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Abstract: The study aims to investigate the influence of fraction of coarse undeformed particles on
the microstructure evolution and mechanical properties of alloys processed by isothermal multidirec-
tional forging (MDF). For this purpose, Al-Mg-Ni-Sc-Zr-based alloys with different Ni concentrations
and a fraction of Al3Ni particles of solidification origin phase were subjected to MDF at 350 °C. Precip-
itates of the L1;-structured Al3(Sc,Zr) phase retained their structure, morphology, and size after MDF
and were coherent with the aluminum matrix. The Al3Ni phase particles stimulated the nucleation of
recrystallized grains and contributed significantly to the formation of an ultrafine-grained structure.
The uniformity of the grain structure increased, and the average grain size decreased with an increase
in the fraction of Al3Ni particles. A fine-grained structure with a mean grain size of 2.4-3.4 pym was
observed after MDF with a cumulative strain of 12. The results demonstrate that a bimodal particles
size distribution with a volume fraction of nanoscale f~0.1% and microscale f~8% particles provided
for the formation of a homogenous fine-grained structure after MDF and improved the mechanical
properties.

Keywords: aluminum alloy; particle stimulated nucleation; multidirectional forging; grain refinement;
microstructure evolution; mechanical properties

1. Introduction

The formation of an ultrafine-grained (UFG) structure is favorable for the mechanical
and processing properties of aluminum-based alloys. Typically, combining significant plas-
tic deformation with further recrystallization is the main method to form an UFG structure
in metallic alloys [1-3]. Severe plastic deformation (SPD) [4-7] is the most effective for pro-
cessing an UFG structure in aluminum and its alloys [4,5,8-13]. Grain fragmentation and
continuous dynamic/post-dynamic recrystallization [1,14] occur during SPD and result in
the formation of an UFG structure with a predominant fraction of high-angle grains bound-
aries [15,16]. The disadvantages of the SPD methods include high-energy consumption and
size limitations. Multi-directional forging (MDF) is a promising and relatively simple SPD
technique providing UFG structure [17-19]. MDF reduces the grain size to 0.5-1 um [20,21],
and the sub-grain size to 0.2 um [22] and significantly improves the strength of aluminum alloys.
A positive MDF effect on grain refinement [23-27] and strength [18,23,24] was demonstrated for
aluminum and magnesium based alloys [9,18,24-28]. The drawback of MDF is the strain
inhomogeneity at different points of the sample during deformation. This effect results in a
bimodality of the grain structure, i.e., areas containing fine recrystallized grains in the center
and coarse weakly deformed grains at the periphery of the samples [25,29-31]. An increase
in the cumulative strain increases the grain structure homogeneity upon MDF but also
increases the processing time and cost [9,18,32,33]. A heterogeneous structure with coarse
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and fine particles can help to refine grains and improves microstructural homogeneity.
Coarse particles with sizes of ~1 um refine the grains due to particle-stimulated nucleation
(PSN), whereas nanoscale particles <100 nm inhibit grain growth and increase grain size
stability via Zener pinning mechanism [34-39].

The particle stimulated nucleation effect is deeply studied [40—44]. The PSN is ob-
served in heterogeneous alloys containing coarse undeformed particles of the secondary
phases [45-48]. During the plastic deformation processes the areas around the particles
accumulate lattice misorientations. It was demonstrated that the deformation process in
polycrystals containing particles with a size greater than 0.1 um results in a formation of
locally rotated regions (deformation zones) [49]. Those deformation zones act as a preferred
site for the formation of nuclei of new grains during recrystallization. As reported by
Humpbhreys [50], the nucleus of new grains originates on a pre-existing subgrain but not
necessarily on in the interface boundary. Nucleation is forced by a movement of the low
angle grain boundaries. The formation of the nuclei comes at a moment when the misori-
entation angle in the deformation zone exceeds a critical value required to form a high
angle grain boundary. Nucleation strictly depends on the strain and particle parameters
as particle size, volume fraction, and interparticle space. According to ref. [51], the grain
size predicted on basis of PSN effect of recrystallization follows the equation D~d/f!/3,
where d is particle size and f is particle volume fraction. Thus, the PSN effect allows to
refine grains through increasing the particle volume fraction and decreasing the particle
size. Meanwhile, the critical particle size for PSN depends on the strain [50]. Following
multiple researches, the optimal particle size for grain refinement via PSN is in a range
of 0.5-2 pm for Al alloys [50]. The coarse particles, required for PSN, in Al-based alloys
are precipitated due to heterogenization annealing [52] or alloying with eutectic-forming
elements, including Mn [53], Cu [54], Ca [55], Ni [56,57], Fe [58,59], Ce [40,60], etc.

