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Abstract: An Fe/FeAl,O4 composite was prepared with Fe-Fe,O3-Al,O3 powder by a hot press
sintering method. The mass ratio was 6:1:2, sintering pressure was 30 MPa, and holding time was
120 min. The raw materials for the powder particles were respectively 1 um (Fe), 0.5 pm (Fe;O3), and
1 pm (Al,O3) in diameter. The effect of sintering temperature on the microstructure and mechanical
properties of Fe/FeAl,O4 composite was studied. The results showed that Fe/FeAl,O4 composite
was formed by in situ reaction at 1300 °C-1500 °C. With the increased sintering temperature, the
microstructure and mechanical properties of the Fe/FeAl,0O, composite showed a change law that
initially became better and then became worse. The best microstructure and optimal mechanical
properties were obtained at 1400 °C. At this temperature, the grain size of Fe and FeAl,O4 phases
in Fe/FeAl,O4 composite was uniform, the relative density was 96.7%, and the Vickers hardness
and bending strength were 1.88 GPa and 280.0 MPa, respectively. The wettability between Fe and
FeAl,0O4 was enhanced with increased sintering temperature. And then the densification process
was accelerated. Finally, the microstructure and mechanical properties of the Fe/FeAl,O4 composite
were improved.

Keywords: sintering temperature; Fe/FeAl,O4 composite; hot press sintering; microstructure;
mechanical properties

1. Introduction

An iron-based composite takes iron as the continuous matrix, ceramic particles as the
dispersed reinforcement, and the reinforcement particles are uniformly distributed in the
matrix [1-3]. Based on the high hardness and strength of ceramic particles, such as Al,O3
and FeAl,Oy, the hardness of the material will improve on the basis of excellent toughness
after wetting between iron and ceramic phases, which shows some common properties of
metals and ceramics, and can find a wide range of application, including braking, sealing,
cutting, loading and other fields [4-8].

In 1959, Gatti [9] prepared the world’s first Fe-based composite using Fe and Al;O3
powers as raw material. However, it was difficult to combine the metal and ceramic phases
with wetting, due to the different material properties of metal and ceramic, such as the
difference in thermal expansion coefficient [10].

In order to solve the problem of wetting, it has been found that the wettability be-
tween FeAl,O4 (Fe-Al spinel) and Fe phase is better after the formation of FeAl,O, (Fe-Al
spinel) [11]. Spinel clusters are generally formed on the ceramic-metal interface and grow
inside and outside in the form of particles. The more FeAl,Oy4, the better the fracture
toughness of the cermet [12-14]. However, in the Fe-O-Al system, there are five phases of
fusterite, iron spinel, Fe;O3, Al,O3, and Fe;O3-Al;O3. The spinel phase exists as a series of
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continuous solid solutions between FeAl,O4 and Fe3Oy4 [15]. The prerequisite for the stable
existence of FeAl,Oy is that FeO can exist stably. The sintering temperature also plays an
important role [16]. Trumble [17] conducted a thermodynamic analysis on the reaction of
FeAl;O; at the interface and pointed out that FeAl,O4 would form and exist stably below
1600 °C. Chen [18] focused on the specific study of the formation and the thermodynamic
conditions of FeO and FeAl,O4. It has been found that FeO existed stably in a suitable
weak reducing atmosphere at 1427 °C, and spontaneously generated FeAl,O,4 with Al,Os.
Zhang [19] successfully prepared FeAl,Oy in a suitable weak reducing atmosphere. Using
iron scales and bauxite as raw materials, Liu [20] also successfully prepared FeAl,O4 by
sintering at 1550 °C. In fact, in the Fe, Fe;O3, and Al,O3 systems, the sintering temperature
not only affects the formation of the spinel phase but also plays an important role in
improving the wettability between the iron and ceramic phases.

In this study, vacuum hot pressing and sintering were used to add a reinforcing
Fe,O3 phase to the Fe/Al,O3 system, and FeAl,O4 was formed by the in situ reaction
of Fe, Fe;O3, and Al,O3 to improve the wettability between Fe and the ceramic phase.
With the increased sintering temperature, the metal Fe changed from solid to liquid. The
microstructure and mechanical properties of the Fe/FeAl,O4 composite were affected by
the promotion of element diffusion, migration, and crystallization process. In order to
obtain excellent properties of the Fe/FeAl,O4 composite, it was necessary to study the
influence of sintering temperature on the microstructure and mechanical properties during
the preparation of the Fe/FeAl,O4 composite.

