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Abstract—Specific features of the microstructure formation of an Al—2.5% Fe—1.5% Mn alloy owing to the
cooling rate during casting and during laser melting are studied in this work. An analysis of the microstructure
in the molten state shows that, with an increase in the cooling rate during crystallization from 0.5 to 940 K/s,
the primary crystallization of the Alg(Mn,Fe) phase is almost completely suppressed and the volume of the
nonequilibrium eutectic increases to 43%. The microstructures of the Al—2.5% Fe—1.5% Mn alloy after laser
melting are characterized by the presence of crystals of an aluminum matrix of a dendritic type with an aver-
age cell size of 0.56 um, surrounded by an iron-manganese phase of eutectic origin with an average plate size
of 0.28 pm. The primary crystallization of the Alo(Mn,Fe) phase is completely suppressed. The formation of

such a microstructure occurs at cooling rates of 1.1 x 104—2.5 x 10* K/s, which corresponds to the cooling
rates implemented in additive technologies. At the boundary between the track and the base metal and
between the pulses, regions were revealed consisting of primary crystals of the Alg(Mn,Fe) phase formed by
the epitaxial growth mechanism. The size of the primary crystals and the width of this zone depends on the
size of the eutectic plates and the size of the dendritic cell located in the epitaxial layer. After laser melting,
the Al—2.5% Fe—1.5% Mn alloy has a high hardness at room temperature (93 HV) and, after heating up to
300°C, it has a high thermal stability (85 HV). The calculated yield strength of the Al—2.5% Fe—1.5% Mn
alloy after laser melting is 227 MPa. The combination of its ultrafine microstructure, high processibility
during laser melting, hardness at room and elevated temperatures, and high calculated yield strength make
the Al-2.5% Fe—1.5% Mn alloy a promising alloy for use in additive technologies.
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INTRODUCTION

Additive technologies are developing extensively
thanks to a number of advantages over conventional
methods of fabricating details made out of metallic
materials. Their industrial-scale employment allows
one to fabricate details possessing complex geometri-
cal shapes, similar to their final configuration, from
multicomponent alloys whose composition is chosen
with the goal of providing high mechanical and opera-
tional characteristics. A large number of works is
devoted to the study of new aluminum-based compo-
sitions of Al-Mg [1, 2], Al-Cu—Mg [3, 4], and
Al—Zn systems [5, 6], which are characterized by a
higher degree of mechanical properties when com-

pared to the AlISi10Mg alloy, which has been the most
widespread additive technology as of late [7, 8]. The
main drawbacks of these materials are high suscepti-
bility to the formation of crystallization cracks due to
the broad effective crystallization range and nonho-
mogeneous structure.

A review of contemporary scientific literature
shows a general trend toward designing aluminum
alloys containing a large amount of transition metals
exceeding manifold their limiting solubility in alumi-
num. This fact is related to the low solubility of transi-
tion-metal additives in aluminum (Mn, Fe, Cr, Ti, Zr,
Sc, V), which form intermetallide phases possessing
high thermal stability due to their low diffusion coeffi-



cient (10~%—10-12 ¢m?/s at a temperature of 500°C
[9, 10]) when compared with conventional alloying
elements, such as Si, Zn, Mg, and Cu.

Such a specific character of transition metals
allows one to prepare aluminum alloys with a unique
set of characteristics under particular conditions: high
weldability, high strength, and thermal stability
[10—12]. In particular, the high cooling rates upon
crystallization (10*—10° K/s) that occur in additive
technologies provide a high degree of mechanical char-
acteristics at room and elevated temperatures due to the
formation of the ultradisperse structure and super-
oversaturated solid solution based on aluminum.

