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Abstract—The microstructure, phase composition, and mechanical characteristics of the structural constit-
uents of an AlI-Cu—Mg—Si alloy in which the liquation of grain boundaries occurred during heat treatment
have been studied. Bands of the (Al + Al;s(Fe, Mn);Si,) eutectics have been observed at the grain boundaries.
An algorithm for calculating the additional pressure, which results from mechanical impact on the metal con-

taining these bands has been described.
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INTRODUCTION

Semifinished products of an AK6 aluminum-based
alloy of the Al—Cu—Mg—Si system have become popu-
lar in aircraft construction and other industries [1, 2].
This alloy has the following chemical composition:
0.6 wt % Mg, 1.0 wt % Si, 2.3 wt % Cu, 0.6 wt % Mn,
0.1 wt % Ti, 0.1 wt % Zn, 0.2 wt % Fe, 0.1 wt % Ni,
and a-Al makes up the balance. According to the lit-
erature data, the chemical composition of the AK6
alloy is represented by the following phases: the alumi-
num-based alpha solid solution (c-Al), as well as alu-
minides CuAl,, Al,CuMg, Al;Cu,MggSic, and Als(Fe,
Mn);Si,. Silicon and iron impurities form eutectics in
aluminum, which consists of the aluminum-based
solid solution and AlsFeSi crystals with the typical
Chinese-character morphology [3, 4]. To neutralize
the harmful effect of iron, aluminum-based alloys are
added with manganese, which favors the formation of
the Al;5(Fe, Mn);Si, compound; this compound
undergoes primary solidification from a melt to form
small edged crystals, which enhances the ductility of
an alloy. The Al;s(Fe, Mn);Si, eutectic phase is made
up of iron in the amount of 1.2—2.2 wt % and manga-
nese in the amount of 0.2—1.2 wt % [3—8]. A decrease
in the concentration of the Al;s(Fe, Mn);Si, phase to
less than 3 vol % leads to the deterioration of the ductil-
ity characteristics [6]. Upon standard heat treatment,
Al;s(Fe, Mn);Si, crystals coagulate during the subse-
quent cooling and the solidification of the molten

eutectics due to an excess of free surface energy to form
coarse inclusions with typical skeletal morphology [9].

Semifinished products of an AK6 aluminum-based
alloy are supplied in the heat-treated state. The maxi-
mum strengthening of the AK®6 alloy is achieved using
quenching and artificial aging. In order to achieve the
most complete dissolution of proeutectoid constitu-
ents, parts made of AK6 alloy are quenched in a tem-
perature range of 495—500°C; these temperatures
are close to the solidus temperature, which is deter-
mined by the temperature of the most fusible eutectics
CuAl, + Al;Cu,MgSis + Al,CuMg, i.e., 505°C.
When ingots of the AK6 alloy are produced, the liqua-
tion of the eutectics followed by its solidification is
observed fairly often. This effect is called bursting [10],
and it leads to the deterioration of the mechanical
characteristics of the alloy and is considered to be an
undesirable phenomenon in the production of alumi-
num-based alloys.

The aim of this work was to study the microstruc-
ture, phase composition, and mechanical characteris-
tics of the structural constituents of the AK6 alloy in
which the partial liquation of grain boundaries has
occurred in the course of homogenization for 12 hat a
temperature of 502 + 2°C, i.e., in which signs of burst-
ing have been observed. Furthermore, the additional
pressure that arises during mechanical impact on the
alloy due to the presence of eutectic aluminides at the
grain boundaries, which have Young’s modulus that
differs from that of the matrix, has been estimated.
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Fig. 1. SEM-micrographs of the microstructure of the
AKG6 alloy specimen with the signs of bursting and chemi-
cal element maps obtained using EDS.