To provide for the formation of nanoscale precipitates (dispersoids), the aluminum
is usually alloyed with transition metals (TM), including rare earth (RE) metals [61-65].
These elements predominately have extremely low solubility in aluminum. However, the
supersaturated solid solution of aluminum with TM can be formed through a solidification
with an increased cooling rate [66]. Subsequent heat treatment of the supersaturated
solid solution initiates its decomposition accompanied by the precipitation of nanoscale
intermetallic particles. These particles effectively pin grain boundaries and suppress grain
growth due to Zenner pinning effect. The most effective dispersoid forming elements in
aluminum alloys are Sc and Zr that form the L1,-structured phases of Al3Sc and A3Zr,
respectively [67,68]. It was demonstrated that the complex addition of both Sc and Zr in
aluminum alloys is more effective than each element separately [69,70]. These elements
form the complex L1,-structured phase Al3(Sc,Zr) [37,38,71,72]. Such dispersoids exhibit
core—shell structure with Sc enriched core and Zr enriched shell [66,73]. Low diffusive
Zr atoms significantly improve the thermal stability of particles whereas high diffusive Sc
accelerates the nucleation of dispersoids [74] and strongly reduces the annealing time required
to form a high number density of precipitates. MDF produces a fine-grained structure
with a mean grain size of 1-2 um in the central part of the sample for Al-based alloys
with L1;-structured precipitates (~10 nm) and AlgMn precipitates (~50 nm) [9,18,22,75].
However, Al-Mg-Sc-Zr based alloys demonstrated far better grain size stability at elevated
temperatures [21]. The effectiveness of fine L1, precipitates and Zener pinning mechanism
was evidenced for various SPD techniques [76,77]. Coarse particles of eutectic origin
phases improve grain structure homogeneity during superplastic deformation in different
Al-based alloys [58,78,79]. Meanwhile, the effectiveness of coarse particles and related
PSN mechanism during MDF requires further investigation. The PSN effect is involved
in grain refinement and grain structure homogeneity improvement upon MDF of Al-Mg-
Mn-based alloys due to soluble Al3Mg, phase particles sized ~0.9 pm precipitating at
heterogenization annealing [58]. The PSN effect intensifies with an increase in the particle
size to 1-2 pm due to smaller strains required. Thus, insoluble precipitates of eutectic
origin phases with transition elements are potentially effective, their fraction and size are
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controlled by alloying element content, solidification rate, and heat treatment regimes.
Moreover, phases with transition metals demonstrate a good size stability and a high
hardness at hot deformation temperatures, thus, proving to be more effective for PSN
than soluble phases. In this work, the influence of AlzNi coarse particle fraction on the
microstructure and mechanical properties of multidirectional-forged Al-Mg-Zr-Sc-based
alloys with various Ni contents were studied.

