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PHYSICOCHEMICAL MATERIALS RESEARCH 

SOLIDUS SURFACE OF THE Mo–Fe–B SYSTEM 

S.V. Utkin,1 A.A. Bondar,1,3 V.Z. Kublii,1 L.M. Kapitanchuk,2 
and I.B. Tikhonova1 

UDC 669.017 

The arc-melted Mo–Fe–B alloys with boron content up to 41 at.% were studied after annealing at 
subsolidus temperatures by X-ray diffraction, differential thermal analysis, SEM/EMPA, and Pirani–
Altertum technique for measurement of incipient melting temperatures. The partial solidus surface 
projection was constructed for the first time in the Mo–MoB1.0–FeB~0.8–Fe region using our own 

experimental and literature data. The Mo2FeB2 ternary compound has a two-phase equilibrium at 

subsolidus temperatures with each of the binary and unary phases from the constituent binary 
systems. The Mo2FeB2 phase has a wide homogeneity range for metal content: 14–27 at.% Fe. 

A three-phase -MoB + -MoB + Mo2B region exists close to the Mo–B side of the Gibbs 

composition triangle. In addition, a three-phase region composed by the Mo2FeB2 ternary 

compound and two iron modifications is shown to exist: BCC (-Fe) and FCC (-Fe). Another 
ternary compound, MoxFe3–xB, with molybdenum content of 1.32.0 at.% is present at subsolidus 

temperatures in two structural modifications: orthorhombic (Fe3C-type structure) and tetragonal 

(Ti3P-type structure). The intermetallic -(Mo6Fe7) phase in the Mo–Fe–B ternary system takes part 

in the three-phase equilibria on the solidus surface: -(MoFe) + -(Mo6Fe7) + Mo2FeB2 at 1375 ± 

± 10C, -(Mo6Fe7) + Mo2FeB2 + R-(Mo2Fe3) at 1340 ± 10C, and  -(MoFe) + -(Mo6Fe7) +                     

R-(Mo2Fe3) at 1385 ± 10C.  

Keywords: B–Mo–Fe, phase diagram, solidus, ternary boride, Mo2FeB2. 

INTRODUCTION 

The Mo–Fe–B ternary system is of interest as it serves as a basis for developing tungsten-free hardmetals 
[1] and boride wear-resistant and corrosion-resistant coatings [2] from ternary Mo2FeB2 boride. The Vickers 

microhardness of Mo2FeB2 is 23.1  1.4 GPa according to [3] and 2026 GPa according to our measurements. The 

paper [2] reports on the production of a protective coating from complex Mo2(Fe,Ni)B2 boride, which has 

8485 HRA hardness and good adhesion to a steel substrate. Complex borides find application as strengthening and 
protective coatings on magnetic tapes [4] and as materials for walls of baths with molten zinc [5]. The Mo–Fe–B  

1Frantsevich Institute for Problems of Materials Science, National Academy of Sciences of Ukraine, Kyiv, 
Ukraine. 2Paton Electric Welding Institute, National Academy of Sciences of Ukraine, Kyiv, Ukraine.    

3To whom correspondence should be addressed; e-mail: aa_bondar@ukr.net. 

Translated from Poroshkova Metallurgiya, Vol. 59, Nos. 1–2 (531), pp. 121–139, 2020. Original article 
submitted July 3, 2019. 

DOI 10.1007/s11106-020-00141-w
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TABLE 1. Crystallographic Characteristics of  

Phase 
Temperature of 
existence, °C 

Pearson symbol Space group Prototype 

, , (-Fe) <912; 
13941538 

cI2 Im 3 m W 

, (-Fe) 9121394 CF4 Fm 3 m Cu 

(Mo) <2623 cI2 Im 3 m W 

FeB <1603 oP8 Pnma FeB 

Fe2B <1399 tI12 I4/mcm CuAl2 

Fe3B Metastable tI32 I 4  Ni3P 

Fe3B Metastable tP32 Fe3P0.37B0.63 Ti3P 

Fe3B Metastable oP16 Pnma Fe3C 

, MoFe 1611–1235 tP30 P42/mnm -CrFe 

, Mo6Fe7 <1370 hR13 R 3 m W6Fe7 

R, Mo2Fe3 14881200 hR53 R 3 m R-(Co ,Cr, Mo) 

, MoFe2 <927 hP12 P63/mmc MgZn2 

-MoB 26001800 oC8 C mcm CrB 

-MoB <2180 tI16 I41 /amd -MoB 

Mo2B <2280 tI12 I4/mcm CuAl2 

1, Mo2Fe13B5 

Mo0.2Fe2.8B3 
10001100 
10501110 

tP32 P42/n Ti3P 

2, Mo2FeB2 10001050 tP10 P4/mbm U3Si2 

3, Mo1–xFexB  oC8 Cmcm CrB 

4, Mo1+xFe2–xB4, 

x = 01 

 oI14 Immm Ta3B4 
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Phases in the Mo–Fe–B System 

Lattice parameters, pm 
Comments, references 

a b c 

286.65 – – At 25°C [12] 

364.67 – – At 915C [12, 13], 
dissolves 1.7 at.% Mo at 1140C [14] 

