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Abstract: The effects of Mn addition (1 wt.%, 2 wt.% and 4 wt.%) and friction stir processing (FSP) on the microstructure and
mechanical properties of AlI-4Ni alloy were studied. The results showed that Mn promoted the formation of AlgMn and AlgyMn;;Niy
intermetallics. These Mn-rich compounds increased the strength and hardness, but decreased the ductility and fracture toughness of
the alloy. To improve the ductility and toughness, the as-cast alloys were then subjected to FSP (rotation speed of 1600 r/min and
traverse speed of 12 mm/min). According to the results, FSP greatly improved the mechanical properties. The tensile strength, yield
strength, fracture strain, microhardness, and fracture toughness of FSPed Al-4Ni—2Mn increased by 67%, 30%, 230%, 20%, and
1185%, respectively. The fine redistribution of Mn-rich compounds, formation of ultrafine grains, microstructural densification, and
the elimination of casting defects such as micropores and oxide bifilms were found to be the most important factors responsible for
improving the mechanical properties. The fractographic investigations also revealed that the fracture of as-cast Mn-rich alloys
changed from the brittle mode containing micro-facets to a more ductile fracture mode containing fine and equiaxed dimples in

FSPed alloys.
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1 Introduction

Al-Si casting alloys are widely used in several
engineering applications due to their specific advantages
including low density, excellent castability, good
tribological properties, etc. [1—3]. These alloys, however,
suffer from poor strength at working temperatures above
300 °C [4]. Their inferior high-temperature resistance is
thought to be due to the dissolution and/or coarsening of
the strengthening phases or the liquation of low-
melting-point constituents in inter-dendritic regions [5,6].
It has been reported that the presence of alloying
elements like Mg, Cu and Zn reduces the alloy liquidus
temperature and, due to their relatively high diffusivity in
o(Al) matrix, further weakens the alloy at high
temperatures [4,7].

In this regard, many attempts have been made to
develop new classes of alloys with better high-
temperature properties than Al-Si alloys. One of the
most promising alloy groups being developed is the alloy
based on AIl-Ni eutectic system (6.1 wt.% Ni and
640 °C) [8,9]. Due to the higher solidus temperature and

Corresponding author: Reza TAGHIABADI; E-mail: taghiabadi@ikiu.ac.ir

DOI: 10.1016/S1003-6326(19)64955-1

the presence of thermally stable Al;Ni intermetallics
(melting point=854 °C) in their microstructure, Al—Ni-
based alloys show improved mechanical properties at
room and elevated temperatures (up to 500 °C) [7,10].
Moreover, these alloys show excellent fluidity, great
feeding ability, and very low susceptibility to hot-
tearing [11,12]. In addition, contrary to the eutectic Si
particles in the microstructure of Al—Si alloys, the
Al—Al;Ni interfacial bonding is strong leading to a more
efficient inter-phase load transfer and lower
microcracking probability [13].

Mechanical properties of binary AI-Ni alloys,
however, are not high enough to meet the requirements
of most engineering applications [9,14]. Therefore, a
large number of studies have been conducted to increase
their mechanical strength through individual or
combined effects of alloying elements, heat treatment,
and high cooling rate [9,15—19]. Mn has been one of the
most common alloying additions to Al-Ni alloys which
is mainly crystallized as AlgMn dispersoids in the
matrix [9]. According to previous findings, AlI-Ni—Mn
alloys can have comparable or even higher mechanical
properties than commercial A356 alloys, especially at
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elevated temperatures [8]. Improved high-temperature
mechanical properties of AI-Ni—Mn alloys are attributed
to the presence of AlgMn precipitate that is coarsened by
a much slower rate than common Al,Cu and Mg,Si
precipitates present in the microstructure of Al-Si—Mg
(Cu) or Al—Cu alloys [9,20].