2. Materials and Methods

The compositions of the studied alloys are shown in Table 1. The following pure
metals and master alloys were used for alloy preparation: 99.7 wt.% Al, 99.95 wt.% Mg, Al—
20wt.% Ni, Al—4.3 wt.% Zr, AI—2.5 wt.% Sc. The alloys were prepared in a Nabertherm
53 resistance furnace (Nabertherm GmbH, Lilienthal, Germany), using graphite fireclay
crucibles and cast into a copper-based water-cooled mold with internal dimensions of
20 mm X 40 mm X 100 mm. The cooling rate during the solidification process was
~ 15 K/s. Before casting, the melt was held at 830 °C for 10 min. The temperature of the
melt was controlled by a Type K chromel-alumel thermocouple. The ingots were heat
treated in a Nabertherm N30/65A air-forced convection furnace (Nabertherm GmbH,
Lilienthal, Germany) with a temperature maintenance accuracy of +1 °C. The ingots were
subjected to a two-step homogenization with the first step at 360 °C for 8 h and subsequent
second step at 400 °C for 4 h. After annealing the samples were cooled down to room
temperature under air atmosphere.

Table 1. Chemical composition of studied alloys (wt.%).

Alloy Designation Mg Ni Zr Sc Fe Si Al
INi 4.70 1.1 0.21 0.10 0.13 0.14 Bal.
2Ni 4.67 21 0.20 0.09 0.14 0.15 Bal.
4Ni 4.65 4.3 0.19 0.10 0.13 0.15 Bal.

The multi-directional forging (MDF) was carried out in a hydraulic press machine
(Nordberg N3650E, Changshu Tongrun Auto Acessory Co., Ltd., Changshu, China) with
a maximum load of 50 tons. The forging process was carried out in several steps at an
initial crosshead speed of 5 mm/min at 350 °C. The logarithmic strain values per one
pass and for the full forging cycle were 0.8 and 2.4, respectively. During each pass the
sample was deformed along 2 axes, the sample shape being maintained. The samples were
rotated through 90° after each pass for providing multiaxial deformation. The scheme of
the applied MDF process is presented in [18]. Graphite lubricant was used to minimize the
friction between the sample and the die. The samples were subjected to 15 forging passes
(5 cycles).

The microstructural studies were carried out under a Tescan-VEGA3 LMH scanning
electron microscope with a LaBg filament (Tescan Brno s.r.o., Kohoutovice, Czech Republic)
equipped with an energy dispersive spectroscopy (EDS) detector (Oxford Instruments
plc, Abingdon, UK) and an electron backscattered diffraction (EBSD) HKL NordlysMax
detector (Oxford Instruments plc, Abingdon, UK). The images were obtained at an accel-
erating voltage of 20 kV in backscattered electron (BSE) mode with a working distance of
10-15 mm. The grain structure of samples in the as-cast state and after multidirectional forg-
ing was studied using a Carl Zeiss Axiovert 200MMAT (Carl Zeiss, Oberkochen, Germany)
light microscope with a function of polarized light. The samples for light and scanning
electron microscopy were prepared by mechanical grinding and polishing using a Struers
LaboPol (Struers APS, Ballerup, Denmark) polishing machine. The grain structure was
studied under a light microscope in polarized light that required additional anodizing
of samples in Barker’s reagent. The mean grain size was calculated using a linear secant
method counting at least 300 grain boundaries per one state. The error bars of the mean
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grain size were calculated for standard experimental data deviation at a 95% confidence
interval.

The EBSD maps were obtained with a step of 0.4 pm and a scan area of
250 pm x 250 pm. The analysis of the obtained maps was carried out using Aztec (EBSD)
software (v.2.0, Oxford Instruments plc, Abingdon, UK). It was considered that the high-
angle grain boundaries (HAGBs) exhibited a misorientation angle higher than 15° and
low-angle grain boundaries (LAGBs) exhibited a misorientation angle of 2-15°.

Nanoscale dispersoids and the subgrain structure were analyzed using transmission
electron microscopy (TEM) under a JEOL JEM-2100 microscope (JEOL Ltd., Tokyo, Japan) at
an accelerating voltage of 200 kV. The TEM samples with 3 mm diameter were mechanically
grinded to a 0.25 mm thickness and further electro-polished to process a hole using a Struers
TenuPol-5 (Struers APS, Ballerup, Denmark) and A2-type electrolyte (Struers-produced)
at a 21 V voltage and a temperature of 0 & 4 °C. The mean size of coarse eutectic origin
particles and nanoscale dispersoids was calculated through measuring the maximum
particle diameter. For each studied alloy, the number of measurements was in the range
of 200 to 300. The error bars of the dispersoid size were estimated experimentally using a
standard deviation and a confidence probability of 0.95.

