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ABSTRACT

The enhancing effect of low melting trace additions (Sn, Cd, In) on the precip-

itation hardening in the Al–Cu based alloys accounts for the great practical

importance of this phenomenon. However, to date, the influence of Sn micro-

addition, either separately or jointly with other ones, on the precipitation

structure and hardening of the wrought 2219-type alloys based on the Al–Cu–

Mn system remains unexplored. In this study, the effect of 0.1 wt% (0.02 at.%) Sn

trace addition on the structure and mechanical properties of the new Al–4Cu–

1.5Mn (wt%) alloy has been studied using computational (thermodynamic cal-

culations) and experimental techniques. Analysis of microhardness has revealed

that the peak hardness at aging of the wrought model Sn-containing alloy

reaches * 120 HV which is about 43% higher than for the Sn-free alloy.

Transmission electron microscopy analysis of the peak-aged hot-rolled

sheet alloys has revealed that trace addition dramatically changes the precipi-

tation structure leading to the formation of much finer precipitates (with an

average length of 55–60 nm) with a higher number density. Uniaxial tensile tests

of the wrought and peak-aged samples have revealed that the mechanical

properties of the model Al4Cu1.5Mn0.1Sn alloy (UTS * 402 MPa, YS * 323

MPa and elongation * 9.7%) are very close to those of the industrial 2219-type

alloy. However, the new alloy contains a much lower concentration of copper

and a superior fraction of Al20Cu2Mn3 phase dispersoids the influence of which

on the mechanical properties should be further studied in detail.
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Introduction

Wrought Al–Cu–Mn alloys (2xxx family) are still

most widely used in industry due to their strength to

weight ratio and heat resistance [1]. However, these

alloys require continuous improvement because of

the growing demand for light weight and high

manufacturability with a short production cycle [2].

A brilliant example is the model Al2Cu2Mn alloy

showing potential to become the basis for the design

of new generation heat-resistant alloys as a sustain-

able alternative to the 2219 alloys [3]. The latter

possibility is due to the higher heat resistance of the

new alloy (the YS after annealing at 400 �C is

210 MPa compared to 86 MPa for the 2219 alloy)

combined with a significantly lower content of cop-

per and a far shorter technological route due to the

exclusion of homogenization annealing. The higher

heat resistance of the new alloy is caused by the

formation of a far greater fraction of T-phase (Al20-

Cu2Mn3) dispersoids.

On the other hand, the strength of the 2219-type

alloys is determined by precipitation hardening

caused by the formation of metastable precipitates of

the h0 (Al2Cu) phase [4–6]. Precipitation hardening is

an important mechanism of strength improvement in

aluminum alloys which is mainly determined by the

number density, crystal structure and size of pre-

cipitates [7]. Accordingly, greatest attention is paid to

various combinations of aging protocols as well as

introduction of various additives improving the age

hardening response of the AA2219-type alloys. For

example, the AA2519 alloy with a minor Mg addition

and a reduced Cu content was developed as a new

grade of the AA2219 alloy [8]. The Cu–Mg-vacancy

complexes form effective nucleation sites for GP

zones thus increasing their nucleation rate. Further

the GP zones transform in situ to the h00-phase and

Mg favors the precipitation of the h00-phase [4] with

an increased number density. Another direction of

the studies is focused on controlling the precipitation

hardening response throughout microalloying with

low melting or precious metals including Sn [9–14],

In [15–18], Cd [19, 20], Pb [21], Ag [22–26] and Au

[27, 28]. Al–Cu alloys with any of these trace addi-

tions reach a much higher peak hardness due to the

formation of much finer precipitates of the h0-phase

(or in some cases the X-phase [23, 25, 26]) with a high

number density. Moreover, it is safe to say that tin is

of scientific and industrial interest among the above-

mentioned additions due to its high availability,

presence in secondary raw materials and a strong

effect at extremely low concentrations. Sn trace

addition in Al–Cu alloys dramatically suppresses

clustering at quenching and natural aging because of

strong interaction between vacancies and trace ele-

ment atoms [29–32]. In turn, this interaction leads to

an accelerated decomposition of the aluminum solid

solution (Al) coupled with the formation of precipi-

tates at artificial aging. Indeed [11], upon aging at

175 �C, the peak hardness of the Al3.5Cu0.1Sn alloy

is about 20% higher than that of the Sn-free alloy and

is achieved in a shorter aging time (2 h vs. * 12 h).

