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Reactive sintering powder metallurgy is a simple alternative to conventional melting and powder metallurgy
processes. During this process, pressed powder mixture of pure metals or other precursors is transformed into
bulk intermediary phases by thermally activated in situ reaction. This process was previously tested on Fe—Al
and Fe—Al-Si alloys. Positive effect of silicon on the reactive sintering behaviour was determined, leading to
the development of novel carbon-free high-silicon FeAl20Si20 alloy (given in wt%). In this work, the effect of
nickel on the pressureless reactive sintering of Fe—Al-Si pressed powder mixtures was studied. To explain the
nickel influence, differential thermal analysis was utilized. Microstructure, phase composition and porosity of
the FeAl20Si20Niz (x = 0, 5, 10, 20 wt%) alloys was described. Hardness, wear resistance, high-temperature
oxidation resistance and thermal stability were evaluated as functions of nickel content. Results showed that
porosity decreases with growing nickel content down to less than 3 vol.%. Oxidation rate of these alloys is more
than 10 times lower than that of original FeAl20Si20 alloy. Thermal stability and abrasive wear resistance of these
alloys is also superior to Fe—Al and Fe-Al-Si materials.

PACS: 61.66.Dk, 62.20.Qp

1. Introduction

The positive effect of aluminium on the oxidation
resistance on iron-based alloys has been known al-
ready for more than 100 years [l]. Therefore, high-
-aluminium alloys have been recognized as promising ma-
terials for high-temperature applications. These alloys,
being formed by FegAl or FeAl ordered phases, are char-
acterized by very good high-temperature corrosion re-
sistance in oxidizing and sulphidizing environments to-
gether with low cost of the constituents and lower density
(5.7 g cm ™3 for FeAl [2]) than that of common metal-
lic high-temperature materials (nickel alloys and heat-
-resistant steels). However, their low room-temperature
ductility [3] and problems with production caused that
these materials are applied only in special applications up
to now [4]. Possible production routes of iron aluminides
concern casting technology [1, 4, 5], hot working, or pow-
der metallurgy processes.

In the case of powder metallurgy technologies, alloyed
Fe-Al powders show poor compressibility and sinter-
ability. Therefore, reactive sintering is considered as a
promising alternative production route [6]. Reactive sin-
tering is a technology, where pure elements or other suit-
able precursors are transferred into desired compounds
by a thermally activated in situ chemical reaction during
sintering process [6]. By a pressureless reactive sinter-
ing of Fe—Al pressed powder mixtures, relative density of
maximum 75% can be obtained [7]. A promising solution
of the problem with porosity consists either in pressure-
-assisted reactive sintering or alloying with other element,
modifying the reaction mechanism.
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In our previous work, silicon was found to reduce the
porosity of Fe—Al alloys produced by reactive sintering
[8, 9]. Silicon added to Fe—Al alloys completely modifies
the intermetallic phases’ formation mechanism. Silicon-
-containing phases (Fe-Si, Fe-Al-Si) grow towards the
molten Al-Si alloy while the iron aluminides follow the
direction to the core of the iron particles as in the Fe—Al
binary system. It helps to fill the spaces between iron
particles in the pressed powder mixture [9]. In addition,
silicon forms an eutectic with aluminium which melts at
lower temperature than aluminium (577°C). Therefore
the time of the melt existence during heating prior the
formation of intermetallics is prolonged [8]. Due to this
fact, melt is able to fill the pores between iron particles.
Optimum alloy composition was previously determined
as FeAl20Si20 (given in wt%) [8]. In this work, the ef-
fect of partial replacement of iron by nickel, as a known
aluminide-forming element, on the structure and proper-
ties of Fe—Al-Si alloys was studied.

