indicating that the process was applied appropriately.




3.2. Kinetics of Growth


Figure 4 shows the evolution of the boride layers and the activation energy as a function of the treatment parameters.



According to the results, it is possible to observe that the thickness of the layer increases as a function of the experimental parameters. However, the most relevant parameter seems to be the temperature, because the constant of parabolic growth increases as the temperature increases.



The values of the constant of parabolic growth ( K ) were estimated using the slope of the curves (Figure 4).



The pre-exponential constant (   K 0   ) was estimated through the intersection of the ordinated axis, and it was evaluated as 2.7235 × 10−5 m2s−1. The values of ( Q ) an (   K 0   ) determined from the experimental results can be used to propose a particular solution to the diffusion process applied to the API 5L grade B steel. Thus, Equation (5) can be rewritten as


  x =   2.7235      ×   10     - 5       exp      1.234      ×   10   5    8  . 3144  T       t  



(6)







The values of ( K ) and (   K 0   ) are summarized in Table 6.



Table 7 shows a comparison of the layer thicknesses obtained with the model presented in Equation (6) and the experimental results.



According to the data presented in Table 6, the values of the constant of parabolic growth, obtained by the mean values of the layer thickness, show a good correlation. However, when the data of (   K 0   ) and ( Q ) were substituted into Equation (6), the resulting values did not match well with the results of the experimental procedure. Additionally, the % error was estimated, indicating unsatisfactory results between the experimental and the calculated data. In this sense, the layer thicknesses were re-calculated using the MODE values instead of mean values.



The estimated layer thicknesses obtained using the MODE values instead of the mean values are depicted in Table 8.



The values of the constant of parabolic growth ( K ) the activation energy ( Q ) and the pre-exponential constant (   K 0   ) based on the MODE values were re-calculated following the same procedure as that described for the mean values and are depicted in Table 9.



The re-calculated data depicted in Table 9 were substituted into Equation (5) to obtain a new model describing the behavior of the layer’s thickness as a function of the MODE values of the experimental measurements. Thus, Equation (5) can be re-written as follows:


  x =   6    . 1295   ×   10     - 5       exp      1.8171      ×   10   5    8  . 3144  T       t  



(7)







The estimated values of the layer’s thickness as a function of the MODE data (Equation (7)) are summarized in Table 10, where it is possible to corroborate the best fit when the MODE data were applied instead of the mean values.



The values described in Table 10 show a better fit between the values measured from the experimental conditions and the calculated ones than those obtained using the mean values of the experimental measurements. This indicates that in the case of the API 5L grade B steel exposed to the boriding treatment, the best data for the application of the Arrhenius equation are those represented by the MODE because the layer’s growth is highly saw-toothed in comparison to that obtained in the low-carbon steels.



The activation energy necessary for the boron’s mobility on the API 5L grade B steel was estimated at 181.711 kJ/mol. The value of activation energy was compared to the value reported in the literature for low-carbon steel and for alloyed steels. For example, Pablo A. Ruiz-Trabolsi et al. reported an activation energy of 148.3 kJ mol−1, for an AISI 1018 steel exposed to boriding in solid media, with a saw-toothed morphology [28]. Sen S. et al. reported an activation energy of 218.4 kJ mol−1 for an AISI 4140 steel exposed to boriding in molten salt with a saw-toothed morphology [43]. Likewise, Genel K. et al. reported values of activation energy of 171.2 kJ mol−1 for AISI W1 exposed to boriding in solid media with a flat morphology [44]. The results indicate that the activation energy necessary for the boron’s mobility in the API 5L grade B pipeline steel more closely reflects that of an alloyed steel than a low-carbon steel. This is probably because of its high content of alloy elements, such as Cr, Mn, Mo, and Ti, which act as diffusion barriers [24].



On the other hand, the layer’s thickness values obtained by Equation (9) can be used to generate a contour map that describes the behavior of the boride layers as a function of the treatment conditions. Contour maps are especially useful in industrial applications where a specific thickness of the layer can be required.



Figure 5 shows a contour map describing the behavior of the boride layers obtained on the surface of an API 5L grade B steel exposed to the boriding process.