EXPERIMENTAL

The objects of the study were specimens fabricated
from the middle zone of a heat-treated AK6 alloy
ingot 377 mm in diameter, which exhibited signs of the
liquation of grain boundaries. The microstructure of
the alloy was examined using traditional quantitative
metallography methods implemented in a JSM-5900 LV
scanning electron microscope. The energy dispersive
X-ray spectroscopy (EDS) of the phases in the ingot
was carried out with a relative error of determining the
concentration of chemical elements of 5% at concen-
trations of the elements less than 10% and 1% at con-
centrations of the elements more than 10%. Phase
analysis was performed using a Bruker D8 Advance
X-ray diffractometer; the experimental data were pro-
cessed using FULLPROF general-purpose software
supplemented with WinPLOTR graphic toolset. The
Meyer hardness HM (GPa) and Young’s modulus £
(GPa) were measured in submicron-sized volumes of
the AK6 alloy ingot. The hardness HM and Young’s
modulus £ were measured using nanoindentation
implemented in a NanoScan-4D scanning nanohard-
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ness tester. Noise on the frequency curve, which arises
when the indenter contacts the surface of the alloy, is
equal to ~1 uN and 0.3 nm, while the maximum scat-
ters of the load and the displacement are equal to 1 N
and 700 um, respectively. The limits of the permissible
fundamental relative error of the applied load are
equal to = 10 uN (£ 1%). The measurements of the
nanomechanical characteristics of the AK6 alloy ingot
using nanoindentation were carried out in accordance
with the requirements of the international standard
ISO 14577 and the Russian standard GOST 8.748—
2011. The hardness and Young’s modulus were mea-
sured at room temperature under the continuous load-
ing of the specimens by a linearly increasing load. The
loading and unloading of the indenter, as well as the
recording of the P—#A curve, which is the dependence
of the applied load on the depth of indentation, were
automatically implemented. The size of the impres-
sion was determined by measuring the maximum
depth of indentation 4,,,,. The maximum size of the
impression produced under a load of 1 mN is equal to
200 nm. The test results were processed using the Oli-
ver—Pharr method [11]. The microhardness was cal-
culated as the ratio of the maximum load to the area of

the projection of the unrecovered impression
HM :[—I;, where P was the load applied to the

indenter; F=24. 56hf was the area of the projection of
the impression on the surface of the specimen; and
h.was the depth of the unrecovered impression. The
Meyer hardness HM determined in this way is equal to
the average pressure on the indenter—specimen inter-
face [12, 13]. The disk specimens were mechanically
and electrolytically polished to achieve an asperity
height of no more than 10 nm.

RESULTS

Figure 1 shows the microstructure and the elemen-
tal composition of the cast AK6 alloy with liquated
grain boundaries upon heat treatment. The X-ray
diffraction phase analysis of the specimens has iden-
tified the following phases: alpha aluminum, Al,Cu,
Al;Cu,Mg;Sic, and Al,CuMg. With account for the
EDS data and the results reported in [5—8], the pres-
ence of the Al;s(Fe, Mn);Si, phase in the (a-Al +
Al;s(Fe, Mn);Si,) eutectics was assumed [9]. At the
grain boundaries of alpha aluminum, not only inclusions
of the Al;s(Fe, Mn),Si, phase with the typical skeletal
morphology, but also inclusions of the Al;Cu,MggSig
with the edged morphology, are observed (Fig. 1). The
volume fraction of Al 5(Fe, Mn);Si, crystallites is five
to seven times larger than that of Al;Cu,Mg,Si; crys-
tallites. We also note that the alloy subjected to heat
treatment contains discontinuity flaws, the surfaces of
which are enriched in oxygen, which is presumably
contained in aluminum oxide Al,O; (Fig. 1).
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In order to assess the effect of the liquation of grain
boundaries on the mechanical characteristics of the
AKG6 alloy with signs of bursting, its nanomechanical
characteristics, i.e., the nanohardness and Young’s
modulus, were measured in submicron-sized volumes
of that alloy. The measurements of HM and E were
carried out along the 90-um long indentation line,
which was drawn through a bursting (o.-Al + Al;5(Fe,
Mn);Si,) eutectic inclusion and an o-Al dendrite,
with a step of 2 um.

The results of measuring the mechanical character-
istics (£, GPa and HM, GPa) of the structural constit-
uents of the AK6 alloy with partly liquated grain
boundaries are presented in Fig. 2 and the table. These
results agree with the following data obtained in [14]
for Al (99.5%): E =70 £ 3 GPa and HM = 0.6 =
0.1 GPa. The Meyer hardness of alpha aluminum in
the alloy under study (HM = 2 GPa), which is higher
than that of A1 (99.5%), can be explained by the solid-
solution hardening of this alloy [15, 16].

We note the scatter of the values of £ and HM in the
zone of the eutectic inclusion. The maximum values of
Young’s modulus (£ = 150 GPa) and the Meyer hard-
ness (HM = 10 GPa) measured for the eutectic inclu-
sion are close to those obtained in [17] for Si (E =
150 GPa and HM = 11.85 GPa) and the Al;Fe com-
pound (E£'= 110 GPa and HM = 7.81 GPa). Substantial
variations in HM from 10 to 2 GPa, which corresponds
to the value of HM for alpha aluminum, observed
within the bursting inclusion can be related to the
presence of microzones of alpha aluminum within the
complex-shaped skeletal inclusion of the intermetallic
compound. It is also known that the strength of a
material is inversely proportional to the scatter of val-
ues of HM and E [18]. Therefore, the bursting eutectic
inclusion is characterized by the reduced strength and
can be considered as a potential fracture nucleus
during the mechanical loading of the part.