Fe, Mn, Cr, Ni, and Co are the most prospective
transition-metal additives, which is clear from the
examples of recently developed aluminum alloys

possessing the following compositions, wt %': Al—
(3—12)Fe—(0.1-3)V—(0.1-3)Si—(1-6)Cu [13], Al—
(5—6)Cu—(2.5-3.5)Mg—(0.5—1.25)Mn—(0—-5)Ti—
(0—3)B—(0—-0.15)V—(0-0.15)Zr—(0—0.25)Si—(0—-0.25)
Fe—(0—0,5)Cr—(0—1)Ni [14], Al—(3—4.5)Si—(0.7—
1.5)Mg—(0.5—1)Mn—(0—0.5)Fe—(0—0.1)Cu—(0-0.5)
Ti—(0—0.2)B—(0—1.5)Ni [15]. Russian researchers
have developed alloys based on the Al—12Si—Ni—Fe
[16] and Al—(2.5—9.5)Ni—2.5Fe systems [17] for addi-
tive technologies which are characterized by high
strength and thermal stability at 300—350°C.

The main drawback of alloying with transition
metals at large concentrations of aluminum alloys
dedicated for additive technologies is the possibility of
formation of coarse primary crystals of intermetallide
phases due to nonuniform cooling conditions. There-
fore, controlling cooling conditions during the
“growth” of the products from aluminum alloys doped
with transition metals using additive technologies is an
important task.

An alloy based on the Al-Fe—Mn system which is
promising for the development of high-strength ther-
mally stable aluminum alloys for additive technologies
due to Al;Fe and AlgMn intermetallide phases [ 10] was
investigated in this work. The formation of its struc-
ture depending on the cooling rate upon crystalliza-
tion during casting and laser melting was studied and
recommendations on the conditions of laser melting of
this alloy for its further use in additive technologies
were developed.

PROCEDURE OF EXPERIMENTS

An alloy with the composition of A1—2.5Fe—1.5Mn
was fused from pure aluminum (A99 brand) and
Al—10Fe and Al—10Mn alloying compositions in a
Nabertherm S3 electrical furnace. In order to provide
a different cooling rate (v,yqine), the ingots possessed
various cross sections upon crystallization. The ingots
possessing 6 mm were prepared by casting into a

! Here and elsewhere, wt % is implied unless otherwise noted.

thick-wall copper mold (V,oo1in, = 940 K/5), those with
14 mm were prepared by casting into a steel mold
(Veooling = 26 K/s), and those with (J100 mm were pre-
pared by casting into graphite mold (v ,ing = 0.5 K/5).
The cooling rate was controlled using a chromel—alu-
mel thermocouple mounted at the half-height of the
mold. The experiment was performed at an identical
recording frequency corresponding to 1 kHz at all
cooling rates. The temperature of melt corresponded
to 700°C before casting.

Laser melting was performed on specimens 2 mm in
thickness. Fusion of the surface of the specimens in the
form of single tracks was carried out on an MUL-1-M-
200 repetitively pulsed instrument equipped with a
Nd—YAG-fiber laser with a radiation wavelength of
1064 nm using the following parameters: laser power
34.6 W, scanning rate 1 mm/s, pulse length 12 ms, and
eclipse 0.2 mm.

The X-ray phase analysis (XPA) of the cast alloys
was performed on a Bruker Advance DS diffractome-
ter at intrinsic radiation of Cuk, (A = 0.154051 nm)
with the step of 26 = 0.05°. Microstructural analysis
and X-ray microanalysis (XMA) of the alloys in cast
state and after laser melting were carried out using a
TESCAN VEGA 3LMH scanning electron micro-
scope equipped with an XMAX-80 adapter in the
reflected electron mode. The shots were prepared
using a Struers-Labopol-5 instrument. The polished
surface was additionally exposed to anodic polishing
in a 30% alcohol solution of HCIO, (the temperature
of electrolyte was less than 5°C) at a voltage of 25 V.

Using differential scanning calorimetry (DSC), the
temperature of the solidus of the alloys was measured
using a Setaram Labsys calorimeter in an argon atmo-
sphere at a heating rate of 0.667 K/s.

