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Characterization of Different Surface Layers Produced by Solid Boron-Nitro-Carburizing 
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The aim of this study is to obtain and characterize surface layers on low carbon steel with the pack boron-
nitro-carburizing process. Different mixtures of commercial powders (Turbonit® and Ekabor®) were used to 
investigate the case properties, microstructure and phases formation on AISI 1020 steel. A series of experiments 
were conducted in solid medium with powders blend, with weight proportions of 0/100;25/75;50/50;75/25;100/0 
at temperatures of 1000 and 1100º C for 2 and 10 hours. Roughness measurement of all treated specimens 
was assessed to compare with pre-treatment condition. Hardness profile and comparative analysis of phase 
structure, morphology and composition was carried out to treatment conditions. Optical microscopy shows 
differences on layers surface, depth and microstructure case - diffusion zone. Results found indicated that 
for the same treatment time and temperature, hardness was changed, but the diffusion case depth was kept 
similar. DRX and XPS indicated the formation of boron nitride after certain treatments.
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1. Introduction

The industrial development stimulated the search for 
high performance materials. Surface engineering promotes 
the possibility of changing materials properties where they 
are most needed. Among the surface engineering processes 
are mechanical treatments1, thermal, diffusion treatments2, 
and a wide range of surface coating technologies3-5.

Among the diffusional treatments, the addition of carbon 
(carburizing)6-9, nitrogen (nitriding)10-13 or boron (boronizing)6,14-17 
to the steel surface, which can be performed by solid11,12,14-17, 
liquid6,7, gas11,13 and plasma techniques11,18,19 improving 
wear and corrosion resistance of engineering components. 
Processes limitations and optimizations can be reached by the 
combination of different thermochemical treatments that can be 
performed progressively or simultaneously. These treatments 
are known as Carbonitriding7,19-22, Nitrocarburizing10,23-26, 
Borocarburizing27,28 or Boronitriding29-34. A transition zone 
is formed between the superficial hard layer and the soft 
substrate - a diffusion zone, were atoms interstitially dissolved 
in matrix improve fatigue resistance. Furthermore, these 
treatments may also form a compound layer in the surface. 
The compound layer consists of two or more phases that 
provides structural improvement, and increases mechanical, 
wear and corrosion resistances.

Different routes and methods can be used as observed in 
literature. For example, samples can be first carbonitrided 
and then boronized, using two-temperature stage process35. 

Alternative processes can also be used, Zheng Ke Quan and 
Zhakg Si Yu36 used CO2 laser as a heat source for the treatment 
of a metallic surface painted with organic adhesives and 
paste containing carbon (C), urea ((CO(NH2)2), and boron 
carbide (B4C). Plasma electrolytic saturation (PES) was used 
to produce a boron-carbonitrided nanocrystalline structure26.

This work aims to study the phases´ formation and 
microstructure modification of 1020 steel caused by pack 
thermochemical treatments. Different mixture proportions 
of commercial powders (Turbonit® K-20 and Ekabor® as 
carbon/nitrogen and boron carriers) were used. Treatments were 
performed in two different temperatures (1000º C and 1100º C) 
with two different times (2 h and10 h). The phases formed were 
characterized by optical microscopy, microhardness, X-ray 
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).

2. Experimental Procedure

AISI 1020 steel was used in this study. The discs 
samples (12.5 mm diameter x 10 mm height) were obtained 
from a cylindrical bar. Samples were grinded and Ra 
roughness was acquired. Three roughness measurements 
were performed in each face. Samples were ultrasonically 
cleaned before the thermochemical treatments. Ekabor® 
1V2 was used as boriding agent. Its composition is 
approximately 5 %w B4C, 5 %w KBF4 e 90 %w SiC37,38. 
Approximately 65% of the Ekabor powder particles are smaller 
than 105 µm, 40% of which are in the range of 53 to 105 µm. 
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Turbonit® K-20 was used as the nitrogen carrier, its stoichiometric 
formula is Fe4KCN11. CHN Elemental Analysis of Turbonit® 
K-20 showed approximately, 61 %w carbon, 2.5 %w hydrogen 
and 3.5 %w nitrogen. Turbonit is granulated in form of 
rods, (approximately 6.75 mm diameter x 10 mm to 20 mm 
length). This granulated was milled to powder until 70% of 
the particles were larger than 105 µm, 50% of which are 
larger than 250 µm, but smaller than 350 µm. Stainless steel 
containers measuring 50 mm diameter and 180 mm height 
were used to pack specimens and mixtures. Three samples 
were conditioned in the container covered with a minimum 
of 15 mm of powder. Ekabor®/Turbonit® K-20 blend was 
mixed using a "Y" type mixer during 30 minutes for complete 
homogenization in the following weight proportions: 0/100, 
25/75, 50/50, 75/25, 100/0. The granulometry distribution 
of the powders' mixtures is shown in Table 1.