2. Experimental

Fe—Al-Si-Ni alloys produced by reactive sintering of
iron, AlSi30 alloy, silicon and nickel powders were stud-
ied. Powder of AlSi30 alloy with particle size of 200-
600 pum was prepared by mechanical machining. Sili-
con powder (99.995% purity) with the particle size be-
low 50 pm was obtained by mechanical milling. Iron and
nickel powders were used in a form of commercially avail-
able powder of p.a. purity and a grain size below 10 pm.
Green bodies of Fe—Al-Si—Ni alloys containing 20 wt%
of aluminium and silicon and 0-20 wt% of nickel were
produced by blending of the above mentioned powders
and uniaxial pressing at the laboratory temperature by a
pressure of 320 MPa using Heckert FPZ100/1 universal
loading machine.
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Reactive sintering of Fe-Al-Si pressed powder mix-
tures was carried out at the temperature of 1100°C for
30 min in the electric resistance furnace with the heat-
ing rate over 300 K min~! according to previous results
published in [10]. Microstructure of the prepared mate-
rials was observed by Olympus PME3 light microscope.
AxioVision 4.7 and ImageJ 1.44p programs were applied
for the digital image recording and processing. Phase
composition was determined by X-ray diffraction (XRD)
analysis using a PANalytical X'Pert Pro X-ray diffrac-
tometer and Tescan Vega 3 LMU scanning electron mi-
croscope equipped with Oxford Instruments INCA 350
EDS analyser.

Hardness of the prepared materials was tested by the
Vickers method with the load of 10 kg (HV 10). The
abrasive wear resistance was evaluated by using a modi-
fication of the “pin-on-disc” method, where “pin” was the
tested material and “disc” was a P1200 grinding paper.
The applied load (normal force) was 5.8 N and the sliding
distance was defined as 2.5 km. The wear rate was cal-
culated from the measured weight losses by Eq. (1) [L1]:
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where w [mm?® m~! N7, Am [g], p [g cm ™3], Fy [N] and
[ [m] are wear rate, weight loss, normal force and sliding
distance on the grinding paper, respectively. The density
of samples was determined by the Archimedes method.

High-temperature oxidation resistance was studied by
the cyclic oxidation tests at 800°C for 432 h. During
these tests, samples were heated for 48 h cycles. Each
cycle consisted of heating to the test temperature, air-
-cooling to the laboratory temperature, weighing and
heating up to the test temperature. Oxidation rate of
the alloys is presented as a dependence of the specific
weight gain, i.e. the weight change over the exposed sur-
face area, on the oxidation duration. To quantify the
oxidation rate of tested alloys, parabolic rate constant
was calculated according to Eq. (2):
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where k, [g2 m™* s7!], Am [g], A [m?] and ¢ [s] are
parabolic constant, weight gain, exposed surface area and
time, respectively.

Thermal stability of the alloys was studied by hardness
measurement after annealing at 800 °C.

3. Results and discussion
3.1. Microstructure and phase composition

Ternary FeAl20Si20 alloy produced by reactive sinter-
ing at 1100°C is composed of FeSi, FeAl and AlyFesSis
phases (Fig. la), as proved in our previous paper [10].
This material exhibits significantly lower porosity (ap-
proximately 10 vol.%) than the binary Fe-Al alloys ob-
tained by the same process. The positive effect of silicon
on the reactive sintering behaviour was proved in [9].

When nickel is introduced to this system, porosity of
the alloy reduces down to the value of 3 wt% for the al-

Ni3A|4~_J (

Fig. 1. Microstructure of (a) FeAl20Si20 [10],
(b) FeAl20Si20Nil0 alloys produced by reactive
sintering at 1100 °C for 30 min.

TABLE I

Structural parameters and properties of Fe—Al-Si-Ni
alloys.

Ni content [wt%] 0 5 10 | 20
porosity [vol.%] 11 7 5 3
FeSi size [pm] 55 | 40 | 23 | 13
FeSi fraction [vol. %] 65 60 44 28
hardness (HV 10) 623 | 801 | 805 | 803

wx 10* [mm®* m™ N7'] | 43 | 1.9 | 1.2 | 05
FeSi size [pum]
after annealing 65 45
(800°C, 336 h)

HV 10 after annealing
(800°C, 336 h)