Microhardness after laser melting was measured on
polished specimens etched with a Keller solution
(5SHCI-5HNO;—3HF) using the Vickers method on a
Wolpert microhardness meter with a load of 500 g and
an exposure time of 10 s. The mean microhardness
values were calculated for each specimen (according to
ten indentations). The yield strength was determined
by the calculation of the Orovan stress (the stress
required to achieve the formation mechanism of dislo-
cation loops around eutectic inclusions), assuming the
uniform distribution of eutectic inclusions using the
following equation [18]:

o ___08IGb __ m
Lol =viv=m) 1’

where G is the shear modulus, MPa; b is the Burgers
vector, m; v is the Poisson coefficient, m/m; m is the
mean inclusion diameter, m; A is the distance between
the centers of inclusions, m; #, = 1.5b; and L =\ — m
is the distance between the surfaces of inclusions.

Using the Thermo-Calc program package, poly-
thermal sections of the Al—Fe—Mn were plotted and
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Fig. 1. (a) Polythermal cross section of the Al—2.5Fe—(0—10)Mn systems and (b) calculation of the change in the weight fraction

of solid phases in the Al—2.5Fe—1.5Mn alloy.

the change in the weight fraction of solid phases in the
Al—2.5Fe—1.5Mn alloy was calculated according to
the Scheil curve.

RESULTS AND DISCUSSION

Manganese and iron from the aluminum side form
a diagram of the state of the eutectic type. Figure la
shows the polythermal section of the Al—2.5Fe—(0—
10)Mn system. The phases of (Al), Al;Fe, and Al;Mn
are present in the equilibrium state at the content of
0.3 to 1.8% of manganese and 2.5% iron in the alloy.
As can be seen from the results of a calculation of the
phase composition of the alloys in the ternary region
of the diagram of state, the volume fraction of the
AlgMn intermetallide phase amounts to 16.3%, with an
increase in the manganese content to 1.5% (Table 1).
Thus, an increased content of intermetallide phases in

Table 1. Calculated values of the number of phases, tem-
peratures of formation of 65% of solid phases, nonequilib-
rium solidus, and ECR (Thermo-Calc)

Content, vol %
t65%! tnss
All
oy e | o ECR
Al;Fe |AlgMn| (Al
Al-2.5Fe—0.5Mn| 2.3 11.1 | 86.6 | 656 [653| 3
Al-2.5Fe—1.5Mn| 2.5 | 163 | 81.2 | 656 |654| 2

the alloys provides higher characteristics after laser
treatment.

The values of effective crystallization range (ECR)
of the Al-2.5Fe—1.5Mn alloy, calculated using the
Thermo-Calc program (Fig. 1b) as the difference
between the temperature of formation of the 65%
fraction of solid phases and temperature of solidus
[19], are also given in Table 1. It can be seen that the
alloy possesses narrow ECR, which should provide
its high cast characteristics and high weldability,
which allows one to reduce the number of defects at
laser melting.

Using DSC method, it was determined that the
experimental temperature of the solidus of the Al—
2.5Fe—1.5Mn alloy corresponds to 655°C, which is
much higher than that of conventional AlSi10Mg alloy
for additive technologies (¢, = 557°C [20]) and can
provide high thermal stability.

Figure 2 shows microstructures of the Al—2.5Fe—
1.5Mn alloy obtained at various cooling rates in the
crystallization range. The appearance of local peaks in
Fig. 2c is related to the relatively small scale (the
amount of data within 0.1 s) when compared to the
plots in Figs. 2a and 2b.

