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Abstract: Nanostructured powder particles of Fe;Al and (Fe,Ti); Al phases were produced using
mechanical alloying. These intermetallic phases with a nearly complete density were consolidated
by spark plasma sintering. The mechanical properties of the bulk samples, i.e., elasticity modu-
lus, hardness, and plasticity index, and also their tribological behavior were investigated using
nanoindentation and nano-scratch tests. It was found that both Fe; Al and (Fe, Ti)3 Al phases can be
synthesized after 30 h of high-energy ball milling. In addition, no phase evolution was observed
after spark plasma sintering. An analysis of the atomic force microscope images obtained from the
nanoindentation tests showed a higher elasticity modulus, higher hardness, and lower plasticity
index due to the addition of Ti to the Fe3 Al system. (Fe,Ti)3 Al displayed better tribological properties
as compared with FezAl. A smaller volume of the scratched line was clearly seen in the atomic force
microscope images of the nanostructured (Fe,Ti); Al compound.
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1. Introduction

Intermetallic compounds are advanced materials and have been investigated in re-
cent decades [1-3]. Iron aluminides belong to the most extensively investigated Fe—-Al
binary alloys for high-tech applications [4-6]. Recently, considerable attention has been
focused on these compounds owing not only to their attractive properties, e.g., excel-
lent resistance to oxidation and corrosion, outstanding wear resistance, low density, high
strength to density ratio, relatively high melting point, and high modulus of elasticity,
but also due to their lower cost since there are no (or only a minor amount of) expensive
elements [7-14]. These unique properties make them very attractive candidate materials
for high-temperature applications. Even in comparison with ferritic and austenitic stainless
steels, Fe—Al intermetallics are favorable from the perspective of their cost and mechanical
properties [15]. Additionally, iron aluminide compounds have a high work-hardening
rate which makes them a superior candidate for wear-resistance materials [16]. Iron alu-
minides are a good candidate for operation in demanding applications such as incinerators,
petrochemical industry, solid waste processing, coal gasification systems, heat exchanger
tubes, ethylene crackers, filtration systems, air reflectors, and exhaust manifolds, and can
replace stainless steels and other nickel, cobalts or iron-based alloys with a high percentage
of chromium [13,17,18].
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However, industrial applications of iron aluminides as tribological components have
encountered a poor fracture toughness [19]. In addition, the main obstacles concerning
their industrial applications are their fabrication difficulty and the sharp drop in their yield
strength [20-22]. It has been reported that iron aluminides are intrinsically ductile, and envi-
ronmental conditions lead to their brittle behavior [23]. This condition is mainly hydrogen
embrittlement induced by moisture adsorption [24]. In recent years, many researchers
have conducted various attempts to improve these drawbacks of iron aluminides. These
attempts are basically grain refinement to a nanometer scale, disordering of the lattice,
improvement of the dislocation motion, the addition of alloying elements, and the in-situ
formation of nanoparticles (such as carbides or Laves phase) in the matrix [14,15,25-29].
The nanocrystallization of iron aluminides can be easily achieved by a mechanical alloying
method [30-35]. The production of iron aluminides, especially Fe3 Al compounds, has been
extensively investigated by many research groups, and all of these studies have reported
that nanostructured and disordered A2-type Fez Al compounds tend to be formed during
mechanical alloying [30,36-38]. The addition of alloying elements can be easily achieved by
this method. The effect of some alloying elements such as C, Nb, and Ti on the ductility and
strength of Fez Al compounds has been extensively studied [25]. Morris and Morris [39]
demonstrated that the addition of ZrB, particles leads to an increase in strength of up to
approximately 600 °C, as well as an increase in ductility. McKamey and Liu [40] studied
the effect of chromium on the mechanical behavior of an Fe3Al intermetallic. It was found
that the addition of chromium may increase the ambient temperature ductility, and the
strength remains unchanged [40]. In another work, Sencekova et al., showed that the
strengthening of Fe3Al-V alloys can be achieved by solid-solution hardening [12]. It was
demonstrated [41,42] that the addition of cerium and carbon could improve the fracture
toughness and strength of the Fez Al compound.

