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Changes to the microestructure during thermal aging treatment at 610 °C in Fe-xMo-5Ni-0.05C alloys were 
studied for different aging times with different Mo concentrations. The heat treatment at 610 °C induces carbide 
precipitation into the metallic matrix near Fe

2
Mo phase. The X-ray diffraction studies revealed a more intense 

precipitation of α-FeMo, Fe
3
Mo, R(Fe

63
Mo

37
) phases and MoC, Fe

2
MoC carbides for the alloys containing 

15 and 11% Mo, respectively. This work shows that hardness and coercive force changes are function of the 
molybdenum content and aging time variation. Vickers hardness and coercive force both increase with the increase 
of molybdenum content and reach maximum values at 4 and 1h of aging, respectively.
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1. Introduction

The alloys based on the Fe-Mo-Ni-C system used for permanent 
magnets may achieve similar magnetic properties to Vicalloy II 
(FeCoV) and other Fe-Co alloys, but are advantageous since they do 
not have cobalt, which is a strategic and expensive alloying element1. 
These alloys are ductile, and tolerate cold deformations larger than 
99% without intermediary thermal treatment2. The coercive force 
of these alloys varies between 17,600 to 36,700 A/m depending on 
factors as cold deformation, molybdenum content, and heat treat-
ment parameters.

The permanent magnet can be described using four properties: 
Saturation magnetization (B

c
); Remanence (B

r
); Coercive force (H

c
); 

Energetic product (BH
max

). Among these parameters, only saturation 
magnetization is not dependent upon the material microstructure. 
One of the mechanisms of actuating magnetic hardness is the barrier 
created by carbide precipitation that restricts the movement of the 
magnetic domains walls. The carbide precipitation may also acts as 
a barrier against dislocation motion, and influences the mechani-
cal properties of the materials such as hardness, yield and strength 
limits3.

The Mo addition increases the lattice parameter of the α-Fe. Add-
ing Mo to Fe also increases its hardness, this effect being surpassed 
only by Cr, Co, W and V. Mo is also responsible for the increase of 
crystallization temperature of the ferrite. Fe-Mo alloys containing Mo 
quantities higher than 6 wt. (%) can be hardened by precipitation.

The magnetic and mechanical hardening of the Fe-Mo and 
Fe-Mo-Ni alloys are attributed to λ(Fe

2
Mo)[4] and/or μ (Fe

7
Mo

6
)[5] 

precipitation during the aging. In the Fe-20Mo-5Ni-0.05C alloys, 
MC

6
 (M = Fe,Mo) precipitates are also present and may contribute 

to the increase of coercivity and mechanical hardness6,7.
Table 1 shows hardness values for Fe-Mo alloys solution treated 

at 1400 °C, and aged aging at 620 °C for 20 hours8.
X-ray diffraction studies 9 for Fe-Mo-Ni-C alloys containing 5, 8, 

11 and 15 wt. (%) show a more intense precipitation of the αFeMo, 
Fe

3
Mo, R(Fe

63
Mo

37
) phases, and MoC, Fe

2
MoC carbides for alloys 

containing 15 and 11% Mo, respectively. This clearly shows the influ-
ence of precipitates on the magnetic properties of  Fe-Mo-Ni-C alloys. 
However, recent studies on thermal magnetic analyses of  Fe-Mo-Ni-C 
highlighted the influence of the Mo on the Curie temperature. The 
curves demonstrate that the transition temperature increases with 
decreasing the of Mo content10.

 In this work the coercive force and mechanical hardness values 
of Fe-Mo-Ni-C alloys were compared for alloys with Mo contents 5, 
8, 11 and 15 wt. (%) heat treated by aging at 610 and 650 °C

2. Experimental

The alloys Fe-xMo5Ni0.05C (x = 5, 8, 11 and 15 wt. (%)) were 
initially obtained from high purity powder of the constituent elements 
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melted in an arc furnace. The pieces were melted in an induction fur-
nace under argon atmosphere in order to produce the ingots. Table 2 
gives the chemical composition of the melted ingots.

