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Abstract: In this study, AISI 1040 and AISI 4140 steels were boriding using Ekabor-II commercial boriding powder with powder-pack boriding method using microwave and 
conventional heating methods. The samples were borided at 950 °C for 2 and 6 hours in an Ar atmosphere in a microwave oven of Enerzi-Mh2912-V8. Biphasic structure 
(FeB/Fe2B) was formed in all borided AISI 4140 samples and AISI 1040 samples borided for 6 hours. A single-phase structure was observed in AISI 1040 steel borided for 2 hours. 
Compared to the conventional method, a 1.5-1.6 times thicker boride layer was obtained in AISI 4140 and AISI 1040 steels with microwave-assisted powder-pack boriding. The 
highest hardness was measured as 1561.8 HV0.05 for boriding AISI 4140 steel and 1499.7 HV0.05 for boriding AISI 1040 steel. The Vickers indentation fracture toughness of borided 
steels with microwave energy varied between 2.31 and 3.46 MPa·m1/2. It was determined that in all samples borided by the microwave-assisted and conventional powder-pack 
boriding method, the adhesion strength between the boride layers and the substrate obtained was sufficient. 
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1 INTRODUCTION 
 

Boriding is a diffusion-controlled surface hardening 
process in which boride layers are obtained on the surface by 
creating a chemical reaction between boron atoms and metal 
substrate [1, 2]. It is achieved by diffusing boron atoms at 
high temperatures on the metal substrate in order to increase 
the wear resistance, surface hardness and corrosion resistance 
[3, 4]. Boriding, mainly applied to steel and iron alloys, can 
be used for various surface hardening and heat-treated steels, 
non-ferrous metal alloys such as titanium, cobalt, nickel, and 
ceramic materials [5]. With boriding, TiB and TiB2 in Ti and 
its alloys, CoB and Co2B in CoCr alloys and NiB, Ni2B, and 
Ni4B3 borides are formed in Ni alloys [6-10]. 

In steel and alloys, the boriding process, generally 
applied in the temperature range of 800-1050 °C for 0.5- 
10 hours, is carried out in solid powder, liquid, paste and gas 
environments. As a result, FeB and Fe2B hard boride layers 
are obtained [5, 11]. Apart from these methods, ion 
deposition, physical and chemical vapor deposition (PVD, 
CVD), plasma paste and laser methods are also used in order 
to increase the practicality of layer formation with the 
developing technology, as well as increase the mechanical 
properties [12-14]. Powder-pack boriding, one of the 
boriding varieties, is the most preferred method due to its 
advantages such as easy application, low cost and 
changeability of the boriding composition compared to other 
methods. 

Diffusion kinetics of boron [15-17], mechanical [18-20], 
tribological properties [21-23] and corrosion resistance [24, 
25] of borided steels have been investigated in the literature. 
Uslu et al. borided AISI 1040 steel using Ekabor 2 powder at 
temperatures of 800, 875 and 950 °C for 2, 4, 6 and 8 hours 
of soaking times. By the boriding process, they obtained 
boride layers consisting of FeB and Fe2B phases, with a 
hardness of approximately 1500 HVN and a thickness of 10-
180 µm [26]. Özerkan borided AISI 1040 steel using Ekabor 
2 powder at temperatures of 850 and 950 °C for 2, 4 and 6 h 