26 14

580 | 798 | 802 | 805

loy containing 20 wt% of nickel, see Table I. Microstruc-
ture of the nickel-containing alloys is composed of FeSi
iron silicide, (Fe,Ni)3Al3Siz phase (Fig. 1b) and small
amount of NizAl, aluminide, seen as darker grey regions
in (Fe,Ni)sAl,Sis phase in Fig. 1b. This phase compo-
sition was proved by XRD and energy dispersive spec-
troscopy (EDS). Nickel dissolves predominantly in non-
-gilicide phases (ternary phase and aluminide). There-
fore, average size of FeSi particles reduces as well as the
volume fraction of this phase decreases when nickel con-
tent is growing. Therefore, an increase of nickel con-
centration to 20 wt% causes the presence of unreacted
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silicon particles, which may affect mechanical properties
negatively.
3.2. Differential thermal analysis

The effect of nickel on the phases’ formation during re-
active sintering was studied by differential thermal anal-
ysis (DTA) by heating the Fe-Al-Si and Fe-Al-Si-Ni
pressed powder mixtures by the rate of 10 K min~!.
In ternary Fe—Al-Si system, one endothermic effect and
three exothermic ones can be observed on the heating
curve (Fig. 2). Endothermic effect at approximately
580°C accompanies the melt formation by the eutectic
transformation in Al-Si system. On the interface be-
tween solid iron and liquid Al-Si alloy, the exothermal
formation of AlyFeSi phase takes place at 650-700°C.
This phase undergoes a reaction with residual silicon and
iron producing AlsFesSis phase. At 1050 °C a decomposi-
tion of these phases to FeAl and FeSi phases starts [8, 10].
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Fig. 2. DTA heating curve of FeAl20Si20 and

FeAl20Si20Ni20 alloys.

In Fe—Al-Si—Ni system, only one endothermic and two
exothermic reactions were observed on the heating curve,
arising at approximately 600 and 1000°C. The ob-
served thermal effects are much smaller than in Fe—Al-Si
system. To determine the phases’ formation sequence,
the FeNi20A120Si20 pressed powder mixture was heated
rapidly to 700°C and water quenched consequently. The
chemical composition of the present phases was inves-
tigated by the SEM+EDS. It was proved that the first
exothermal peak on the heating curve belongs to the for-
mation of (Ni,Fe)Als phase. This phase probably reacts
with iron and silicon at 1000 °C, producing iron silicide
and (Fe,Ni)sAlySis phase. To determine the reaction
mechanism exactly, in situ X-ray analysis is currently
carried out.

To describe the thermal effects during the real reactive
sintering process, samples were placed to a preheated fur-
nace and reactive sintering progress was recorded in situ
by a CCD camera (Fig. 3). In this process, reactions start
after longer time in Fe—Al-Si—Ni system, but the thermal
effect, observed as a ‘“flame ignition”, is much higher in

FeAl20Si20

Fig. 3.
Al-Si-Ni pressed powder mixtures at 1100 °C.

Reactive sintering progress in Fe-Al-Si and Fe—

this powder mixture. This result is in a disagreement
with the DTA presented above. The reason for this be-
haviour lies in a different heating rate. In Fe-Al-Si-Ni
system, higher heating rate is probably needed to initiate
the reactions properly.

3.83. Mechanical and tribological properties

The influence of nickel on hardness and abrasive wear
resistance of Fe-Al-Si alloys is summarized in Table L.
Nickel increases the hardness of Fe—Al-Si alloys up to
approximately 800 HV 5. Addition of nickel to Fe—Al-Si
alloys also caused an enormous improvement of the wear
resistance. There are two possible reasons for such be-
haviour — the hardness increase and elimination of brit-
tle phases. In this case, hardness increased by nickel
alloying. In addition, nickel eliminates the formation of
pores and cracks in the material (see Fig. 1a). Presence
of volume defects in FeAl20Si20 alloy is probably a con-
sequence of lattice changes between AlyFeSi, AloFesSis,
FeAl, and FeSi phases during reactive sintering. Pores
and cracks could decrease the wear resistance enabling
the particles’ spallation.