However, due to the limited solid solubility of Mn
in Al (max. 1.2 wt.% at 659 °C), a low amount of AlgMn
precipitates can form during aging treatment (max.
5.8 wt.%), thereby the highest attainable strength in
Al-Ni—Mn alloys is limited [9]. Moreover, formation of
hard ALNi and AlgMn intermetallics increases
mechanical strength, but reduces alloy ductility making it
unsuitable for most engineering applications [21].
Therefore, it seems necessary to adopt a practical
approach to overcome these drawbacks.

Recently, FAN et al [9] proposed a novel heat
treatment process to refine the intermetallics and increase
the yield strength of Al-6Ni—(2—4)Mn alloys. The
samples were first solidified under a high cooling rate
(~90 °K/s) and then subjected to an aging process. The
rapid solidification produces a supersaturated solid
solution containing much more amounts of Mn when
compares to traditional heat treatment. GONZALEZ
et al [21], investigated the effect of melt spinning on the
microstructure and hardness of Al-4Ni alloy, and
showed that the formation of fine and globular AlgNi,
and Al;Ni intermetallics enhanced the alloy hardness
from HV 58 to HV 371. FAN et al [9] proposed Zr and V
micro-alloying (mole ratio Zr:V=1:4) to improve the
mechanical properties of Al-Ni alloy at low and high
temperatures (300 °C).

Severe plastic deformation (SPD) techniques are
widely used for producing ultrafine-structured metallic
materials with great tensile strength and good tensile
ductility and toughness. SPD techniques are specially
used for microstructural modification of Al alloys. This
is because high stacking fault energy of Al limits its
effective refinement through thermo-mechanical induced
recrystallization. FSP, developed by MA [22], GAN
et al [23], CHEN et al [24], MISHRA and MA [25], is a
new SPD technique capable of microstructural
modification. In FSP, a specially-designed shouldered
tool is plunged into the material surface until its shoulder
touches the material surface. The tool starts rotating until
the desired temperature and plasticity are obtained
through frictional heating and material mixing. The
rotating tool then moves along the surface in a desired
direction and simultaneously promotes the refinement,
homogenization, and densification of the material in the
processing area [25,26]. Due to significant improvements
in material properties, FSP has attracted numerous
research interests. However, to the best of our knowledge,
there are no systematic experimental data addressing

with the FSP of Al-Ni—Mn alloys. Therefore, the aim of
this study is to investigate the effect of FSP on the
microstructure  and  mechanical  properties  of
Al-4Ni—(1—4)Mn alloys.

2 Experimental

Table 1 shows the code and chemical composition of
AI-Ni—xMn alloys used in this study. The alloys were
prepared by melting high-purity Al (99.9%) in a SiC
crucible using an induction melting furnace (3400 V,
50 Hz, 60 kW) under the protection of high-purity argon
atmosphere (99.999 wt.%). Desired amounts of Ni and
Mn were added to the liquid Al using high purity Ni
(99.96 wt.%) and Al-30Mn master alloys, respectively.
Then, the melt was superheated up to 780 °C, grain
refined by the addition of 0.2 wt.% Ti using Al-6Ti
master alloy, stirred gently, and poured into a preheated
(250 °C) cast-iron mold (Fig. 1) to obtain an ingot of
170 mmx100 mmx8 mm in size. The average cooling
rate of the mold was 4.8 °C/s.

The FSP tool used in this study was a cylindrical pin
made of AISI H13 tool steel (hardened and tempered to
HRC (58+2)) with a diameter of 5 mm, height of 5 mm,

Table 1 Alloy code and mass fraction of main alloying elements
in alloys studied (wt.%)

Alloy code Sample condition Ni Mn
4Ni As-cast 4.11 <0.01
4NilMn As-cast 4.14 0.96
4Ni2Mn As-cast 4.08 2.02
4Ni4Mn As-cast 4.03 4.14
4NiF FSPed 3.94 <0.01
4NilMnF FSPed 3.97 1.04
4Ni2MnF FSPed 4.15 2.06
4Ni4MnF FSPed 4.03 4.11

Sampling location
6. T,
N3

Fig. 1 Schematic diagram of FSP tool (a), tensile test sampling
location (b), and geometry and dimensions (c) of tensile test
specimen (Unit: mm)
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and shoulder diameter of 15 mm. The tool shape and its
dimensions are shown in Fig. 1(a). The FSP was carried
out using a XIOS-ZAYER milling machine under the
optimized process parameters, i.e. constant traverse
speed of 12 mm/min and rotation speed of 1600 r/min.

