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ABSTRACT: In this work, the design of an electrical furnace for producing transition metal-based hard coatings using the thermo-reactive 
deposition and diffusion (TRD) technique is described. Performance of the system was tested through production of vanadium carbide (VC) 
and niobium carbide (NbC) coatings on steel AISI D2. X-ray diffraction (XRD) and optical microscopy techniques were used to study phase 
formation and microstructure, respectively. Hardness was determined by using Knoop microhardness measurements. XRD results showed 
the presence of VC and NbC, and as MEB results clearly show, the formation of regular thickness coatings. The results obtained allow for 
assessing that the designed and built furnace fulfills the requirements of the TRD technique for obtaining different types of hard coatings.

KEYWORDS: Thermoreactive deposition and diffusion (TRD), coatings, VC, NbC

RESUMEN: En este trabajo se describe el diseño de un horno eléctrico que permite obtener recubrimientos duros basados en metales de 
transición, utilizando la técnica de deposición por difusión termorreactiva (TRD). El desempeño del sistema construido se evaluó a través 
de la producción de recubrimientos de carburo de vanadio (VC) y carburo de niobio (NbC) sobre aceros AISI D2. Se utilizaron las técnicas 
de Difracción de Rayos X (DRX) y Microscopía óptica para estudiar la formación de fases y la microestructura de los recubrimientos, 
respectivamente. La dureza se determinó utilizando medidas de microdureza Knoop. Los resultados de DRX confirmaron la presencia de 
carburo de vanadio y carburo de niobio mientras los resultados de MEB mostraron claramente la formación de recubrimientos con  espesor 
homogéneo. Los resultados obtenidos permitieron verificar que el horno diseñado y construido cumple con los requerimientos de la técnica 
TRD para obtener recubrimientos duros de diferentes clases.

PALABRAS CLAVE: Difusión termorreactiva, DTR, VC, NbC, horno eléctrico
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1.  INTRODUCTION

Surface treatments are applied on different materials 
in order to improve mechanical properties such as 
microhardness, wear resistance and low friction 
coefficient, and chemical properties such as corrosion 
resistance and oxidation resistance [1,2]. The thermo 
reactive deposition/diffusion treatment is one of the 
processes used for this purpose that allows for one to 
obtain carbide, carbonitride, and nitride coatings on 
steels or substates whose carbon content is higher than 
0.3 % atomic weight [1,2,3]. The TRD process may be 
applied through salt baths [4-7], fluidized bed [8], and 
pack method [9-10].

The TRD method uses a molten borax bath where 
carbide/nitride forming elements such as V, Nb, Ti, 
and Cr are combined with carbon from the substrate 
to produce a carbide layer with equiaxed or elongated 
grains [1,2]. As layer growth depends on carbon 
diffusion, the process requires high temperatures, from 
800 °C to 1250 °C, in order to maintain an adequate 
deposition rate [5]. A carbide layer thickness of 4 to 28 
μm may be obtained depending on bath temperature, 
test time, and substrate material [10]. The coated steels 
may be cooled and reheated for hardening, or the bath 
temperature may be selected to correspond to the steel 
austenitizing temperature, permitting the steel to be 
quenched directly after coating [1]. Figure 1 shows a 
schematic of a typical cycle for the TRD process.

Figure 1. Schematic of typical TRD processing [6]   

According to that which was exposited in the previous 
paragraph, process temperature considerably influences 
coating properties and therefore furnace characteristics 
will also influence deposition conditions and coating 
properties. This is why this work presents the design 
to build an electric furnace to produce coatings using 
the TRD technique fulfilling process requirements. 
In addition, in order to assess furnace performance, 

vanadium carbide (VC) and niobium carbide (NbC) 
coatings were obtained on AISI D2 steel and they were 
characterized to study phase formation, thickness, and 
microhardness.