Various methods can be applied for the production of iron aluminides, including
self-propagation high-temperature synthesis, casting, powder metallurgy (PM) processing,
and mechanical alloying [12,15,21,43,44]. Among them, the mechanical alloying method
is more attractive owing to some advantages such as producing a nanocrystalline struc-
ture, the formation of a disordered structure of materials, alloying in solid-state, etc. [30].
Nevertheless, the full advantages of such nanocrystalline powder products in mechanical
alloying may be preserved only if the consolidation process of the powders prevents exten-
sive grain growth. In other words, the consolidation of mechanically-alloyed powders into
full-density samples while limiting grain growth is a challenging issue. Among various
powder consolidation methods—i.e., cold or hot isostatic pressing, powder extrusion, metal
injection molding, powder forging, and conventional pressing and sintering—spark plasma
sintering (SPS), also known as plasma-activated sintering or field-assisted sintering technol-
ogy is capable of rapidly heating to a sintering temperature, in order to retain the fine grain
size of the starting powders and to produce a near-net shape sample with improved features
within a short period [45,46]. This process also produces a sample with a near theoretical
density [21]. The former methods require a longer consolidation time, which leads to the
overheating of the powder mixture and, hence, grain coarsening and, finally, deterioration
of the products” mechanical properties [47]. The aims of this research included two stages.
The first aim was to synthesize Fez Al and (Fe,Ti); Al nanocrystalline powder mixtures using
mechanical alloying. The second objective of this research was to analyze the spark plasma
sintering method for the production of nanostructure FesAl and (Fe,Ti)s Al compounds.
The products were then investigated from both tribological and mechanical properties
points of view. The outcome of this work has a great potential for use in aerospace applica-
tions such as jet engine systems requiring improved performance. Moreover, the findings
are of prime importance for critical components where scratch resistance plays a crucial
role, warranting further attention to these nanostructure compounds.
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2. Materials and Experimental Procedures

This research used elemental powder particles of Fe, Al, and Ti with a purity higher
than 99% as raw materials. The elemental powders were blended to obtain two nominal
compositions of Fey5Alys and FesgAlysTips (at. %) after mechanical alloying according to
Equations (1) and (2).

3Fe + Al— Fe3Al 1)

OFe + Al + Ti — (Fe,Ti); Al @)

The mechanical alloying process was done using a high-energy planetary ball mill
(RetschTM PM100) at ambient temperature and under an argon atmosphere. The weight of
the powder mixtures was measured precisely, and the ball to powder mass ratio was chosen
as 20:1. The total powder mass was also 30 g. The prepared bulk Fe;Al and (Fe,Ti); Al are
shown in Figure 1. No process control agent (PCA) was added to the powder mixture in
order to minimize the contamination of powders. Phase evolutions and powder analysis
after periods of mechanical alloying and SPS were performed using X-ray diffraction (XRD,
Philips PW3040, Eindhoven, The Netherlands). Consolidation of the powder mixtures was
conducted by the SPS method. The required mechanically-alloyed powder was poured
into a graphite die to obtain a disc (20 mm in diameter and 5 mm in thickness). In order to
restrict the radiation-induced heat loss during the process, the graphite die was covered by
graphite sheets. After that, a pulsed direct current was applied to heat the graphite tools
and powder mixtures. During sintering, the temperature of the samples was monitored
using a pyrometer connected to a data logger. A pressure of 50 MPa was applied at ambient
temperature, and the temperature of samples reached up to 1180 °C with a heating rate
of 100 °C/min. The pressure was kept at an elevated temperature for 20 min, and the
samples were cooled to room temperature at a rate of 30 °C/min. After the consolidation
of the powders, all samples were annealed in order to remove any graphite foil. Before
performing any tribological or mechanical tests, the bulk specimens were polished exactly
with sandpaper with grades of 80 up to 3000. Hence, a mirror-like finishing of sample
surfaces was conducted using diamond paste.

@ Fe,l ®  (Fe,Ti);a1

- N—r

20 mm 20 mm

Figure 1. The prepared nanostructure (a) Fe3Al and (b) (Fe, Ti)3 Al compounds produced by the
SPS method.

A Triboscope system (Hysitron INC., Eden Prairie, MN, USA) was used in order to
perform nanoindentation and nano-scratch tests. The geometry of the indenter tip was
cube corner. The nanoindentation test was done via an increasing normal load. After
reaching a maximum load, the normal load begins to reduce down to complete relaxation.
In this research, the indentation load was 5000 uN with a rate of 10 uN/s. Additionally,
in order to minimize the errors induced by the time-dependent behavior of the materials,
the holding time was set to 20 s. In order to eliminate any systematic error, five indentations
on the samples were conducted, and ultimately, the averages of the five measurements
were reported.