314.70 – – At 25°C [12], dissolves <0.4 at.% B at 2148°C [15]  
and 26.6 at.% Fe at 1612°C [14] 

550.6 295.2 406.1 50 at.% B [13] 

511.0  490.9 33.3 at.% B [13] 

865.5 – 429.7 Disordered high-temperature modification, resulting from quenching of the 
Fe76B24 melt at 11501250C [16] 

864.8 – 431.4 Ordered low-temperature modification [16] 

443.9 542.8 669.9 Coexists with low-temperature modification in rapidly 
quenched alloys [16] 

918.8 – 481.2 [12, 17] 
44.552.1 at.% Fe [14] 

475.46 
 

– 2571.6 
 

[12, 13] 
55.760.8 at.% Fe [14] 

1091.0 
 
 

– 
 

1935.4 
 
 

[12] 
63.964.2 at.% Fe [14] 

Mo1.9Fe3.1 at 1250–1490°C [13] 

475.5 – 776.7 [12, 13] 
66.3 at.% Fe [14] 

314.02 
 

848.9 
 

307.1 
 

[18] 
48.650.8 at.% B [15] 

310.68 – 
1696.18 

[18] 
48.350.2 at.% B [15] 

554.8 – 474.06 [18] 
32.633.7 at.% B [15] 

863.4 
863.17(7) 

– 
428.1 
431.31 

After annealing at 1050C [19] 
[20] 

578.2 
580.7 

577.26 
– 

314.8 
314.2 
314.61 

[21] 
After annealing at 1000°C [22] 
After annealing at 1050°C [20] 

315.26 841.86 306.62 After annealing at 1050C [20] 

299.6 1279 309.9 x = 0.06; annealed at 1050C [20] 
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a b 

Fig. 1. The MoFe [14] (a) and Fe–B [27] (b) phase diagrams 

alloys tend to glass formation in the iron-rich region [6, 7] and have interesting magnetic properties [8, 9]. The 
literature reports that microdoping with boron is an important method to modify the structure and facilitate the 
sintering of steel powders [10, 11], while the effect of boron macrodoping on the properties of iron-based alloys still 
has to be examined.  

The binary systems that constitute the Mo–Fe–B system have been studied adequately. The crystallographic 
data for the phases are summarized in Table 1. We accepted the Mo–Fe phase diagram (Fig. 1a) upon 
thermodynamic modeling (CALPHAD) [14]; it does not significantly differ from the version [23] accepted in the 
reference books [12, 24]. The Fe–B phase diagram in [25] includes Fe3B boride, which we consider to be stable in 

the temperature range 11501250C (in line with the papers [16, 26]) contrastingly to [12] et al. Hence, analysis of 
the literature data [27] shows that there is adequate evidence of the Fe3B metastable nature. For the Fe–B and 

MoB systems, we accepted the versions of phase diagrams constructed using thermodynamic modeling and 
calculation (CALPHAD): for the Fe–B system according to [27] (Fig. 1b) and for the MoB system according to 
[15] (phase diagram provided in [28]).   

Phase equilibria in the ternary Mo–Fe–B system have been mostly studied in solid state. The research 
results for this system obtained up to 2005 are summarized in [29]. The isothermal sections at 1000 and 1050C 
were first constructed in [19, 22] using research results for annealed alloys melted in an arc furnace.  

The isothermal section of the Mo–Fe–B system at 1050C was again constructed in [20] (Fig. 2). Alloys of 
20 compositions over the entire composition range were produced by reactive sintering for 14 days or melted in an 
arc furnace and annealed for 2 to 7 days depending on composition. The alloys were examined by X-ray diffraction 
(XRD) and scanning electron microscopy with local electron microprobe analysis (SEM/EMPA). Three stable 
ternary compounds were found (Table 1): Mo1–xFexB (CrB-type structure), Mo1+xFe2–xB4 (Ta3B4-type structure), 

and Mo2FeB2 (U3Si2-type structure [21]). The boride phase of Ti3P-type structure is assigned with composition 

Mo0.2Fe2.8B in [20] and is considered to be stable only in a narrow temperature range of 10801110C. 

The paper [30] employed thermodynamic modeling to construct the liquidus surface of the Mo–Fe–B 
system over the entire composition range accounting only for ternary Mo2FeB2 and Mo2FeB4 compounds and 

experimentally studied alloys of 20 compositions in the Fe-rich region (above 60 at.% Fe).  
The arc-melted alloys were examined in cast state by XRD, SEM/EMPA, and differential scanning 

calorimetry (DSC). The same authors examined in detail the effect of molybdenum additions within 15 wt.% or 
8.1 at.% on the structure of the cast 96.5 wt.% Fe3.5 wt.% B (Fe84B16) alloy and their corrosion resistance to 

molten zinc in the paper [5]. 
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Fig. 2. Isothermal section of the MoFeB phase diagram at 1050°C [20] 

Analysis of the literature data indicates that phase equilibria remain inadequately studied at 
melting/crystallization temperatures in the Mo–Fe–B ternary system. 

The objective of this effort was to study phase equilibria in the Mo–Fe–B system at subsolidus 
temperatures at boron content varying from 0 to 50 at.% and to construct the solidus surface projection. 