Transmission electron microscopy and 3D atom

probe tomography revealed that the increased hard-

ness of the ternary alloy is due to the formation of

fine plate-like h0-phase precipitates which are at least

two times smaller and have at least a twice as high

number density as compared to those in the Sn-free

alloy. Finally, Sn-containing Al–Cu alloys show a

simultaneous increase in the strength and fracture

toughness [33]. Thus, the effect of Sn trace addition

on precipitation hardening accounts for its great

importance for industry.

One should note that systematical studies of the

effect of Sn trace addition on the precipitation hard-

ening have been carried out mainly for ternary Al–

Cu–Sn model alloys [11, 12, 16, 21, 33]. Some studies

have also dealt with the effect of Sn trace additions on

the properties of the copper-containing alloys based

on other systems such as Al–Si–Cu [9, 10], Al–Cu–Mg

[13, 29] and Al–Cu–Mn [17]. In the latter work, the

effect of some micro-additions (Zr, Sc, Sn, In) on the

precipitation structure and hardening was studied

for the cast alloy based on Al–4.6%Cu–0.4%Mn–

0.2%Ti. And although the work reported a significant

increase in the mechanical properties of the alloy, the

influence of Sn micro-addition, either separately or

jointly with other ones, on the precipitation structure

and hardening of the wrought 2219-type alloys based

on the Al–Cu–Mn system remains unexplored.

One should note that the content of Mn in the 2219

alloy is limited by 0.5%. A higher content of Mn leads

to the formation of a greater fraction of copper-con-

taining T-phase dispersoids which in turn reduce the

copper concentration in the aluminum solid solution

(Al). The result of this decrease is a smaller number of

the h0-phase precipitates at aging and therefore less

hardening achieved. However, due to the aging-
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enhancing effect of tin trace addition, the concentra-

tion of Mn in the 2219-type alloys can be substantially

increased. Moreover, to achieve the same strength as

for the classical 2219 alloy, much lower concentration

of copper is needed in the Sn-containing alloy.

Based on the above, the main purpose of this work

was to analyze the effect of Sn trace addition on the

phase composition, precipitation structure and

mechanical properties of the new Al–Cu–Mn-based

model alloy with a higher Mn content and a lower Cu

concentration compared to that for the industrial

2219-type alloys. One should note that the industrial

2219 alloy contains, along with manganese, other

micro-additions such as zirconium, vanadium and

titanium, as well as common impurities such as sili-

con and iron the influence of which on the properties

of the Sn-containing alloys should be further studied

in detail in order to recommend new materials for

industrial applications.

Materials and methods

The main subjects of the study were 2 alloys (here-

inafter Al4Cu1.5Mn and Al4Cu1.5Mn0.1Sn) the

chemical composition of which according to spectral

analysis (Oxford Instruments) is presented in Table 1

from which it can be seen that the actual composi-

tions are quite close to the target one. The melting

was carried out in a GRAFICARBO resistance furnace

in a graphite crucible from high purity aluminum

1199 (99.99 wt% Al). Cu and Sn were introduced into

the aluminum melt in the form of pure metals (99.9

wt% Cu and 99.9 wt% Sn) and Mn in the form of a

Al–10 wt% Mn master alloy. After melting of the

basic components, the melt was held for 5–10 min to

provide its homogenization and to remove the slag,

and then the metal was cast into a graphite mold with

a working cavity of 10 9 40 9 180 mm in size at

780–800 �C.

The obtained cast specimens were subjected to

homogenization annealing at 450 or 510 �C for 10 h

followed by water quenching at room temperature

(* 23 �C). Some specimens after annealing at 510 �C
were further treated by hot rolling at 400 �C with an

80% reduction. The obtained 2 mm sheet samples

were solid solution heat-treated at 510 �C for 1 h

followed by water quenching at room temperature.