DISCUSSION

The majority of researchers attribute the partial
liquation of grain boundaries due to the homogeniza-
tion of an AK6 alloy ingot to the melting of the eutec-
tics (CuAl, + Al;Cu,MgsSis + Al,CuMg), which
occurs during the heating of the ingot to a temperature
of 505°C in the course of heat treatment [3—7]. It was
assumed in [9] that alloys for which the chemical com-
positions were similar to the chemical composition of
the AK6 alloy two eutectics, i.e., (a-Al + Cu,Al +
Mg,Si) and (a-Al + Al;s(Fe, Mn);Si,), simultane-
ously existed at grain boundaries. It is known that the
crystallization-induced Al;s(Fe, Mn);Si, phase can be
simultaneously present both at the grain boundaries
and in the bulk of alpha-aluminum dendrites. The
Als(Fe, Mn);Si, crystallites localized at the grain
boundaries have the bcc lattice; dispersoids that have
identical stoichiometric compositions but simple cubic
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Fig. 2. Nanomechanical characteristics of the cast
AKG6 alloy: (a) indentation profile; (b) distribution of
nanohardness HM along indentation line; and (c) distribu-
tion of Young’s modulus £ along indentation line.

lattices are distributed over the bulk of the aluminum
matrix [19, 20]. The EDS results (Fig. 1) have shown
that two fusible eutectics, i.e., (0-Al + AlsCu,MgsSiy)
and (o-Al + Al;s(Fe, Mn);Si,), are present at the grain
boundaries.

The decrease in the strength of the AK6 alloy ingot
is attributed to the appearance of elongated inclusions
of the eutectic composition due to the liquation of the
grain boundaries [8, 10]. The authors of these works
believe that, in this case, the cause of the decrease in
the strength of the alloy is the nonuniformity of its
elastic characteristics. A mechanical impact on the
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Results of measuring the mechanical characteristics of the structural constituents of the AK6 alloy

Rmax> TM | A, nm | HM, GPa R E,GPa | E*,GPa | HM/E* | HM?3/F*?
Matrix (o-Al) 218 184 2 0.16 70 80 0.0248 0.0012
Inclusion contained
. . 118 76 10 0.36 150 172 0.0575 0.0327
in eutectics
material containing inclusions Young’s modulus of where
which differs from that of the matrix results in an addi- (o +1)
tional pressure P, [21]. The pressure P, resulted from B, = L; 7)
the mechanical impact of the stresses induced by the 2up + 1o — 1
inhomogeneity of the specimen on the AK6 alloy was Wo(x + 1)
estimated using the nanoindentation data (Fig. 2). It dy = =rh—=. (8)
was assumed that the specimen consisted of an a-Al M+ KXo

matrix and eutectic (0-Al + Al;s(Fe, Mn);Si,) inclu-
sions (Fig. 1). Young’s moduli of the matrix and an
inclusion were determined as average values of the
nanoindentation data, which were equal to E, =
70 GPa and E,,, = 150 GPa, respectively (Fig. 2). The
additional pressure P, which arises under the
mechanical loading of the ingot by the force F, can be
calculated using the following formula [22]:

Pr — 48““0 , (1)
RQ2uy +1(xo — 1))
where
F (1 1
e=—t 1L} 2
4nR2(E on
Ao +3
xo = Sk, 3)
Ao+ Ly

A and W are the Lame constants; R is the radius of the
inclusion; and Fis the external force. The subscript 0
means the characteristics of the inclusion.

In our case, A, = 45.45 GPa, A = 60.80 GPa, u, =
24.7 GPa, and p = 28.3 GPa [15, 23, 24]. The calcula-
tion has shown that the additional pressure P,, which
results from the difference between Young’s moduli of
the matrix and the inclusion, is 162 times higher than
the external force F. Therefore, the pressure P, can be a
cause of the fracture of the material during machining.

When tensile stresses F act on a specimen with an

inclusion along the OX axis, the following stress state
arises in this specimen [22]:

X0 = Bt )
v =B, s)
Xy =0, (6)
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The calculation has shown that the mechanical
stresses that arise in the inclusion do not exceed 0.45F,
which also indicates that the additional pressure P,
which results from the difference between Young’s
moduli of the a-Al matrix and the eutectic (o-Al +
Als(Fe, Mn);Si,) inclusion, is the governing factor of
the fracture of the alloy.

