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EFFECT OF VARIABLE MANGANESE CONTENT ON MICROSTRUCTURE OF Al-Cu ALLOYS

The presented access the influence of Mn content (0-0.94 wt.%) on the course of the cooling curves, phase transformation,
macrostructure, and microstructure of Al-Cu alloys for three series: initial (Series I), with the addition of an AlTi master (Series II),
and modified with AITi5B1 (Series III). The maximum degree of undercooling AT was determined based on the cooling curves.
The surface density of the grains (N,) was determined and associated with the inverse of solidification interval 1/AT}. Titanium
(contained in the charge materials as well as the modifier) has a significant effect on the grinding of the primary grains in the
tested alloys. A DSC thermal analysis allowed for the determination of phase transition temperatures under conditions close to
equilibrium. For series II and III, the number of grains decreases above 0.2 wt.% Mn with a simultaneous increase in solidification
interval 1/AT,. The presence of Al,Cu eutectics as well as the Cu-, Fe-, and Mn-containing phases in the examined samples was

demonstrated using scanning electron microscopy.
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1. Introduction

Al-Cu-Mn alloys are high-strength materials that are widely
used in the aerospace and automotive industries [1,2]. This is
due to their favorable properties at both ambient and elevated
temperatures [1-3]. Compared to other alloys, these are dis-
tinguished by considerable strength and lightness [1,3]. High-
quality Al-Cu-Mn alloys have excellent mechanical properties
after T6-type heat treatment. Their tensile strength may then
exceed 500 MPa and elongation 6.5% [4].

The properties of the materials are related to their micro-
structure, so it is very important to control it. Changes in the
distribution and size of the phases significantly affect the strength
parameters of the alloys [2]. The main alloying elements used
in high-quality Al-Cu alloys (the 2xx groups, according to the
Aluminum Association [AA]) are magnesium and manganese
(among others) as well as elements that affect grain refinement
(including titanium). As the main alloying element, copper
affects on the strength and hardness of casting alloys [5]. The
content of this element is within a range of 4-6 wt.% in these
alloys. On the other hand, manganese is used in much smaller
amounts (0.3-1.0 wt.%) [6]. The alloys owe their high strength
to heat treatment (solution treatment and aging). As a result,
a metastable ' and T-phase (Al,,Cu,Mn;) are precipitated [3].

According to the literature [5], the influence of Mn on the
mechanical properties of aluminum alloys shows that a manga-
nese content above 0.5% prompts a strength-property increase
without a loss in ductility. The advantage of using manganese
as an additive is also its beneficial effect on corrosion resist-
ance [5]. This element has a positive effect on strength proper-
ties at elevated temperatures as a result of the formation of the
favorable Al,,Cu,Mn; phase [7]. The presence of other elements
(including Fe, Ni, or Si) in the 2xx-group alloys is an undesirable
phenomenon. These elements combine with manganese to form
phases that contribute to a reduction in its content in the metal
matrix, weakening the mechanical properties of these alloys [7].
Iron is an element with a negative effect on Al-Cu alloys. This is
mainly due to the shape of the phases that it forms [8,9]. Phases
rich in iron (B-Fe) in plate form are more unfavorable than those
occurring as compact phases or in the form of so-called Chinese
writing [9].

The current literature data provides information on the topi-
cality of the issue taken up in the research on the phase shaping
and strengthening of the 2xx group alloys’[3,8,9] microporosity
[4] and crystal growth restriction GRF (Growth Restriction Fac-
tor), among others [10,11].

Due to the great importance of favorable features as well as
the possibility of using Al-Cu-Mn alloys in many industries, it is
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necessary to develop these alloys and conduct research that can
improve those materials that are currently being used. The fol-
lowing research was conducted to identify the effect of Mn on the
course of the cooling curves, macrostructure, and microstructure
of Al-Cu alloys with the addition of variable manganese contents
as well as the correlation of individual parameters.

2. Experimental procedure

The presented research included three melts. The liquid
metal was melted in an induction furnace. Series I included
the preparation of the base alloy. The furnace charge contained
technically pure aluminum and an AICu50 master alloy. An
additional AlTi master alloy was introduced in Series II, while
the AlTi5B1 modifier was used in Series III (0.2% in relation
to the weight of the charge). AIMn75 was introduced in order to
obtain a variable Mn content. A chill (PM mould — means metal
form) was used for the tests, allowing us to obtain a roller-shaped
casting with a diameter of 15 mm. The temperature of the metal
mold during pouring was 250°C. The casting temperature was
750°C. To record the cooling curves, cups for a thermal analysis
(mould S) were used (K-type thermocouple). These cups were
connected to an Agilent 34970A digital recorder.

Table 1 shows the chemical composition for the individual
samples carried out using a SPECTROMAXXx emission spec-
trometer.

