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Boronizing is a thermo-chemical surface hardening 
process in which boron atoms diffuse into metal surface. 
This study investigated on boronized layer thickness of 
different grooved surfaces of mild steel material. Four 
different groove shapes were engraved on specimens that 
were heat-treated with boronizing process at durations 2, 
4 and 6 hours and temperatures 1123, 1173 and 1223 K. 
The grooved surfaces were characterized and observed 
under microscopes to reveal the layer thicknesses for 
respective process duration and temperature. The results 
of boronized layer thicknesses were analyzed and 
activation energies for the boronizing process taken place 
at the surfaces were calculated. Different values of 
activation energy were determined for different grooved 
shapes, and this finding suggests that the surface contours 
affect the outcome of boronized metal surface. 

 
 
1.0 INTRODUCTION 

It is known that almost all metals including ferrous, non-ferrous and alloys can be treated with 
boronizing to harden the outer surfaces. However, the content of alloying elements as well as the 
grain size of metallic materials can influence the diffusion rate of boronizing process (Hasan et al., 
2006). It was reported that diffusion of boron atoms can produce layer thickness of around 10 μm 
to 200 μm, which increased surface hardness up to 1400 HV to 2000 HV (Arun et al., 2013; Jurci, 
2011). The surface treatment was also reported to be able to strengthen material resistance to 
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corrosion and abrasive wear, decrease coefficient of friction and increase surface hardness 
(Suwattananont, 2004). 

Boronizing can be done using several methods to diffuse boron atoms on the surface of metal. 
There are at least six methods for boronizing, including pack boronizing, paste boronizing, liquid 
boronizing, gas boronizing, plasma boronizing and fluidized bed boronozing (Krastev, 2012). 
Unfortunately, only pack boronizing and paste boronizing have achieved commercial success due 
to its low cost procedure and high quality product that filled up the gap between low and high 
technology. Beside, gas boronizing and liquid boronizing have showed limited application due to 
environmental problem. This situation had eventually increased the use of pack boronizing and 
paste boronizing as compared to gas boronizing, liquid boronizing and other boronizing methods 
(Krastev, 2012). 

The thickness of boride layer depends on temperature and time of boronizing. It has been 
reported that boride layer consists of three regions which are borides, transition zone and matrix 
(Topuz et al., 2016). Boride layer thickness increases when the temperature and time of 
boronizing are increased due to the boronizing kinetics. The boride layer can be either in single 
phase formation or double phase formation with a certain composition in ferrous materials 
(Yorulmaz, 2007). The single phase consists of iron boride Fe2B layer whereas the double phase 
formation consists of iron borides FeB and Fe2B layers. Double phase is formed when the boron 
medium is excessed. Extra boron atoms form a rich-phase FeB layer on the Fe2B layer. This rich 
phase FeB layer has been found as more brittle than Fe2B layer. The thickness of boride layer 
varies parabolic with time by referring to Equation 1 (Topuz et al., 2016). In the equation, x is the 
thickness of boride layer in micrometer (µm), K is the growth rate constant in meter squared over 
second (m2/s) and t is the time of boronizing in second (s). Equation 2 shows relationship 
between growth rate constant, activation energy Q in kilo-Joule over mole (kJ/mol) and 
temperature T in kelvin (K). Natural logarithm is taken on Equation 2 and become Equation 3. 

 
𝑥 = √𝐾𝑡 (1) 

𝐾 = 𝐾0 × 𝑒𝑥𝑝 (−
𝑄

𝑅𝑇
) (2) 

ln(𝐾) = ln(𝐾0) − (
𝑄

𝑅𝑇
) (3) 

 
The pack boronizing process can be applied to any shapes of industrial parts and components 

[Suwattananont, 2004], but the results of boronizing on these different applications have not been 
discussed in details, in terms of the resulted boronized layer, qualitatively and quantitatively. 
Although a study reported that geometry has no effect on the formed boride layer thickness (Calik 
et al., 2008), the authors of the paper agreed that there will be geometrical effect at high stress 
concentration areas, and boronizing at this particular parts has not yet been addressed in details. 

Steel is an important material that being utilized in industries. It ranks among the sturdiest 
material and has multi shaped. As industrial parts include a lot of surface contours and shapes, 
boronizing at high stress concentration areas is unavoidable. Thus, is it important to quantify the 
effect of boronizing at high stress concentration surfaces due to these different shapes. 

This paper reports on activation energy analysis of boronizing process on grooved (U, C and V 
shapes) mild steel surfaces. These surfaces represent high stress concentration areas that can be 
found in real boronizing parts. Thicknesses of boride layers that are formed at these grooved 
surfaces are measured and activation energies are determined for all grooved surfaces. The 
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results show a quantified effect of boronizing on grooved surfaces which can be a reference in 
surface engineering field. 