The tensile specimens with the dimension shown in
Figs. 1(b) and (c) were machined out from the processed
zone parallel to the FSP direction and tested by a
Zwick/Roell-Z100 universal tensile testing machine at
the constant crosshead speed of 0.5 mm/min. The
Vickers micro-hardness tests were performed by a
Gnehm-Hiértepriifer FM100 micro-hardness tester with a
load of 500 g for 15 s on the transverse cross-section of
FSPed zone at the mid-thickness of the plates. Samples
for metallographic observations were prepared by
standard  metallographic  procedures and  each
cross-section was etched using 2%HF—distilled water
reagent. Some of the specimens were also etched by
diluted Keller’s reagent (2 mL HF, 5 mL HCl, 3 mL
HNO;, and 190 mL distilled H,O) for macrostructural
observations. The microstructure of the specimens was
examined by an Olympus (BX51M) OM and a
Tescan-Vega SEM equipped with an energy dispersive
spectroscopy (EDS). The fracture surface of the tensile
specimens was also studied by the SEM. The average
size of grains was also evaluated as per ASTM E112 by
the linear intercept method. Quantitative metallography
was also carried out using UTHSCSA image tool
(Ver. 1.28).

3 Results and discussion

3.1 Microstructural characterization

The as-cast microstructure of 4Ni (base) alloy is
shown in Fig. 2(a). As seen, the microstructure is mainly
composed of a(Al) dendrites (dark-gray regions) and
a(Al)/AL3Ni eutectic (bright regions). The EDS spectrum
of the eutectic A13Ni phase is also presented in Fig. 2(b).
The Mn addition leads to the precipitation of Mn-rich
intermetallic compounds in the matrix (Fig. 3), and their
typical EDS analyses are shown in Table 2. According to
the XRD patterns (Fig. 4), the main Mn-rich phases in
the microstructure of Mn-bearing alloys are AlgMn and
AlgyMnNi; (O-phase). However, it is very hard to
observe AlgMn phases in the microstructure. This is
probably due to the fact that the high consumption of Mn
during primary O-phase formation decreases the
supersaturation degree of Mn solid-solution [9] leading
to a very low volume fraction of fine AlgMn particles. It
is also evident from Fig. 3 that both the effective size and
volume fraction of Mn-rich compounds increase with Mn
concentration in the alloy.

The morphology and distribution of Mn-rich
compounds are also dependent on Mn concentration. The

(b) Al
Ni Ni
Element wt.% at.%
Aluminium 89.28 94.77
l‘ Nickel 10.72 5.23
1 l 1 1 1 Ll
0 2 4 6 8
E/keV

Fig. 2 SEM image of base alloy (Al-4Ni) (a), and EDS
analysis (b) of AI;Ni phase shown in micrograph (a)

Mn-rich compounds in the microstructure of 4NilMn
alloy were mostly precipitated as fine inter-dendritic
particles (Fig. 3(a)). With increasing the Mn content, the
size and volume fraction of particles increase in a way
that they appear as larger blocky-shape and needle-like
particles in 4Ni4Mn sample.

Figure 5 depicts the effect of FSP on the
microstructure of AlI-4Ni—2Mn and Al-4Ni—4Mn alloys.
As can be seen, due to high frictional heating and intense
plastic strains applied during the FSP [25,26], FSPed
samples exhibit a homogenous microstructure comprised
of finely distributed second-phase particles in the matrix,
which have less density of micro-pores. The effect of
FSP on reducing the microporosities and refining
second-phase intermetallics can be also well evaluated
from the image analysis results, in which the volume
fraction of micropores and the average size of the
primary particles in 4Ni4Mn sample decreased from
(3.11£1.62) and (47.18+9.29) um in as-cast condition to
(0.6440.11) and (2.75+2.26) wm in FSPed condition.