EXPERIMENTAL PROCEDURE 

To prepare alloys, we used especially pure carbonyl iron, molybdenum powders and rods, and black 
amorphous boron (with 0.02 wt.% C admixture). The alloys were produced by melting in an electric arc furnace on 
a water-cooled copper hearth with a nonconsumable tungsten electrode in an argon atmosphere purified from 
admixtures with a molten titanium getter for 5 min. 

Prior to use, the metallic components were melted several times to remove oxides and volatile admixtures 
from them. Boron and molybdenum were introduced as master alloys prepared in the same conditions. The master 
alloys were ground and mixed and then melted three to four times. The master alloy compositions were determined 
by chemical analysis, at.%: 62.7 Fe–37.3 Mo, 51.4 Fe–49.6 B, 52.7 Mo–47.3 B, and 52.9 Fe–34.1 Mo–13.0 B. The 
master alloys contained the following admixtures found by chemical and spectral analyses, wt.%: 0.020.03 O, 
0.020.03 C, 0.001 H and N, 0.01 Ti, approximately 103 Ni, Cu, and Si. 

The alloys were examined after annealing at subsolidus temperatures. The samples were annealed using 
SShVL 0.6.2/16 and 0.6.2/25 resistance furnaces. Temperatures of phase transformations were determined by 
differential thermal analysis (DTA). The annealing temperature was chosen so as to be 3050C lower than the 
incipient melting temperature. To establish the incipient melting temperature, the pyrometric Pirani–Altertum 
method was applied. The phase composition of the samples was studied with XRD. The alloy preparation and 
examination procedures are described in detail in [28, 31]. The microstructure was analyzed with metallographic 
SEM/EMPA tools employing Jeol electron microprobe analyzers: Superprobe 8200 with a WDX spectrometer and 
a JAMP 9500 F with an EDX spectrometer.   
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EXPERIMENTAL RESULTS AND DISCUSSION 

The chemical composition of the test alloys, annealing models, and incipient melting temperatures are 
summarized in Table 2 and XRD results for the key alloys in Table 3. These data were used to construct the solidus 
surface (Fig. 3ac) of the Mo–Fe–B system at boron content ranging from 0 to 50 at.% and establish coordinates of 
three-phase regions at subsolidus temperatures (Table 4). Analysis of the alloys annealed at subsolidus temperatures 
revealed that ternary Mo2FeB2 (2) boride was in equilibrium with each binary and unary phase existing in the 

composition range of interest. 
Ternary MoxFe3–xB Compound. The structure of annealed alloys 1 (Mo10Fe65B25) and 3 (Mo3Fe85B12) 

(Fig. 4a, b) and a number of other alloys (Fig. 3a, c) determined with XRD and metallography at room temperature 

TABLE 2. Incipient Melting Temperatures of Mo–Fe–B Alloys 

Sample 
No. 

Alloy composition  

Heat treatment mode Incipient melting temperature of the samples  

T, °C , h 
annealed cast 

DTA pyrometric DTA 

1 Mo10Fe65B25 1070 5 1138 – 1130 

2 Mo40Fe20B40 1880 1 – 1935 – 

3 Mo3Fe85B12 1070 5 1146 – 1115 

4 Mo6Fe82B12 1070 5 1146 – 1105 

5 Mo9Fe79B12 1070 5 1145 – 1105 

6 Mo12Fe76B12 1150 5 1230 – 1245 

7 Mo15Fe73B12 1250 5 1284 – 1278 

8 Mo18Fe70B12 1250 5 1303 – 1302 

9 Mo25Fe63B12 1250 5 1296 – 1300 

10 Mo32Fe56B12 1250 5 1298 – 1295 

11 Mo37Fe51B12 1300 5 1301 – 1281 

12 Mo41Fe47B12 1300 5 1365 – 1370 

13 Mo47Fe41B12 1400 5 1450 – 1460 

14 Mo56Fe32B12 1400 5 1445 – 1449 

15 Mo63Fe13B24 1400 5 1542 – 1532 

28 Mo26Fe67B7 1240 15 1304 1260* 1297 

29 Mo33Fe60B7 1240 15 1299 1280 1296 

30 Mo45Fe48B7 1290 15 1335* 1335* 1340* 

31 Mo80.5Fe12.5B7 1440 20 1451 1830* 1442 

32 Mo6Fe76B18 1090 15 1146 1143 1147 

33 Mo15Fe67B18 1090 15 1145 1136 1145 

34 Mo44Fe38B18 1290 15 1352* 1346* 1345* 

35 Mo17Fe59B24 1090 15 1142 1135 1145 

36 Mo35Fe41B24 1210 15 1303 1243* 1293 

37 Mo6Fe64B30 1090 15 1160 1140 1140 

38 Mo26Fe44B30 1090 15 1153 1120* 1130 

39 Mo61Fe9B30 1280 25 1524 1747* 1524 

40 Mo17Fe43B40 1290 15 1363 1350 1393 

41 Mo55Fe5B40 1880 15 – 1940 – 

Note. The minus sign indicates that no data are available and an asterisk that the values are overestimated or 
underestimated. 
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a 

 
b 

         
c 

Fig. 3. Solidus surface projection of the MoFeB system (a) and schematic phase equilibria on the 
solidus surface in the range of intermetallic compounds (b) and -Fe and -Fe-based phases (c) 