Both as-quenched cast and as-quenched wrought

specimens were subjected to 175 �C aging for differ-

ent holding time. The heat treatment was performed

in muffle electric furnaces in an air atmosphere with a

temperature accuracy of * 3 K.

The microstructure was examined using transmis-

sion electron microscopy (TEM, Jeol JEM 1400

microscope) and scanning electron microscopy (SEM,

TESCAN VEGA 3) with an energy-dispersive X-ray

spectroscopy analysis system (EDS, OXFORD Aztec,

Oxford Instruments, Oxfordshire, UK) and Aztec

software. Polished samples were used for the studies.

The metallographic samples were ground with SiC

abrasive paper and polished with 1 lm diamond

suspension. 1% hydrogen fluoride (HF) water solu-

tion was used for etching. Thin foils for TEM were

prepared by two-jet electrolytic polishing on a

STRUERS Tenupol-5 installation at a 21 V voltage. A

solution of nitric acid in methanol in a ratio of 1:4

(vol.) cooled to - 15 �C was used as an electrolyte.

The as-quenched samples were subjected to artifi-

cial aging at 175 �C (448 K) for studying the influence

of aging time on the hardness and specific electrical

conductivity. The Vickers hardness (Hv) was mea-

sured using a DUROLINE MH-6 setup (METKON

Instruments) with a load of 1 kg and a dwell time of

10 s. At least five measurements were performed for

each sample. The specific electrical conductivity (EC)

of the samples was determined using the eddy cur-

rent method with a VE-26NP eddy structurescope.

Room-temperature tensile tests were conducted for

the peak-aged hot-rolled 2 mm sheets on a universal

testing machine, model Zwick Z250 (the velocity of

loading was 10 mm/min). The flat rectangular test

samples without grippers having a length of 110 mm

and a width of 10 mm were made from the 2 mm

hot-rolled sheets. The fracture surfaces of the tensile

test specimens were analyzed after the tests.

Table 1 Target and actual

chemical composition of

experimental alloys

Alloy Target/actual concentration, wt%

Al Cu Mn Fe Sn

Al4Cu1.5Mn Balance 4.0/4.11 1.5/1.35 0/0.04 0/–

Al4Cu1.5Mn0.1Sn Balance 4.0/4.14 1.5/1.40 0/0.09 0.1/0.12
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Theoretical assessment of the phase equilibria in

the Al–Cu–Mn system as well as quantitative analysis

of the phase composition of the specified alloys were

carried out using the Thermo-Calc software (TCAL4

and TTAL5 databases [34]).

Results

Theoretical assessment of phase
composition

Figure 1a shows the vertical isopleth of the ternary

Al4Cu–Mn system at the absolute minimum of the

free energy, i.e., in equilibrium. One can see that,

according to the calculation, at a manganese con-

centration of 1.5 wt%, the model Al4Cu alloy falls

into the boundary of the primary solidification field

of the aluminum solid solution (Al) and the binary

Al6Mn compound, i.e., the solidification of the alloy

should start with the formation of the binary eutectic

(Al) ? Al6Mn phase. Equilibrium solidification con-

tinues with the peritectic reaction L ? Al6-

Mn ? Al20Cu2Mn ? (Al) leading to the formation of

the ternary Al20Cu2Mn compound. The solidification

ends in the binary phase field Al20Cu2Mn ? (Al).

However, it is well known [35] that during solidifi-

cation up to 2 wt% manganese can dissolve in (Al)

since a metastable solidification sequence takes place

under actual conditions. Due to the latter fact, the

equilibrium vertical isopleth was recalculated for

metastable conditions developed upon the addition

of Sn (Fig. 1b). For obtaining a metastable equilib-

rium, the calculation program was set such that all

manganese is dissolved in aluminum and thus no

Mn-containing phases can form. One can see that in

this case the quaternary Al4Cu1.5Mn-Sn system

transforms to the ternary Al-Cu-Sn one like earlier

reported [11]. All Mn is dissolved in the aluminum

solid solution. One can also see that the solubility

limit of tin in (Al) is close to that obtained for the

equilibrium state and is about 0.5 wt% (or * 0.1

at.%) at 500 �C. For the alloys containing up to 0.5

wt% Sn, one can expect the reappearance of the tin-

saturated liquid phase after solidification. The solid-

ification ends at 230 �C which is slightly below the

melting point of Sn. One should note that the

obtained calculated data on the solubility limit of tin

in (Al) are obviously overestimated. Indeed, accord-

ing to our previous study [10], the solubility of Sn in

(Al) in the ternary Al–Si–Cu system is about

0.02 ± 0.01 at.% which is in a good agreement with

earlier data [36], indicating that the solubility limit of

tin in (Al) in the binary Al-Sn system is 0.026 at.% or

0.11 wt%.