FSP also promotes the formation of ultrafine-grain
a(Al) in the processed zone. Figure 6 shows the effect of
FSP on the grain structure of 4Ni4MnF sample. As seen,
a drastic reduction of the grain size is observed in the stir
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Fig. 3 SEM images showing microstructure of Mn-containing alloys: (a) 4NilMn; (b) 4Ni2Mn; (c¢) 4Ni4Mn; (d) Higher
magnification of 4Ni4Mn alloy (boxed area in Fig. 3(c))

Table 2 EDS analyses

of Mn-rich phases shown in Fig. 3(d)

Phase code in

Chemical composition/at.%

Fig. 3(d)

Al Ni Mn Ti
A 84.66 1.66 12.62 1.07
B 79.85 3.12 16.72 0.30
C 82.85 2.58 14.57 -
4Ni *—ALNI , @
° '—Al6Mn
L r e—Al ‘
* * e | o 0.
4Ni2Mn t v—AlgoMn; Ni,(0) (®)
A_A 3N12
sy * w/ VAV o A% "
4Ni4Mn [ I (c)
°
nrmle 2 ny ;';A“ i i : e
20 30 40 50 60 70
20/(°)

Fig. 4 XRD patterns of 4Ni (a), 4Ni2Mn (b), and 4Ni4Mn (c)

alloys

zone (SZ), where their average size reduced from
(513.74146.3) um in the base metal to less than
(1.144£0.90) um in the SZ. This reduction can be related
to the severe plastic deformation and dynamic
recrystallization through the process [22,23,25-29]. The
size of grains in the SZ can be predicted by the following
equation [27]:

d' =a+blgZ (D)

where d is the grain diameter, and a and b are the
material constants. The Zener parameter (Z) is given by

Z= é‘epr—QT 2)

where & is the strain rate, Q is the activation energy, 7'
is the temperature, and R is the gas constant.

3.2 Mechanical properties

The engineering stress—strain curves corresponding
to the base and FSPed samples containing different
amounts of Mn are presented in Fig. 7. As seen, Mn
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Fig. 5 OM micrographs showing microstructure of different regions of FSPed area: (a—c) 4Ni2Mn alloy; (d—f) 4Ni4Mn alloy

addition relatively increases the yield and tensile strength,
but substantially decreases the fracture strain of the
as-cast Al-4Ni alloy. In contrast, FSP significantly
increases the yield and the tensile strength, and the
tensile ductility of the alloy.

The effects of Mn addition on the tensile strength,
yield strength, fracture strain, fracture toughness, and
micro-hardness of Al-4Ni—xMn alloys in as-cast and
FSPed conditions are shown in Fig. 8. It is obvious
from Figs. 8(a) and (b) that Mn addition up to 4 wt.%
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Fig. 6 Stereo microscope micrograph (a) showing grain structure of FSPed area and base metal in AI-4Ni alloy and OM micrographs

(b—d) showing magnified microstructure of boxed areas in (a)
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Fig. 7 Engineering stress—strain curves of experimental alloys
containing different amounts of Mn in as-cast and FSPed
conditions

increases the tensile and yield strength of the base alloy
by 62% and 38%, respectively. The increasing rate,
however, reduces after about 2 wt.% Mn. The effects of
Mn on fracture strain and fracture toughness of Al—4Ni
alloy are also shown in Figs. 8(d) and (e). As seen, Mn
exerts negative impact on both the as-cast ductility and
toughness of the alloy, especially in excess of 2 wt.%.
According to the results, the fracture strain and fracture
toughness of 4Ni4Mn sample are lower than those of 4Ni
sample by 76% and 72%, respectively.

The positive effect of Mn on the strength and

micro-hardness of Al—4Ni alloy can be explained by its
solid-solution strengthening effect as well as the
impeding action of Mn-rich intermetallic dispersoids on
dislocations movement.