3.3. Layer Thickness Measurements


Due to the observed saw-toothed morphology of the boride layer formed on the carbon steel, it can be studied as a random process. This issue was demonstrated for the first time by J.C. Velázquez et al. [27] in 2019 in 1018-carbon steel. In this context, one hundred measurements of the maximum layer thickness were carried out. All these results were used to plot a histogram for each treatment condition. After this process, all the histograms were fitted to a Generalized Extreme Value Distribution (GEVD) that is represented by Equation (8) [45]:


  f  x  =  1 β  exp   −     1 + k z     − 1 / k         1 + k z     − 1 − 1 / k    



(8)




where   z =   x − α   / β  ,  α  is the location parameter,  β  is the scale parameter, and  k  is the shape parameter.



For the sake of illustration, the histograms of the boride layer thickness obtained at 850 °C and 1000 °C treatment were plotted jointly with the fitted GEVD obtained (see Figure 6 and Figure 7). In these plots, it is feasible to observe that the mean and the variance tend to increase as time increases (see also Table 2 and Table 3).



After fitting all histograms obtained in all the experiments proposed in this research work, in all cases, the GEVD can be accepted with sufficient confidence according to the Kolmogorov–Smirnov test [46]. The GEVD parameters obtained after fitting are shown in Table 11, Table 12 and Table 13.



In the case of the shape parameter, it tends to be more negative as the treatment time increases. This issue shows that the probability distribution tends to be more left-skewed as the treatment time increases. It is worth noticing that at 1000 °C, the shape parameter does not change significatively in time, which means that a high temperature could provoke the generation of thicker and more stable layers, even at a low treatment time. This is confirmed with the standard deviation evolution (see Table 4); at 1000 °C, this statistical characteristic does not change significatively.




3.4. Physical and Structural Characterization by X-ray Diffraction and SEM


The SEM examination revealed the presence of a well-formed layer of the Fe2B phase. Apparently, no FeB phase was formed in any sample independently of the treatment conditions (see Figure 3 and Figure 8).



The XRD assays corroborated the assumption made when observing the images of optical and SEM. No FeB phase was formed in any treatment condition. This was probably because the alloy elements of the substrate inhibited the formation of the FeB, since this phase requires more energy for its formation [24,47,48].



Figure 9, Figure 10, Figure 11 and Figure 12 show the diffractograms obtained from the XRD analysis for all the treatment conditions.



The XRD patterns indicate the presence of a well-consolidated phase of Fe2B borides with an orthorhombic crystalline structure. The intensity of the predominant peaks (45, 42, and 35 degrees) changed as a function of the treatment conditions. However, their position did not change, indicating the presence of the Fe2B phase, under the first treatment conditions (850 °C for 2 h). According to the diffractograms shown in Figure 9, it is feasible to confirm the assumption that the only phase formed at the surface of the API 5L grade B steels corresponds to the Fe2B, as there is a complete correlation between the diffraction peaks observed and those found in PANalytical’s HighScore software (version: 3.0e (3.0.5), Date: 30-01-2012, Almelo, The Netherlands).




3.5. Mechanical Characterization


The hardness and the elastic modulus of the boride layers formed at the surface of the API 5L grade B steel were achieved by instrumented indentation. Table 14 summarizes the values of the hardness and the elastic modulus and Figure 13 shows the behavior of the boride layers obtained by instrumented indentation.



According to the values shown in Table 14, the hardness of the boride layers achieved at the surface of the API 5L grade B steel by boriding increased from 2.68 GPa for the non-treated material to 14.12 GPa for the samples exposed to 1000 °C during 6 h of treatment. The increase in hardness is approximately five times with respect to the untreated specimen. It indicates a considerable improvement in the surface properties of the API 5L grade B steel. This improvement in the surface hardness of this type of steel probably indicates an important advantage due to its main application, where wear resistance is a key property required, because it could represent the lifetime of the pipeline.