After the solidification, the aluminum solid solu-

tion proves to be supersaturated with manganese,

and further high-temperature annealing should lead

to (Al) decomposition with the formation of Mn-

containing dispersoids. Figure 1c, d shows two

isothermal sections of the Al–Cu–Mn system for 450

and 510 �C. The lower temperature is the maximum

one recommended for obtaining relatively fine dis-

persoids of the Mn-containing phases, while the

higher temperature ensures the complete dissolution

of copper in aluminum. Indeed, as can be seen from

Fig. 1c, the Al4Cu1.5Mn alloy (indicated by a circle)

is in the ternary (Al) ? T(Al20Cu2Mn3) ? Al2Cu

phase field at 450 �C. The binary phase field

(Al) ? T(Al20Cu2Mn3) at this temperature is quite

narrow, and the concentration of copper must be

further reduced to 2.5–3.0% in order for the alloy to

fall into this region. At the higher temperature

(510 �C), the complete dissolution of Al2Cu in (Al)

can be expected (this is also well confirmed by the

Al–Cu binary diagram [37]). The binary phase field

(Al) ? T(Al20Cu2Mn3) broadens significantly, and the

alloy falls within it. Although the higher temperature

ensures the complete dissolution of Cu in the alu-

minum matrix, which in turn should lead to a higher

precipitation response, this will also lead to coars-

ening of the dispersoids thus reducing their

influence.

Other calculated data obtained using Thermo-Calc

(Table 2) allow one to quantitatively assess the

chemical composition of the aluminum solid solution

(Al), and the fraction of the Al20Cu2Mn3 and Al2Cu

phases in equilibrium with (Al) depends on the alloys

composition and annealing temperature. Analysis

was performed for two different contents of Mn, i.e.,

0.2 and 1.5 wt% and Cu, i.e., 4 and 6 wt% at 450 and

540 �C. The lower temperature corresponds to the

upper recommended annealing temperature limit for

the formation of relatively fine Al20Cu2Mn phase

dispersoids, while the higher temperature is the one

used for solid solution treatment of the 2219-type

alloys. One can see that the amount of the Al20Cu2-

Mn3 phase is determined by the content of man-

ganese in the alloy and depends but slightly on

temperature. Indeed, for both contents of copper, the
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fraction of the Al20Cu2Mn3 phase varies from 0.6 to

7.2% at 450 �C and from 0.04 to 6.65% at 540 �C with

the Mn content varying from 0.2 to 1.5 wt%. How-

ever, the content of copper in the alloys determines

the content of the residual fraction of the Al2Cu phase

and the composition of the (Al) solid solution. For

example, in the alloy containing 6.0% Cu at 450 �C
the residual fraction of the Al2Cu phase varies from

Figure 1 a Equilibrium vertical isopleth of the Al–4Cu–Mn

system; b metastable vertical isopleth of the Al–4Cu–1.5Mn-Sn

system. The vertical lines correspond to the composition of the

alloys: a Al4Cu1.5Mn and b Al4Cu1.5Mn0.1Sn. The main phase

transformation temperatures for the alloys are indicated by arrows

along the vertical lines and the compositions (wt%) of some points

on the diagram are indicated in brackets. Equilibrium isothermal

sections of the Al–Cu–Mn system at c 450 �C and d 510 �C. The
chemical composition of the Al4Cu1.5Mn alloy is indicated by the

circle.
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7.0 to 5.3% with the Mn content varying from 0.2 to

1.5 wt%, while an increase in temperature to 540 �C
reduces this amount to 1.5 wt% at 0.2 wt% Mn and to

0.7 wt% at 1.5 wt% Mn. An increase in the Mn content

leads to a decrease in the content of the residual

fraction of the Al2Cu phase due to the formation of

the Al20Cu2Mn phase. A decrease in the content of

copper in the alloy to 4% leads to a substantial

decrease in the content of the residual fraction of the

Al2Cu phase. For instance, the residual fraction of the

Al2Cu phase is 3.1% at 450 �C fora Mn content of

0.2% and it decreases to 1.4% for a Mn content of

1.5%. At above 510 �C, copper dissolves completely

in aluminum regardless of the manganese content in

the alloys containing 4% Cu.