of soaking times. In this study, he examined the 
microstructural and mechanical properties of the boride 
layers. It was reported that the obtained thicknesses of the 
boride layers were 123.4 and 156.3 µm, respectively, at 850 
and 950 °C [27]. Ulutan et al. borided AISI 4140 steel using 
Ekabor 2 powder at temperatures of 900, 950, 1000 and 1050 
°C for 2, 4 and 6 hours of soaking times. In the study, the 
microstructural and tribological properties of boride layers 
were investigated. They reported a 290 µm boride layer 
consisting of FeB, Fe2B and CrB phases was obtained [28]. 
Keddam et al. borided AISI 4140 steel at 850 and 1000 °C 
for 2, 4, 6 and 8 hours. They examined the diffusion kinetics 
of the boron. They determined the boron activation energy as 
189.24 kJ·mol‒1 in AISI 41240 steel [29]. Dominguez et al. 
borided AISI 4140 steel at temperatures of 850, 900, 950 and 
1000 °C for 2, 4, 6 and 8 h. In this study, they found the boron 
activation energy for the Fe2B phase as 173 kJ·mol‒1. 
Experimentally, the maximum Fe2B thickness obtained was 
127.9 µm in the sample borided at 1000 °C for 8 h [30]. Çalık 
et al. borided AISI 316, AISI 1040, AISI 1045, and AISI 
4140 steels at 937 °C for 4 hours. They compared the 
mechanical properties of these steels after boriding. They 
reported the boride layer thickness as 90 µm in AISI 1040 
steel and 100 µm in AISI 4140 steel [31]. 

In this study, microwave energy was performed powder-
pack boriding of AISI 1040 and AISI 4140 steels for the first 
time in the literature. After boriding and thickness 
measurements were carried out, some mechanical and 
microstructural properties were investigated. 
 
2 MATERIAL AND METHOD 
 

In this study, the mechanical and microstructural 
properties of AISI 1040 and AISI 4140 steels, which are 
pack-borided using conventional and microwave heating, 
were investigated. AISI 1040 and AISI 4140 samples were 
cut by a cut-off machine. Before boriding, the surfaces of the 
cut samples were cleaned in an ultrasonic bath in acetone 
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before. As the boriding pack, AISI 304L stainless steel boxes 
of 50 mm inner diameter and 50 mm height were used. 
Ekabor II boriding powders with 5% B4C, 5% KBF4 and 90% 
SiC were used as boriding powder. Microwave-assisted 
boriding process was carried out at 950 °C for 2 and 6 hours 
in an Ar atmosphere in an Enerzi-Mh2912-V8 brand 
microwave oven with a power of 2.9 kW and a frequency of 
2.45 GHz (Fig. 1). 

 

 
Figure 1 Schematic diagram of the microwave-assisted powder-pack boriding 

process 
 
After conventional and microwave-assisted boriding, the 

samples were sanded using 180, 320, 600, 800, 1000 and 
1200 grid abrasives and polished using 3 and 1 µm diamond 
polishing solutions by the Metkon Farcipol 1V brand grinder. 
After polishing, the samples were etched in a 5% solution of 
HNO3 in ethanol (Nital etching reagent). Boride layer 
thicknesses of etched samples were measured with Nicon 
Eclipse LV150N brand optical microscope (OM) and 
Clemex image analysis system. Measurements were repeated 
eight times for each sample and the average of these 
measurements was given. Microhardness measurements of 
the borided samples were performed using the Future-Tech 
FM 700 brand microhardness measurement device from the 
cross-section of the sample. In the measurements, 50 gf was 
applied at an indenter approach speed of 10 µm/sec for 10 
seconds. In this study, the equation used to calculate the 
fracture toughness is as follows: 
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Here, E is the elastic modulus of the layer (kg/mm2) 

whose fracture toughness is measured, H is the Vickers 
hardness (HV), P is the applied load (N) during indentation, 
and c (mm) is the crack length. SEM image of the mark and 
crack formed on the sample with the Vickers indentation 
technique is given in Fig. 2. 

The adhesion strength between the substrate material and 
the boride layer in the borided samples was measured 
following VDI 3198 indentation test standards with a 120° 
conical indenter. The adhesion behavior was determined by 

examining cracks, delaminations and fractures in the craters. 
Microstructural investigations and determination of the 
adhesion strength of the boride layer were performed using 
the ZEISS GeminiSEM 500 model (ZEISS, Oberkochen, 
Germany) scanning electron microscopy (SEM). 

