
1. Introduction

In the areas such as power generation and aerospace, Ni-
based super-alloys have reached their physical limits in terms 
of their maximum operational condition temperature (1200 °C), 
 which is already approaching 90% of its melting point [1]. 
Nowadays, Mo-Si-B alloys are extremely popular materials 
for high temperature applications. Because molybdenum 
based materials have some characteristic properties such as 
high melting point, high strength, creep strength and oxidation 
resistance, these alloys are widely used in the aforementioned 
applications. MoxSiy is a binary alloy refractory compound and 
therefore it has excellent strength at high temperatures [2-3].

Mo-Si-B are used to coat many metals which are used 
at the high temperature without any oxidation. Molybdenum-
based systems have a relatively high density and marginal 
ductility, and, for low Si and B concentrations, they suffer from 
poor oxidation resistance. Precious metal super alloys exhibit 
very high densities and are very expensive. Mo3Si exhibits the 
A15 crystal structure and it is brittle. Mo5SiB2 (T2) exhibits 
a tetragonal crystal structure with the Cr5B3 structure type, 
with 32 atoms in the unit cell; like Mo3Si, it is brittle [4]. The 
fracture toughness of the Mo-Si-B alloy at room temperature 
has low toughness (8 MPa). But toughness increases gradually 
with temperature (17-18 MPa at 1200 °C, 25 MPa at 1400 °C) 
[5]. B-doped Mo5Si3 shows excellent oxidation resistance 
at temperatures ranging in the air. The excellent oxidation 
resistance is considered to be formed of a continuous and 
non-porous oxide (borosilicate glass) scale [6]. In contrast, 
B-undoped Mo5Si3 forms porous. 

Researchers are using different methods for Mo-Si-B 

coatings such as spark plasma sintering, atmospheric plasma 
sintering, mechanical alloying, pack cementation process, 
plasma spray etc. [7-8]. There is no study on the production of 
Mo-Si-B coatings by tungsten inert gas (TIG) surfacing process. 
TIG surfacing process is a cost-effective approach which is 
applied when reactive materials (as coatings or substrates) are 
involved. In this method, substrate surface and powder or hard 
filler wire used for coating were melted down using arc source 
and then solidified, which resulted in the formation of a new 
composite layer [9-10]. Because of all these advantages of the 
TIG method, the objective of the present work is to produce the 
Mo–Si–B coating on the medium carbon steel and investigate 
the microstructure and microhardness of the coating. 

2. Experimental studies

The powder mixture of Mo, Si and B was prepared 
according to Table 1 in order to observe the effect of boron 
addition Mo-Si alloy and to obtain Mo5Si2 (T2) phase. These 
alloys were produced on AISI 1040 steel with dimensions 100 
mm×15 mm×10 mm using tungsten inert gas (TIG) surfacing 
process. The operating principle of TIG process system is 
schematically shown in Fig. 1.

The TIG process parameters which were used in this 
research are listed as follows: working voltage 20 V, working 
current 160 A, the travel speed of the nozzle 72 mm/min, the 
shielding gas flux (Ar) 12 L/min, electrode type W-%2 ThO2 
and the electrode diameter is 2.4 mm. Before TIG surfacing 
process, surfaces of substrate material were cleaned with 
acetone. Because the shielding gas didn’t remove powders 
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TABLE 1
Compositions of powder mixture 

Composition number
Mo Si B

wt% at% wt% at% wt% at%
1 95 85 5 15 0 0
2 94 78.5 5 14.5 1 7
3 93 73.5 5 13.5 2 13
4 92 68.5 5 12.5 3 19
5 91 64 5 12 4 24

from the surface of substrate, powders were placed on to 
substrate after being mixed with a little amount of binder. 
Then, samples were dried at 50 °C temperature for 30 
minutes. Metallographic specimens were prepared in 
the normal way by mounting in resin, grinding on water-
lubricated silicon carbide papers and polishing with 
diamond paste down to 1 μm finish. Phases of samples 

Fig. 1. Schematic diagram of the TIG process system

were identified by means of Rigaku ultra IV XRD model 
diffractometer with Cu-kα radiation (λ=1.5418 Å). The 
scan ranges from 10° to 90°, with a step size of 0.02° 2θ, 
and counting time of 0.5 s was applied at each step. The 

  

  

  
Fig. 2. Optic images of coatings: (a) general appearance, (b-f) changing appearance of coating layer depending on boron additives
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morphologies of coatings were evaluated by SEM (Carl 
zeiss ultra Plus Gemini FESEM, Australia). Chemical 
composition of coatings was determined by means of energy 
dispersive spectrometry (EDS) in the SEM. Microhardness 
measurements were carried out by using Shimadzu HVM-2 
model digital microhardness tester. The load was applied 
for 15 s and at 300 g.