Thermochemical treatments were carried out under 
atmospheric pressure in a muffle furnace with 25 liters, 
(chamber volume of 400 mm X 250 mm X 250 mm). A heating 
rate of 20º C/min was used and cooling was performed in 
air. In addition, the volume occupied by the container must 
not exceed 60% of the chamber volume34. As each container 
occupies approximately 1.5 liters, 5 tubes will be used and 
the five mixtures will be carried out per cycle at 1000º C 
and 1100º C for 2 h and 10 h.

After the thermochemical treatments, roughness 
measurement was assessed to compare with pre-
treatment condition. Measurements were obtained using 

Talysurf 25 equipment. Arithmetic average roughness (Ra) 
was acquired using a microroughness filtering with a ratio of 
25 µm, a Gaussian filter 0.4 mm and a 0.8 mm cut-off length.

The samples were cut, sanded with SiC abrasive paper 
up to 600 grid, polished using 1 µm alumina suspension and 
etched with a 3% Picral solution for optical micrograph analysis.

Hardness profile was acquired using a Future-Tech FM-
800 tester with 100 gf load and 10 s dwell time. A minimum of 
30 indentations were made on each sample condition and the 
hardness value is the average of at least 4 readings. The case 
depth (thickness) of the diffusion zone is defined as the depth 
where the hardness is at least 10% higher than the core hardness.

Phases and layers obtained with treatments were analyzed 
and identified by X-ray diffraction using Cu-Kα radiation, 
scan step 0.02º and 2θ range of 20º-110º. X-ray photoelectron 
spectroscopy (XPS) was used to confirm phases formed on the 
surface of the samples. The X-Ray spot size was set to 400 µm.

3. Results and Discussion

3.1 Surface finish: Roughness (Ra)

In order to evaluate the effect of different thermochemical 
treatments on the surface finish, roughness Ra was measured 
before and after the treatments. Grinded samples roughness (Ra) 
was 0.35 ± 0.08 µm. Roughness values of all the conditions 
studied are presented in Fig. 1. In general, roughness increases 
after thermochemical treatments.

Table 1. Granulometry distribution of the powders' mixtures (% w).

range [µm] 0E_100T 25E_75T 50E_50T 75E_25T 100E_0T

350 <> 250 50 41.375 32.75 24.125 15.5

250 <> 105 20 19.375 18.75 18.125 17.5

105 <> 53 15 21.625 28.25 34.875 41.5

< 53 15 17.625 20.25 22.875 25.5

Figure 1. Comparative roughness values of the samples before/after thermochemical treatments
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Variance analysis (ANOVA) shows that roughness 
parameter Ra is the same for grinded samples and treated 
samples at the following conditions: 50E_50T 1000º C/10h, 
50E_50T 1100º C/2h and 75E_25T 1100º C/2h. Borided 
samples (treated only with Ekabor) suffered great roughness 
variation with time and temperature. Higher temperatures and 
longer treatment times produce rougher surfaces, reaching 
Ra = 4.60 µm for the 100E_0T 1100° C/10h condition. This 
roughness variation can be explained by the formation and 
growth of boride crystals on the surface.

The growth of this borides crystals structure is responsible 
for the increase in roughness for smooth surfaces39,40. The 
growth of the borides layer is a controlled diffusion process 
with a highly anisotropic nature. The boride crystals tends to 
grow along a direction of minimum resistance, perpendicular 
to the external surface41.

In the conditions treated with Turbonit® K20 only, there 
was an increase of the roughness (Ra) to approximately 
0.8 µm, according ANOVA all the samples treated with 
Turbonit only, presented the same roughness value. It means 
that temperature and time did not affect roughness value in 
this composition condition. In the intermediate range, with 
mixture variations (25, 50 and 75), the same was observed; 
roughness values did not change with time and temperature 
considering any of the compositions.

3.2. Layer hardness and microstructure

Micro-hardness measurements were acquired from the 
surface to the bulk, in order to verify hardness variations 
between the layers, total case depth, and matrix hardness.

Figs. 2 and 4 show the comparative profile microhardness 
of the samples. Borided samples (100E_0T) at 1000 °C for 
2 hours presented a microhardness value of approximately 
1200 HV. The 1000 ºC_10h and 1100 ºC_2h (0E_100T) 
conditions presented similar behavior, comparing the curves. 
The maximum hardness obtained in these conditions is 1000 
HV. By the curves, it is possible to observe that the increase 
in temperature for 2 hours treatment promoted an increase in 
case depth. In the 0E_100T at 1100° C for 2 hours condition 
the hardness on the nearest edge of the layer could not be 
measured, due to the porosity/high roughness (Ra = 2.4 µm) 
of this layer. Measurements from hardness begun from 50 
µm distance from the surface.

