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ABSTRACT

Purpose: Modification of sintered iron with the addition of molybdenum and boron leads to 
the formation of boride phases that significantly impact the properties of the sintered materials. 
The paper aims to determine Fe-Mo-B phases that might be formed during the sintering of base 
powders. With EDS microanalysis, determining those phases in the microstructure is difficult 
since the B-Kα peak is extremely close to Mo-Mζ (only a 9.3 eV difference). Thus, diffraction 
techniques must be implemented to unambiguously define the phases occurring in the sintered 
samples (WDS and EBSD).
Design/methodology/approach: The sintered samples were obtained from initial powders 
of Fe, Mo, and B that were mixed and compressed. The reducing hydrogen atmosphere was 
used to sinter green samples at 1200°C for 60 minutes. The obtained sinters were subjected to 
microstructural observations by scanning electron microscope, and some analyses (EDS/WDS 
and EBSD) were conducted, which led to the determination of phases present in the material.
Findings: Based on the investigations conducted, iron, molybdenum, and molybdenum-
iron borides have been reported. It is confirmed with the EBSD method that Fe2B, MoB and 
FeMo2B2 phases are formed in particles’ connection regions. Besides, the interparticle region, 
formed due to a liquid phase during sintering, is based on Fe-Fe2B eutectic. The microstructural 
observations prove that the amount of the liquid phase, and thus the size of the interparticle 
region, diminishes with increasing molybdenum content. It was also noted that the iron matrix 
(interior of former iron particles) is free from contributing elements coming from boron or 
molybdenum powders.
Research limitations/implications: The application of the EDS method is limited in the 
case of measuring boron in Mo-containing alloys and phases. The EDS method does not have 
a sufficient energetic resolution to separate the B-Kα line from Mo-Mζ one. Thus, it must be 
complemented with WDS and EBSD in order to unambiguously determine the presence and 
localization of iron and molybdenum borides.
Practical implications: It can be stated that WDS has sufficient energy resolution to separate 
B-Kα from Mo-Mζ emission lines. Therefore, WDS analysis is suitable for boride observation in 
sintered iron powders by constructing distribution maps of interparticle connection regions and 
precipitates. Besides, measurements by the EBSD method can be used to confirm the presence 
of Fe2B, MoB and FeMo2B2 phases. 
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MATERIALS

 
 
 
 
 
 
 
 
 
 
 
 
 
1. Introduction 

 
Activated sintering can be regarded as one of the simpler 

methods to increase the density of produced steel parts. The 
overview of many sintering processes, including the one 
crucial to obtaining samples described in this paper, can be 
found there [1]. According to [1], sintering with a liquid 
phase occurs at “a temperature above the melting point of 
the lowest fusible of at least two powders forming the 
mixture”. 

Madan and German were the first researchers to study 
activated sintering initiated by boron addition in iron alloys 
[2]. Usually, sintering that involves a liquid phase occurs in 
multi-component systems of pre-alloyed powders or 
mixtures of elemental powders, as they guarantee the 
presence of low melting eutectics [1]. Similarly, boron 
added to iron and iron-based powder mixtures enhances 
sintering with the presence of a liquid phase by decreasing 
the sintering temperature down to 1200°C or even 1175°C 
in iron-based sinters to 1000°C in steel-based ones [2-22]. 
Simultaneously, diffusion processes are activated, 
enhancing the sintering process in the solid state. 
Additionally, boron improves eutectic formation on 
interparticle boundaries [2,4, 7-10, 13,15, 21-22]. The 
thermodynamic approach, including regions of phase 
diagram where various borides can be formed, is presented 
in [20-23]. 

Moreover, as an extra remark, it can be mentioned that a 
pre-alloyed Fe-Mo-B powder mixture was sometimes added 
to 316L steel powder to enhance sintering by forming a 
liquid phase between steel particles [12]. In the mentioned 
paper, the sintering process was conducted in a temperature 
range of 1200-1350°C, leading to considerable densification. 

The mechanical properties of sintered iron, iron alloy or 
steels with boron were analysed in [5, 8-10, 14-17], while 
the explanation of the sintering mechanism for these alloys 
can be found in [21,22]. Additionally, in Fe-Mo-B sinters 
with the increasing Mo content (3-5%), the amount of the 
liquid phase at grain boundaries decreases. At the same time, 

larger quantities of molybdenum borides and carboborides 
evolve in the microstructure [16].  