The mechanical properties of the studied materials (yield strength, ultimate tensile
strength, and elongation-to-failure) at room temperature were studied using a uniaxial
tensile test. The test was carried out by a Zwick Z250 universal testing machine (Zwick
Roell Group, Ulm, Germany). The crosshead velocity during the test was 4 mm/min. For
the tensile test, the samples with a gauge part length of 18 mm, a wideness of 6 mm, and
a thickness of 1 mm were used. Three samples were tested for each studied alloy. The
samples were cut from the as-forged alloys using a Charmilles Robofil 190 wire—electro
discharge machine (Agie Charmilles, Geneva, Switzerland)

3. Results
3.1. Microstructure of Alloys before MDF

The microstructures of the as-cast and as-homogenized alloys studied are shown
in Figure 1. The as-cast alloys exhibited a similar grain size of 200 + 40 um. Dendrites
of the aluminum-based solid solution (Al) and the Ni-enriched phase (Al3Ni) having a
bright contrast were observed in the SEM micrographs for the as-homogenized samples.
An increase in the Ni content led to an increase in the Al3Ni volume fraction. For the 1Ni, 2Ni,
and 4Ni alloys, the volume fractions of Al3Ni particles were 2.3 4= 0.2, 3.6 £ 0.2, and 7.9 £ 0.3%,
respectively.

Low temperature annealing at 360 °C reduced dendrite liquation, whereas the mor-
phology of the eutectic phase changed only slightly. The subsequent high-temperature
annealing stage at 420 °C provided for partial fragmentation and spheroidization of the
Al3Ni phase. The particles exhibited a near-spherical morphology with a shape coefficient
of 0.8 and a mean size of 0.8 =+ 0.1 pm. The particle size varied in a range of 0.3-2.8 um.

The dispersoids with a mean size of 11 £ 1 nm precipitated in the studied alloys after
homogenization. The superlattice reflections of the dispersoids in SAEDs are typical of the
L1,-structured Al3(Sc,Zr) phase. The ordered positions of the superlattice reflections and
the overlapping of the zone axis for the Al and L1, phases confirm the coherency of the
dispersoids with the matrix.



Metals 2023, 13, 1499

50f 15

Figure 1. Images of the initial structure for (a,d,g) 1Ni, (b,eh) 2N,i and (cf,i) 4Ni alloys
in (a—c) as-cast state and (d-i) as-homogenized state; (a—c) OM images (polarized light); (d—f) SEM-
BSE images; (g—i) dark field TEM images and corresponding SAEDs (inserts). The images for different
alloys are presented in the same magnification.

3.2. Stress—Strain Behavior during MDF

During multidirectional forging, the deformation occurred in two directions, being
limited by the walls of the die in the third direction. The strain and stress values can be

calculated as follows. ) L
e=—In 0 ) 1
3 (ho s @

ye \fp(h(‘)/o— ) )

where hy is the initial height of the sample, J is the stamp displacement, 1} is the sample
volume, and F is the acting force.
The strain rate during forging with a constant stamp speed increased with time.

;o 2V

V3h
where v is the crosshead speed and / is the sample height.
During the compression of the samples with a size of 18 mm x 9 mm X 9 mm and a
crosshead speed of 5 mm/min, the strain rate increased from 5.2 x 1073 to 1.1 x 1072 s~ 1.

To consider the changes in the mean constant strain rate of ¢, = 0.0075 s~ !, one should
correct the stress values as follows:

Oref = U(é) (ér.gf> 4

€

®)

where m is the strain rate sensitivity coefficient. For the studied type alloys and deformation
regimes, m was taken as 0.2 [80].