For the nano-scratch test, the indenter was drawn on the sample surfaces with a
constant speed and load. In this study, the penetration of the indenter and the scratch
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speed for the nano-scratch test were set to 5000 pN and 0.5 uN/s, respectively. Moreover,

the length of the scratch was 6 um.
After tribological and mechanical tests, the surfaces of the samples were examined

by an atomic force microscope (AFM) coupled to the Triboscope system, and using a field
emission scanning electron microscope (FESEM, Tescan, Mira 3, Brno, Czech Republic).

3. Results and Discussion

Firstly, we aim to discuss the synthesis of Fe3Al and (Fe,Ti)3Al. The results of the
typical XRD analysis of the Fey5Alys powder mixture before and after milling for 30 h are
shown in Figure 2.
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Figure 2. Results of XRD analysis of Feys Alps powder mixture before and after 30 h of milling time.

No peaks except the Al and Fe diffraction peaks can be observed in the XRD pattern
of the as-blended powder (before mechanical alloying). It can be clearly seen that the FezAl
intermetallic phase is formed after 30 h of milling. It has been shown that an Fe(Al) solid
solution is formed during the intermediate stages of mechanical alloying, and ultimately,
Fe; Al is synthesized at longer milling times [48]. The results of the XRD analysis of the
FespAly5Tizs powder mixture in the as-blended and ball-milled (for 30 h) conditions are

illustrated in Figure 3.
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Figure 3. XRD analysis of FesyAly5Tips powder mixtures before and after mechanical alloying.
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In this case, it is obvious that the milling of the powder mixture for 30 h leads to the
formation of a nanostructure (Fe,Ti); Al compound. These results are in agreement with
previous results given by Zhu and Iwasaki [1]. The diffraction peaks of this intermetallic
appeared in the pattern of the powder mixture milled for 30 h. It has been reported that
during the milling of an FesyAlysTips powder mixture, a Fe(Ti,Al) solid solution with a BCC
crystal structure is formed, and then an intermetallic compound is formed between Fe and
Al [4,44]. After synthesizing the FesAl and (Fe,Ti); Al intermetallic compounds, the pow-
der mixtures were consolidated by the SPS method according to the above-mentioned
procedures. In order to elucidate the possibility of phase evolutions during the SPS of
powder mixtures, XRD analysis was performed on the bulk samples of Fe3Al and (Fe, Ti)s Al
The results are shown in Figure 4. As can be seen in Figure 4, no new phase is formed in
bulk FesAl and (Fe,Ti)3Al after SPS, indicating that the only phases after the consolida-
tion process are Fe;Al and (Fe, Ti); Al. Moreover, no considerable grain growth occurred
during SPS. The grain sizes of the samples after the SPS process were calculated by the
Williamson—-Hall formula [5]: the grain sizes of Fe3Al and (Fe,Ti); Al were 42 and 20 nm,
which increased after the SPS process to 35 and 52 nm, respectively.

| (Fe,Ti)sAl

®) ‘. (Fe,Ti)sAl (Fe,19:4l
& Fe;Al
=
]
=
- Fe;Al

y Fe;Al

a)
Vs et Y oA ~ " a A-ﬂ’f\waw -
30 40 50 60 70 80 90

2-Theta (deg.)
Figure 4. XRD patterns of powder mixtures after spark plasma sintering; (a) Fe3Al and (b) (Fe,Ti); Al

In addition, EDS analysis was conducted on the bulk samples (after the SPS process).
The obtained results are shown in Figure 5. The analyses show that the Fe; Al compound
is composed of Fe and Al, while the (Fe,Ti)3Al compound is composed of Ti besides Fe
and Al. As can be seen, no undesired element (such as carbon, nitrogen, or oxygen) was
observed in the EDS results.

After that, the mechanical and tribological properties of the bulk FesAl and (Fe,Ti)3 Al
were investigated using the nanoindentation and nano-scratch methods. A typical curve
showing the complete cycle of loading and unloading of the indenter is schematically
illustrated in Figure 6. This curve is based on the Oliver-Pharr method [49]. The main
parameters in this figure are load, maximum and final depth of indent, and contact stiffness.
These parameters and the area under the curves are required to analyze and calculate
hardness, modulus of elasticity, and plasticity index.
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Figure 5. EDS analysis of the bulk samples (after SPS process); (a) Fe3Al and (b) (Fe, Ti); Al compounds.
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Figure 6. Force-displacement curve in a nano-indentation test.