The solid solution strengthening (oy) is commonly
described by Eq. (3) [30—32]:

O-SS = O-pure + HCn (3)

where o, is the yield stress of the pure matrix, H and n
are constants, and C is the concentration of solute atom
in at.%. Therefore, Mn addition, as it is expected,
increases the alloy strength by solid solution mechanism.
Solid solution strengthening arises from the interaction
of dislocation elastic strain fields with the strain fields
generated around the Mn solute atoms or their clusters
with impurities [33]. These strain fields, which are
believed to be originated from the atomic size misfit
and/or the change in the matrix shear modulus caused by
the solute atoms, arrest the dislocations motion and
accordingly improve the strength.

The interaction of dislocations with intermetallic
dispersoids also reduces their mean free path and
promotes their rapid pileup [27] leading to the matrix
strengthening by Orowan bowing mechanism. The
Orowan strengthening is also generally approximated by
Ashby—Orowan equation [34]:
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where G is the shear modulus of the matrix, b is the
Burgers vector of dislocations, M is the Taylor factor,
and v is the Poison ratio. The interspacing of the
dispersoids (1) is given by Eq. (5):

2m 05
A=r( 3 f) (%)
where » and f are the average radius and volume fraction
of dispersoids, respectively.

However, Mn addition exerts negative impact on
fracture strain and fracture toughness of the alloys
(Figs. 8(c) and (d)). Based on the microstructural
characteristics of the alloys (Fig. 3), the formation of

large primary Mn-rich compounds can be considered as
the main reason for the reduction of alloy ductility and
fracture toughness. These intermetallics are brittle in
nature and have weak faceted interface with the
matrix [35]. Therefore, at a given applied load, they are
likely to be fractured and/or debonded from the matrix
much more easily facilitating the initiation and
propagation of microcracks.

The critical role of large Mn-rich precipitates in the
premature fracture of cast Al-4Ni alloys can be well
investigated by fracture surface analysis. Figure 9 depicts
the SEM micrographs of 4NilMn and 4Ni4Mn samples
in as-cast condition. As seen, the fracture surface of
4NilMn alloy (Figs. 9(a, b) shows a quasi-cleavage
fracture mode comprising of limited dimpled areas and
cleavage micro-facets originated from the intermetallic
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Fig. 9 SEM micrographs of fracture surfaces of 4NilMn (a, b) and 4Ni4Mn (c, d) alloys

compounds. However, the fracture surface of 4Ni4Mn
alloy (Figs. 9(c, d) exhibits large cleavage facets which
are the indicators of brittle fracture.

In accordance with the results of microstructural
investigation (Figs. 3(c, d), the extensive formation of
micro-facets can be due to the presence of high volume
fractions of brittle intermetallic compounds, especially
the large primary Mn-rich intermetallics in the
microstructure (Figs. 9 and 10). These phases, due to
their large size and special morphology, are likely to act
as potential stress concentrators when subjected to tensile
loading, and, due to their brittle nature and weak bond
strength with the matrix [35], serve as micro-crack
initiators (Fig. 11(a)).

FSP significantly improves the strength, micro-
hardness, ductility and fracture toughness of
Al-4Ni—xMn alloys. According to Fig. 8, the tensile
strength, yield strength, fracture strain, microhardness,
and fracture toughness of 4Ni4MnF sample have
increased by 51%, 28%, 495%, 12%, and 850%,
respectively, compared to those of 4Ni4Mn alloy, and by
145%, 77%, 44%, 130%, and 162%, respectively,
compared to those of the as-cast base sample (4Ni).
4Ni2MnF has the optimum combination of mechanical