Taking into account the increasing contact area between the sample and the die and
considering the strain rate correction following Equation (4), the true stress vs. true strain
curves exhibit a stable flow that typical of constant strain rate tests (Figure 2). Stable flow
was observed in a strain range of 0.1-0.4 and was followed by an increase in the stress
due to dynamic hardening or the contribution of friction between the die and sample. For
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the 1Ni alloy, the flow stress decreased slightly with an increase in the cumulative strain
(Figure 2d). With an increase in the Ni content to 4% and the fraction of the Al3Ni phase to
8%, the stress decreased significantly during the first two cycles up to the cumulative strain
Y e = 4-5 (Figure 2d). The stress at higher cumulative strains differed but slightly.

c () o (b
[MPa] [MPa]
\
100 P J 100
50+ 504
0 L X Y X v T T 1 0 T T T T T T T T 1
01 23 45 6 7 8 91011 12 01 2 3 45 6 7 8 91011 12
° (c) Cumulative strain Ze [-] G (d) Cumulative strain ¢ [—]
[MPa] [MPa]
200 2504, - 1N
! - - -2Ni
2004 \ -~ -4Ni
150+ o
1504«
100 % e
1004 \"\:!\: % e
504 504 phbstik S nsr L i
0 T T T T T T T T T T T 1 O T T T T T
01 23 45 6 7 8 91011 12 0 2 4 6 8 10
Cumulative strain g [—] Cumulative strain X¢g [—]

Figure 2. True stress vs. true strain curves for each full cycle of MDF for (a) 1Ni, (b) 2Ni, and (c) 4Ni
alloys, and (d) true stress at 0.2 true strain as a function of cumulative strain.

The morphology of Al3Ni particles changed with an increase in the number of cycles
(Figure 3). The mean particle size and the aspect ratio did not change after processing with
the cumulative strain } ¢ = 12. An increase in the number of cycles and in the Ni content
provided for a uniform particle distribution.

By way of comparison between the grain structure and its homogeneity after MDF, low
magnification images after 3 and 15 passes are presented in Figure 4. The microstructure of
the alloys after the first MDF cycle was predominantly non-recrystallized with deformation
bands in the grain interior (Figure 4a—c). A small fraction of equiaxed recrystallized grains
was observed in the center of the 4Ni alloy sample. It is worth nothing that the recovery
was predominant at a low strain. The grain structure after five cycles of forging was
heterogeneous with areas of non-recrystallized deformed grains and fine-grained areas
with a mean grain size of ~1 um. An increase in the Al3Ni volume fraction from 2% to 8%
resulted in an increase in the volume fraction of fine recrystallized grains from 50% to 95%.
Thus, the 4Ni alloy containing 8% Al3Ni exhibited a near-completely recrystallized and
highly uniform structure. Coarse non-recrystallized grains were predominately observed
in the lower deformed periphery zones of the sample.
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Figure 3. SEM-BSE images of (a,d) 1Ni, (b,e) 2Ni, and (c,f) 4Ni alloys after (a—c) 3 and (d—f) 15 MDF
passes.

200 gm

Figure 4. Grain structure of the (a,d) 1Ni, (b,e) 2Ni, and (c,f) 4Ni alloys (a—c) after 3 passes and
(d—f) after 15 forging passes.

MDF treated samples with various Ni contents were analyzed by the EBSD technique
after one and five MDF cycles (Figure 5). After the first three-pass cycle the structure
was predominately non-recrystallized in all samples (Figure 5a—c). Fine recrystallized
grains were observed at the grain boundaries of the deformed grains. The fraction of low
angle grain boundaries was predominant. A bimodal grain structure produced after five
cycles, featuring areas containing recrystallized grains surrounded by high-angle grain
boundaries and areas containing non-recrystallized grains with a high subgrain fraction,
was observed in the 2.3 and 3.6% Al3Ni samples (Figure 5d,e). The 4% Ni sample (7.9%
Al3Ni phase) exhibited a completely recrystallized grain structure (Figure 5f). An increase
in the Ni content improved the microstructural homogeneity and resulted in a decrease in
the fraction of non-recrystallized grains and low-angle grain boundaries (Figures 5 and 6).
The mean grain and subgrain sizes decreased with an increase in the Al3Ni phase fraction.
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Figure 5. EBSD-IPF maps and grain boundary misorietation angle histograms for (a,d) 1Ni, (b,e) 2Ni,
and (c,f) 4Ni alloys after (a—c) 3 and (d—f) 15 MDF passes.
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Figure 6. (a) Grain size distribution histogram; (b) dependencies of grain/subgrain size and fraction

of recrystallized grains on the AlzNi volume fraction for studied alloys after 15 MDF passes.