2.  EXPERIMENTAL SETUP

2.1  Furnace design

The furnace geometry selected for the design was a 
cylindrical shape with 1200 °C maximum working 
temperature. The furnace dimensions were 0.06 m 
in radius and 0.176 m in height, and using these 
dimensions a furnace working volume of 1922 cm3 

was obtained. This volume requires 1500 W power at 
1200 ºC [11], and it was used to calculate the electrical 
resistance needed at room temperature, obtaining 8.06 
Ω. As the furnace must operate at high temperatures, 
kanthal (an iron-chromium-aluminum alloy) was 
selected as a resistance material because it improves 
high temperature performance where common metallic 
elements may cause problems, and also because its 
operation temperature and lifetime are higher than 
nikel-chromium alloys [11].

The following expression was used in order to 
calculate kanthal resistance at the maximum working 
temperature (Rt) [11]:

   (1)

where R is the room temperature resistance and Ct is 
the kanthal resistivity coefficient at 1200 ºC [11]. A 
resistance value of 8.32 Ω at 1200 ºC was obtained. 
After this step, the wire length was determined in such 
way that it fulfilled the electric requirements: When 
using kanthal, wire diameter in function of power and 
voltage requirements (110 VAC) is recommended. 
Taking this into account, a wire diameter in the range 
from 1.290 to 2.052 mm should be used [11]. In this 
work, 1.5 mm was used as middle value, because 
lower diameters showed a short lifetime while greater 
diameters delayed the furnace heating process due to 
the decrease in kanthal current.

The wire length was calculated using the wire 
resistivity (ρ = 1.45 x 10-6 Ω m [11]) through the 
following expression:
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A
LRt ρ=

   (2)

obtaining 10.21 m wire length. This resistive wire 
length (kanthal) was coiled with 16 mm internal 
diameter and it was distributed in ten high alumina 
ceramic cores with a 15 mm diameter (Fig. 2). 

 
Figure 2. Furnace’s internal ceramic structure. A: Kanthal, 

B: cores, C: core support

The furnace’s insulating ceramic fiber thickness (Fig. 
3) was determined taking the Fourier equation for heat 
conduction in steady state into account [12]:

    (3)

Where Q
•

 is the heat per time unit, K is the thermal 
conductivity coefficient, A is the area where heat 
flows, and the differential corresponds to temperature 
gradient.  

Figure 3. Furnace isometric view

The cylindrical geometry and radius distribution shown 
in Fig. 4 were used in order to solve (3) and the result 
is shown in expression (4). 

 
Figure 4. Cylindrical geometry of the designed furnace

  (4)

In expression (4), h is furnace height; kLad and kfib 
are thermal conductivity coefficients of fire brick 
and ceramic fiber, respectively; r1, r2, and r3 are the 
internal radius, the radius from the center to the fire 
brick, and the radius from the center to the furnace 
exterior surface, respectively (Fig. 3); Ti is the internal 
temperature and Text is the temperature on the furnace 
external surface. Considering an internal temperature 
of 1200 ºC and a 50 ºC external temperature, and 
taking the manufacturer constants (kLad = 0.36 W/m°C, 
kfib = 0.29 W/m°C) into account, heat loss through the 
furnace external walls was calculated, and this value 
was used in order to calculate the kW/h cost when 
using the furnace during 16 consecutive hours. The 
ceramic fiber’s thickness was determined by taking 
into account the cost for furnace manufacturing and 
the cost related to the calculated kW/h for heat losses. 
Iterations were performed for the two costs and the 
result is shown in Fig. 5. The intersection point was 
taken as a reference point, selecting 3 cm of fiber 
thickness. Using this thickness, approximately 300 W 
of heat losses is expected.
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Figure 5. Costs in the function of ceramic fiber thickness. 
Costs are given in United States dollars (USDs).

2.2.  Sample preparation

The designed and built furnace was used to produce 
NbC and VC coatings on AISI D2 steels (1.48 % C, 
11.92 % Cr, 0.96 % Si, 0.45 % Mn, 0.75 % V, Fe 
balance). Before the treatments, cylindrical samples 
measuring 12 mm in diameter and 4 mm of thickness 
were ground up to 1200 mesh emery paper until they 
achieved a mirror-like finish. Subsequently, the samples 
were cleaned in acetone and dried in sequence using 
compressed air before starting thermal treatment.