The actual composition of the aluminum solid

solution varies significantly depending on the tem-

perature and manganese content. One should note

that the actual composition of (Al) after solid solution

treatment mainly determines the precipitation hard-

ness response at aging. For the 2219-type alloys

(based on Al–6 wt% Cu–0.2 wt% Mn), due to the

excess of copper, the actual composition of (Al) is

determined by the temperature, and an increase in

the manganese content to 1.5% does not affect it

(Table 2). At the solid solution treatment temperature

(540 �C), the concentration of Cu in (Al) reaches

about 5.3% which is close to the solubility limit of

copper in aluminum. A decrease in the copper con-

tent to 4% makes the actual composition of (Al) quite

sensitive to the manganese content. Indeed, as can be

seen from Table 2, the solubility of copper in (Al) at

the lower temperature (450 �C) is same for all the

alloys while an increase in temperature to 510 �C
reveals some differences depending on the Mn con-

tent. At the lowest Mn content of 0.2%, one can see

that almost all copper contained in the alloy (* 4%)

is dissolved in (Al), while at 1.5% Mn, the copper

solubility drops to * 3.2%.

Finally, the composition of (Al) after solid solution

treatment determines the fraction of the strengthen-

ing metastable h0 phase. The expected fraction of the

metastable h0 phase at the aging temperature was also

calculated using the Thermo-Calc program. For

obtaining a metastable equilibrium, the formation of

the metastable h0 phase (which is included in the

thermodynamic TCAL4 database used) instead of the

stable h phase was set in the program. Figure 2 shows

the expected fraction of the stable Al2Cu(h) and

metastable h0 phases at the possible aging tempera-

ture of 175 �C for different compositions of the alu-

minum solid solution. One can see that the fraction of

the metastable phase is always lower at the same

copper content. For the 2219-type alloy after high-

temperature solid solution treatment followed by

aging at 175 �C, the formation of about 9%

metastable h0 phase can be expected. For the model

Al4Cu1.5Mn alloy studied in the work, one can

expect the formation of 3.7 to 5.2% metastable phase

(depending on the actual composition of (Al)) which

is much lower than that for the industrial alloy. In

contrast, the fraction of Al20Cu2Mn phase dispersoids

in the new alloy containing 1.5 wt% Mn is much

higher (see Table 2) compared with the base 2219

alloy composition (Al-6 wt% Cu-0.2 wt% Mn).

Table 2 Calculated composition of aluminum solid solution (Al) and weight fractions of phases in equilibrium with (Al) as a function of

annealing temperature and Al–Cu–Mn alloys composition

Concentration of elements in Al–Cu–Mn

alloys, wt%

Annealing temperature, �C Composition of (Al),

wt%

Fractions of phases in equilibrium with

(Al), wt%

Cu Mn Cu Mn Al20Cu2Mn3 Al2Cu

6 0.2 450 2.4 0.08 0.6 7.0

510 4.1 0.15 0.28 4.0

540 5.3 0.19 0.04 1.5

1.5 450 2.4 0.08 7.2 5.3

510 4.1 0.15 6.9 2.4

540 5.3 0.19 6.65 0.7

4 0.2 450 2.4 0.08 0.6 3.1

510 4.0 0.15 0.24 –

1.5 450 2.4 0.08 7.2 1.4

510 3.2 0.17 6.75 –
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Analysis of microstructure of as-cast
and homogenized alloys

The main structure constituent of both the Al4C-

u1.5Mn and Al4Cu1.5Mn0.1Sn as-cast alloys are

eutectic colonies formed by the copper-containing

phase. The eutectic colonies have a network mor-

phology or a strip shape with a network structure

(Fig. 3a, b). According to EDS analysis, the eutectic

phase observed in both the as-cast alloys is confirmed

to be the h(Al2Cu) phase, mainly consisting of Al and

Cu with an Al/Cu molar ratio of approximately 2:1.