Borided conditions (100E_0T) presented a borided layer 
with saw-tooth diffusion front and their surfaces are rough 
and porous. Increasing temperature and time, saw-tooth 
morphology is less pronounced and the average roughness (Ra) 
increases varying from 0.92 to 5.04 µm, in agreement with 
surface finish, showed in Fig. 1. The saw-tooth morphology 
depends not only on chemical composition of treated steel, 
but also on boriding temperature and time6.

In the microhardness profile of 100E_0T at 1100º C_10h 
condition, it is possible to identify four distinct zones. This 
condition presented a different behavior considering hardness 
profile and the microstructural image shows different zones 
comparing to the others. These zones are shown in the cross-
section microstructure image of Fig. 3(d). The thickness 
of the layers observed in Fig. 3(d), from the outermost to 
the innermost layer, are in the range of 115-125 µm (dark 
and porous zone), 72-77 µm (compact zone), 120-140 µm 

Figure 2. Hardness profiles of the borided AISI 1020 steel at 1000º C/ 1100º C for 2h and 10h
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(saw-tooth zone) and a diffusion zone reaching 1000 µm and 
hardness varying from 170 to 180 HV. The matrix hardness 
average of this condition was about 145 HV.

The mixtures hardness profiles have similar behavior 
to Turbonit® according to graphs of Fig. 4. Initially, the 
hardness profile rises, reaching a maximum hardness value 
then decreases until the hardness of steel core. According 
Dal’Maz Silva et al.19 decarburizing should be taken into 
account in carbonitriding treatments and the hardness peak 
under the surface is related to the repulsion of interstitial 
elements themselves, i.e. carbon-carbon, nitrogen-nitrogen 
and nitrogen-carbon negative interacting energies. 

Since these two elements interact with another in the austenite, 
the equilibrium with the atmosphere varies with gas composition 
and temperature20,21.

Microhardness analysis shows that hardness profiles vary 
with mixtures. Hardness decreases as the amount of Turbonit® 
decreases and the amount of Ekabor® increases. The reactions 
that occur in the process depends on the kinetics and equilibrium 
among gas interchange reactions and the gas-metal reactions. 
Increasing treatment time and temperature generates an 
increase in case depth, underlined by the black line in the graphs. 
Under the same conditions of time and temperature, regardless 
of the mixture, the case depth is similar to Turbonit®.

Figure 3. (a) cross-section optical micrograph of AISI 1020 at 1000º C for 2h, (b) cross-section optical micrograph of AISI 1020 at 1100º C for 
2h, (c) cross-section optical micrograph of AISI 1020 at 1000º C for 10h, (d) cross-section optical micrograph of AISI 1020 at 1100º C for 10h.

Figure 4. Hardness profiles of AISI 1020 steel thermochemically treated with Turbonit® and mixtures Tubonit®+Ekabor® at 1000º C/1100º C 
for 2 h and 10 h.
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In the mixtures of 0E_100T and 25E_75T at 1100° C_10 
h the diffusion was so intense that reached the sample core 
(5 mm). The matrix average microhardness increased from 
120 HV to 220 HV.

Fig. 5 shows optical micrographs of AISI 1020 steel 
thermochemically treated whit Turbonit and mixtures 
Tubonit®+Ekabor®. For these conditions iron borides layers 
are not observed, only observed for 100E_0T Fig. 2a-d.

Figure 5. Cross-sections optical micrographs (mag. 100x) of AISI 1020 steel thermochemically treated with Turbonit® 
and mixtures Tubonit®+Ekabor® (2 h and 10 h at 1000º C and 1100º C).
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In Turbonit®+Ekabor® mixtures at 1000º C for 2 h and 
10 h, a diffusion zone with grain refinement can be seen 
and the fraction of pearlite increases when the amount of 
Turbonit increases and Ekabor® decreases in the mixtures. 
Stumpf and Banks42 found that 10 to 30 ppm of boron 
enhances hardenability of steel through segregation at 
austenite grain boundaries and hence delays the nucleation 
of ferrite and pearlite. In the condition of 1100º C_2h only 
some islands, sub-superficial regions are identified with 
grain refinement and in the condition of 1100º C_10h there 
was no grain refinement.

Samples treated only with Turbonit® (100T_0E) show 
perlite microstructure and the diffusion layer increases with 
time and temperature increase, reaching the sample core (5 
mm), after 10 hours treatment at 1100º C.