at.%
89.16

(@) Element wt.%

Al Aluminium 79.85
Manganese 14.21 7.79
Nickel 5.94 3.05

MnNi Mn Ni

.IH. . i N

0 2 4 6 8
E/keV

(b) Element wt.%
Aluminium 62.86
Manganese 24.84 15.11
Nickel 12.30 7.01

Mn Mn Ni

at.%
77.88

) | |
0 2 4 6 8

E/keV

Fig. 10 EDS analyses of fractured intermetallics present on
fracture surfaces of 4Ni4Mn (a) and 4Ni4MnF (b)
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Fig. 11 OM micrographs taken from subsurface regions of
fractured surfaces: (a) 4Ni4Mn showing initiation of micro-
cracks from large Mn-rich intermetallics; (b) 4Ni4MnF alloys
(TD stands for tensile direction)

properties compared to 4Ni, and its tensile strength, yield
strength, fracture strain, microhardness, and fracture
toughness have increased by 140%, 67%, 50%, 102%,
and 470%, respectively.
According to the results of microstructure
characterization (Figs. 3, 5 and 6), different mechanisms
seem to be involved in the overall mechanical properties
improvement of FSPed samples including formation of
ultrafine-grained structure, breaking-up and fine
distribution of large and irregular-shape intermetallics in
the matrix (including AL;Ni and Mn-rich phases),
dispersion  strengthening effect of intermetallic
dispersoids, = work-hardening,
densification [22-26,36,37].
The substantial reduction of grain size to about
1 um (Fig. 6) significantly contributes to alloy strength
by grain boundary strengthening mechanism which is

determined by the Hall-Petch equation [25,26,31]:

and microstructural

o, =0, +kd"’ (6)

where o, is the matrix friction stress and k is the
Hall—Petch coefficient.

The high density of dislocations in the processed
area also contributes to the alloy strengthening. The
recrystallized grains are generally considered to have low

density of dislocations [38]. However, it has been shown
that some grains in the dynamically recrystallized zone
contain high density of dislocations [35,39—41]. It has
been also shown that [25] the SZ grains have a very high
density of sub-boundaries, sub-grains, and dislocations,
which in turn can effectively increase the matrix strength.
The contribution of dislocations in the matrix
strengthening can be evaluated by the following

equation [32,42]:
04 = MaGhp® (7

where M is the Taylor factor, a is a constant, G is the
shear modulus, and p is the dislocation density.

The fracture and fine distribution of intermetallics
in the FSPed alloys (Fig. 5) can also decrease the
amplitude of the stress concentrated on the individual
particles helping them to resist more against applied
stresses before being fractured and/or de-bonded from
the matrix. This, in turn, can reduce the possibility of
micro-void formation from the fractured and/or
de-bonded intermetallics and effectively retard the
propagation of micro-cracks giving rise to a higher
strength, hardness, ductility, and fracture toughness
(Fig. 8).

Figure 12 shows the fracture surface morphologies
corresponding to 4NilMnF and 4Ni4MnF samples,
respectively. In agreement with the results of mechanical
properties (Figs. 7 and 8), the fracture surface of
4NilMnF (Figs. 12(a, b) is extensively covered by fine
and equiaxed dimples implying the initiation, growth,
and coalescence of micro-voids in a high-energy ductile
fracture process. The existence of fractured Mn-rich
particles (Fig. 12(b)) at the bottom of dimples also
suggests their critical role in impeding dislocations and
the initiation of micro-cracks. Compared to 4Ni4Mn,
increasing the area of dimpled fracture is quite evident
on the fracture surface of 4Ni4MnF (Figs. 12(c, d)). The
presence of fairly large Mn-rich particles is; however,
evident on the fracture surface which is thought to be the
reason for the lower ductility and fracture toughness in
high-Mn sample.

