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Abstract − In this study, AISI 1018 steel with low carbon content was coated with the pack-

boriding method at 950 °C for 2h and 4h. A two-layer structure was observed in the 2h boronized 

material: the thin FeB phase and the more prominent Fe2B phase. In addition to this two-phase 

structure, undesirable phases (SiC and Fe3O4) were detected in the material boronized for 4h. It 

was observed that the wear resistance and hardness of the boronized materials increased 

greatly, which is explained by the hard FeB and Fe2B phases. In addition, as the heat treatment 

time increases, the thickness of the FeB phase increases while the thickness of the Fe2B phase 

decreases. 

Subject Classification (2020): 74A55, 76R50 

1. Introduction 

Boronizing enriches the material surface with boron atoms through thermochemical diffusion [1-4]. In 

this process, boron atoms diffuse into the metal matrix on the material surface using thermal energy, 

forming boride compounds with the atoms of the main material [5]. Compared to traditional surface 

coating methods, the most crucial advantage of this method is that the coated material shows very high 

wear and oxidation resistance [6, 7]. Boriding can be carried out in solid, liquid, or gaseous mediums. 

Pack boriding is the most commonly used boronizing method, which is easier and cheaper than the 

others [8]. The coated surface can be tetragonal Fe2B and/or orthorhombic FeB depending on the 

concentration of diffused boron atoms [9]. Although the FeB phase has a higher hardness value than 

Fe2B, it shows lower toughness [10]. In this respect, the FeB phase, which has a more brittle structure, 

is undesirable because the coating layer is easily broken when exposed to an external force.  

Öztürk et al. [11] obtained a 150 μm Fe2B layer in thickness by coating the cylinder liner surface with 

the boronizing method. Another study found that very good thermal insulation is provided on boronized 

surfaces, thus improving performance parameters (thermal brake efficiency, brake-specific energy 

consumption, and fuel consumption) [12]. In addition, it has been observed that coated engines reduce 

harmful emission values. Türkmen et al. [13] coated SAE 1020 steel for 4, 8, and 12h for 850, 900, and 

950 °C temperatures with the pack-boriding method. In that study, boric acid was used as a boron 

source. Homogeneous, mono-phase, and saw-tooth morphology Fe2B layers were observed in 

boronized materials. While the hardness value of the boronized layer was 1200-2000 HV0.1, the 
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hardness value of the substrate was around 150 HV0.1. Motallebzadeh et al. [14] studied the high-

temperature sliding wear characteristics of paste-borided 31CrMoV9 and X40CrMoV5-1 steels. A two-

layer (FeB and Fe2B) structure was formed in both alloys. They found that the tribological properties at 

the test temperature of 500 °C were almost the same as at room temperature. In another study, AISI 316 

L steel was coated with powder-pack boriding, and a two-layer (FeB-Fe2B) structure was detected on 

the surface [15]. These layers increased the tribocorrosion resistance of the steel by 1.5 times. 

As can be seen from the studies, the properties, such as the structure, thickness, and hardness of the 

boron layers formed on the steel surface, are closely related to the process parameters and the steel 

composition. In addition, knowledge of materials' mechanical and tribological properties is crucial in 

determining their working conditions [16-18]. There are few studies on coating low-carbon steels by 

the boriding method in the literature. Among the low-carbon steels, AISI 1018 steel offers a good balance 

of toughness, strength, and ductility. However, they have low wear, corrosion resistance, and strength 

compared to high-carbon steels. In this respect, improving the surface properties of AISI 1018 steel is 

essential in increasing the cycle life. 

In this study, low-carbon AISI steel was coated for different durations by the pack-boriding method. 

Boron compound layers formed on the surfaces were examined using scanning electron microscopy, x-

ray diffraction method, hardness test, and wear test. The obtained results were evaluated in terms of 

the mechanical and tribological properties of the material. 