 
 

2.0 EXPERIMENTAL PROCEDURE 
A bar of mild steel with standard chemical composition of 0.25% carbon, 0.2% copper, 98% 

iron, 1.03% manganese, 0.04% phosphorus, 0.28% silicon and 0.05% sulfur was cut into nine 
cube specimens with dimension of 20 mm × 20 mm × 20 mm. All four sides of these specimens 
were engraved with four different types of groove. Figure 1 shows schematic of cube specimen 
used in this study. The details of groove shapes in this study are listed in Table 1. 

 

 
Figure 1: Schematic of grooved surfaces specimen. 

 
Table 1: Details of groove shapes. 

Grooves Label of specimen Details of cross-section 

U-shape U-shape Square 2 mm × 2 mm 

C-shape 2 mm c-shape Semi-circle diameter 2 mm 

C-shape 4 mm C-shape Semi-circle diameter 4 mm 

V-shape V-shape Triangle height 2 mm 

 
The specimens were boronized using pack boronizing at temperatures 1123, 1173 and 1223 

K for durations 2, 4 and 6 hours, respectively, by following the procedures as described in earlier 
study (Omar et al., 2015). A cube specimen with four different groove surfaces was dedicated for 
each combination of parameters, which led to nine cube specimens in total. Boronizing powder 
Ekabor 1 was used, and the powder was ensured in same compact condition by weighing the mass 
of fully dense container. Figure 2 shows the schematic arrangement of powder pack boronizing 
in this study. The packed specimens were then heated in high temperature furnace. The schematic 
of boronizing process is as shown in Figure 3. 
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Figure 2: Schematic arrangement of powder pack boronizing. 

 

 
Figure 3: Schematic diagram of boronizing process. 

 
The boronized specimens were undergone metallographic procedures for characterization 

under optical and scanning electron microscopes (SEM). Boride layer thicknesses for respective 
groove shapes were observed and measured. Average thickness values were calculated from 
three different places along a grooved surface. This means that, in one cube specimen, there were 
twelve thickness measurements data for four different grooved surfaces. Hence, for all nine 
specimens, there were altogether hundred and eight measurement data taken in this study. 
Activation energies for all groove shapes were determined by using Arrhenius equation as in 
previous Equation 1 and following procedures as described in previous study (Omar et al., 2016). 
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3.0 RESULTS AND DISCUSSION 
The boronized surfaces were inspected under scanning electron microscopy (SEM). Figure 4 

compares the observations for all four different types of boronized grooves. 
 

 
Figure 4: Comparison of SEM images for boronized grooves; (a) U-shape; (b) 2 mm c-shape; (c) 4 
mm C-shape; (d) V-shape (boronized at 1123 K for 4 hours). 

 
The formed boride layer thickness on the grooved surfaces were measured on three different 

points for the respective surface. The examples of closed-up images for boride layer thickness 
measurements for all groove surfaces are shown in Figure 5, 6, 7 and 8. Meanwhile, Figure 9, 10 
and 11 show the comparison of boride layer thickness on different grooved surfaces at 
temperatures 1123, 1173 and 1223 K,  for 2, 4 and 6 hours of boronizing durations respectively. 
The values of measured layer thickness for all surfaces were between 30 µm to 190 µm. 
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Figure 5: SEM image of cross sectional view of U-shaped groove surface at 1123 K for 4 hours. 
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Figure 6: SEM image of cross sectional view of 2 mm c-shaped groove surface at 1123 K for 2 
hours. 
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Figure 7: SEM image of cross sectional view of 4 mm C-shaped groove surface at 1123 K for 6 
hours. 
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Figure 8: SEM image of cross sectional view of V-shaped groove surface at 1123 K for 4 hours. 
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Figure 9: Boride layer thickness on different grooved surfaces for 2 hours. 

 

 
Figure 10: Boride layer thickness on different grooved surfaces for 4 hours. 
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Figure 11: Boride layer thickness on different grooved surfaces for 6 hours. 

 
The variations of boride layer thickness at different time and temperature for each different 

groove were plotted, and found to be in parabolic relations. These parabolic relations have 
fulfilled Equation 1 (Topuz et al., 2016), thus the activation energy can be calculated from 
variations of boride layer thickness. An example of parabolic plot for a type of groove surface is 
shown in Figure 12. 