FSP also almost eliminates the microstructural
segregations and detrimental casting defects like bi-film
oxides and micro-porosities. Figure 13 shows the OM
microstructures of 4Ni4Mn in as-cast condition. The
presence of micro-pores (Fig. 13(a)) and entrained
bi-films (Fig. 13(b)) is quite evident in the microstructure.
The micro-pores, which are generally originated from the
precipitation of dissolved hydrogen and/or lack of
efficient liquid feeding during solidification, act as
potential stress risers and micro-cracks initiators [43,44],
impairing the hardness and tensile properties. The
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Fig. 12 SEM micrographs of fracture surfaces of 4NilMnF (a, b) and 4Ni4Mn
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Fig. 13 OM micrographs showing presence of micro-porosities
(a) and entrained bi-films (b) in as-cast 4Ni4Mn
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entrained bi-films are also generally considered as
pre-existing micro-cracks in the microstructure which
significantly decrease tensile properties and reliability of
castings [45—47]. During FSP, it seems that frictional
heating and severe plastic deformation of the processed
material effectively forge the existing micro-pores and
convert the bi-film oxides to ultrafine oxide dispersoids
in the microstructure, improving the tensile properties.
The SEM of the fracture surface of FSPed samples (see
Fig. 12) also reveals the formation of fine dimples on the
surface implying their ductile fracture.

The variation of microhardness across the SZ
perpendicular to the FSP direction is shown in Fig. 14.
As seen, for a given Mn content, the SZ exhibits higher
microhardness than the unaffected base metal (BM). This
is while a large number of studies have demonstrated the
SZ softening [22,25,48,49] due to phenomena such as
coarsening and dissolution of the strengthening
compounds, grains growth, and reduced strengthening
effect of fragmented second-phase particles. Regarding
to the non-heat treatable nature of AI-Ni—Mn alloys, the
hardness increase of SZ can be due to the reduction of
grain size and the elimination of casting defects during
FSP.
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4 Conclusions

(1) The addition of Mn to Al-4Ni alloys leads to the
precipitation of Mn-rich intermetallics in the matrix such
as AlgMn and AlgoMn;;Niy. The effective size, volume
fraction, morphology, and distribution of these
compounds are dependent on Mn concentration.

(2) FSP produces a homogenous microstructure
comprised of ultrafine grains and finely distributed
second-phase particles in a matrix, which have less
density of micro-pores. The volume fraction of
micropores and the average size of the primary particles
in Al-4Ni—4Mn sample decreased from (3.11+1.62) and
(47.1849.29) pum in as-cast to about (0.64+0.11) and
(2.75£2.26) um in FSPed condition.

(3) Mn addition relatively increased the yield and
tensile strength, but substantially decreased the fracture
strain of the as-cast Al-4Ni alloy. This can be explained
by its solid-solution strengthening effect and the
impeding action of Mn-rich dispersoids on dislocations
movement.

(4) After FSP, the tensile strength, yield strength,
fracture strain, microhardness, and fracture toughness of
4Ni4MnF and 4Ni2Mn samples increased by 51%, 28%,
495%, 12%, and 850%, and by 67%, 30%, 230%, 20%,
and 1185%, respectively. The most important
mechanisms responsible for the improvement of
mechanical properties are breaking-up and even
distribution of ALNi and Mn-rich intermetallics,
dispersion  strengthening effect of intermetallic
dispersoids, formation of ultrafine-grained structure,
work-hardening, microstructural densification, and
elimination of large oxide bifilms.
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BEEEEENTIES
S4Z LS Al-4Ni S €5 MR

Fatemeh YOUSEFI, Reza TAGHIABADI, Saeid BAGHSHAHI
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W OE: PN EQ wt.%. 2 wt.%- 4 wt.%) TR EE B I T.(FSP)XT Al-4Ni &4 WA H 43R0 7 A M Re B 2
LEREW, EEE T AlMn 1 AlgMn, Niy &B LAV R, XEFHEAEYRE T &SRR,
B 7 HAE MR I M . N T IR R, SHES A ST iR BN T.(F53# 0y 1600 v/min. B HE AN
12 mm/min). 45K, FSP KKUE T RN 2= ERE, S & Mbthinf s RS WR N AR B & A
WIS BT T 67%- 30%- 230%- 20%F1 1185%. W KB, BEAL SV /Ao BT &R O TE B
S B DL R S LA S A SRS ER A T B R iR M A S 1 A MR E B R K . W TR S A R, 4
BEEHAS NN R, HWr OSBRI TE &S N FIERZ, HW O & a0/ 1 S5
W .
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