2. Experimental 

Commercial Ekabor-2 (Bortec) powder was used for coating AISI 1018 steel (Table 1). Firstly, the 

samples were cut with a diameter of 2 cm and a thickness of 3 mm and polished by metallographic 

methods up to 1μm. Then, the samples were buried in a 5x5x5 cm steel box filled with Ekabor-2 powder, 

and Ekrit (Bortec) powder was placed on it as a deoxidant. The samples were heat treated at 950 °C for 

2 and 4h. The samples obtained are shown in Figure 1. The boronized products were molded with epoxy 

and polished by metallographic methods. It was then etched and prepared for Scanning Electron 

Microscopy (SEM) and hardness analysis. SEM (QUANTA 450 FEG) analyses were obtained in BSE (back 

scatter electron) mode. Hardness analyzes were performed with a Vickers hardness device (Highwood) 

under 200 gf force. Wear tests were performed with a pin on the disk set up for a total distance of 600 

m at 150 rpm and 30 N loads. X-ray diffraction analysis (PANalytical Emperians) of the samples was 

performed under CuKα monochromatic beam in the range of 2θ=10-90°. 

 
Figure 1. Samples (a) Before boronizing and (b) After boronizing 
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Table 1. Chemical composition of AISI 1018 steel and Ekabor-2 powder (wt.%) 

Sample C Fe Mn P S BiC SiC KBF4 

AISI 1018 0.14-0.20 98.81-99.26 0.60-0.90 <0.040 <0.050 - - - 

Ekabor-2 - - - - - 5 90 5 

3. Results and Discussion 

Figure 2 shows the XRD patterns of untreated and boronized steels. In untreated 1018 steel, all possible 

diffraction peaks of the Fe (ICSD: 98-018-0969) phase were detected. A two-layered structure was 

observed in the 2h boronized sample, the Fe2B (ICSD: 98-060-3829) phase forming a large part of this 

structure. Apart from this, a small amount of FeB (ICSD: 98-042-5309), Fe3B (ICSD: 98-061-3889), Fe2Si 

(ICSD: 98-010-0094), and Fe3O4 (ICSD: 98-026-3009) phases were detected. A large amount of SiC 

(ICSD: 98-004-3291) and Fe3C (ICSD: 98-001-6593) phases were observed in addition to a small 

amount of FeB phase in the 4h boronized sample. The XRD method can determine the material's crystal 

structure from the material surface. The penetration of X-rays on the surface is given by the formula 

[19], 

𝐼 = 𝐼0𝑒−𝜇𝐿 

where I0 is the incident X-ray intensity, μ is the linear absorption coefficient, and L is the penetration 

distance. Since the X-ray intensity decreases exponentially, diffraction will not occur after a certain 

distance. In this respect, especially in the 4h boronized sample, the Fe2B compound could not be 

detected by XRD because it did not form on the surface. The SiC phase is contained in Ekabor powder 

and diffused to the surface during heat treatment. SEM images were obtained to see the compounds 

formed on the surfaces in more detail. 

 
Figure 2. XRD pattern of (a) 1018 steel, (b) 2h boronized, (c) 4h boronized steel 
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Figure 3 shows the SEM images obtained in BSE mode. A two-phase structure is seen in the material that 

has been heat treated for 2h (Figure 3b). A clear transition zone was not detected between the boron 

compound and the base material due to the low C content of the steel used in the study. The transition 

zone is formed by the repulsion of carbon atoms during the diffusion of boron atoms. A three-layer 

structure is seen in the material, subjected to 4h heat treatment. When the SEM images and XRD analyses 

are evaluated together, it is understood that the upper layer is 10μm thick SiC and Fe3C. Since these 

phases are undesirable, they were removed by sanding before hardness and wear analysis. The middle 

layer is the FeB phase, and its thickness is around 20μm. The bottom layer is the Fe2B phase and has a 

thickness of 75μm. In addition, the saw-tooth structure of the Fe2B phase in the 4h boronized material 

grew more unevenly compared to the 2h boronized material. As it can be understood from the SEM and 

XRD analyses, the increase in the heat treatment time caused the formation of undesired phases of the 

material and decreased the thickness of the Fe2B phase. In general, the development of the boride layer 

increases with increasing time and/or temperature. Therefore, boron diffusion, which initially develops 

rapidly, slows down and finally stops with the decrease of boron in the powder media. In addition, the 

previously formed boride layer makes the diffusion of boron atoms difficult. In our case, the fact that the 

thickness of total boride layers (FeB and Fe2B) are nearly the same in both samples indicated that the 

boron diffusion had taken place completely. On the other hand, the thickness of the FeB layer increases 

with increasing time while the thickness of Fe2B decreases. This can be interpreted that increasing 

boronized time negatively affects the formation of the Fe2B phase.  