TABLE 1
Chemical composition of tested samples
Determination Element content, wt.%
Series of the Mn
content Si Fe | Cu | Mn | Ti Al
A 0.04 [ 0.07 | 4.96 | 0.00 | 0.01 | Remainder
I B 0.04 | 0.07 | 5.07 | 0.28 | 0.01 | Remainder
C 0.04 | 0.07 | 5.07 | 0.43 | 0.01 | Remainder
D 0.04 | 0.08 | 4.81 | 0.94 | 0.00 | Remainder
A 0.030.12 | 4.96 | 0.00 | 0.05 | Remainder
I B 0.04 | 0.11 | 4.53 | 0.24 | 0.10 | Remainder
C 0.04 (0.12 | 4.88 [ 0.39 | 0.11 | Remainder
D 0.050.14 1 4.99 | 0.94 | 0.12 | Remainder
A 0.08 [ 0.10 | 4.62 | 0.00 | 0.12 | Remainder
I B 0.07 | 0.11 | 4.86 | 0.24 | 0.13 | Remainder
C 0.06 | 0.10 | 4.28 | 0.36 | 0.16 | Remainder
D 0.07 | 0.11 | 4.69 | 0.86 | 0.16 | Remainder

Samples for testing were cut from the S-casting and then
ground and polished. In addition, the samples were electrolyti-
cally etched in a 5% HBF, solution using an electric current of
30 V for at least one minute. Then the average grain diameter
and surface density of grains N, (the planimetric method) was
determined.

A Leica MEF4M optical microscope was used for the
metallographic examination. Observations were carried out in

polarized light on a Leica MZ6 stereomicroscope, while a scan-
ning electron microscope (Jeol 5500LV) with an EDS system was
used to check the composition of the occurring phases.

The research also included performing a DSC thermal
analysis using a DSC Q20 differential calorimeter. The samples
were melted and subsequently cooled in an argon atmosphere.
A cooling and heating rate of 10°C/min was used within a range
of 400-700°C.

3. Results and discussion
Thermal analysis
Fig. 1, 2, and 3 show the recorded cooling and crystalliza-

tion curves in the a (Al) phase range that were used to determine
the degree of undercooling AT.
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Fig. 1. Cooling curves for Series [ — (unmodified alloy, trace Ti content)
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Fig. 2. Cooling curves for Series II (unmodified alloy, Ti content 0.1
wt.%)
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Fig. 3. Cooling curves for Series I1I (modified alloy, Ti content 0.1 wt.%)

The maximum degree of undercooling AT was determined
from Eq. (1), which captures the effect of the alloying additives
on the equilibrium temperature of the crystallization of dendrite
phase a(Al) [12]:
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Fig. 4. Undercooling degree depending on manganese and magnesium
contents. Al-Cu-Mn alloys: I — series with trace Ti content; II — series
with 0.1 wt.% Ti content; III — series modified with Ti. Al-Cu-Mg al-

loys: IV — unmodified; V — modified

of about 0.1 wt.% in the Al-Cu-Mn alloy causes the greatest
differences in the maximum degree of undercooling (within
a range of 0-0.4 wt.% Mn). A further increase in Mn increases
the maximum degree of undercooling. Based on literature data
[13], it is worth noting (Fig. 4) that the action of magnesium is
analogous to manganese in terms of reducing the maximum de-
gree of undercooling as well as the occurrence of a minimum in
the Mg = f(AT) system.

Literature data related to the degree of undercooling in
Al-Cu alloys [14] shows that it increases in the initial series
along with increasing copper content (Fig. 5). However, an in-
verse relationship is visible for the modified series. This effect

AT= TL_Tmin (1)
where:
T, =T, +m,C, (2)
my :Z(mLCL)/CL 3)
i=1
m, — average slope factor of liquidus line',
C, — sum of all elements in liquid metal,
Tr — crystallization temperature for pure aluminum,;
Tr=660,45°C,
T; — equilibrium crystallization temperature of dendrite
a (Al) phase,
Tin — minimum temperature at beginning of alloy crystal-
lization,
m} — slope factor of liquidus line of individual elements,
C] — concentration of i — component.

The minimum temperature for each series was determined
from digital data recorded during temperature measurement.
The calculated values of the undercooling degree as a function
of the variable content of Mn are illustrated in Figure 4.