2. Materials and Methods

The raw materials in this experiment were analytically pure Fe powder (1um), Fe,Os
powder (0.5 um), and Al,O3 powder (1 pm). The mass ratio of the Fe, Fe;O3, and Al,O3
powder was 6:1:2. Absolute ethanol was used as the dispersion medium, and a XQM-2
vertical planetary ball mill was used for ball milling. The ball milling speed was 300 r/min,
and the ball milling time was 10 h. After ball milling, the samples were placed in a DZF-
6050 vacuum drying oven at 120 °C for 24 h, and the vacuum was pumped to 100 Pa during
drying. After drying, the mixed powder was passed through a 200-mesh sieve and put
into a ZT-40-21Y high-temperature hot press sintering furnace to prepare the Fe/FeAl,O4
at 1300 °C, 1350 °C, 1400 °C, 1450 °C, 1500 °C, 30 MPa for 120 min, and the vacuum was
pumped to 10~2 Pa during sintering. The experimental conditions of the five samples are
shown in Table 1.

Table 1. Experimental conditions for each sample.

Sample T/°C t/min Pressure/MPa Mass Ratio
S1 1300 120 30 6:1:2
52 1350 120 30 6:1:2
S3 1400 120 30 6:1:2
54 1450 120 30 6:1:2
S5 1500 120 30 6:1:2

The relative density of the prepared samples was measured by the Archimedes prin-
ciple, the bending strength was measured using the three-point bending method with a
CMT4202 universal material testing machine with a crosshead speed of 0.5 mm/min and
span of 30 mm, and the Vickers hardness was measured at a loading force of 49.05 N (5 kg)
for 10-15 s by the Tukon2500 Vickers hardness tester. Phase and composition analyses
(XPert PRO MPD, PANalytical, Netherlands) were carried out with an x-Ray diffractometer.
The microstructure and element analyses were carried out with SEM and EDS (GeminiSEM
300, Zeiss, Germany), respectively.
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3. Results and Discussion
3.1. Preparation Principle of Fe/FeAl,O4 Composite

Using the analysis of thermodynamic software HSC6.0, it was shown that Fe, Fe;O3,
and Al,O3 powder can spontaneously synthesize FeAl,O4 through an in situ reaction
under the experimental conditions, as shown in the following reaction (1):

%Fe 4 %Fe203 1 ALO; = FeAL,O, AG® = —56.09 — 0.00621T(1<].mor1) )

Due to the excessive Fe content in the mixed powder of ingredients, Fe;O3 and
Al,O3 reacted completely after the in situ reaction and the Fe became redundant. The
FeAl,O4 produced by the in situ reaction combined with the redundant metal Fe and the
Fe/FeAl,O4 composite was prepared during the process of hot pressing and sintering.
The in situ reaction occurred on the three-phase interface of Fe liquid, Fe;O3, and Al;Os.
This was an interface reaction-driven wetting, according to the free energy change control
theory of interface reaction proposed by Aksay [21], the solid-liquid interface energy can
be expressed as Equation (2) [22,23]:

AGr
A

Oo1 = 08, + @)
where 03, is the solid /liquid interface energy before the reaction, A is the interface area,
and AG; is the free energy change produced by the interface reaction product per unit
volume. According to Aksay [21], the decrease of free energy in the interfacial reaction is
the main driving force controlling the wetting process. The improvement of wettability is
caused by the decrease of free energy. The interfacial reaction is more intense, AG; is lower,
and the wettability of the system is better.

For Reaction (1), AG? lowers with increased reaction temperature. Then, when the in situ
reaction of FeAl,O, is more intense, it would reduce AG; and enhance the wettability of Fe
liquid and FeAl,O,4. With the wetting of Fe and FeAl, Oy, the diffusion rate of Fe to FeAl,O4
grains accelerated. The rule is that as the FeAl,O4 grains grow up, Fe accumulates in the
FeAl,Oy4 grains, which has a greater impact on the combination of Fe and FeAl,O, phase at
the macro level, and this is reflected in changes in microstructure and mechanical properties.