The main motivation for the studies was the 
determination of the phases formed in the sintered material 
of iron, molybdenum and boron powders. It was suspected 
from previous thermodynamic analyses [21] that the 
following phases might be formed during the sintering: 
Fe2B, FeMo2B2, and MoB with ferritic iron in the matrix. 
However, structural investigations involving diffraction 
methods had to be involved in order to 1) localise boron in 
the interparticle regions and the newly formed phases 
(WDS) and 2) unambiguously define these phases (by means 
of EBSD). The crystal structures of Mo2B5 and MoB2 
compounds are described in [24,25]. 

The main issue that prompted us to use WDS analysis 
was the close location of spectral lines of characteristic 
radiation for B-Kα and Mo-Mζ; only a 9.3 eV difference. 
Such a small difference is beyond the energetic resolution of 
the standard EDS method. However, WDS seems to be 
designed to help differentiate them. The problem of 
determining the elements that exist in the same phase is 
presented in [26,27]. 

 
 

2. Experimental method 
 
Samples with two concentrations of molybdenum (2 and 

3wt. % Mo) and four concentrations of boron (0, 0.2, 0.4, 
and 0.6% B) were chosen for the experiments. The larger 
investigations included a broader range of Mo concentration 
from 0 to 5wt %; for the properties of such sinters, it is 
advised to look into the following papers [13,16,18]. 

 The micrographs (secondary electrons, SE) of the initial 
powders were taken at Hitachi S-3400N scanning electron 
microscope (SEM) at an accelerating voltage of 10kV. The 
morphology of the used powders is presented in Figure 1; 
the iron powder is spongy-like in character, molybdenum 
powder is an aggregate of smaller and larger crystallites, 
while boron powder is flaky and also has a tendency to 
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agglomerate. Powder mixtures underwent mixing in a 
Turbula mixer and were compacted at a pressure of 
600 MPa. The sintering proceeded at a temperature of 
1200°C for 60 minutes in a hydrogen atmosphere. 

 
a) 

 
b) 

 
c) 

 
 

Fig. 1. Secondary electron micrographs of powders used  
for sintering samples a) iron, magnification 500x,  
b) molybdenum, 3000x, c) boron, 20 000x 

 
The sinters with the concentrations selected for the paper 

exhibited well-developed eutectic zones in interparticle 
regions due to the formation of a considerably large amount 
of a liquid phase during sintering. The regions were 
suspected of the presence of both Fe and Mo borides. 

Additionally, block precipitates of the Mo borides were 
distributed in the microstructure. It was noted that with the 
increase of Mo content, more block borides are present with 
the cost of eutectics between the iron particles [16].  

The shape of the sintered samples was square in cross-
section with dimensions 5x5 mm. All the samples were 
polished at sand papers 500 to 4000, diamond paste 1μm, 
and the final polishing was with colloidal silica.  

The specimens were observed at SEM Hitachi Su-70 
equipped with energy dispersive X-ray spectrometry (EDS) 
and wavelength dispersive X-ray spectrometry (WDS) 
detectors, both produced by Thermo Noran. For the WDS 
analysis of boron, the NiC80 diffracting crystal was chosen. 
The applied accelerating voltage was 10 kV for surface 
observations and EDS/WDS (Energy Dispersive 
Spectrometry and Wavelength Dispersive Spectrometry) 
analyses. 

Additionally, electron backscattered diffraction (EBSD) 
measurements were carried out to unambiguously determine 
the present borides. The used SEM was Tescan Mira, which 
was equipped with an EBSD detector by Oxford 
Instruments. The applied accelerating voltage for analyses 
was 20 kV. 

 
 

3. Results and discussion  
 

During the sintering of Fe-Mo-B powders, a 
considerable amount of liquid phase is formed in spaces 
between iron particles (Figs. 2 and 3). The connection is 
quite accurate, where the liquid phase fills completely 
interparticle regions with little or no visible porosity. The 
solidified liquid phase consists of an eutectic solution made 
of Fe-Fe2B, with some regions enriched in molybdenum 
(Figs. 2d, 3d). The image representing such a situation in two 
compositions of powder mixtures Fe-2Mo-0.4B and Fe-
2Mo-0.6B are shown in Figures 2 and 3, respectively. The 
bright needle-like regions in the SE image (Fig. 2a) is a Mo-
B phase (compare elemental distribution maps in Fig. 2b 
with Figs. 2c, d).  