The values of the maximum degree of undercooling AT
decreases as the Mn content in the alloys increases (up to 0.4%
Mn), followed by its increase to 0.9 wt.% Mn. For Series I (un-
modified alloy, trace Ti content), the difference in the degree of
undercooling is 0.8°C. For Series II (unmodified alloy, Ti content
0.1 wt.%), this is 2.93°C. For Series III (modified with AITi5B1
master), the difference is 1.19°C. The addition of Ti at a level

! The average slope factor of the liquidus line was determined for the vari-
able content of Mn and the average values of the contents of other elements in
the respective melts.
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Fig. 5. Degree of undercooling depending on manganese and copper
content. Al-Cu-Mn alloys: I — series with trace Ti content; II — series
with 0.1 wt.% Ti content; III — series modified with Ti. Al-Cu alloys:
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should be explained by the segregation of copper into the liquid Metallographic examinations
phase during crystallization. At higher copper contents, eutectic
composition is achieved more quickly. Then, the eutectic crystal- Fig. 6 and 7 show examples of the macrostructures and

lizes [14]. In the case of the unmodified alloy, this is associated ~ microstructures of the tested Al-Cu-Mn alloys. A slight decrease
with the phenomenon of grain growth inhibition (i.e. the GRF).  inthe number of dendritic cells was observed with increasing Mn
In the case of a modified alloy, the modification treatment also  content for each individual series. The surface fraction of eutectic
works (which significantly reduces the degree of undercooling).  slightly increases with the increase of manganese content.
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Fig. 6. Selected cast microstructures (mould S), 100> magnification, polished state. Al-Cu-Mn alloys: I — series with trace Ti content; II — series
with 0.1 wt.% Ti content; III — series modified with Ti

ID

Fig. 7. Selected macrostructures of tested 1A, ID alloys — 8x magnification, others — 20x, electrolytically etched. Al-Cu-Mn alloys: I — series with
trace Ti content; II — series with 0.1 wt.% Ti content; III — series modified with Ti



The results of the surface density of the N, grains as
a function of Mn content are shown in Figure 8. With increasing
amounts of manganese, the number of primary grains per unit
of surface decreases. It has been observed that the addition of
manganese slightly reduces the effectiveness of the modifica-
tion procedure (Series IIT). The obtained results indicate that the
optimal Mn content should be about 0.25% from the point of
view of the maximum number of primary grains in the alloys
tested. The studies have also shown that large differences in the
grain sizes are visible between the Al-Cu-Mn alloy without Ti
and that with about 0.1 wt.% Ti. On this basis, it has been shown
that the addition of titanium comminutes the primary grains to
a significant degree in the alloys tested. This fact confirms its
high growth restriction factor, which indicates the great impact
of titanium. The most grains per unit area were obtained for the
modified Al-Cu-Mn alloy (Series III).
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Fig. 8. Surface density of grains N, depending on the manganese content

The GRF plays an important role in the microstructure-
shaping process. Table 2 presents the values of m(k — 1) for the
individual elements that allow for the calculation of the GRF
[11]. The GRF depends on the concentration of a given element
in the alloy and is determined by Eq. (4).

GRF = mcy(k—1) “4)

where:

¢y — concentration of element in alloy,

m — slope of liquidus line,

k — partition coefficient.

Table 2 presents the values of m(k — 1) for the selected
elements with respect to aluminum alloys.

The value of the GRF manganese growth restriction factor
is very low. Ti has the highest value of this parameter. Fig. 8
shows that, due to the high GRF coefficient, Ti plays a significant
and dominant role in grinding the primary grains for a given Mn
content. The impact of manganese is much weaker due to its low
GRF growth restriction factor.
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TABLE 2
Values of m (k — 1) for selected elements [10]
Element m(k—1)
Ti 245.6
Cu 2.8
Mn 0.1
Mg 3.0
Si 5.9

Figure 9 shows the dependence of the number of primary
grains of phase a (Al) as a function of the degree of undercool-
ing as well as the content of Mn in the alloy. The addition of
about 0.4 wt.% of manganese causes a reduction in the degree
of undercooling. Slight increase in the undercooling level was
observed at a content of 0.9 wt.% Mn. It is worth noting that
the action of manganese (0.4 wt.% Mn) in the unmodified alloy
reduced the degree of undercooling to the level of the modified
alloy (AT =1 + 2°C). The operation of titanium only extends
the range of the degree of undercooling, while the modification
treatment reduces it.
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Fig. 9. Surface grain density N, depending on degree of undercooling AT

Differential Scanning Calorimetry (DSC)

Based on the DSC thermal analysis, the characteristic tem-
peratures were determined in a Universal Analysis. The obtained
results are summarized in Table 3.