Figure 1 shows the normalized XRD results of each sample (S1-55) prepared by
hot press sintering at different sintering temperatures. The results show that the phase
composition of each sample was phase Fe and FeAl,Oy4. At different sintering temperatures,
the relative intensity of the FeAl,Oy, diffraction peak was relatively stable, which means
that in the S1-55 samples, FeAl,O4 could be formed smoothly. With the occurrence of in
situ reaction and the formation of FeAl,Oy, the diffusion barrier from Fe to FeAl,O4 was
broken. As the sintering temperature increased, the wettability between Fe and FeAl,O4
was improved, which would promote the migration of Fe to FeAl,O4 and strengthen the
bonding ability between the metal phase and the ceramic phase.

3.2. Effect on Microstructure

Figure 2 shows the fracture structure of different samples prepared at different tem-
peratures, which could characterize the combination of the metal phase and ceramic phase
to a certain extent. The fracture of the Fe/FeAl,O4 composite was mainly intergranular.
With increased sintering temperature, the microstructure of samples changed significantly.
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Figure 1. Normalized XRD patterns of Fe/FeAl,O4 composites with different temperatures.

Figure 2. Cont.
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Figure 2. SEM micrographs of the fracture surface of Fe/FeAl,0O,4 composites with different temperatures: (a) 1300 °C,
(b) 1350 °C, (c) 1400 °C, (d) 1450 °C, (e) 1500 °C.

At 1300 °C, a large number of grain boundaries exposed in the matrix and Fe phase
could not bond FeAl,Oy4 grains effectively in the matrix. There were many pores in the
sample and the density of the material was low. Increasing the sintering temperature from
1350 °C to 1450 °C, with the improvement of wettability, the number of pores decreased and
the interface bonding between Fe and FeAl,O4 improved significantly. The grains of the
two phases grew up obviously, and the Fe phase was continuously distributed at the grain
boundary and three bifurcations of the FeAl,O4. Compared with the samples prepared at
1350 °C and 1450 °C, the sample sintered at 1400 °C showed the best micromorphology.
When the sintering temperature reached 1500 °C, Fe grains began to become coarser, the
surface of FeAl,Oy4 grains appeared powdered, and more pores appeared. The increase in
sintering temperature affected the physical and chemical reactions in the hot press sintering
process. On the one hand, it promoted the in situ reaction, reduced the interfacial energy
of the solid /liquid surface, and improved the wettability of Fe and FeAl,O4. On the other
hand, it enhanced the diffusion and migration ability of Fe, including the self-diffusion of
the Fe phase and the diffusion of Fe to the FeAl,O,4 phase, which promoted the nucleation
and recrystallization processes of the Fe phase and FeAl,O4 phase.

The analysis results of the point scan and the surface scan of the energy spectrum in the
sample prepared at 1400 °C are shown in Figures 3 and 4. The surface scanning (Figure 4)
showed that the bright area was the Fe phase, and the dark area was the FeAl,O4 phase.
The grains of Fe and FeAl,04 were uniformly staggered, and the Fe phase presented strong
continuity, which played a good bonding effect. At the same time, the Fe concentration
area was obvious in the area with uniform distribution of FeAl,Oy, indicating that the
Fe diffused into the FeAl,O4 grains during the in situ reaction process. Combined with
the EDS spot scanning results (Figure 3b), it could also be proved that the content ratio
of Fe in the FeAl,O,4 grains was excessive. At the sintering temperature of 1400 °C, the
contact between Fe and FeAl,O4 phase could promote the diffusion and migration of the
Fe to FeAl,O4, which enhanced the bonding ability between Fe and FeAl,O4. The wetting
process followed the reaction-driven wetting mechanism, which improved the wettability
between the two phases. This is consistent with the interface reaction free energy change
control theory proposed by Aksay [21].
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Figure 3. EDS analysis of Fe/FeAl,O, composites at 1400 °C: (al) Fe phase, (a2) EDS analysis of Fe phase, (b1) FeAl;O4
phase, (b2) EDS analysis of FeAl,O4 phase.
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Figure 4. Mapping analysis for the major elements (Fe, Al, O) of Fe/FeAl,O4 composites at 1400 °C.
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3.3. Effect on Mechanical Properties

The mechanical properties of the Fe/FeAl,O4 composites prepared at different sinter-
ing temperatures are shown in Figure 5. The results show that the relative density, Vickers
hardness, and bending strength of the Fe/FeAl,O4 composite increased first and then
decreased with the increasing sintering temperature. At 1400 °C, the relative density of the
composite reached the maximum value of 96.7%. The microstructure of the composites
is the main factor affecting the properties of the composites. The Vickers hardness and
bending strength of the composites are also closely related to the density. With the increase
in the relative density, the Vickers hardness and bending strength of the composites in-
creased gradually and reached the maximum value of 1.88 GPa and 280.0 MPa at 1400 °C,
respectively. However, when the sintering temperature increased to 1500 °C, the number
of microscopic pores increased, which led to the decrease of the relative density, Vickers
hardness, and bending strength of the Fe/FeAl,O4 composite.
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Figure 5. Effects of different temperatures on the relative density, Vickers hardness, and flexural
strength of Fe/FeAl,O, composites.