Figures 7 and 8 show loading—unloading curves, the AFM images from indentation,
and their associated cross-section for the FezAl and (Fe, Ti); Al samples, respectively. Based
on the obtained data (analyzing the AFM images of the indentation test), the effective
modulus of elasticity of the bulk samples can be calculated using Equation (3) [49]:

1 _(1—1/2)_ 1—v3 3)
Eeffective E Eo

where v and E and 1y and Ej are the ratio of the Poisson and elasticity modulus of the
samples and indenter, respectively. Liu et al., calculated the mechanical and electrical
properties of (Fe,Ti);Al intermetallic compounds using first-principles calculations [50].
Poisson’s ratio can reflect the stability of the crystal against shear stress. In this work,
they calculated the Poisson’s ratios of Fe—Al compounds. Thus, based on this work,
the Poisson’s ratio of Fe3Al and (Fe, Ti); Al were considered 0.333. In this study, as can
be seen in Figures 7 and 8, no radial crack was generated around the indentation holes.
The calculated data from the indentation test are shown in Figure 9. As can be seen in this
figure, the elasticity modulus of the Fe3 Al compound was about 144 GPa which increased
up to 169 GPa by adding titanium as an alloying element. In other words, (Fe,Ti)3; Al has
an elasticity modulus about 17% greater than that of Fe;Al. This is in agreement with the
findings of Friak et al. [51]. It has been shown by Friak et al., that there is not a linear
relation between the Ti content and elasticity modulus of the Fe;Al phase [51]. However,
an increase in the elasticity modulus of Fe3Al is always observed by adding Ti as a ternary
alloying element. It is worthy to note that Ti is quite stiff in its pure state and is often used
to strengthen solid solutions.
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Figure 7. Loading—unloading curve, AFM image and its associated cross section for FezAl sample.
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Figure 9. Mechanical properties of Fe3Al and (Fe,Ti); Al determined using nano-indentation tests.

Thus, an increase in the elasticity modulus of Fe3 Al by adding Ti is not unexpected.
Hardness, which is defined as the resistance of the material to deformation, on the surface
can be obtained by dividing the maximum load by the area of the indentation hole on the
surface according to Equation (4) [49]:

Maximum load (Pyax)
A

Hardness = (4)
where A is the projection area of the contact surface between the sample and indenter.
The hardness values shown in Figure 9 were calculated from the indentation test with a
force of about 5000 uN. The normal hardness values in these tests were 1.92 and 3.29 GPa
for Fe3Al and (Fe,Ti)3Al, respectively. As can be seen in the AFM images (Figure 9),
the hardness of the ternary Fe-Ti-Al system is significantly higher than that of the Fez Al
compound. Analyzing the images showed that the maximum depth of the indenter on
the surface of Fe; Al was approximately 201 nm, while this value for (Fe,Ti); Al reached
about 168 nm. The higher hardness of (Fe,Ti); Al in comparison with Fe3 Al compounds
arises from three factors; (i) the reduction of grain size by adding Ti as an alloying element,
(ii) solid-solution-induced strengthening, and (iii) dispersion strengthening. By analysis of
the XRD patterns of the consolidated bulk samples (Figure 4), the grain size of each sample
was calculated using the Williamson-Hall formula [5]. It was found that the grain sizes of
the FeAl and (Fe,Ti); Al compounds were 52 and 35 nm, respectively. Grain refinement
as a result of adding Ti is due to the higher strain rate hardening of particles, generation
of a higher density of dislocations, and consequently the formation of a higher fraction of
subgrains. On the other hand, the higher hardness of (Fe,Ti)3Al is also a result of solid-
solution strengthening. Such a hardening effect has been previously reported by other
researchers [52]. Last but not least is the dispersion-strengthening effect due to Ti addition.
It has been shown that Ti addition may lead to the formation of fine dispersions, which in
turn act as obstacles for dislocation motion during indentation, and so have an important
role in the hardening of the (Fe,Ti); Al intermetallic phase [53,54].