Most Cu is segregated in the eutectic phase, while its

concentration in (Al) is about 1.1 wt%. Most man-

ganese is dissolved in the aluminum matrix. How-

ever, some areas that correspond to the rare

inclusions of the Mn-containing compound are also

revealed (Fig. 3c). At a higher magnification, the

Al4Cu1.5Mn0.1Sn alloy structure explicitly exhibits

Sn inclusions sticking to the h phase (Fig. 3b, c). The

described structure containing a high fraction of

brittle non-equilibrium h(Al2Cu) phase is not appro-

priate for deformation, and therefore the experi-

mental alloys require homogenization annealing

providing for the dissolution of the non-equilibrium

eutectic. Furthermore, the formation of Al20Cu2Mn3

dispersoids should also be expected at high-temper-

ature annealing. The influence of annealing was

examined for both 450 and 510 �C.

Analysis revealed that undissolved eutectic h(Al2-

Cu) phase inclusions with a morphology largely

inherited from the as-cast structure can be still

observed in a high amount in both alloys after

annealing at 450 �C (Fig. 4a and c). Furthermore, one

can observe the intense formation of a high amount of

Mn-containing phase dispersoids in fact covering the

entire body of the grain. It is interesting to note that in

some local places inside the grains of both alloys,

there are regions of discontinuous decomposition

(DD) where the number density of the dispersoids is

much lower and their linear size is much larger (up to

several microns). The formation of such regions can

be accounted for by the local redistribution of Mn

atoms. For instance, the precipitation of dispersoids

at the grain boundaries (marked by arrows in Fig. 4b

and d) leads to a decrease in the concentration of Mn

in the near-boundary region. As a result, one can

observe the formation of coarser dispersoids with a

lower number density in the near-boundary regions.

It seems that this is the case for the structure pre-

sented by way of example in Fig. 4b. Another origin

of this effect can be associated with the natural dis-

tribution of dissolved Mn atoms in (Al) at solidifica-

tion processes. Nonetheless, an increase in the

annealing temperature to 510 �C leads to a much

more complete dissolution of the non-equilibrium

eutectic phase (Fig. 5a and c). Most of the remaining

crystals are insoluble by nature; they consist of Mn

and are formed during alloy solidification. The

structure of the dispersoids becomes obviously

coarser (Fig. 5b) which is especially well detectable in

the above-mentioned discontinuous decomposition

regions. However, for the Sn-containing alloy the

structure of the dispersoids especially in the DD

regions (Fig. 5d) seems to be finer than that for the

Sn-free alloy.

Structure at deformation and solid solution
treatment

At the deformation treatment, the experimental

alloys demonstrated high processability expressed as

the absence of surface defects and typical edge

cracks. The structure of the as-deformed alloys does

not differ much. One should note that hot deforma-

tion of the model alloys significantly improved the

morphology of dispersoids that were found to be

plate (average length up to 500 nm) and uniformly

distributed (Fig. 6a, b). Some of the dispersoids can

Figure 2 Calculated weight fraction of stable h (Al2Cu) and

metastable h0 phases at 175 �C depending on (Al) composition.
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be detected at the grain and sub-grain boundaries

confirming their pinning ability (Fig. 6c), and the

experimental diffraction patterns are good evidence

that the dispersoids belong to the Al20Cu2Mn3phase

[38]. In addition, one can also observe the formation

of intensely deformed zones with a high number

density of dislocations around dispersoids within the

grains (Fig. 6d). It is well known [39] that the local-

ization of deformation in such a manner is beneficial

for more intense strain hardening.

The structure of the as-quenched alloys does not

differ either (Fig. 7a, b). The grain and sub-grain

boundaries are not observed anymore, suggesting

intense grain growth because of far-reaching recrys-

tallization processes. Inside the grains, one can

observe two types of the local distribution of the

Al20Cu2Mn3 phase dispersoids. Regions where dis-

persoids are much finer and their number density is

much higher alternate with regions containing much

coarser dispersoids with a low number density.