3.3. XPS and DRX analysis

Fig. 6 shows the different microstructures formed 
varying the percentage of Turbonit® and Ekabor® in the 
mixtures. A homogeneous and flat layer is formed in the 
samples treated with 25T_75E at 1100° C for 10 h. The 
existence of boron nitride (BN) was verified by X-ray 
diffraction in Fig. 6b. The XPS analysis on the surface 
confirms that this layer is basically composed by 30.5%at 
boron, 33.5%at nitrogen, 22.5%at carbon and 8%at oxygen. 
In this fraction mixture (25T_75E) treated at 1000° C for 2 
h no layer is evidenced by micrography, but XPS analysis 
denotes elevated percentage of boron (37.5%at), nitrogen 
(29.5%at), carbon (23.5%at) and oxygen (6.5%at). This 
indicates that the boron nitrides are formed even in lower 
temperature and time treatments.

Even though a layer is not observed for 75T_25E treated 
at 1100° C for 10 h condition, the XPS analysis indicates 
high amount of boron (~22%p), nitrogen (26%p) and 
carbon (~13.5%p). The existence of boron nitrides (BN) in 
the mixtures of Turbonit®+Ekabor® was verified by X-ray 
diffraction in Fig. 7.

Fig. 6 shows a typical eutectoid microstructure for the 
samples treated only with Turbonit® (100T_0E). Fig. 8 
compares surface X-ray diffraction patterns of 1020 steel 
substrate and AISI 1020 steel thermochemically treated with 
Turbonit®. The increase in time and temperature change the 
intensities - strongest reflections in 2θ = 26.8º - refining 
cementite peak.

As observed in Fig. 3d, the cross-section micrograph of 
100E_0T at 1100º C_10 h, this condition has four distinct 
zones. A layer-by-layer X-ray diffraction analysis was held 
and is showed in Fig. 9.

Figure 6. Cross-sections micrographs of AISI 1020 steel thermochemi-
cally treated with mixtures Turbonit®+Ekabor® and Turbonit® during 
10 h at 1100º C.
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Figure 7. X-ray diffraction patterns obtained at the surface of the AISI 1020 steel thermochemically treated with mixtures Turbonit®+Ekabor® 
and Turbonit® during 10 h at 1100º C.

Figure 8. Comparative surface X-ray diffraction patterns of 1020 steel substrate and AISI 1020 steel thermochemically treated with Turbonit®

Fig. 9a represents X-ray diffraction of the reference 
AISI 1020 steel surface without treatment. X-ray diffraction 
of the borided surface (Fig. 9d) shows peaks of Fe2B (01-
072-1301), FeSi (01-088-1298) and Fe3Si (00-035-0519). 
Similar results were found by Carbucicchio et al.43, when 
replacing SiC by SiN4 in the powder mixture. FeB and 

Fe2B peaks are observed after a progressive removal 
material. The same peaks, in Fig.9c, are detected in layers 
at 150 µm and 250 µm below the surface. After 500 µm 
material removal, X-ray diffraction analysis is similar to 
the pattern of AISI 1020 steel surface without treatment 
showing only Fe peaks.
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Figure 9. X-ray diffraction patterns for a) 1020 steel substrate 
without treatment; layer-by-layer of borided AISI 1020 steel treated 
with Ekabor® at 1100ºC for 10 h - b) and c) patterns obtained with 
progressive removal of material, d) borided surface

4. Conclusion

The study comparing thermochemical treatments using 
commercial nitriding/boriding powders and mixtures presents 
the following results:

1. It is possible to develop a boron nitride layer on 
AISI 1020 surface by pack process using different 
mixture proportions of commercial powders: 
Turbonit® K-20 and Ekabor® as carbon/nitrogen 
and boron carrier.

2. The treatment with the mixtures slightly change the 
surface finish and in certain conditions produce a 
compact and porosity free layer of boron nitride.

3. Hardness of the borided layers are higher than those 
obtained in the samples treated with Turbonit® K-20 
and also higher than the hardness of the mixtures: 
Turbonit® K-20 and Ekabor®.

4. The mixtures hardness profiles have similar behavior 
to Turbonit®. Decreasing the amount of Turbonit® 
and increasing the amount of Ekabor® cause a 
decrease in hardness. Temperature and time do not 
affect significantly the maximum hardness to same 
fraction mixture, just the total case.

5. Boron diffusion produces a zone of refined grains 
in samples treated with mixtures at 1000° C for 2 
h and 10 h.

6. FeSi and Fe3Si presence/growth on the surface is 
observed for the borided at high temperature and 
long time process samples (1100º C for 10 h).

The optimum treatment parameters (time, temperature and 
mixtures fractions) should be studied to a better understanding 
on the mechanisms of layers formation-reactions occurring in 
the process, kinetics and equilibrium among gas interchange 
reactions and the gas-metal reaction. The results will open 
new possibilities for their practical application.
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