3.6. Grain Size Estimations after Boriding Treatment


The first step in this steel grain size analysis was to characterize an API 5L grade B sample using an optical microscope. Figure 14 shows the microstructure of the API 5L grade B steel in three directions, and Table 15 shows the grain size estimated in each direction.



It is possible to observe that the grain size is slightly different in the three directions. This is because of the seamless pipe manufacturing process, typically performed in a rotatory hearth furnace [49,50].



Another issue that is necessary to study is the microstructural change that occurs in the substrate (API 5L grade B) after the boriding process. Usually, researchers only study the layer properties, without taking into consideration the changes that can be carried out due to the heat treatment applied on the steel piece. Table 16 shows the grain size estimation for the substrate after the boriding process for the different conditions studied. Likewise, for illustration purposes, Figure 15 shows the changes in the microstructure in the API 5L grade B steel after being treated for six hours at different temperatures. After analyzing the results, one can notice that the grain size increases (ASTM number decreases) considerably. For example, the grain size of the API 5L grade B steel treated at 1000 °C is between two and three times the size of the untreated material. According to the information found in the literature [51,52], the changes in the grain size modify some of the mechanical properties, but this is discussed later in Part II of this research work. Nonetheless, when this steel is treated at a moderated temperature (e.g., 850 °C), it seems that the grain does not undergo considerable changes in its size. This is an important result because it means that when the pipeline steel is subjected to the boriding process at moderate temperatures, it is less likely to experience changes in its microstructure.



For the sake of a more in-depth study, a non-linear regression analysis was carried out. Equation (9) describes the empirical model proposed in this case:


  g a =  z 0  + a T + b t + c  T 2  + d  t 2  + f T t  



(9)




where (  g a  ) is the average grain area in µm2, (T) is the treatment temperature (°C), (t) is the treatment time (h), (z0), (a,b,c,d and f) are regression parameters to be determined. Table 17 shows the parameter values and the coefficient of determination (R2). Moreover, a 3D scatter plot is included for schematization purposes (see Figure 16), where it is possible to observe that the greater the temperature, the greater the average grain area. We also plotted the surface that is represented by Equation (9) with the parameters indicated in Table 17. On this surface, one can observe that the slope of the average grain area–temperature is greater than the average grain area–time, which means that the temperature exerts a stronger influence on grain growth. In addition, when it is analyzed via Spearman correlation, the correlation between the average grain area and temperature is much higher than that between the average grain area and time. This information is given in Table 18.




3.7. Analysis of the Results


First of all, one important result is that the boride layer formed over API 5L grade B steel is only composed of Fe2B. This result is typically unusual for carbon steels and ductile iron, because these materials tend to facilitate the formation of a biphasic layer (Fe2B + FeB). Due to the mechanical characteristics of the Fe2B layer, the formation of this layer is more desirable because it is less brittle [53,54,55]. Boron reacts with Fe2B at the B–Fe2B interface, producing FeB depending on the alloy elements of the substrate, the temperature, and the treatment time [28]. Fe2B is much more stable than FeB, and the growth of Fe2B takes place earlier. Therefore, it seems that the formation of Fe2B is ideal to protect the oil and gas pipeline composed of API 5L grade B steel because it does not require a large amount of activation energy, it is not too brittle, and it increases the hardness and wear resistance.



In other research works [25,28], the mean value of layer thickness is used to model layer growth. This research shows that the mode could reduce the error obtained when we model the growing layer. This point could be helpful in developing more reliable contour diagrams.



Due to the changes provoked in the substrate grain size, it is necessary to consider studying the changes in the mechanical properties. However, this point will be studied and presented later, in the second part of this research work.