The effect of the sintering temperature on the mechanical properties of the Fe/FeAl,O4
composite can be explained using a dynamical theory for diffusion during mass
transfer [24,25]:

A x\ 2/5
l — 3(W> 1,-—5/61.2/5 (3)

%4 kT

In Equation (3), % is the shrinkage of the sample volume; () is the volume of vacan-
cies; D* is the self-diffusion coefficient; <y is the surface tension; k is the proportionality
constant; T, r, and t are the temperature, the particle diameter, and the holding time,
respectively. Equation (3) shows an exponential relationship between the sintering temper-
ature and the relative density (set the holding as 120min), that is, increasing the sintering
temperature can effectively improve the relative density of the Fe/FeAl,O4 composite.
When the sintering temperature increased from 1300 °C to 1450 °C, the porosity of the
cross section decreased obviously, and the relative density of the Fe/FeAl,O4 composite
increased from 94.1% to 96.7%. In the temperature range of 1300 °C~1450 °C, the in situ
reaction of FeAl,O4 was the rate-limiting link. The diffusion barrier of Fe to FeAl,O4
phase was broken by the in situ reaction and the wettability between Fe and FeAl,O4 was
improved by increasing the sintering temperature, which accelerated the densification
process and improved the mechanical properties of the composite. However, when the
sintering temperature rose to 1500 °C, there were many obvious closed pores that remained
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in the composite, and the relative density of Fe/FeAl,O4 composite decreased to 95.4%.
According to the grain growth rate formula (4):

1 1 —AG*

U—k(rl+r2>exp( RT ) 4)
where, k is a constant, r is the curvature radius of the surface, and AG* is the atomic
transition barrier. It can be seen from Formula (4) that with the increase of sintering
temperature, the grain growth rate accelerates. When the sintering temperature was
increased to 1500 °C, the diffusion of Fe became the rate-limiting link. The self-diffusion
of Fe caused Fe grains to grow abnormally, and the speed of grain boundary movement
increased, while the movement speed of pores was limited, which made it difficult to
remove. Closed pores began to form in the composite, resulting in a decrease in the density
of the composite material. At the same time, the accelerated diffusion of Fe to FeAl,O4
caused the structure of the FeAl,Oy4 grains to collapse, which deteriorated the mechanical
properties of the composite. In this study, the optimum sintering temperature was 1400 °C.

4. Conclusions

In this paper, an Fe/FeAl,O4 composite was prepared by hot press sintering at differ-
ent temperatures. The effect of sintering temperature on the phase formation, microstruc-
ture, and mechanical properties of the Fe/FeAl,O4 composite and the mechanism of action
were studied. The following conclusions were obtained:

(1) When the sintering temperature increased from 1300 °C to 1450 °C, the wetta-
bility between Fe and FeAl,0O; was improved and the diffusion of Fe to FeAl,O4 was
obviously promoted. As a result, the bonding ability of Fe and FeAl,O4 was enhanced.
However, when the temperature increased to 1500 °C, Fe grains began to grow up abnor-
mally, FeAl,Oy structure started to collapse and more pores remained in the Fe/FeAl,O4
composite. The bonding ability of Fe and FeAl,O4 began to decline.

(2) With the increase of sintering temperature, the relative density, Vickers hardness,
and bending strength of Fe/FeAl,O4 composite first increased and then decreased. The best
microstructure and mechanical properties were obtained at 1400 °C. At this temperature, the
grain size of Fe and FeAl,O4 phases in composites was uniform, the relative density was 96.7%,
and the Vickers hardness and bending strength were 1.88 GPa and 280.0 MPa, respectively.

(3) The mechanism of sintering temperature on the preparation of Fe/FeAl,O4 com-
posite by hot press sintering was mainly to break the diffusion barrier of the Fe to FeAl;O4
phase by the in situ reaction and then improve the wettability between Fe and FeAl,Oy.
Appropriate sintering temperature could accelerate the densification process and improve
the microstructure and mechanical properties of Fe/FeAl,O4 composites finally.
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