The index of plasticity, which is the elastic—plastic response of a solid under stress, can
be calculated using Equation (5) [49]:

A A

. ©)

A1 and A; are the areas under the loading and unloading (in Figure 4) curves, respec-
tively. The plasticity index is in the range of 0 to 1. When ¢ = 0, it means that the material
is fully elastic (without any plastic deformation), and when ¢ = 1, the material shows a
fully plastic behavior. As shown in Figure 8, the plasticity index is decreased from 0.65 for
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Fe3Al to 0.51 for (Fe,Ti)3Al. A decrease in the plasticity index of (Fe,Ti);Al indicates an
improved elastic recovery in comparison with the Fez Al compound. On the other hand,
the recovery resistance parameter (Rs) denotes the energy dissipation during a complete
cycle of loading and unloading in the nanoindentation test and can be calculated by the
following equation [49]:
E? f fective 6
Hardness ©)
According to the obtained data, this value is 24.44 x 10% and 19.64 x 10? for Fe;Al
and (Fe,Ti)3;Al, respectively. The measured mechanical properties (with corresponding
deviations) of the Fe;Al and (Fe,Ti); Al compounds are listed in Table 1.

Rg = 2.263

Table 1. The mechanical properties of the nanostructure FesAl and (Fe, Ti); Al compounds.

Sample ElaStl(C Gl\;:)dulus Hardness x 100 Plasticity Index (%)
FesAl 144 + 4 1.92 £0.15 0.65 £ 0.02
(Fe,Ti)3Al 169 £ 3 329+£0.2 0.51 £ 0.02

Finally, nano-scratch tests were conducted on each sample. In this test, the residual
depth is an appropriate criterion for evaluating the wear resistance of the material. This
test is frequently used to compare the wear resistance of various materials processed in
different conditions [55-73]. The AFM images from longitudinal scratches of the bulk FezAl
and (Fe,Ti)3 Al are shown in Figures 10 and 11, respectively.

o

70.430 nm

-70
1

T
0 25 5.0 75
pm

Figure 10. AFM image of a scratch from an Fez Al sample and its associated cross section.
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Figure 11. AFM image of a scratch from (Fe,Ti)3 Al and its associated cross section.

As can be seen, the residual depth of the FezAl compound is larger than that of the
(Fe, Ti)3Al sample. This indicates that the alloying of the FezAl compound by Ti improves
its wear resistance by improving its global mechanical properties. As discussed above,
the (Fe, Ti)3 Al compound has a higher elasticity modulus and hardness in comparison with
Fe3zAl. As a result, a decrease in plasticity index, more elastic recovery, and also less plastic
deformation have occurred under the specified normal load, and consequently, the scratch
depth of (Fe,Ti); Al would be less than that of Fe3Al

It was calculated that the vertical depth of the groove for Fe;Al and (Fe, Ti); Al were
about 70 and 63 nm, respectively. Additionally, the width of the scratch line of the Fe; Al
sample was about 900 nm, while this value decreased to about 780 nm for the (Fe,Ti); Al
sample. The SEM images from scratch lines for both samples are also shown in Figure 12,
indicating the higher wear resistance of the (Fe,Ti)3 Al sample.
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Figure 12. SEM images from scratch grooves in FezAl and (Fe,Ti); Al samples.

4. Conclusions

Nano-indentation and nano-scratch tests are considered to be simple and useful

techniques for determining hardness, Young’s modulus, the index of plasticity, and wear
resistance, providing valuable information on the role of Ti content in the Fe—Al system.
Relevant conclusions are drawn as follows:

1.

Fe; Al with nano-sized grains can be successfully synthesized by 30 h of mechanical
alloying. In addition, a nanostructured (Fe,Ti); Al intermetallic compound can also
be formed during mechanical alloying, and it was found that Ti addition leads to the
formation of a phase with a smaller grain size.

Nanostructured FezAl and (Fe, Ti); Al compounds with a nearly full relative density
were consolidated by spark plasma sintering without any significant grain growth.
Moreover, the nanoindentation test showed that (Fe,Ti);Al has a higher hardness
elasticity modulus than that of the Fe3 Al sample, while a decrease in the plasticity
index is observed by the addition of Ti to the Fe3Al phase. The increase in the hardness
of (Fe,Ti)3Al compared to Fe3Al can be mainly attributed to grain refinement, solid-
solution strengthening, and dispersion strengthening.

The addition of Ti to FezAl led to a significant improvement in tribological behavior.
This increase was due to more elastic recovery and also less plastic deformation,
providing a better scratch resistance in the (Fe,Ti)s Al sample.
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