 

 
Figure 2 SEM image of the Vickers indentation mark and crack 

 
3 RESULTS AND DISCUSSION 
 

In Figs. 3 and 4, the SEM images of the boride layers of 
the conventional and microwave-assisted borided samples 
are given, respectively. While α-Fe has a body-centered 
cubic structure, neither FeB nor Fe2B compounds have cubic 
crystal symmetry [32]. Therefore, B diffusion and boride 
grain growth exhibit an unnatural anisotropic structure. The 
preferred growth direction of Fe2B and FeB compounds is 
along the 001 direction because B atoms diffuse faster in this 
direction. As a result, boride grains in the 001 direction 
perpendicular to the sample surface grow more quickly [20, 
33, 34]. Therefore, a boride layer with needle/tooth-like 
morphology is formed. Saw-tooth morphology also increases 
the adhesion strength between the substrate and the boride 
layer [35, 36]. This formation depends on boriding processes 
such as temperature and time and material properties such as 
the ratio of the alloy elements [37]. As can be seen in Figs. 3 
and 4, boride layers were formed in a saw-tooth form in all 
samples. As seen in Fig. 3, as the boriding time increased 
with conventional heating, pores were formed on the surface 
of the boride layer, especially in AISI 1040 steel. In 
microwave-assisted boriding, it was determined that both 
AISI 1040 and AISI 4140 borided steel samples had much 
less porosity and surface roughness. Therefore a much better 
surface quality could be obtained with microwave-assisted 
boriding (Fig. 4). 

Due to the high brittleness of the FeB phase, only Fe2B 
single-phase structure is preferred after boriding in the steels 
[38]. Boride layers consisting of the Fe2B phase were 
obtained in both AISI 1040 and AISI 4140 steels in the 
boriding process performed with conventional heating (Figs. 
3a-d). Dual-phase structure (dark-colored FeB compound, 
lighter-colored Fe2B compound) was observed in 
microwave-assisted borided AISI 1040 steel for 6 hours (Fig. 
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4b). A single-phase (Fe2B) structure was formed in the AISI 
1040 steel sample, borided for 2 hours with microwave-
assisted heating (Fig. 4a). In AISI 4140 steel, biphasic boride 
layers were formed as a result of microwave-assisted 
boriding for both 2 and 6 hours. 

  

 
Figure 3 SEM images of the conventional borided samples: a) AISI 1040-2 h,  

b) AISI 1040-6 h, c) AISI 4140-2 h and d) AISI 4140-6 h 
 

The elemental analysis results obtained from the boride 
layer and substrate formed in AISI 1040 steel, which was 
borided for 2 h with conventional heating, are given in Fig. 
5. As determined from the EDS analysis, the boride layer was 

composed of the Fe2B phase. The change in peak intensity 
obtained during the linear EDS scanning of B atoms in 
microwave-assisted borided AISI 4140 for 2 h is seen in Fig. 
6. C atoms, like Si atoms, do not dissolve in the boride layer 
and are pushed toward the substrate during the diffusion of B 
atoms. In Fig. 6, while C atoms gave a very low peak 
intensity in the boride layer, it was seen that the peak 
intensity increased as the scanning went under the layer. 

 

 
Figure 4 SEM images of the microwave-assisted borided samples: a) AISI  

1040-2 h, b) AISI 1040-6 h, c) AISI 4140-2 h and d) AISI 4140-6 h 
 

 
Figure 5 EDS analysis of the boride layer and substrate in conventional borided AISI 1040 for 2 h 

 
Boride layer thicknesses measured in conventional and 

microwave-assisted powder-pack borided samples are 
graphically given in Fig. 7. Microwave heating is non-
thermal heating. Here, the microwave energy absorbed by the 
material is transformed into thermal energy [39, 40]. With 
this energy conversion, rapid volumetric heating occurs. İpek 