 

 
Figure 12: The parabolic plot for variations of boride layer thickness against time for 2 mm c-
shaped groove. 
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From relation shown in Figure 12, graph of square of boride layer thickness against boronizing 
time for 2mm c-shaped was then plotted as shown in Figure 13. It has been confirmed that the 
square of boride layer changed linearly with time, and fulfilled the previous Equation 2. The 
values of boron growth rate K can be obtained from the gradient of the graph. Then natural 
logarithm was taken on the linear relation, thus graph ln K against reciprocal of temperature can 
be plotted, and this has fulfilled the previous Equation 3. Figure 14(a) shows graph of natural 
logarithm of boron growth rate against reciprocal of temperature for 2 mm c-shaped groove 
surface, while Figure 14(b), (c) and (d) shows the respective graphs for other groove shapes. From 
relation in Figure 14, the activation energy of boronizing process on 2 mm c-shaped groove 
surface was calculated as 244.36 kJ/mol, and these procedures were repeated for other groove 
surfaces. Only single value of activation energy was derived for the respective groove surface 
using this mathematical equation. The results for activation energy are listed in Table 2.     

 

 
Figure 13: Square of boride layer thickness against boronizing time for 2 mm C-shaped groove 
surface. 
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Figure 14: Natural logarithm of boron growth rate against reciprocal of boronizing temperature 
for groove surfaces; (a) 2 mm c-shape; (b) 4 mm C-shape; (c) U-shape; (d) V-shape. 

 
Table 2: Activation energy values for different groove surfaces.  

Groove shapes Activation energy, Q Groove shape 

U-shape 148.64 kJ/mol 120.00 mm2 

2 mm c-shape 244.36 kJ/mol 102.83 mm2 

4 mm C-shape 76.51 kJ/mol 125.66 mm2 

V-shape 241.33 kJ/mol 113.14 mm2 

 
Result in Table 2 shows that grooved surface of 4 mm C-shape is having the lowest value 76.51 

kJ/mol for activation energy as compared to that of other grooved surfaces. This can be 
understood as being the lowest energy required by boron atoms to diffuse into the surface. The 
reason for this can be related to the effective area of the grove shape that was in contact with the 
boronizing powder during the treatment process, as listed in Table 2. With same concentration of 
boronizing powder, more boron atoms diffuse in a high surface contact condition, thus leads to a 
lower energy required for diffusion. Table 2 shows that the largest groove shape area gives the 
lowest activation energy (4mm C-shape) while the least groove shape area gives the highest 
activation energy (2 mm c-shape). Previous studies in boronizing had also similar understanding 
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on the effective higher diffusion area which can lower the activation energy of boronizing process 
(Hasan et al., 2006; Taazim et al, 2016). Although the previous studies were dealing with 
superplastic materials where the contact area during diffusion happened between boron atoms 
and fine grain size of materials, this concept of effective contact area is seem as applicable in 
current reported study of boronized groove surfaces.      

The finding on effect of groove shape on activation energy for boronizing that is reported in 
this study is an interesting phenomenon that needs to be considered in boronizing treatment, 
although this is found as contradict to that mentioned by Calik et al. (2008). The contradiction is 
seem reasonable, since Calik et al.’s study was not dealing with kinetics energy and only done 
using one set of parameter which was at 1210 K for 4 hours, therefore the variations of boride 
layer thickness have not been analyzed in their study. Furthermore, their study only involved 
large geometrical shape of tensile test specimen, while in current study, fine geometrical groove 
shapes are used to represent high stress concentration areas that can take place in industrial 
boronized parts. As Calik et al. (2008) agreed that there will be geometrical effect at high stress 
concentration area, the current study that is reported in this paper has come out with a conclusion 
to confirm that geometries of high stress concentration areas do affect the formation of boride 
layer thickness on metal, and need to be considered in boronizing process of detailed and fine 
industrial parts. 

 
 

4.0 CONCLUSION 
In this paper, the Arrhenius equation has been applied to derive activation energy values for 

mild steel with four different groove surfaces, namely; U-shape, 2 mm c-shape, 4 mm C-shape and 
V-shape. The groove surfaces represent high stress concentration areas in industrial boronizing 
applications. The values of activation energies are found as different for all grooved surfaces, with 
4 mm C-shape having the lowest activation energy value which leads to a faster boronizing 
process as compared to the others. Effective contact area between boron atoms and diffusion 
surface is the most possible reason that supports the results shown in this study.  

The finding shows that geometries of high stress concentration areas such as grooved surfaces 
need to be well considered and cannot be ignored during boronizing treatment process. As 
boronizing is widely applied in surface hardening industry, this study contributes to a new 
knowledge on the effect of geometries on boronized metal surfaces. 

This study can be extended to other types of surfaces with high stress concentration areas. 
Other tribological properties can also be determined to enrich the finding. 
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