The Kernel Average Misorientation (KAM) maps were calculated from the EBSD
data for samples subjected to 15 MDF passes (Figure 7). The maps revealed increasing
homogeneity of local misorientation with increase in Al3Ni volume fraction. The mean

values of local misorientation decreased with increasing Ni and were 0.48°, 0.43°, and 0.39°
for the 1Ni, 2Ni, and 4Ni alloys, respectively.
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Figure 7. KAM maps for (a), INi, (b) 2Ni, and (c) 4Ni alloys after 15 MDF passes.

The experimental data confirms that the hard and coarse eutectic particles stimulate
the nucleation of new recrystallized grains during dynamic/post-dynamic recrystallization
and significantly contribute to the formation of an ultrafine-grained structure after MDF.
This effect intensified with an increase in the volume fraction of the particles.

TEM studies revealed a high dislocation density near coarse Al3Ni particles, an in-
creased dislocation density in the grain interior, dislocation walls and low angle grain
boundaries. High angle grain boundaries dominated in the 4Ni alloy, but low angle grain
boundaries were also observed (Figure 8).

500 nm

200 nm

Figure 8. TEM images of (a,d,g) 1Ni, (b,e,h) 2Ni, and (c,f,i) 4Ni alloys after (a—c) 3 and (d—f) 15 MDF
passes; (a—f)—bright field; (g—i)—dark field; inserts in (g—i)—SAEDs.

The morphology and size of L1,-structured dispersoids did not change after five cycles
of forging (Figure 8g—i). Ashby—Brown contrast (Figure 8f) and the ordered superlattice
reflections in the SAEDs (insets in Figure 8g—i) confirmed the coherence of the dispersoids
with the aluminum matrix.
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Mechanical properties at room temperature were analyzed after for MDF treated
samples (Table 2). The stress vs. strain curves for the studied alloys are shown in Figure 9.
Similar values of YS and UTS were observed for the 2 and 4% Ni alloys. The strength
characteristics of the 1Ni alloy were lower. The values of elongation at fracture (El.) were
12 £ 3% and 14 £ 4% for the 1Ni and 2Ni alloys, respectively. An increase in the Ni content
led to a decrease in the elongation to 8 + 2%.

Table 2. Room temperature mechanical properties of studied alloys after MDF.

Alloy YS (MPa) YTS (MPa) El. (%)
INi 290 £ 5 343 +£5 12+3
2Ni 323+ 6 360 + 6 14+4
4Ni 323+ 6 353+5 8§£2
o [MPa]
400
300 -
—1Ni
200 ——2Ni
——4Ni
100 |
0 T T T T
0 5 10 15 20 ¢e[%]

Figure 9. The stress vs. strain curves at room temperature for the studied alloys after 15 MDF passes.

4. Discussion

The first homogenization step at 350 °C did not cause any significant microstruc-
tural changes and was aimed at intensifying the L1,-phase nucleation as was repeatedly
demonstrated for Al-Mg-, Al-Zn-Mg-, and Al-Mg-Si-based alloys [81-83]. The second
homogenization annealing step provided for a noticeable fragmentation of the Al3Ni
phase. The fragmentation and spheroidization of the eutectic particles during the heat
treatment provided for a uniform particle distribution after thermomechanical treatment
that agreed with [84]. The second homogenization step may also accelerate the precipitation
kinetics [83,85] of the L1, phase. There were no differences observed in the precipitate’s
parameters for various alloys. This agreed with the atom probe tomography results pre-
sented in ref. [86,87], demonstrating that Ni was not observed in the precipitates since Ni
cannot form a supersaturated solid solution in Al during solidification.