The phase composition and distribution map of
alloying elements of the alloy are given in Figs. 3 and
4. Almost any crystallization of alloys under labora-
tory and industrial conditions is nonequilibrium,
which is determined by the deviation of mean com-
position and volume fractions of solid phases from
theoretical values. The structure of the specimen
crystallized at a low cooling rate of 0.5 K/s (Fig. 2a)
is similar to the equilibrium state. The main struc-
tural components are represented by large primary
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Fig. 2. Typical microstructures of the Al—2.5Fe—1.5Mn alloy obtained at the cooling rates of (a) 0.5, (b) 26, and (c) 940 K/s.
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Fig. 3. X-ray diffractogram of the Al—2.5Fe—1.5Mn alloy
in the cast state (Vggoling = 26 K/9).

crystals of the Alg(Mn,Fe) phase, which occupy 35%
of the volume; a solid solution based on aluminum
(Al); and an Al;Fe phase of eutectic origin, in which
the mean plate thickness is 2.7 + 0.1 pum.

25 um
e —

With an increase in the cooling rate to 26 K/s, crys-
tallization occurs under conditions further from equi-
librium, which leads to an increase in the nonequilib-
rium content of the Al;(Fe,Mn) eutectic phase located
along the boundaries of aluminum solid solution up to
15%. The mean plate size of the eutectic phase corre-
sponds to 1.5 £ 0.1 pum, while the interlamellar dis-
tance is 2.3 um. The size of dendritic cell (Al) amounts
to 12.6 + 1.1 um. The size of primary crystals decreases
from 210 to 54 um (Fig. 2b).

Using the XMA method, it was determined that the
AlgMn phase contains partially dissolved iron, whereas

Al;Fe contains manganese (Fig. 4).

With an increase in the cooling rate to 940 K/s, the
microstructure changes remarkably (Fig. 2c¢): the
mean size of dendritic cells (Al) decreases to 1.8 +
0.1 pum, the volume fraction of nonequilibrium eutec-
tics increases to 43%, the mean size of eutectic plates
decreases to 0.3 = 0.01 pum, and the interlamellar dis-
tance decreases to 0.4 + 0.02 um. At this cooling rate,
the nearly total suppression of primary crystallization

Fig. 4. Microstructure and distribution maps of alloying elements recorded in the intrinsic X-ray radiation of AlK;;, MnK, and

FeK, using XMA (vo0ing = 26 K/5).
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Fig. 5. Microstructure of the profiles of single tracks after laser melting of the Al—2.5Fe—1.5Mn alloy with various types of initial
cast structure obtained at v ,q1in, = (2) 0.5, (b) 26, and (c) 940 K/s.

of the Alg(Mn,Fe) phase occurs and its volume frac-
tion decreases to 3.5%.

Thus, manganese is included in the eutectic phase
of Al;(Fe,Mn) and can dissolve in aluminum solid
solution.

It can be seen from the dynamics of the change in
the microstructure of the Al—2.5Fe—1.5Mn alloy pre-
pared under various crystallization conditions that
primary crystallization is almost completely sup-
pressed with an increase in the cooling rate to 940 K/s,
and there is a transition to dendritic crystallization
with the formation of a large volume fraction of the
eutectic phase.

At the second stage of investigation, the surface of
the cast specimens crystallized at various cooling rates
was exposed to laser melting. Microstructures of single
tracks after such treatment are given in Fig. 5.

The microstructure of the track melted on the sur-
face of the specimens with the initial structure
obtained at vy, = 0.5 K/s was characterized by a
disperse structure with a predominantly dendritic
shape of the crystals of aluminum solid solution sur-

rounded by the particles of the iron—manganese
phase, which was formed during eutectic crystalliza-
tion (Fig. 5a). A dendritic structure was formed in the
track at the boundary between track and main (cast)
metal, where aluminum solid solution was used as a
substrate, except for the domain including primary
crystals of the Alg(Mn,Fe) phase in the laser melting
zone.