However, the regions of the second type are far less;

they are inherited from the as-cast structure. In

addition, even after solid solution treatment at the

higher temperature, one can observe high dislocation

density locally retained in the vicinity of the Al20-

Cu2Mn3 phase dispersoids (Fig. 7b). The influence of

the structure forming as a result of the deformation

and solid solution treatment on the precipitation

hardening response was further studied for aging.

Figure 3 As-cast structures of a Al4Cu1.5Mn and b Al4Cu1.5Mn0.1Sn alloys and c elemental mapping obtained from the selected area

(leftmost figure) for the Al4Cu1.5Mn0.1Sn alloy. SEM.
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Hardness and specific electrical conductivity
at aging

Two temperatures of solid solution treatment, i.e.,

450 and 510 �C, were considered for the castings.

Data on the change in the hardness and specific

electrical conductivity (EC) during aging at 175 �C for

the castings preliminary heat-treated at 450 �C are

presented in Fig. 8. One can observe that annealing

followed by quenching leads to some increase in the

hardness of the alloys as compared to the as-cast state

(* 66 HV vs. * 77 HV, roughly the same for both

alloys) while the EC increases substantially (14 vs. 25

MS/m). This result is a consequence of the

Figure 4 Microstructure of a, b Al4Cu1.5Mn and c, d Al4Cu1.5Mn0.1Sn alloys after annealing at 450 �C for 10 h. Designation GB

denotes grain boundaries.
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decomposition of the aluminum solid solution (Al)

with the formation of the Al20Cu2Mn3 phase disper-

soids in both alloys. Thus, while the influence of high

fraction of this type of dispersoids on the hardness is

noticeable (the effect on hardness of dissolved copper

should also be taken into account), the influence of

the dissolved manganese atoms on the EC is enor-

mous and one of the strongest among other additives

in aluminum alloys [40, 41]. Further aging at 175 �C
has a very small effect on the hardness of the base Sn-

free alloy over the entire experimental exposure time,

but after 6 h of aging a moderate increase in the

Figure 5 Microstructure of a, b Al4Cu1.5Mn and c, d Al4Cu1.5Mn0.1Sn alloys after annealing at 510 �C for 10 h. Designation GB

denotes grain boundaries.
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hardness can be observed for the Sn-containing alloy.

Indeed, during aging one can observe a moderate

increase in the hardness by * 13%, reaching * 85

HV in 15 h. The relatively weak precipitation hard-

ening response observed can be accounted for by

insufficient saturation of the aluminum matrix with

copper due to an insufficiently high solid solution

treatment temperature. One should also note that the

EC of the Sn-containing alloy is somewhat higher

than that of the Sn-free alloy which is a direct result

of the greater decomposition degree of (Al) in the

former alloy.

An increase in the solid solution (SS) treatment

temperature to 510 �C substantially increases the

precipitation hardening response of the Sn-contain-

ing alloy in both the cast and wrought states (Fig. 9a).

On the contrary, quenching followed by 175 �C aging

of the cast Sn-free alloy affects its hardness but

slightly. After deformation and SS heat treatment, the

hardness of both the Sn-free and Sn-containing alloys

in the as-quenched state turns lower than that for the

castings. The data obtained can be accounted for by

the minor decomposition of (Al) at SS treatment and

quenching. The latter assumption can be confirmed

by the slightly higher EC of the deformed alloys in

the as-quenched state compared to that for the

quenched castings (Fig. 9b). Aging of the castings of

the Sn-containing alloy leads to an accelerated

Figure 6 TEM structure of hot-rolled sheet Al4Cu1.5Mn0.1Sn

alloy with a 80% reduction. a, b general view; c, d higher-

magnification images revealing sub-grains boundaries, location of

Al20Cu2Mn3dispersoids and local dislocation structure and c also

represents selected area diffraction patterns (SADP) taken along

[100] Al zone axis.
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increase in hardness which rapidly reaches the peak

value of about 110–115 HV in 6–8 h and then remains

almost unchanged over the rest of the experimental

aging time. Thus, the hardness of the Sn-containing

alloy proves to be some 43% higher than that of the

Sn-free alloy. The EC of the Sn-containing alloy is also

noticeably higher due to a deeper and more complete

decomposition of (Al) [10, 18].