Ayvaz and Aydın [5, 41] borided AISI 316L stainless steel 
with a microwave-assisted powder-pack boriding method. In 
this study, two times the thickness of boride was obtained 
according to the conventional method. In the diffusion 
kinetics analysis, it was determined that microwave heating 
increased the pre-exponential factor, and as a result, boron 
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diffusion increased. When the thickness values obtained in 
this study are compared with the literature summarized in 
Tab. 1, it can be seen that the thickness of the boride layer is 
significantly increased by microwave heating. In particular, 
the thicknesses obtained in microwave-assisted powder-pack 

borided AISI 4140 steel are approximately 1.5-2 times the 
thicknesses in the literature. In this study, it was determined 
that much thicker boride layers were obtained with 
microwave-assisted boriding in both AISI 1040 and AISI 
4140 steels compared to conventional heating. 

 

 
Figure 6 Results of EDS line scan analysis in microwave-assisted borided AISI 4140 for 2 h 

 
Table 1 Boriding parameters applied to AISI 1040 and AISI 4140 steels with a 

conventional furnace and boriding thicknesses obtained in the literature 
Material Temperature (°C) / Time (h) Thickness (µm) References 

1040 937 / 4 90-100 [18, 19] 
4140 950 / 2 86 [28] 
4140 950 / 6 167 [28] 
4140 937 / 4 100 [31] 
1040 937 / 4 90 [31] 
4140 950 / 2 67 [42] 
4140 950 / 3 92 [42] 
4140 950 / 4 60 [43] 
4140 950 / 6 80 [43] 
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Figure 7 The thickness of boride layers of the conventional and microwave-

assisted borided samples 
 

Fig. 8 shows thickness-dependent hardness variations of 
microwave-assisted and conventional powder-pack borided 
AISI 4140 and AISI 1040 steels. After the boriding process 
was performed with the traditional method, the formation of 
a single-phase Fe2B layer was detected. With the effect of 
single-phase structure, sequentially, the maximum 
microhardness of 1360 and 1384 HV0.05 was obtained in AISI 
1040 and AISI 4140 steels borided by conventional methods. 

 

 
Figure 8 Variation in microhardness as a function of depth from the surface in 

borided samples a) conventional and b) microwave-assisted 
 
Uslu et al. [26] obtained a hardness of 1200-1500 HV in 

borided AISI 1040 steel. Özerkan [27] measured the 
maximum hardness of 1539.6 HV in borided AISI 1040 steel. 
In this study, the highest hardness in AISI 1040 steel was 
measured as approximately 1499 HV0.05 in the 10-20 µm 
depth range from the surface of the microwave-assisted 
borided sample for 6 hours. Ulutan et al. [28] measured the 
hardness of borided AISI 4140 steel in the range of 1309-
1757 HV0.05. Joshi and Hosmani achieved hardness between 
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1225-1367 HV0.1 [42]. Arslan and Akgül Kayral reported the 
hardness of AISI 4140 steel, which they borided, in the range 
of approximately 1200-1400 HV0.05 [43]. In this study, the 
highest hardness was measured as 1561 HV0.05 in the 
microwave-borided AISI 4140 sample for 2 hours, and the 
maximum was 1497 HV0.05 in the microwave borided for 6 
hours. 

Vickers indentation fracture toughness values of borided 
samples are shown in Fig. 9. When the results given in Fig. 9 
are compared, although the fracture toughness of the boride 
layer obtained with microwave boriding appears to be lower, 
the crack formation was not observed in the Fe2B phase in 
the microwave-borided samples in the tests performed. For 
these samples, cracks formed in the FeB phase were included 
in the calculation. However, cracks in the Fe2B phase in 
conventionally borided samples were observed. Campos-
Silva et al. calculated the fracture toughness of the Fe2B 
phase in AISI 4140 steel as 2.9-4.0 MPa·m1/2 [20]. Uslu et al. 
determined the fracture toughness of the boride layers formed 
in P20 steel in the range of 2.79-4.79 MPa·m1/2 [26]. Taktak 
reported the fracture toughness of boride layers in AISI 304 
stainless steel alloy as 2.45-4.08 MPa·m1/2 [44]. Campos-
Silva et al. determined the fracture toughness of the FeB-
Fe2B interface as 3.56-4.45 MPa·m1/2 [45]. In this study, 
results compatible with the literature were obtained. 
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Figure 9 Vickers indentation fracture toughness of the conventional and 