includes an iron-based bcc phase (-Fe), ternary Mo2FeB2 (2) boride, and another ternary Fe3B-based compound, 

whose composition can be written as MoxFe3–xB (1). The DTA curves for annealed alloys 1 and 3 (Fig. 5a, b) 

show a temperature effect that corresponds to the polymorphic transformation of the iron-based phase: (-Fe) + 
Fe2B  (-Fe) + Mo2FeB2. The thermal effect is regularly observed at temperatures close to 890930C for a 

group of alloys 1, 3–5, 32, 33, and 35. According to DTA of the annealed samples, this group has close and quite 
low incipient melting temperatures, corresponding to four-phase invariant equilibrium involving the melt at 1146 ± 
± 4C. Metallography and XRD indicate that the compositions of these alloys fall into the three-phase (-Fe) + 
Mo2FeB2 + MoxFe3–xB region on the solidus surface (Fig. 3a, c). 

The composition of alloy 37 (Mo6Fe64B30) annealed at 1090°C for 15 h falls into the three-phase 

Mo2FeB2 + MoxFe3–xB + Fe2B region (Fig. 4c). Two thermal effects are observed on the DTA heating curve 

(Fig. 5c). The effect at 1160C corresponds to a four-phase invariant region involving the liquid phase and  
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a b 

 
c 

Fig. 4. Microstructure of the annealed Mo–Fe–B alloys (SEM, backscattered electrons) containing the 
MoxFe3–xB phase: a) Mo10Fe65B25 (1070C, 5 h); b) Mo3Fe85B12 (1070C, 5 h); c) Mo6Fe64B30  

(1090C, 15 h) 

 

 
a b         c 

Fig. 5. Differential heating and cooling curves for the annealed Mo–Fe–B samples containing the 
MoxFe3–xB phase: a) Mo10Fe65B25 (1070C, 5 h); b) Mo3Fe85B12 (1070C, 5 h); c) Mo6Fe64B30  

(1090C, 15 h) 

Mo2FeB2, MoxFe3–xB, and Fe2B borides. The weakest thermal effect at 1149°C corresponds to a four-phase 

invariant reaction involving the liquid phase in the neighboring three-phase Mo2FeB2 + MoxFe3–xB + (-Fe) region. 

According to XRD of the annealed alloys, the MoxFe3–xB (1) compound is present in two structural 

modifications (Table 1): orthorhombic (Fe3C-type structure) and tetragonal (Ti3P-type structure); a specific trend of 

their ratio is difficult to establish. Based on EMPA, MoxFe3–xB (1) grains contain 1.32.0 at.% Mo. The paper [30] 

reports that molybdenum content of the 1 phase in cast alloys is higher: from 2.4 to 3.9 at.%. The paper [20] 

indicates that there is a ternary boride of Ti3P structure and Mo0.2Fe2.8B composition, i.e. with 5 at.% Mo. Hence, 

the composition of this ternary compound reported in [19] as Mo2Fe13B5 was not confirmed. The overestimated 

estimates of molybdenum content in the presence of boron indicated in [20, 30] are probably associated with 
overlap of molybdenum and boron characteristic radiation.  



97 

TABLE 3. Phase Composition of Mo–Fe–B Alloys, According to XRD 

Sample 
No. 

Alloy composition 

Heat treatment mode Phase composition  Lattice parameters, pm  

T, °C , h Phase 
Content, 

wt.% 
a b c 

1 Mo10Fe65B25 1070 5 -Fe 28 286.8(3) – – 

    MoxFe3–xB [Ti3P]* 37 863.5(9) – 432.7(6)

    Mo2FeB2 36 575.5(6) – 314.2(4)

2 Mo40Fe20B40 1880 1 Mo2FeB2 ~100 577(1) – 317.5(6)

5 Mo9Fe79B12 1070 5 -Fe 69 287.2(3) – – 

    Mo2FeB2 26 577.5(6) – 314.8(4)

    MoxFe3–xB [Ti3P] 5 865(1) – 438.7(6)

6 Mo12Fe76B12 1150 5 -Fe 52 286.9(3) – – 

    Mo2FeB2 48 576.7(7) – 314.4(4)

7 Mo15Fe73B12 1250 5 -Fe 59 288.4(3) – – 

    Mo2FeB2 41 576.8(7) – 314.3(4)

9 Mo25Fe63B12 1250 5 -Fe 30 288.6(3) – – 

    Mo2Fe3 34 1099(2) – 1931(3) 

    Mo2FeB2 36 579.6(7) – 315.0(4)

14 Mo56Fe32B12 1400 5 Mo 27 312.3(2) – – 

    Mo6Fe7 32 476.7(5) – 2571(3) 

    Mo2FeB2 41 583.8(5) – 314.1(3)

30 Mo45Fe48B7 1290 15 Mo6Fe7 74 477.7 (6) – 2582(4) 
    -MoFe 20 924(2) – 480.3(8)

    Mo2FeB2 6 580.9(7) – 318.2(5)

32 Mo6Fe76B18 1090 15 -Fe 70 286.6(3) – – 

    MoxFe3–xB [Fe3C] 20 537.1(8) 666.7(9) 448.7(6)

    Mo2FeB2 10 576.3(7) – 313.8(4)