The connection region between four particles in Fe-2Mo-
0.6B is presented in Figure 3. The microstructure has an 
eutectic character comprising regions with Fe, iron boride, 
and Fe-Mo-B phases. The microstructure of the Fe-2Mo-
0.6B sinter is like that of Fe-2Mo-0.4B. However, it differs 
from the microstructure reported for sinters with higher 
concentrations of Mo. It is noted that with increasing Mo 
content, the amount of liquid phase decreases with the 
simultaneous formation of large block crystals of FeMo2B2, 

e.g. Fe-3Mo-0.6B sinter in Figure 4. In such a case, the 
regions demonstrating eutectic can still be found; however,  

3.	�Results and discussion
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a)  b) c) d) 

    
 
Fig. 2. Interparticle region in Fe-2Mo-0.4B sample: a) SE image of the observed surface, b) boron distribution measured with 
WDS, c) iron distribution measured with EDS, d) molybdenum distribution measured with EDS 
 
a)  b) c) d) 

    
 
Fig. 3. Interparticle region in Fe-2Mo-0.6B sample: a) SE image of the observed surface, b) boron distribution measured with 
WDS, c) iron distribution measured with EDS, d) molybdenum distribution measured with EDS 
 
a)  b) c) d) 

    
 

Fig. 4. Microstructure of Fe-3Mo-0.6B sample: a) SE image of the observed surface, b) boron distribution measured with 
WDS, c) iron distribution measured with EDS, d) molybdenum distribution measured with EDS 
 
their amount is smaller and narrower. The microregion 
studies and analyses have never shown places with pure 
molybdenum or boron. Thus, it is concluded that all Mo 
powder has reacted, forming borides. Similarly, boron, a 
highly reactive element, reacted with iron or molybdenum. 

A similar situation is observed in sinters with higher 
molybdenum content (3%Mo). However, more FeMo2B2 
phases in the form of regular block precipitates can be 
observed. Additionally, there is a tendency to decrease the 

amount of eutectic regions in between particles as the Mo 
content increases [16]. Figure 4 presents this larger amount 
of Fe and Mo borides, often grouped together in the 
microstructure and eutectic region made of Fe2B and Fe in 
the bcc crystal structure. 

The EBSD analysis provides valuable information on 
phases present in the microstructure of Fe-2Mo-0.4B  
(Fig. 5). In the SE micrograph, there are inserted points 
where certain phase was determined. The exemplary 
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Kikuchi patterns for respective phases are presented in 
additional images (Fig. 6a-d). The colour is assigned to the 
found phases so that the point marked in the microstructure 
corresponds to the simulation of the diffraction pattern 
imposed on a raw Kikuchi pattern obtained: Fe is marked 
with magenta, Fe2B – dark blue, FeMo2B2 – red, and MoB – 
yellow. 

 

 
 
Fig. 5. SE image with marked points of EBSD measurement 
of Kikuchi patterns; colours correspond to detected phases: 
magenta is Fe bcc, blue is Fe2B, red is FeMo2B2, and yellow 
is MoB; presented in Figure 6 
 
a) b) 

  
c)  d) 

  
 

Fig. 6. Examples of Kikuchi patterns for the determined 
phases marked with the same colours in Figure 5: a) Fe bcc, 
b) Fe2B, c) FeMo2B2, d) MoB 

4. Conclusions 
 

Based on the conducted investigations, the following 
results can be presented  

1. Presence of iron, molybdenum and molybdenum-iron 
borides is reported 

2. WDS has sufficient energy resolution to separate B-Kα 
from Mo-Mζ emission lines 

3. WDS analysis is suitable for borides observation and 
construction of distribution maps in sintered iron powders 

4. The presence of Fe2B, MoB and FeMo2B2 phases in 
particles’ connection regions is confirmed with the 
EBSD method 

5. The iron matrix (interior of former iron particles) is 
free from contributing elements coming from boron or 
molybdenum powders. 
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