Laser exposure on the material resulting in the
melting of a small region takes few tenths of a second.
The partial fusion of the Algs(Mn,Fe) phase occurs
within a short time interval (the suggested boundary of
fusion is indicated by a black dashed line) with subse-
quent fast crystallization in the form of disperse parti-
cles. The form of arrangement of crystallized particles
indicates their susceptibility to epitaxial growth in the
presence of a substrate in the form of the unfused
phase (Fig. 5a, region 7). The same region of epitaxial
growth with a width of 1.9 um is formed at the bound-
ary of the 2nd and 3rd pulses (Fig. 5a, region 3). Its
appearance can be caused by the fact that the iron—
manganese phase crystallizes from the melt on eutec-
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tic particles of the same phase in the lower unfused
layer. As the distance from the fusion boundary
increases, the structure is replaced by dendritic
(Fig. 5a, region 4). The mean dendritic size of the
matrix corresponds to 0.68 & 0.08 um at the boundary
with main metal, while this size is 0.56 &+ 0.05 pm in
the central region.

Derived from the dependence of the dendritic
parameter on the cooling rate upon crystallization, the
cooling rates during laser melting were evaluated. It
can be stated according to the results of calculations
that the values of v, vary from 1.1 x 10% at the

cooling
boundary with main metal to 2.5 x 10* K/sin the cen-
tral region, which corresponds to the cooling rates
upon crystallization realized in additive technologies
[21-25].

The microstructure of the track fused on the sur-
face of the specimen with the initial structure obtained
al Veooiing = 26 K/sis given in Fig. 5b. Itis characterized
by a disperse structure with a predominantly dendritic
shape of the crystals of aluminum solid solution sur-
rounded by particles of the iron—manganese phase,
which was formed according to eutectic reaction.

Primary crystals of the Alg(Mn,Fe) phase and
eutectic particles of the Al;(Fe,Mn) phase were
exposed to remelting at the boundary between the
track and the main metal (Fig. 5b, region I). The par-
ticles of the mentioned phases are also detected in the
track structure in these regions; however, they are
smaller in size, which indicates the epitaxial character
of crystallization. As in the previous track (Fig. 5a), a
thin interlayer from primary crystals of the iron—man-
ganese phase, formed as a result of epitaxial growth, is
formed at the boundary of two pulses. Its mean width
corresponds to 2 um, whereas the size of primary crys-
tals is less than 1 pm (Fig. 5b, region 2).

Figure 5c shows the microstructure of the track
fused on the surface of the specimen with the initial
structure obtained at v,,,;,, = 940 K/s. Here, crystal-
lization of the region remelted with laser started on the
solid substrate consisting of crystals of dendritic type.
The eutectic phase of Al;(Fe,Mn) along the boundar-
ies of dendritic cells, whose melting point is lower than
that of aluminum solid solution, was fused. Primary
crystallization of this phase occurs upon hardening,
which can be seen from the differences in microstruc-
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ture (Fig. 5c, region 2). The size of primary crystals is
less than 4 um, while the width of the region of their
epitaxial growth is larger than that between pulses and
corresponds to 9.5 um. This can be caused by the fact
that the initial size of eutectic plates exposed to
remelting is larger in the lower layer than that in the
track structure. The microstructure also possesses a
dendritic structure with a mean cell size of 0.65 *
0.06 um far from the boundary with the main metal.

As follows from an analysis of track microstructure
obtained upon laser melting (with the assumption of a
similar cooling rate), such a structure would be
formed in the alloy when using it as a powder in addi-
tive technologies, in particular, upon selective laser
melting. The formation of narrow domains consisting
of primary crystals of iron—manganese phase as a
result of their epitaxial growth should be anticipated at
the boundary of tracks and layers in this product. On
the whole, the structure of all tracks prepared during
laser melting is characterized by the absence of crystal-

lization cracks, which is rationalized by the narrow
ECR of the Al-2.5Fe—1.5Mn alloy.