35 Mo17Fe59B24 1090 15 -Fe 42 286.7(3) – – 

    MoxFe3–xB [Ti3P] 12 864.4(9) – 430.0(6)

    Mo2FeB2 46 576.4(7) – 314.1(4)

37 Mo6Fe64B30 1090 15 Fe2B 23 517.3(6) – 425.3(5)

    MoxFe3–xB [Ti3P] 18 864.5(9) – 430.4(5)

    MoxFe3–xB [Fe3C] 48 545.5(7) 679.5(8) 433.8(6)

    Mo2FeB2 11 575.9(7) – 315.2(4)

39 Mo61Fe9B30 1280 15 Mo 10 313.7 (6) – – 

    Mo2B 85 553.7(6) – 472.4(5)

    Mo2FeB2 5 584.5(9) – 314.0(6)

40 Mo17Fe43B40 1290 15 Fe2B 56 511.0(6) – 423.5(5)
    FeB 10 553.8(7) 294.8(4) 410.2(5)
    Mo2FeB2 34 572.1(6) – 314.5(4)

41 Mo55Fe5B40 ~1900 1 Mo2B 11 555.4(7) – 472.9(6)
    -MoB 8 311.0(4) – 1697(3) 

    Mo2FeB2 81 584.0(9) – 319.2(5)

*The phase structural type is indicated. 
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TABLE 4. Coordinates of the Three-Phase Regions on the Solidus Surface of the Mo–Fe–B System and 
Comparison of Incipience Melting Temperatures  

Phase1 region Phase 

Phase composition, at.% Solidus temperature, °C 

Mo Fe B This paper 
According to [30] 

Experiment Calculation

-MoB + -MoB + 
Mo2B 

-MoB – – – 
– 

– 
19423 

 

-MoB – – – 
Mo2B – – – 

-MoB + Mo2B + 2 
-MoB 49.2 ± 1.2 0.3 ± 0.2 50.5 ± 1.2 

1940 ± 15 
 

Mo2B 68.0 ± 2.1 2.1 ± 0.3 29.8 ± 2.0 

2 46.3 ± 1.0 13.7 ± 1.0 40.02 

(Mo) + Mo2B + 2 

(Mo) 86.6 ± 0.6 13.4 ± 0.6 0.0 

1524 ± 15 – 1556 Mo2B 68.1 ± 3.5 3.1 ± 0.6 28.8 ± 3.3 

2 44.7 ± 2.6 14.5 ± 0.8 40.8 ± 3.1 

(Mo) +  + 2 
(Mo) 91.7 ± 1.0 8.3 ± 1.0 0.0 

1448 ± 10 – 1372  56.9 ± 0.2 43.1 ± 0.2 0.0 
2 46.7 ± 1.0 17.6 ± 0.5 35.7 ± 1.3 

 +  + R 
 – – – 

1385 ± 10 – 1371  – – – 
R – – – 

 +  + 2 
 54.6 ± 0.6 45.4 ± 0.6 0.0 

1375 ± 10 – 1330  43.3 ± 0.5 56.7 ± 0.5 0.0 
2 44.6 ± 1.5 18.7 ± 0.3 36.7 ± 1.5 

R +  + 2 
 – – – 

1340 ± 10 – 1297 R – – – 
2 – – – 

R + (-Fe) + 2 
-Fe 7.0 ± 0.6 93.0 ± 0.6 0.0 

1299 ± 5 1255 1257 R 33.1 ± 0.4 66.8 ± 0.4 0.0 
2 44.1 ± 2.8 20.1 ± 1.1 35.8 ± 3.5 

(-Fe) + (-Fe) + 2 
-Fe ~ 4.1 ~ 95.9 0.0 

– 1250 1241 -Fe ~ 1.3 ~ 98.7 0.0 
2 ~ 39.1 ~ 22.6 ~ 38.3 

(-Fe) + 1 + 2 

-Fe 0.6 ± 0.1 99.4 ± 0.1 0.0 

1146 ± 4 

11224 
 

11384 
 

1 1.6 ± 0.2 72.2 ± 0.8 26.2 ± 0.8 

2 29.7 ± 2.9 27.2 ± 2.2 43.1 ± 2.4 

Fe2B + 1 + 2 

Fe2B 0.8 ± 0.1 62.3 ± 1.9 36.9 ± 2.0 

1160 ± 8 1 1.4 ± 0.2 69.4 ± 3.0 29.2 ± 3.0 

2 34.3 ± 1.2 27.0 ± 2.4 38.7 ± 3.2 

(-Fe) + Fe2B + 1 
-Fe – – – 

~ 1167 Fe2B – – – 

1 – – – 

Fe2B + FeB + 2 

Fe2B 0.9 ± 0.1 61.7 ± 5.0 37.4 ± 5.0 

1363 ± 10 – 1320 FeB 2.8 ± 0.5 43.4 ± 1.9 53.8 ± 2.1 
2 35.5 ± 2.1 26.3 ± 1.3 38.2 ± 3.4 

1Phase notation: 1―MoxFe3–xB, 2―Mo2FeB2, ―MoFe, ―Mo6Fe7, R―Mo2Fe3. 2Boron content as per literature data.  