 
Figure 3 BSE images of boronized steel (a) 2h and (b) 4h 

Figure 4 shows the mass loss plot of boronized samples and untreated steel for different distances. As 

seen in Figure 4, the mass loss of untreated steel increased up to about 0.16 grams for a sliding distance 

of 600 m. Mass loss in boronized samples is quite low, 0.002, and 0.004 g for 2h and 4h heat-treated 

samples, respectively. The results show that the wear resistance of the boronized samples is 

significantly increased. This can be explained by the hard boron compounds, FeB and Fe2B, in agreement 

with the literature [20]. High wear resistance is attributed to the boride layer's saw-tooth and columnar 

morphology. This structure improves the bonding strength with a substrate. The higher mass loss of the 

4h sample compared to the 2h sample can be explained by the more formation of brittle FeB phase 

formed on its surface. In addition, since the thermal expansion coefficient of FeB is higher than that of 

Fe2B, cracks and fractures may occur easily under mechanical stress. Therefore, forming a single-phase 

Fe2B layer in boride coatings is desirable.  
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Figure 4. Mass losses of the samples for different sliding distances 

Figure 5 shows the worn surface of the samples. Plastic deformation appears to predominate in 

untreated steel. The ductile nature of untreated steel can explain this. It is seen that grooves are 

dominant in the 2h boronized sample due to the hard and tough Fe2B phase formed on the surface. On 

the other hand, in the 4h boronized sample, it is seen that microcracks are formed on the surface, as well 

as debris and oxides. This is due to the fact that the brittle FeB phase and an oxide layer formed on the 

surface were more dominant in the 4h boronized sample. 

 
Figure 5. Worn surface of the samples (a) Untreated steel, (b) 2hboronized, (c) 4hboronized (100x 

and 5000x magnification) 
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Figure 6 shows the Vickers hardness values of the samples. It was determined that the hardness values 

of the boronized samples were approximately two times higher than those of the untreated steel, in 

agreement with the literature [21]. In addition, it was observed that the hardness of the 2h boronized 

sample was slightly higher than the 4h boronized sample. The results obtained can be explained by the 

fact that the Fe2B phase is more dominant in the 2hboronized sample, in agreement with the wear tests 

and SEM images. 

 
Figure 6. Vickers hardness of the samples. The inset picture shows the imprint image after indentation 

4. Conclusions  

In this study, AISI 1018 steel was coated with the pack boronization method for 2 and 4hours. The 

results obtained are summarized below: 

➢ From the XRD analysis, a two-phase structure was formed in the 2hboronized material (FeB and 

Fe2B), while undesirable phases were detected from the surface of the 4hboronized material (SiC 

and Fe3O4). 

➢ Multilayer structures were observed in SEM analysis, consistent with XRD. In addition, it was 

observed that the thickness of the FeB layer increased while the thickness of the Fe2B layer 

decreased in the 4h boronized material.  

➢ From the wear tests, it was determined that the wear resistance of boronized materials was greatly 

increased. While the plastic deformation mechanism dominates untreated steel, grooves dominate 

in 2h boronized material. In the 4h boronized material, debris and microcracks are evident, which 

is explained by the more fragile FeB and oxide phases. 

➢ The hardness values of the boronized samples are approximately 2 times that of the untreated 

sample due to the hard boron-iron compounds. 

➢ According to experimental studies, 2h boronized steel exhibited very promising results.  

 

In this study, we obtained very promising results in the field of pack boriding. In future studies, we 

intend to investigate the effects of the mixture of Ekabor-2 and different powders, such as iron, cobalt, 

titanium, etc., on forming the boron layer.  
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