4. Conclusions


	
It is possible to enhance the surface properties such as hardness and young modulus of a pipeline steel, API 5L grade B steel, via a thermochemical process called packed powder boriding;



	
The boride layer formed on API 5L grade B steel tends to be thicker and tougher as the time and temperature of treatment increase;



	
Unlike other boron layers formed on other carbon steels, the boron layer formed on API 5L grade B steel is only composed of Fe2B. This is probably a consequence of the microalloys of the steel studied;



	
The Generalized Extreme Value Distribution fits well with the histogram of the boride layer thickness obtained at different treatment times and temperatures;



	
In the API 5L grade B steel, the Arrhenius equation can be used to model boride layer growth. However, in lieu of using the average values of layer thickness, the mode, which represents the most probable value, was used to reduce the model error; and



	
The grain size of the substrate (API 5L grade B steel) tends to increase as the time and temperature increase, as the temperature is the variable that exerts a stronger influence on this change. These changes may modify other properties of the steel; therefore, it is important to take into consideration this parameter.
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Figure 1. Boriding process flow chart. 
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Figure 2. Methodology used for the layer thickness measurement (a1–an are the measurements of the layer thickness). 






Figure 2. Methodology used for the layer thickness measurement (a1–an are the measurements of the layer thickness).



[image: Coatings 13 00298 g002]







[image: Coatings 13 00298 g003 550] 





Figure 3. Cross-section of the samples exposed to the different treatment conditions, 1–3 correspond to samples exposed to 850 °C for 2, 4 and 6 h respectively, 4–6 correspond to samples exposed to 900 °C for 2, 4 and 6 h respectively. 7–9 correspond to samples exposed to 950 °C for 2, 4 and 6 h respectively and 10–12 correspond to samples exposed to 2, 4 and 6 h respectively (see Table 2). 
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Figure 4. Behavior of the layer thickness (a) and activation energy (b). 






Figure 4. Behavior of the layer thickness (a) and activation energy (b).



[image: Coatings 13 00298 g004]







[image: Coatings 13 00298 g005 550] 





Figure 5. Contour map that represents the behavior of the boride layers obtained on the surface of an API 5L grade B steel. 
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Figure 6. Evolution of the boride layer thickness for different treatment times at 850 °C and compared with the fitted probability density function of the Generalized Extreme Value Distribution. 
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Figure 7. Evolution of the boride layer thickness for different treatment times at 1000 °C and compared with the fitted probability density function of the Generalized Extreme Value Distribution. 
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Figure 8. SEM images of samples exposed to (a) 850 °C for 2 h and (b) 1000 °C for 6 h. 
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Figure 9. XRD patterns for the samples exposed to 850 °C during boriding process. 






Figure 9. XRD patterns for the samples exposed to 850 °C during boriding process.



[image: Coatings 13 00298 g009]







[image: Coatings 13 00298 g010 550] 





Figure 10. XRD patterns for the samples exposed to 900 °C during boriding process. 
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Figure 11. XRD patterns for the samples exposed to 950 °C during boriding process. 
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Figure 12. XRD patterns for the samples exposed to 1000 °C during boriding process. 
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Figure 13. Hardness behavior (a) and elastic modulus behavior (b) of the boride layers obtained to 6 h and 850, 900, 950 and 1000 °C. 
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Figure 14. Microstructure of the studied API 5L grade B steel specimen. 
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Figure 15. Micrographs of borided pipeline steel samples at (a) 850 °C, (b) 900 °C, (c) 950 °C, and (d) 1000 °C for 6 h. 
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Figure 16. Average grain area evolution as a function of temperature and time. The surface represents the model obtained in the regression analysis. 
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Table 1. Nominal composition of the API 5L grade B pipeline steel.
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	Element
	Content (% Weight)





	C
	0.28



	Cr
	0.069



	Cu
	0.155



	Nb
	0.002



	Ti
	0.003



	S
	0.006



	P
	0.003



	Mn
	0.888



	Ni
	0.04



	Mo
	0.039



	Si
	0.214



	Fe
	Balance
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Table 2. Numerical order of the samples as a function of the treatment conditions.
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Sample Number

	
Treatment Condition




	
Time (h)

	
Temperature (°C)






	
0

	
Non-treated sample




	
1

	
2

	
-




	
2

	
4

	
850




	
3

	
6

	
-




	
4

	
2

	
-




	
5

	
4

	
900




	
6

	
6

	
-




	
7

	
2

	
-




	
8

	
4

	
950




	
9

	
6

	
-




	
10

	
2

	
-




	
11

	
4

	
1000




	
12

	
6

	
-
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Table 3. Average layer thickness as a function of the treatment parameters (µm).
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Temperature (°C)