The Meyer hardness HM is equal to the mean con-
tact pressure at the indenter—specimen interface and
correlates well with the flow stress [25]. If the values of
E and HM are known, the ductility characteristic of
the material 8, can be estimated [17]. The ductility
characteristic 8- determined by continuous indenta-
tion is an analog of the dimensionless ductility param-
eter 8., which is the fraction of the plastic deformation
in the total elastoplastic deformation under the
indenter and characterizes the capacity of the material
for forming during deformation; this characteristic can
be calculated as follows:

8e :1—10.2(1—v—v2)%, )

where v is Poisson’s ratio. It follows from this formula
that the ductility characteristic O is primarily deter-

mined by the ratio HM and that, with an increase in
the hardness of the material and at constant Young’s
modulus £, the ductility characteristic should
decrease. The decrease in the ductility characteristic
with increasing hardness should be promoted if
Young’s modulus simultaneously decreases. The the-
oretical and experimental results presented in [25]
have shown that with the specified degree of accuracy
it can be taken that 8- = 8,. The results of estimating
data on variations in HM and E of the cast AK6 alloy
are presented in Fig. 2. These results show that, in
passing from the inclusion of the eutectic (o-Al +

Al s(Fe, Mn);Si,) to the o-Al matrix, the ratio ZM

decreases by half. Therefore, the ductility characteris-
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tic 8 = O, increases, which correlates with the change

in the Meyer hardness HM.
3
The parameters Il;—ﬂf and %, where E* = " ) 5
-V

is the contact modulus of elasticity, were also calcu-
lated using the nanoindentation data [26]. The ratios

3
HM g HM

o characterize the specific contact hard-

ness of the material and its resistance to plastic defor-
mation. These parameters determine the capacity of
the material for withstanding mechanical loads with-

out residual deformation. The ratio ﬂ*l also substan-

tially decreases in passing along the indentation line
from the eutectic (a-Al + Al;s(Fe, Mn),Si,) inclusion
to the oi-Al matrix (the table).

An analysis of the continuous loading diagram pro-
vides information on the hardness of the material, as
well as makes it possible to estimate the fractions of the
elastic and plastic deformations in the total elastoplas-
tic deformation under the indenter [12]. The fraction
of the elastic component in the total deformation is
characterized by the elastic recovery R = M,
where A,,,, is the maximum depth of indentation and
h. is the residual depth or the depth of the impression
upon unloading. The results of analysis of the relation
between the characteristics of the indentation curve
and the mechanical characteristics of the material,
which is presented in the form of the equation of

[z
greater the elastic recovery R, the lower the hardness
(table) [21, 26]. Thus, in passing along the indentation
line from the inclusion of the eutectic (o.-Al + Als(Fe,
Mn),Si,) to the a-Al matrix, the elastic recovery of the
material R decreases by approximately four times.

indentation HM = have shown that, the

CONCLUSIONS

In order to identify causes of the fracture of the
ingot of the AK6 alloy with partly liquated grain
boundaries under mechanical loading, the micro-
structure, phase composition, and mechanical char-
acteristics of the structural constituents of the alloy
have been studied.

The use of EDS has made it possible to identify the
following phases: o-Al, Al,Cu, Al;Cu,MggSi¢, and
Al,CuMg. Extended areas enriched in silicon, manga-
nese, and iron that contain inclusions of the Al,s(Fe,
Mn);Si, phase have been observed at the grain bound-
aries. Using the EDS data, it has been assumed that
two fusible eutectics, i.e., a-Al + Cu,Al + Mg,Si and
a-Al + Al;s(Fe, Mn);Si,, are present at the grain
boundaries. Young’s modulus £ and the Meyer hard-
ness HM have been measured along the line that
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passes through the inclusion of the fusible (Al +
Al;s(Fe, Mn);Si,) eutectics and the o-Al matrix.

The calculation assessment of the additional pres-
sure P, which arises at the inclusion—matrix interface
due to the loading of the material by an external force,
has been carried out. The pressure P, results from the
difference in the moduli of elasticity of the inclusion
and the matrix. The calculation has shown that addi-
tional pressure at the (Al + Al;s(Fe, Mn);Si,) inclu-
sion—0-Al matrix interface is 162 times higher than
the external force.

It has been found that, in passing along the inden-
tation line from the eutectic (c-Al + Al;5(Fe, Mn);Si,)

HM

inclusions [16] to the o-Al matrix the ratio

decreases by half; therefore, the ductility characteristic
of the material 8, increases, which correlates with the
change in the Meyer hardness HM. In passing from
the inclusion of the eutectic (o-Al + Al;s(Fe, Mn);Si,)
to the a-Al matrix, the elastic recovery of the material
R decreases by four times.
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