3. results and discussion

Optical photographs of Mo-Si-B-based coatings 
produced using TIG process are shown in Fig. 2. Fig. 1a from 
these photographs represents a general appearance coating 
layer-interface-substrate. According to Fig. 2a, a thin white 
layer was observed on the interface, which indicates good 
metallurgical bonding between the deposited coating and 
the substrate [11]. Figs. 2b-1f show the microstructure 
morphology of the coating layer depending on increasing 
boron rates. When the coating layers are examined, it 
is clear that the coating layers have crack/pore free and 
homogeneous structure. It is clearly seen that as the boron 
amount increased, grains in the coating layer were finer 
and it has been phase precipitation in the grain boundary. 
It is partly seen that this precipitation occurred also inside 
of grains. Considering the coatings made with TIG, it has 
shown that coating layer in the studies in the literature has 
a dendritic microstructure [12-14]. unlike other studies, 
dendritic formation was not observed in this study. It has 
been considered that it is due to the precipitation of grain 
boundary which may prevent elongation of grains and low 
cooling rate. Grain boundaries in Mo-Si coating without 
boron are seen as a line, but it has been seen from Fig. 3 
that this line occurred with the formation of the precipitated 
phases in the large magnification. Fig. 3 shows both map 

analysis and the EDS line of Mo-Si coating. It is clear that 
molybdenum is intense in the grain boundary. Also, iron 
dominated inside of grains. Iron amount decreased grain 
boundary. The amount of silicon is the same for both inside 
of grain and grain boundary.

With boron addition to Mo-Si coating, formation of 
different phases occurred grain boundary and this formation 
further expanded grain boundary line. Microstructural 
formation in the iron grain boundary was eutectic formation. 
In Mo-Si-B coatings, Fe, Si, and B occurred in both inside 
of grain and grain boundary while Mo formed in the grain 
boundary. This situation was observed from MAP analysis 
of  Mo-Si-B coating in Fig. 4. SEM image and EDS analysis 
of the Mo-Si-3 wt.% B coating are shown in Fig. 5. Except 
for a small amount of primary Mo solid solution (Moss) 
among the iron grains, there was a majority of two-phase 
eutectic microstructure and a small amount of three-phase 
microstructure between the eutectic areas. While two-
phases eutectic microstructure was Moss+Mo5SiB2, three-
phase microstructure was Moss+Mo5SiB2+Mo3Si. Thanks 
to Mo2B phase formed due to the presence of boron, these 
eutectic structures were finer. In Fig. 5, points 1 and 2 
indicate Mo2B phase; point 3 indicates Mo5SiB2 (T2) phase; 
point 4 indicates Mo3Si (A15) phase and point 5 indicates 
Fess phase. The possibility of this phase was determined 
starting from the chemical composition of the EDS points 
and XRD graph in Fig. 6a.

Fig. 6a shows the X-ray diffraction (XRD) spectra 
of Mo-Si-B coatings. XRD analysis revealed the presence 
of α-Mo, α-Fe, Mo3Si, Mo2B and Mo5SiB2 phases. 
Theoretically, the possible products of the reaction among 
liquid Mo, Si and B may be Mo3Si, Mo2B and Mo5SiB2 
according to the Mo-Si-B ternary phases diagrams (Fig. 
6b). In this study, to form the Mo3Si, Mo2B and Mo5SiB2 
phases, the point 1, 2, 3, 4 and 5 in the diagram in Fig. 6b 

Fig. 3. Line EDS analysis and MAP analysis of the Mo-Si coating without boron
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were already selected deliberately. According to the XRD 
pattern, the dominant phases in the microstructure are α-Mo 
and α-Fe. iron phase comes from substrate. as increasing 

amount of boron, the intensity of the Mo2B and Mo5SiB2 
peak increased. It was observed that intensity of the Mo3Si 
phase didn’t change.

Fig. 4. MAP analysis of the Mo-Si-B coating (3 wt.% B)

Fig. 5. SEM image and EDS analysis of the Mo-Si-3 wt.% B coating

            
Fig. 6. (a) XRD graph of the Mo-Si-B coatings, (b) Mo-Si-B ternary phase diagram [15-18].
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Fig. 7 shows the micro-hardness distribution ranging 
from substrate to the surface of the coatings. The average 
thickness of the coating is about 1.2 mm. Hardness 
measurements have been taken under 0.2 mm of coating 
surface. Microhardness increased with increasing amounts 
of boron. The average hardness values of the coating changed 
between 735 HV0.3 and 1140 HV0.3. The microhardness of 
the coating is higher than that of the substrate of 200 HV0.3. 
The reason for this can be attributed to the grain refinement 
and binary and ternary metallographic phases.

Fig. 7. Effect of boron content on Mo-Si-B coatings

4. conclusions

This study aims to investigate microstructural changes 
in Mo-Si-B coating produced using tungsten inert gas (TIG) 
process. With this aim, boron amount was changed as 0 
wt.%, 1 wt.%, 2 wt.%, 3 wt.% and 4 wt.%. SEM and optic 
images showed that the microstructure morphology of the 
coating layer changed depending on increasing boron rates 
and coating layers had crack/pore free and homogeneous 
structure. Besides, as the boron amount increased, grains 
in the coating layer were finer and precipitation in the 
grain boundary occured. XRD showed that microstructure 
consisted of α-Mo, α-Fe, Mo2B, Mo3Si and Mo5SiB2 
phases. The hardness of coating was significantly improved 
with increasing boron content.
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