	
Time (h)

	
850

	
900

	
950

	
1000






	
2

	
26.6

	
50.75

	
75.75

	
103




	
4

	
46.49

	
80.76

	
117.28

	
158.38




	
6

	
70.06

	
97.89

	
151.65

	
213.91
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Table 4. Standard deviation of boride layers’ thickness as a function of the treatment parameters (µm).
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Temperature (°C)




	
Time (h)

	
850

	
900

	
950

	
1000






	
2

	
6.92

	
6.29

	
9.33

	
16.38




	
4

	
9.73

	
13.51

	
14.81

	
19.75




	
6

	
13.88

	
19.23

	
17.95

	
16.15
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Table 5. Coefficient of variation for boride layers’ thickness as a function of the treatment parameters (µm).
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Temperature (°C)




	
Time (h)

	
850

	
900

	
950

	
1000






	
2

	
3.84

	
8.06

	
8.11

	
6.28




	
4

	
4.77

	
5.97

	
7.91

	
8.01




	
6

	
5.04

	
5.09

	
8.44

	
13.24
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Table 6. Constant of parabolic growth values and (   K 0   ) for the treatment conditions.
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	Temperature (°C)
	K (m2/s)
	K0 (m2/s)
	R





	850
	2.917 × 10−13
	2.7235 × 10−5
	0.9897



	900
	4.866 × 10−13
	2.7235 × 10−5
	0.9983



	950
	1.199 × 10−12
	2.7235 × 10−5
	0.9947



	1000
	2.441 × 10−12
	2.7235 × 10−5
	0.9694
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Table 7. Comparison of the data obtained by both experiment and model.
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850 °C

	
900 °C

	
950 °C

	
1000 °C




	
Time (s)

	
Layer Thickness

	
Layer Thickness

	
Layer Thickness

	
Layer Thickness




	
(µm)

	
(µm)

	
(µm)

	
(µm)




	
Measured

	
Calculated

	
Error (%)

	
Measured

	
Calculated

	
Error (%)

	
Measured

	
Calculated

	
Error (%)

	
Measured

	
Calculated

	
Error (%)






	
7200

	
26.6

	
43.472

	
63.429

	
50.75

	
64.425

	
26.946

	
75.75

	
128.969

	
70.255

	
103

	
128.969

	
25.212




	
14,400

	
46.49

	
61.479

	
32.241

	
80.76

	
91.111

	
12.817

	
117.28

	
130.751

	
11.487

	
158.38

	
182.389

	
15.159




	
21,600

	
70.06

	
75.296

	
7.474

	
97.89

	
111.588

	
13.993

	
151.65

	
160.137

	
5.597

	
213.91

	
223.380

	
4.427
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Table 8. Layer thicknesses based on the MODE values.
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Temperature (°C)




	
Time (h)

	
850

	
900

	
950

	
1000






	
2

	
29.51

	
57.38

	
77.05

	
110.66




	
4

	
41.80

	
86.07

	
140.16

	
167.21




	
6

	
55.74

	
106.65

	
150.00

	
218.03
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Table 9. Values of ( K ), ( Q ) and (   K 0   ) as a function of the MODE data.
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Temperature

	
K

	
K0

	
Q




	
(°C)

	
(m2s−1)

	
(m2s−1)

	
(kJmol−1)






	
850

	
1.5527 × 10−13

	
6.12958 × 10−5

	
181.711




	
900

	
5.5988 × 10−13




	
950

	
2.4509 × 10−12




	
1000

	
1.1502 × 10−12
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Table 10. Comparison of the data obtained by both experiment and model taking into account MODE values of each condition (see Equation (7)).
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850 °C

	
900 °C

	
950 °C

	
1000 °C




	
Time (s)

	
Layer Thickness

	
Layer Thickness

	
Layer Thickness

	
Layer Thickness




	
(µm)

	
(µm)

	
(µm)

	
(µm)




	
Measured

	
Calculated

	
Error (%)

	
Measured

	
Calculated

	
Error (%)