The ingots were divided into slices that were soaked at 1250 °C 
for about 30 minutes and hot rolled for a reduction of 60% after which 
they were solution treated at 1200 °C and oil cooled.

After solution treatment 3 mm diameter thin discs were machined 
for the magnetic measurements. The final sample thickness varied be-
tween 0.05 and 0.12 mm. These samples were aged at 610 and 650 °C 
for several time intervals: 0, 15, 40, 60, 240, 600 and 1080 minutes 
and water cooled. After aging, all samples were cleaned and polished 
in order to remove the oxide layer.

The magnetic measurements were carried out in a vibrating 
sample magnetometer (VSM) EGG-PAR model 4500. The hardness 
tests were performed in a Vickers microhardner. The microstructure 
was analyzed by X-ray diffraction, using a Phillips® X-Pert difrac-
tometer using Kα-Cu.

3. Results and Discussion

Sato et al.11 studied the mechanism of precipitation of  Fe-Mo-Ni 
alloys without carbon, and concluded that alloys containing less 
than 20% Mo and less than 5% Ni contained preferential regions in 
which platelet shapes were produced by nucleation and growth, and 
increased in number and size with the magnetic aging time. Mag-
netic hardness tests with Fe-Mo-Ni-C alloy containing 0.05% C and 
20% Mo, conducted by Tavares et al.12, revealed the presence of λ 
phase (Fe

2
Mo) and M

6
C. An analysis of the Fe-Mo-C equilibrium 

phase diagram13 in Figure 1 shows that in the isotherm at 700 °C, 
increasig Mo results in an increase of the λ phase (Fe

2
Mo) volume 

fraction and a reduction of M
6
C carbide. The likely explanation for the 

behavior of the magnetic and mechanical hardness curves obtained, is 
that the precipitation of M

6
C carbides takes place in the first step of 

heat treatment at 610 °C, which increases the magnetic and mechanic 
hardness. Maintaining the heat treatment, increases the number of 

Table 1. Values of hardness for alloys with different concentrations of Mo.

Rockwell C Hardness

Molybdenum content (%) Solution treated at 1400 °C Aged 20 hours at 620 °C

10 7 25

15 10 35

20 23 51

22 26 59

25 35 63

30 40 65
Sykes (1938)[8].

Table 2. Chemical composition of the melted ingots

Composition (%)

Alloy Fe Mo Ni C Mn S P Si

Fe-5Mo-5Ni-0.05C Bal. 4.78 5.61 0.047 0.14 0.009 0.010 0.008

Fe-8Mo-5Ni-0.05C Bal. 7.67 5.42 0.046 0.16 0.011 0.012 0.010

Fe-11Mo-5Ni-0.05C Bal. 10.64 5.40 0.053 0.13 0.007 0.009 0.009

Fe-15Mo-5Ni-0.05C Bal. 14.75 4.92 0.055 0.16 0.008 0.009 0.010

Figure 1. Isothermal section at 700 °C for the phase equilibrium diagram of 
Fe-Mo-C system.

Figure 2. Variation of Vickers hardness as a function of the magnetic aging of 
Fe-Mo-Ni-C alloys containing different molybdenum concentrations.
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blanks which reduces dislocation in spite of the precipitation of car-
bides and λ phase (Fe

2
Mo). In Fe-Mo-C alloys containing more than 

20 wt. (%) Mo, the quantity of the λ phase (Fe
2
Mo-fragile Laves phase 

and high hardness) is higher, reducing the mechanic hardness.
Souza9 demonstrated that the main process controlling the mag-

netic response is the precipitates barrier inhibiting the movement of 
the magnetic domain walls. These precipitates also interfere with 
the dislocation movement inside the material when submitted to 
deformation.