3On assumption of -MoB + Mo2B + 2 equilibrium. 4On assumption of (-Fe) + Fe2B + 2 equilibrium. 
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Phase Equilibria Involving Phases Based on -Fe and -Fe Modifications. The polymorphic modifications 
of iron at 912 and 1394C determine specific features of the ternary Mo–Fe–B phase diagram in the iron-rich 
region. Comparably low melting points in the binary Fe–B system make the iron-based (-Fe) phase to participate in 
phase equilibria at solidus temperatures (Fig. 3a, c). 

According to XRD, alloy 10 (Mo32Fe56B12) annealed at 1250C for 5 h consists of three phases (Fig. 6a): 

iron-based bcc phase (-Fe), high-temperature intermetallic Mo2Fe3 (R phase), and ternary Mo2FeB2 (2). The 

DTA heating curve shows an intensive endothermic effect at 1298C (Fig. 7a), which corresponds to the solidus 
temperature in the three-phase Mo2FeB2 + R-(Mo2Fe3) + (-Fe) region. The next endothermic effect at 1340C 

corresponds to a four-phase invariant reaction involving the melt in the adjacent three-phase Mo2FeB2 + R-

(Mo2Fe3) + -(Mo6Fe7) region. 

The samples of annealed alloys 8 (Fig. 7b), 9, 10, 11, 28, 29, and 36 have virtually the same incipient 
melting temperature, which is 1299 ± 5°C upon the statistical processing of DTA data. The microstructure of 
annealed alloy 8 (Mo18Fe70B12) examined with XRD and metallography (Fig. 6b) revealed only two phases: 

 

 
a b 

 
c d 

Fig. 6. Microstructure of the annealed Fe-rich Mo–Fe–B alloys (SEM, backscattered electrons): a) 
Mo32Fe56B12 (1250C, 5 h); b) Mo18Fe70B12 (1250C, 5 h); c) Mo12Fe76B12 (1150C, 5 h), d)  

Mo15Fe73B12 (1250C, 5 h) 

 
a b c d 

Fig. 7. Differential heating and cooling curves for the annealed Fe-rich Mo–Fe–B alloys: a) 
Mo32Fe56B12 (1250C, 5 h); b) Mo18Fe70B12 (1250C, 5 h); c) Mo12Fe76B12 (1150C, 5 h), d)  

Mo15Fe73B12 (1250C, 5 h) 
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Mo2FeB2 and (-Fe). This indicates that the alloy 8 composition falls into the three-phase Mo2FeB2 + (-Fe) +           

R-(Mo2Fe3) region close to the Mo2FeB2(-Fe) tie-line or that the molybdenum content of the iron-based phase is 

underestimated because of insufficiently harsh cooling after annealing (Fig. 3a, c). 
Alloys 7 (Mo15Fe73B12) and 6 (Mo12Fe76B12) after subsolidus annealing at 1250 and 1150°C, respectively, 

do not differ from alloy 8 (Mo18Fe70B12) in phase composition and microstructure (Fig. 6c, d). The iron-based 

phase (-Fe) in alloy 7 (Mo15Fe73B12) contains ~4.1 at.% Mo and only ~1.3 at.% Mo in alloy 6 (Mo12Fe76B12). 

According to DTA, the incipient melting temperatures of alloys 68 decrease with reducing molybdenum content 
(Fig. 7c, d). Only does the DTA heating curve for alloy 6 show an endothermic effect below the incipient melting 
temperature (at 953C), which can be interpreted as transformation involving the -Fe phase: (-Fe) + Fe2B            

(-Fe) + Mo2FeB2. This indicates that the composition of alloy 6 falls onto the (-Fe)Mo2FeB2 tie-line or close to 

it and that of alloy 7 onto the (-Fe)Mo2FeB2 tie-line (Fig. 3a, c). 

Analysis of phase equilibria leads to the conclusion that there should be a three-phase (-Fe) + (-Fe) + 
Mo2FeB2 region between the two-phase (-Fe) + Mo2FeB2 and (-Fe) + Mo2FeB2 regions on the solidus surface 

(Fig. 3a, c). After subsolidus annealing, the fcc phase (-Fe) does not remain when the samples are cooled with the 
furnace but transforms to the low-temperature bcc modification (-Fe). The incipient melting temperature (solidus) 
in the (-Fe) + (-Fe) + Mo2FeB2 range can be estimated as intermediate between 1230 and 1284C, which are 

incipient melting temperatures of annealed alloys 6 (Mo12Fe76B12) and 7 (Mo15Fe73B12), respectively (Fig. 7c, d). 

Phase Equilibria in Molybdenum-Rich Region. The incipient melting temperature of cast alloy 41 
(Mo55Fe5B40) determined by pyrometry is 1940 ± 15C, which agrees well with thermodynamic calculation [30]. 

The microstructure of this alloy annealed at 1880C for 15 h consists of three borides (Fig. 8a): binary Mo2B, 

ternary Mo2FeB2 (2), and -MoB, phase based on the low-temperature modification of molybdenum monoboride. 