	
Measured

	
Calculated

	
Error (%)

	
Measured

	
Calculated

	
Error (%)






	
7200

	
29.50819

	
39.484

	
33.809

	
57.38

	
59.780

	
4.183

	
77.05

	
87.490

	
13.550

	
110.66

	
124.270

	
12.299




	
14,400

	
41.80327

	
55.839

	
33.577

	
86.07

	
84.540

	
1.778

	
140.16

	
123.730

	
11.722

	
167.21

	
175.750

	
5.107




	
21,600

	
55.7377

	
68.389

	
22.698

	
106.56

	
103.540

	
2.834

	
150

	
151.540

	
1.027

	
218.03

	
215.250

	
1.275
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Table 11. Location parameter for location parameter ( α ) of a GEVD (µm).
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Temperature (°C)




	
Time (h)

	
850

	
900

	
950

	
1000






	
2

	
24.05

	
48.87

	
72.82

	
98.16




	
4

	
43.46

	
77.34

	
113.01

	
151.65




	
6

	
65.57

	
93.74

	
147.29

	
209.52
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Table 12. Scale parameter for location parameter ( β ) of a GEVD (µm).
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Temperature (°C)




	
Time (h)

	
850

	
900

	
950

	
1000






	
2

	
6.94

	
6.67

	
9.60

	
17.23




	
4

	
10.28

	
14.58

	
15.98

	
20.25




	
6

	
14.58

	
21.19

	
19.53

	
17.02
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Table 13. Shape parameter for location parameter ( k )- of a GEVD.
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Temperature (°C)




	
Time (h)

	
850

	
900

	
950

	
1000






	
2

	
−0.26

	
−0.39

	
−0.36

	
−0.40




	
4

	
−0.37

	
−0.48

	
−0.42

	
−0.41




	
6

	
−0.35

	
−0.56

	
−0.50

	
0.41
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Table 14. Values of the hardness and elastic modulus of the boride layers measured by instrumented indentation.
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	Treatment Temperature

(°C)
	Hardness

(GPa)
	Elastic Modulus

(GPa)
	Contact Depth

(hc)

(µm)





	Non-treated specimen
	2.68 ± 0.345
	212.04 ± 16.22
	2.33 ± 0.12



	850
	12.144 ± 2.17
	238.94 ± 12.28
	1.355 ± 0.105



	900
	13.22 ± 3.86
	236.83 ± 18.94
	1.37 ± 0.326



	950
	13.65 ± 3.98
	278.37 ± 32.31
	1.28 ± 0.222



	1000
	14.12 ± 3.802
	264.30 ± 43.11
	1.27 ± 0.144
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Table 15. Grain size estimations in the three directions for API 5L grade B steel.






Table 15. Grain size estimations in the three directions for API 5L grade B steel.





	Face
	ASTM Number Gran Size





	xy
	8.48



	yz
	8.75



	xz
	8.79
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Table 16. ASTM grain size estimations for specimens after different conditions of boriding process.






Table 16. ASTM grain size estimations for specimens after different conditions of boriding process.





	
Temperature

(°C)

	
Time

(h)

	
ASTM Number Grain Size






	
850

	
2

	
8.8822




	
4

	
8.6813




	
6

	
8.5251




	
900

	
2

	
8.4095




	
4

	
8.0138




	
6

	
7.4655




	
950

	
2

	
7.1011




	
4

	
6.5022




	
6

	
6.1856




	
1000

	
2

	
6.0942




	
4

	
5.799




	
6

	
5.7665
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Table 17. Results of regression analysis.






Table 17. Results of regression analysis.





	
Coefficient

Parameter

	
      z  0     

	
    a    

	
    b    

	
    c    

	
    d    

	
    f    

	
R2




	
43,352.58

	
−101.35

	
−856.73

	
5.94 × 10−2

	
0.62

	
1.03

	
0.97
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Table 18. Spearman correlation coefficient between the variables of interest.






Table 18. Spearman correlation coefficient between the variables of interest.





	Variable
	    T    
	    t    





	    g a    
	0.927
	0.207



	   T   
	1
	0.001
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