The solidification interval and limiting solubility depend on
various factors that affect the physicochemical state and cooling
rate. Commercial alloys contain alloying and trace elements that
affect the crystallization process. This causes various transforma-
tions (eutectic, peritectic) as well as the formation of complex
intermetallic phases. The solidification interval determined from
the DSC analysis can be related to the grain size in the alloys tested.
The obtained values of the inverse of the solidification interval are
summarized in Figs. 10-12 depending on the Mn content, taking
into account their variable physicochemical states (Series I-I1I).
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TABLE 3

Characteristic temperatures determined from DSC charts:
Series I — trace Ti content; Series II — Ti content of 0.1 wt.%;
Series III — Ti + modification

Temperatures determined from DSC charts 5
. — TP—— /AT, % 10
Series Beginning of End of solidification, oc-1
solidification, 7, °C T, °C
A 633.47 532.47 0.990
I B 634.5 529.75 0.955
C 635.86 528.68 0.933
D 637.64 529.75 0.927
A 643.3 529.66 0.880
1L B 644.22 529.65 0.873
C 645.5 529.4 0.861
D 645.24 530.89 0.875
A 645.17 531.2 0.877
I B 645.99 529.03 0.855
C 644.32 527.2 0.854
D 642.81 526.54 0.860
AT}, — solidification interval, where AT, =T, — Ty
N 1.00
12 4 B 1AT, = oo
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Fig. 10. Number of grains per unit area N, and 1/AT} as function of

variable Mn content for Series I (unmodified alloy, trace Ti content)
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Fig. 12. Number of grains per unit area N, and 1/AT}, as function of
variable Mn content for Series III (modified alloy, Ti content of about
0.1 wt.%)

It has been observed that, for Series I (trace Ti content) from
a content of about 0.2 wt.% Mn, the number of grains increases
and the inverse of the solidification interval decreases (Fig. 10).
A different situation occurs for Series II (Ti content of 0.1 wt.%)
and Series III (modified alloy containing Ti), where the number
of grains decreases for the content above 0.2 wt.% Mn while
solidification interval 1/AT} increases (Fig. 11, Fig. 12). These
results are consistent with the literature data [11] as to the mini-
mum occurrence for the relationship of the size or number of
primary grains and solidification interval 1/AT} as a function of
the content of the main alloying element (i.e. silicon in the Al-Si
alloys and copper in the Al-Cu alloys). The effect of the minimum
1/ATy visible in Figs. 11 and 12 can be explained by a change in
the mechanism of the growth of dendrites or by the influence of
titanium [11]. In the case of the interaction of the main alloying
elements (i.e. silicon in the Al-Si alloys and copper in the Al-Cu
alloys), minimum grain diameter or N, values occur for the Al-Si
and Al-Cu alloys at GRF values of about 5 and 15, respectively
(this corresponds to the maximum solubility of a given element)
[11]. In the case of the unmodified and titanium-free alloys, there
is no minimum 1/AT}, (in contrast to the other alloys). This effect
can be associated with not exceeding the maximum solubility of
Mn in solution a (Al), which is 1.25 wt.% Mn [15]. The addition
of titanium increases its concentration in liquid metal, which
affects the nucleation process and crystal growth, especially in
the presence of boron (Series I1I).

Research using scanning electron microscope

Fig. 13 shows examples of the EDS test results, which
showed the presence of an Al,Cu phase in the alloy microstruc-
ture as well as phases containing Cu, Fe, Mn, and a low Ti con-
tent. In point 1 (Fig. 13a) chemical composition is 37 wt.% Cu
—9.6 wt.% Fe — 1.4 wt.% Mn. For Fig. 13b: 19 wt.% Mn — 12.7
wt.% Cu—4.1 wt.% Fe. For castings with a low content of man-



0.24 wt.% Mn

a)
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Fig. 13. Microstructure photos taken with scanning microscope with points for chemical composition analysis: a) Series II B; b) Series II D;

magnification 1500x

ganese, phases containing Cu, Fe, and Mn in the irregular lamel-
lar shape have been observed in combination with eutectics. In
the case of a higher manganese content, there are compact phases.

4. Conclusions

Based on the conducted tests, it was found that the values
of the maximum degrees of undercooling AT decrease as the
Mn content in the alloys increases to a content of 0.4 wt.% Mn,
followed by its increase. The addition of Ti at a level of about
0.1 wt.% in the Al-Cu-Mn alloy causes the greatest differences
in the maximum degree of undercooling (within a range of
0-0.4 wt.% Mn). A further increase in Mn increases the maximum
degree of undercooling.

As the content of manganese increases (from 0.25 wt.%),
the number of grains per unit area decreases. High GRF growth
restriction factor for titanium indicates its the high impact.

The solidification interval and limiting solubility depend on
various factors that affect the physicochemical state and cooling
rate. The addition of titanium increases its concentration in the
liquid metal, which affects the nucleation process and crystal
growth, especially in the presence of boron (Series I1I).

The EDS studies have shown the presence of Al,Cu eutec-
tics and phases containing Cu, Fe, Mn, and a low Ti content.
At lower manganese contents, these phases appear as irregular
lamellar structures, while they have a more compact form at
a higher content.
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