This indicates that a four-phase invariant equilibrium exists at the solidus temperature. In the binary Mo–B system, 
phase equilibria involving only one modification of molybdenum monoboride—high-temperature -MoB—proceed 
at solidus temperatures. In the ternary Mo–Fe–B system, there is -MoB + Mo2B equilibrium on the solidus 

temperature. This necessitates the existence of a narrow three-phase -MoB + -MoB + Mo2B region located near 

the Mo–B side of the composition triangle (Fig. 3a). The low-temperature modification of molybdenum 
monoboride, -MoB, existing as a ternary phase forms in invariant reaction involving the melt. The temperature of 
this transformation should be higher than the incipient melting temperature in the neighboring three-phase -MoB + 
Mo2FeB2 + Mo2B region. 

The incipient melting temperature of cast alloy 2 (Mo40Fe20B40) determined by pyrometry on cast samples 

with the Pirani–Altertum method is approximately 1935°C. According to metallography (Fig. 8b) and XRD, the 
alloy annealed resistively at 1880°C for 1 h primarily consists of ternary Mo2FeB2 compound and contains a small 

amount of molybdenum monoboride -MoB. 
For alloy 39 (Mo61Fe9B30), the incipient melting temperature measured by pyrometry is substantially 

overestimated (1747°C) compared to that determined by DTA as a result of relatively high content of refractory 
Mo2B and Mo2FeB2 boride phases and low content of a relatively easily fusible molybdenum-based phase. In this 

case, preference should be given to DTA data (Fig. 9a). The heating curve for cast alloy 39 (Mo61Fe9B30) shows 

two endothermic effects, one (at 1524C) corresponding to the incipient melting of alloys in the three-phase 
Mo2B + (Mo) + Mo2FeB2 region, which agrees well with the calculation [30], and the other at 1442C with the 

invariant equilibrium involving the melt in the neighboring three-phase (Mo) + Mo2FeB2 + -(MoFe) region 

(Fig. 9a). After this alloy is annealed at 1500C for 20 h, massive Mo2B grains (Fig. 8c) and small fractions of the 

(Mo) phase and ternary Mo2FeB2 (2) boride around the Mo2B grains are observed. The sample of alloy 39 has the 

same phase composition after annealing at 1280C for 15 h.  Hence, we established the nature of phase equilibria at 
subsolidus temperatures, including the two-phase (Mo) + Mo2FeB2 region. The same result was obtained in [20] for 

1050°C (Fig. 2) and in [19] for 1000°C, while the isothermal section at 1000°C with alternative Mo2B + -(MoFe) 
equilibrium was published in [22]. 
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Fig. 8. Microstructure of the annealed Mo-rich Mo–Fe–B alloys (SEM, backscattered electrons): a) 
Mo55Fe5B40 (1880C, 15 h); b) Mo40Fe20B40 (1880C, 1 h); c) Mo61Fe9B30 (1500C, 20 h); d)  

Mo56Fe32B12 (1400C, 5 h) 

 
a b         c 

 
d e f 

Fig. 9. Differential thermal heating and cooling curves for the annealed Mo–Fe–B alloys: a) 
Mo61Fe9B30 (cast); b) Mo56Fe32B12 (1400C, 5 h); c) Mo45Fe48B7 (1290C, 15 h); d) Mo44Fe38B18  

(1290C, 15 h); e) Mo41Fe47B12 (1300C, 5 h); f) Mo37Fe51B12 (1300C, 5 h) 

The compositions of alloys 13 (Mo47Fe41B12) and 14 (Mo56Fe32B12) fall into the three-phase (Mo) + 

Mo2FeB2 + -(MoFe) region (Fig. 3a). According to XRD, alloy 13 annealed at 1400C for 5 h consists of four 

phases: -(MoFe) + -(Mo6Fe7) + (Mo) + Mo2FeB2, indicating that the -(MoFe) phase decomposes when cooled 

with the furnace. Alloy 14 after the same annealing (Fig. 8d) consists of three phases since high-temperature  
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Fig. 10. Microstructure of the intermetallic Mo–Fe–B region (SEM, backscattered electrons): a) 
Mo45Fe48B7 (1290C, 15 h); b) Mo44Fe38B18 (1290C, 15  h); c) Mo41Fe47B12 (1300C, 5 h); d)  

Mo37Fe51B12 (1300C, 5 h) 

intermetallic -(MoFe) decomposes: (Mo) + Mo2FeB2 + -(Mo6Fe7). Based on DTA of annealed alloys (Fig. 9b), 

the incipient melting temperature in the three-phase (Mo) + Mo2FeB2 + -(MoFe) region is 1448 ± 10°C. The 

heating and cooling curves for alloys 13 and 14 show cascading thermal effects with repeated temperatures that 
correspond to four-phase invariant reactions in the neighboring three-phase Mo2B + (Mo) + Mo2FeB2 and              

-(MoFe) + -(Mo6Fe7) + Mo2FeB2 regions and other three-phase regions where the incipient melting temperature 

is lower. This feature allows one to confidently determine the number of three-phase regions on the solidus surface 
(Fig. 3a, b) and get insights into the sequence of four-phase invariant reactions in the Mo–Fe–B system that proceed 
in the alloy crystallization process. 

It is interesting that, according to EMPA of alloys in the three-phase (Mo) + Mo2FeB2 + -(MoFe) region, 

iron content of the molybdenum-based phase at subsolidus temperatures is 8.3 ± 1.0 at.%. This is much lower than 
13.4 ± 0.6 at.% in the neighboring three-phase Mo2B + (Mo) + Mo2FeB2 region, having higher solidus temperature. 