microwave-assisted borided samples 
 

Figs. 10 and 11 show the SEM images of the craters 
formed on the surface of the conventional and microwave-
assisted borided samples after Daimler-Benz Rockwell-C 
adhesion tests. Adhesion can be defined as the resistance of 
a coating to separation or disintegration from the substrate. A 
standard Rockwell-C hardness tester was used in these tests. 
In these tests, the damage to the coating was compared with 
the HF1-HF6 quality map [44, 46, 47], and the adhesion 
strength between the boride layer and the substrate was 
evaluated. It is observed that the cratering formed in both 
microwave-supported and conventionally borided AISI 1040 
steels is broader than that of AISI 4140 steel. This situation 
occurs due to the lower thickness and softer boride layer. 

This phenomenon can be seen more clearly in microwave-
assisted borided samples (Fig. 11). This circumstance was 
caused by FeB phase formation in microwave-assisted 
borided AISI 4140 samples. In all samples, sufficient 
adhesion strength was found between the boride layers and 
the substrate, meeting the HF1 standard. It is predicted that 
the increase in the FeB phase may decrease the adhesion 
strength due to residual thermal stresses [44, 48]. However, 
it is known that this effect is minimized by hybrid heating 
that occurs with SiC susceptors in microwave-assisted 
powder-pack boriding [5, 41]. 

 

 
Figure 10 SEM images of craters of the Daimler-Benz adhesion tests on the 

conventional borided samples: a) AISI 1040-2 h, b) AISI 1040-6 h, c) AISI 4140-2 h 
and d) AISI 4140-6 h 

 

 
Figure 11 SEM images of craters of the Daimler-Benz adhesion tests on the 

microwave-assisted borided samples: a) AISI 1040-2 h, b) AISI 1040-6 h, c) AISI 
4140-2 h and d) AISI 4140-6 h 

 
4 CONCLUSION 
 

In this study, conventional and microwave-assisted 
boriding in steel alloys was compared for the first time in the 
literature. AISI 4140 and AISI 1040 steels were borided 
using microwave-assisted and conventional powder pack 
boriding methods. The results obtained after the boriding 
process was applied at 950 °C for 2 and 6 hours are as 
follows: 
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• While a single-phase (Fe2B) boride layer was observed 
in all conventional borided samples, a single-phase 
boride layer was obtained in AISI 1040 steel borided for 
only 2 hours from microwave-assisted borided samples. 
In other samples, FeB/Fe2B biphasic boride layers were 
formed. 

• Boride layer thicknesses were approximately 1.5- 
2 times thicker than the literature obtained in AISI 4140 
steel due to microwave-assisted boriding. These 
thicknesses were 116.6 and 179.01 µm after boring for 2 
and 6 hours, respectively. With microwave-assisted 
boriding, a ~60% increase in thickness was achieved 
compared to the conventional method. 

• Boride layer thicknesses of 72.48 and 156.8 µm were 
obtained in AISI 1040 steel, respectively, after 2 and  
6 hours of boriding. With microwave-assisted boriding, 
a ~50% increase in thickness was achieved compared to 
the conventional method. 

• The highest hardnesses obtained in microwave-assisted 
borided AISI 4140 and AISI 1040 steels are 1561.8 
HV0.05 and 1499.7 HV0.05, respectively. 

• According to the results in the literature, fracture 
toughness was calculated between 2.31 and 3.46 
MPa·m1/2 in microwave energy borided samples. The 
fracture toughness of the boride layers in the 
conventionally borided samples with a boride layer 
consisting of a single-phase Fe2B compound is higher 
than in the microwave-assisted borided ones. 

• It was determined that there was sufficient adhesion 
strength between the boride layers and the substrate in all 
samples. 
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