3.4. Ozidation resistance and thermal stability

Oxidation resistance of Fe-Al-Si-Ni alloys with vari-
ous content of nickel is plotted in Fig. 4 as a dependence
of weight gain over the surface area vs. oxidation dura-
tion. It shows that even 5 wt% of nickel added to the
Fe—Al-Si alloy reduces its oxidation rate at 800°C more
than 10 times. The oxidation rate also increases with
further addition of nickel up to 20 wt%. To explain the
behaviour, EDS and XRD analyses of the oxide layers
were carried out. In Fe—Al-Si alloy, the oxide layer com-
prises Aly O3 as the dominant phase and FeoO3 (Table II).
While aluminium oxide is a protective layer responsible
for good oxidation resistance, the effect of FeaO3 on the
oxidation resistance is detrimental. This oxide is known
from heat-resistant steels to cause a poor adherence of the
oxide layer. In the case of Fe~Al-Si—Ni alloys, iron oxide
was not detected by XRD on the surface of oxidized sam-
ples. This result was confirmed by the EDS analysis. By
this method, very low content of iron (less than 2 wt%)
was detected in the oxide layer on FeAl20Si20Ni20 alloy,
while FeA120Si20 alloy’s oxide layer contained more than
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15 wt% Fe. The reason probably lies in the modification
of activity of aluminium and iron in present phases when
nickel is added.
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Fig. 4. Specific weight gain vs. duration of oxidation
at 800 °C in air.

TABLE II
Phase and chemical composition of the oxide layers on
Fe—Al-Si and Fe—Al-Si—Ni alloys, oxidized at 800 °C for 336 h
in air (XRD, EDS).

Allo Phase Chemical composition [wt%]
Y composition [¢) Al Si | Fe Ni

FeAl208i20 AlOs3, FepOs | 36.3 | 42.9 | 5.2 | 15.6 | 0
FeAl120Si20Ni20 Al,03 63.4 | 32.7 | 1.7 | 1.7 | 0.5
TABLE III

Parabolic rate constants k, [x107° g m™* s7!]
of Fe—Al-Si—Ni alloys’ oxidation at 800 °C.

Oxidation Nickel content [wt%)]

duration [h] 0 5 10 20
48 792 5 1 5
96 560 10 2 1
144 426 16 3 2
192 404 15 4 2
240 305 14 6 2
288 336 13 6 4
336 308 14 7 4

The above described differences in oxidation are quan-
tified as parabolic rate constants (kp) in Table III. It can
be seen that the parabolic constants calculated for each
cycle are almost independent of the oxidation duration in
the case of all nickel-containing alloys. It shows excellent
protective effect of the oxide layer against further oxi-
dation. In Fe—Al-Si alloy without nickel, the oxidation
rate is high at the early stages of oxidation. After that,
the k, value continuously decreases with oxidation dura-
tion. The reason of this behaviour probably lies in higher
porosity of this alloy. At early stages of oxidation, the
open pores are filled with oxides. Therefore, the active
surface area is reduced and oxidation rate decreases [12].

Thermal stability of Fe—Al-Si-Ni alloys was tested by
comparing the hardness before and after annealing at

800°C for 300 h. Nickel-containing alloys were found
to keep constant hardness, while Fe—Al-Si alloy with-
out nickel addition softened during annealing (Table T).
Thermal stability of mechanical properties is closely con-
nected with the stability of microstructure. In this work,
this parameter is represented by the dependence of FeSi
silicide particle size after annealing at 800 °C for 300 h on
the nickel content. It shows that the higher is the con-
tent of nickel, the lower is the coarsening of the silicide
particles, see Table I.

4. Conclusion

In this work, the effect of nickel addition to Fe—Al-Si
alloys was tested. Powder metallurgy using reactive
sintering was applied to produce these materials. It
was found that nickel addition significantly improves the
high-temperature oxidation resistance in air as well as
the abrasive wear behaviour. Fe—Al-Si—Ni alloys also can
be successfully produced by reactive sintering, achieving
a porosity down to 3 vol.% according to nickel content.
Therefore, these novel alloys can be the candidate ma-
terials for high temperature applications or e.g. for the
manufacture of special tools. To prove the applicability,
thorough testing of other properties of these materials
will follow.
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