This trend is observed for measurements employing two types of microanalyzers: both Superprobe 8200 and JAMP 
9500 F (in spite of some differences in the values obtained). These data agree with the solubility of iron in the 
molybdenum-based phase in the constituent binary Mo–B systems below 1612C (Fig. 1a).  

Phase Equilibria in Intermetallic Regions. Four intermetallic phases form in the binary Mo–Fe system: -
(MoFe), -(Mo6Fe7), R-(Mo2Fe3), and -Fe2Mo. Their close compositions and quite wide homogeneity ranges pose 

certain difficulties in their identification with SEM/EMPA. 
The study of alloys 30 (Mo45Fe48B7) and 34 (Mo44Fe38B18) annealed at 1290C for 15 h by metallography 

(Fig. 10a, b) and XRD shows that their compositions fall into the three-phase -(MoFe) + -(Mo6Fe7) + Mo2FeB2 

region (Fig. 3a, b). According to XRD and metallography, alloy 12 annealed at 1300C for 5 h contains practically 
two phases: -(Mo6Fe7) + Mo2FeB2 (Fig. 10c). Based on XRD, alloy 11 after the same annealing consists of two 
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phases, -(Mo6Fe7) and Mo2FeB2, while metallography (Fig. 10d) additionally shows a small amount of the bcc 

iron-based phase. 
Therefore, metallography and XRD uniquely indicate that the intermetallic -(Mo6Fe7) phase exists in the 

ternary Mo–Fe–B system at solidus temperatures and is in equilibria with the neighboring binary -(MoFe) and                 
R-(Mo2Fe3) phases and ternary Mo2FeB2 (2) boride (Fig. 3a, b). The same result was obtained in [30] by 

thermodynamic calculation. 
The three-phase -(MoFe) + Mo2FeB2 + -(Mo6Fe7) and -(Mo6Fe7) + Mo2FeB2 + R-(Mo2Fe3) planes on 

the solidus surface of the ternary Mo–Fe–B system lead to the three-phase  +  + R region near the Mo–Fe side. 
Our estimates of phase composition in the ternary system by EMPA indicate that boron has virtually zero solubility 
in all three intermetallic phases; i.e., the three-phase -(MoFe) + -(Mo6Fe7) + R-(Mo2Fe3) region looks like a 

degenerate triangle with vertices lying almost on one line (Fig. 3a, b). 
In general, we observed a number of repeated thermal effects (Fig. 9cf) that virtually overlap but are 

reliably separated by DTA in the heating curves for alloys in the intermetallic range, such as 11 (Mo37Fe51B12), 12 

(Mo41Fe47B12), 30 (Mo45Fe48B7), and 34 (Mo44Fe38B18). Analysis of the thermal curves for ternary Mo–Fe–B 

alloys allows the conclusion that these thermal effects are repeated at about 1340, 13701380, and 13831388C, 
indicating that there are three invariant phase reactions at close temperatures and compositions. The three-phase                
-(MoFe) + -(Mo6Fe7) + Mo2FeB2 region corresponds to the four-phase invariant equilibrium involving the  

liquid phase at 1375 ± 10C and the incipient melting temperature is 1340 ± 10°C in the three-phase -(Mo6Fe7) + 

Mo2FeB2 + R-(Mo2Fe3) region and 1385 ± 10°C in the -(MoFe) + -(Mo6Fe7) + R-(Mo2Fe3) region (Fig. 3a, b). 

Table 4 summarizes our experimental coordinates for the three-phase regions on the solidus surface of the 
Mo–Fe–B system and compares the incipience melting temperatures with those calculated with the CALPHAD 
method in [30]. We observed good agreement between the calculated and experimentally measured temperatures in 
the three-phase regions that are adjacent to the constituent binary Mo–B system. For other parts of the ternary                    
Mo–Fe–B system, the calculation provided underestimated incipient melting temperatures, requiring more accurate 
thermodynamic data and models to be applied. Our experimental results show that MoxFe3–xB, -MoB, and                    

-(Mo6Fe7) phases (Fig. 3, a–c) existing on the solidus surface should be taken into account in thermodynamic 

modeling of the ternary Mo–Fe–B system and optimization of thermodynamic parameters. 

CONCLUSIONS 

The solidus surface of the ternary Mo–Fe–B system has been constructed in the region with boron content 
varying from 0 to 50 at.%, including two-phase (Mo) + Mo2FeB2 equilibrium. 

Phases based on binary -MoB and -(Mo6Fe7) have been established to exist at solidus temperatures in 

the ternary Mo–Fe–B system.   
Ternary MoxFe3–xB (1) compound with 1.32.0 at.% Mo has been found to exist on the solidus surface 

and at subsolidus temperatures and ternary Mo2FeB2 (2) compound with a wide homogeneity range with iron 

content varying from 14 to 27 at.% Fe has been confirmed to exist.  
The results obtained serve as an experimental basis for optimizing the thermodynamic description of the 

ternary Mo–Fe–B system, primarily in the Mo–MoB1.0–Mo2FeB2–FeB–Fe region. 
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