Figure 2 exhibits the variation in the Vickers hardness of 
 Fe-Mo-Ni-C alloys containing different quantities of Mo as a func-
tion of the aging heat treatment time. For all samples, the Vickers 
hardness increases during the first 3 hours of aging. After this time, 
the alloy containing 15% of Mo exhibits different behavior than al-
loys with less Mo in the composition. The samples containing 5, 8 
and 11% of Mo show a decrease in Vickers hardness with the increase 
of aging time, while the 15% Mo alloy has an approximately constant 
Vickers hardness.

The variation of the coercive force is also a function of the ag-
ing time. The behaviour of coercive force for the alloys studied is 

shown in Figure 3. The coercive force increases with the amount of 
Mo, however, a maximum value is reached at nearly 1 hour of heat 
treatment and then remains constant. This behavior is similar for all 
alloys, independently from the Mo content.

Souza et al.10 demonstrated the effect of performing a cold work 
step prior to aging on the coercive force of the Fe-15Mo-5Ni-0.05C 
alloy is very expressive. The coercive force decreases when the cold 
working step is done. This result is somewhat surprising, since the 
introduction of crystalline defects should increases the precipitation. 
Abreu et al2. found similar results for the 11% Mo alloy14.

Figures 4 and 5 show diffractograms of the sample 
Fe11Mo5Ni0.05C for the following conditions: hot rolled, solu-
tion treated, without aging and hot rolled, solution treated, aged at 
610 °C for 600 minutes, respectively. The main phases and precipi-
tates observed in diffractograms are shown in Table 3. In this Table, 
the intensity of precipitation is categorized as high, middle or low. 
The results of X-ray diffraction revealed that the λ phase (Fe

2
Mo), 

Fe
3
Mo, R phase, and the carbides MoC, Fe

2
MoC and Fe

3
C are in-

tensely precipitated for the alloy containing 11% Mo submitted to 
the aging treatment. The diffractometry results confirm the results 
shown in Figures 2 and 3 obtained for the hardness and coercive 
force, respectively.

Figure 3. Coercive force vs. magnetic aging of Fe-Mo-Ni-C alloys, for dif-
ferent molybdenum concentrations.

Figure 4. Diffractogram of alloy containing 11 wt. (%) Mo, solution treated 
at 1250 °C, after hot rolling, without aging.

Figure 5. Diffractogram of alloy containing 11 wt. (%) Mo, solution treated 
at 1250 °C, after hot rolling, aged at 610 °C for 600 minutes.

Table 3. Precipitates identified by X-ray diffractometry for alloys containing 
11% Mo, hot rolled, solution treated at 1200 °C, without aging and aged at 
610 °C for 600 minutes, classified as high, middle or low.

Phases and
Compounds

Without
aging

Aged at 610 °C
for 600 min

λ phase low high

Fe
3
Mo low middle

R phase middle high

Fe
0,54

Mo
0,73

low middle

MoC middle high

αMo
2
C low middle

Fe
2
MoC middle high

FeC low middle

Fe
2
C low middle

Fe
3
C middle high
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4. Conclusions

The variation of hardness and magnetic properties of the 
 Fe-xMo5Ni0.05C alloys (x = 5, 8, 11, and 15 wt. (%)) were inves-
tigated. For all studied alloys, the amount of Mo increased both the 
magnetic and mechanical hardness. The Vickers hardness increases 
strongly after the 4 first hours of aging at 610 °C and remains stable 
up to 10 hours for alloys containing 11% and 15% Mo. After this 
time, the Vickers hardness decreases slightly for the alloy containing 
11% Mo. The coercive force (H

c
), during aging at 610 °C reaches 

a maximum value at 1 hour and thereafter remains constant. The 
 Fe-15Mo-5Ni-0.05C alloy yielded a higher H

c
 value after aging, 

due the higher content of Mo and consequently more precipitation, 
including a higher quantity of Laves phases. The alloys containing 
11, 8 and 5% showed reduction in mechanical hardness after 3 hours 
of aging.
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