The hardness of the alloy in the case state varies
from 37 to 67 HV with an increase in the cooling rate
upon crystallization, which can be caused by the high
dispersion of the Al;(Fe,Mn) phase and the realiza-
tion of the mechanism of solid-solution hardening due
to the increase in the manganese content in (Al). The
formation of the ultradisperse microstructure as a
result of laser melting results in a significant increase
in the hardness of alloy to 93 HV (Fig. 6).

Annealing at temperatures of 100, 200, and 300°C
for 1 h resulted in a marginal decrease in hardness to
91 £ 2, 86 £ 1, and 85 = 1 HYV, respectively. An
increase in the temperature of annealing to 400°C gave
rise to a larger drop of hardness to 64 HV. The high
thermal stability of the Al—2.5Fe—1.5Mn alloy after
laser melting can be caused by the stability of the inter-
metallide Fe—Mn phase of eutectic origin due to the
low diffusion coefficient of manganese and iron in the
aluminum solid solution [10].
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Fig. 6. Dependence of hardness on the cooling rate of the
Al—2.5Fe—1.5Mn alloy.

The vyield strength of the Al-2.5Fe—1.5Mn alloy
with the structure obtained upon laser melting was
calculated. Uniform particle distribution of the second
phase of eutectic origin was considered, with the mean
size of 0.28 um, whereas the mean distance between
them is 0.56 um, which corresponded to the mean size
of the dendritic cell. The calculated yield strength of
the alloy corresponded to 227 MPa.

Thus, it can be stated that combination of high
characteristics of the Al—2.5Fe—1.5Mn alloy, such as
dispersion of the structure formed at laser melting,
hardness at room and elevated temperatures, and the
calculated yield strength, renders it promising for
additive technologies.

CONCLUSIONS

(1) Features of formation of microstructure in the
alloy based on aluminum alloyed with Fe and Mn have
been studied depending on the cooling rate upon cast-
ing and during laser melting.

(2) It has been shown that the microstructure of the
Al—2.5Fe—1.5Mn alloy in the case state prepared at a
cooling rate of 0.5 K/s consists of large primary crys-
tals of the Alg(Mn,Fe) phase, a solid solution based on
aluminum (Al), and the Al;Fe phase of eutectic origin.
An increase in the cooling rate to 26 K/s results in the
formation of (Al) in the form of dendrites with a mean
cell size of 12.6 um and an increase in the nonequilib-
rium fraction of the Al;(Fe,Mn) eutectic phase along
the boundaries of the aluminum solid solution up to
15%. With an increase in the cooling rate to 940 K/s,
the primary crystallization of the Alg(Mn,Fe) phase is
almost completely suppressed, the mean size of den-
dritic cells of (Al) decreases to 1.8 \um, and the volume
fraction of nonequilibrium eutectics increases to 43%.

(3) An analysis of the microstructure of the Al—
2.5Fe—1.5Mn alloy after laser melting has shown that
the crystals of the aluminum matrix of dendritic type
with a mean cell size of 0.56 um surrounded by the
iron—manganese phase of eutectic origin with the

mean plate size of 0.28 pum are formed in the bulk. Pri-
mary crystallization of the Alg(Mn,Fe) phase is com-
pletely suppressed. It has been determined that the
formation of such a structure occurs at cooling rates of
(1.1-2.5) x 10* K/s.

(4) The domains at the boundary between the track
and main metal, as well as on the boundary of repeated
melting consisting of primary crystals of the
Alg(Mn,Fe) phase, which are formed through the epi-
taxial growth mechanism, have been revealed. The
smaller the eutectic plates and dendritic cell in the epi-
taxial layer are, the more dispersed the primary crys-
tals in the remelting zone are.

(5) It has been shown that the Al—2.5Fe—1.5Mn
alloy possesses high hardness corresponding to 93 HV
after laser melting. Its microstructure is characterized
by high thermal stability, which is confirmed by the
retention of high hardness (85 HV) upon heating to
300°C. The calculated yield strength of this alloy is
227 MPa.
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