MDF facilitated the fragmentation of the Al3Ni phase. The distribution homogeneity
of the Al3Ni particles increased with an increase in the AlzNi phase volume fraction, and
hence, a more homogeneous distribution was observed for the 4Ni alloy. An increase in the
number of MDF passes intensified fragmentation of particles and increased the particle
distribution homogeneity. The L1,-phase did not change after MDF and exhibited an
Ashby-Brown contrast and ordered superlattice reflections in the SAEDs. Fine precipitates
of the L1,-phase contributed significantly to the thermal stability of the grain structure
inhibiting the grain growth [70,85].

Dynamic recrystallization may occur through both discontinuous mechanisms in-
volving grain nucleation near grain boundaries and coarse particles (PSN effect [50]) and
continuous mechanism via an increase in the misorientation of the subgrain boundaries
due to the accumulated strain. The PSN effect of hard particles of eutectic origin was con-
firmed for static recrystallization of cold-rolled alloys [40], dynamic recrystallization during
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hot rolling [88] and compression [89], and superplastic deformation [78,88]. As shown
for the studied alloys, the PSN of eutectic particles also played a significant role in the
grain refinement during MDF, at large cumulative strains. Post-dynamic recrystallization
processes can occur after the forging operation. In fact, the volume fraction of the particles
noticeably affected the grain structure evolution. An increase in the volume fraction of the
eutectic origin particles led to an increase in the structure homogeneity and a decrease in
the mean grain size and fraction of the non-recrystallized grains. This confirms that Al3Ni
particles stimulate nucleation during recrystallization and contribute significantly to the
formation of an ultrafine grained structure in the alloys studied.

An increase in the Ni content and the related Al3Ni phase fraction also increased
the strength characteristics of the alloys, but the high fraction of the particles reduced the
elongation at fracture from 12-14% for the alloys with 2-3 %Ni to 8% for the alloy with
4 %Ni.

It was demonstrated that a bimodal particles size distribution provided for the forma-
tion of a homogeneous and thermally stable fine-grained structure after multidirectional
forging and improved the strength characteristics. Coarse particles of the Al3Ni phase led to
PSN effect and nanoscale L1;-structured Al3(Sc,Zr) dispersoids inhibited grain boundaries
migration due to a strong Zener pinning effect.

5. Conclusions

The microstructure evolution and deformation behavior of the Al-5.7Mg-xNi-0.2Zr-0.1S¢
(x =1, 2 and 4%) alloys during multidirectional forging at 350 °C and cumulative strains of
2.4-12 were studied. The main conclusions are drawn as follows.

The L1, precipitates of the Al3(Sc,Zr) phase had a size of 11 = 1 nm and main-
tained their morphology, size, and coherency with the Al matrix during high-temperature
multidirectional forging. The Al3Ni phase particles of eutectic origin were refined and
spheroidized, and their mean size was 0.8 &= 0.1 pm and aspect ratio was 0.8 for the alloys
studied. Due to the particle stimulated nucleation effect of the Al3Ni phase, an increase in
its volume fraction from 2.3 to 7.9% with an increase in the Ni content from 1 to 4% raised
the volume fraction of fine recrystallized grains from 50% to 95%, significantly improved
the microstructural homogeneity and reduced the grain size from 3.4 £ 0.1 to 2.4 & 0.1 um.

The yield strength and ultimate tensile strength increased from 290 MPa and 340 MPa,
respectively, for the alloy with 1% Ni to 320 MPa and 360 MPa, respectively, for the alloys
with 2-4% Ni. Meanwhile, the elongation at fracture decreased from 12-14% for the alloys
with 1-2%Ni to 8% for the 4% Ni alloy. Thus, the alloying of the Al-Mg-Sc-Zr alloy with 2%
Ni and multidirectional forging treatment provided both high strength and good ductility.
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