The treatments for producing VC were carried out in 
a molten mixture constituted by 16 % ferro-vanadium 
(Fe-V), 3 % aluminum, and 81 % borax (Na2B4O7). The 
treatments for producing NbC coatings were performed 
in a molten mixture constituted by 16 % ferro-niobium 
(Fe-Nb), 3 % aluminum, and 81 % borax. The samples 
were treated at 1050 ºC for 4 h and were quenched in a salt 
bath directly from the molten mixture. Eight treatments 
were carried out in order to obtain average values.

2.3.  Characterization of the layers

The crystallographic phases of the coatings and 
preferential orientations were identified by x-ray 
diffraction using an X-PertPro Panalytical system (q-2q 
configuration, 45 kV, 40 mA, and monochromatized 
CuKα radiation with a wavelength of 1.56 amstrongs). 
The step size was 0.02° with a 40 s step time.

Cross-sectional samples were polished and etched with 
Vilella’s reagent at 3 % for observation through optical 

microscopy and hardness measurements. Thickness 
measurements were performed using an optical 
microscopy Leco while microhardness measurements 
were carried out by applying a 0.24 N load. Both values 
were determined as the average of 9 measurements.

3.  RESULTS AND DISCUSSION

Figures 6 and 7 show diffraction patterns for VC and 
NbC coatings, respectively. In the first case, it was 
verified that the layer consisted of vanadium carbide 
(VC) with high intensity peaks in orientations (111) and 
(200), and low intensity peaks in orientations (200), 
(311), and (222) according to database JCPDS 01-073-
0476 with crystalline structure fcc. In the second case, 
the layer consisted of niobium carbide (NbC) with high 
intensity peaks in orientations (111) and (200), and  
low intensity peaks in orientations (110), (220), (311), 
and (222) according to database JCPDS 00-038-1364 
with crystalline structure fcc. The formation of iron 
boride (FeB) was also observed in low proportion 
with orientations (020), (111), and (021) (JCPDS 
00-032-0463) in the latter case. Orientation (021) is 
visible through deconvolution (not shown) of the peak, 
located around 44.8º. FeB formation could be due to 
the thermochemical reduction in the molten mixture 
which freed boron atoms to diffuse into the substrate 
and to react with the iron of the base metal [13]

Figure 8 (a) and (b) show cross-sectional micrographs for 
the coatings, and in both cases it is observed that the layers 
were homogeneous with thickness regularity. Vanadium 
carbide layer thickness was 11.93 ± 0.32 µm while the 
niobium carbide layer thickness was 10.75 ± 0.3 µm.

Figure 6. XRD pattern for VC coating
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Figure 7. XRD pattern for NbC coating

Figure 8. Optical micrographs of TRD treated AISI D2 
in the built furnace, (a) vanadium carbide, (b) niobium 

carbide

The hardnesses of the layers were 2270.9 ± 46.88 HK 
for VC, and 2180.5 ± 25.5 HK for NbC. Some 
indentations performed for these measurements can be 

observed on the micrographs (Fig. 8). These levels of 
hardness are in the range expected for VC layers [1] and 
NbC layers [14]. Uncoated AISI D2 was tempered after 
the TRD treatment, presenting a hardness of 686, 13 
± 37 HK which is within the hardness values reported 
in the literature [15].

4. CONCLUSIONS 

In this study, the design of an electrical furnace 
to produce coatings through the use of the thermo 
reactive deposition/diffusion technique was described. 
Vanadium carbide and niobium carbide coatings 
were successfully produced in order to assess furnace 
performance. 

In the baths containing ferroniobium or ferrovanadium, 
the layers presented regular thickness. In the first 
bath, the layer is made up of NbC, with a hardness of 
21809 ± 25 HV and a thickness of 10.75 ± 0.4  μm; 
while in the second case, the layer is made up of a VC 
measuring 2270.9 ± 46 HK of hardness and 11.93 ± 
0.3 μm thickness. 

Through the use of this equipment and based on the 
obtained results, future research will be conducted to 
study the properties of the coatings, such as corrosion 
and wear resistance.
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