Hot rolling somewhat increases the hardness of the

alloys compared to the as-cast state (Fig. 9a) and

makes it close to the hardness of as-quenched cast-

ings. However, as noted above, further SS treatment

leads to a drop in the hardness of both deformed

alloys to a value below that for the as-quenched

casings. Further aging of the deformed Sn-containing

alloy leads to an even more accelerated increase in

the hardness compared to that for the castings. The

slightly higher peak hardness (120 HV) is achieved in

3 h aging and then remains almost unchanged. One

should note that earlier [11] we showed for the

ternary Al3.5Cu0.1Sn alloy, which is characterized by

the absence of manganese and slightly higher possi-

ble solubility of copper in aluminum (* 3.2 vs. 3.5%

Cu) compared to the new model Al4Cu1.5Mn0.1Sn

alloy, that the hardness after similar aging is roughly

the same (the peak hardness is 125 HV) for both the

Figure 7 TEM structure of the Al4Cu1.5Mn0.1Sn alloy a, b after hot rolling at 400 �C followed by annealing at 510 �C for 1 h and water

quenching at room temperature (* 23 �C) and SADP taken along [100]Al zone axis.

Figure 8 Dependence of a hardness and b electrical conductivity on time during aging at 175 �C of the castings annealed at 450 �C (Q-

as-quenched condition).
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cast and wrought samples. The EC (Fig. 9b) of the

alloy in this state is higher compared with the rest

states which is evidence of a superior degree of (Al)

decomposition and accompanying formation of the

precipitates.

Tensile tests

The mechanical properties of the considered Al4C-

u1.5Mn and Al4Cu1.5Mn0.1Sn alloys in comparison

with available data [3] for the industrial 2219-type

alloy were also studied at uniaxial tensile tests. The

mechanical properties were analyzed for the peak-

aged hot-rolled sheet alloys. Typical pattern of the

initially obtained engineering stress–strain curves for

the alloys is presented in Fig. 10. The extracted data

on the UTS, YS and relative elongation are presented

as a histogram in Fig. 11 in comparison with the lit-

erary data for the industrial 2219-type alloy. The data

obtained revealed that while the UTS of the Sn-con-

taining alloy is higher than that of the Sn-free alloy by

about 27% (402 MPa vs. 317 MPa), the difference in

the yield strength YS is enormous: 323 MPa versus

122 MPa, i.e., by more than 2.5 times.

One should note that although the elongation of

the Sn-containing alloy is smaller as compared to that

of the Sn-free alloy (17.2% vs. 9.7%), it is still high

enough for a ductile material. The observed decrease

in elongation is associated with the natural decrease

in ductility with an increase in strength and should

not be considered as a negative effect of Sn trace

addition. Indeed, comparative analysis of the fracture

surfaces of the alloys did not reveal any fundamental

differences between them (Fig. 12). The fracture pat-

terns for the alloys are ductile and fine dimpled, with

the size of the dimples being about 2–4 lm. No traces

of intergranular fracture or formation of oxide films

due to local melting of tin are observed.

Discussion

TEM images of the peak-aged hot-rolled sheet alloys

(Fig. 13) firmly substantiate the difference in hard-

ness (Fig. 9a) and strength (Figs. 10 and 11) observed

Figure 9 Dependence of a hardness and b electrical conductivity

on aging time (at 175 �C) including NT [non-treated (as-cast or as-

wrought)] and Q (as-quenched) conditions [the specimens were

solid solution treated at 510 �C for 1 h followed by water

quenched at room temperature (* 23 �C)], designation HR

denotes specimens subjected to hot rolling before heat treatment.

Figure 10 Characteristic tensile stress–strain diagrams of the

peak-aged 2-mm hot-rolled sheets for the Al4Cu1.5Mnand

Al4Cu1.5Mn0.1Sn alloys. The samples were aged at 175 �C for

3 h for the Al4Cu1.5Mn0.1Sn alloy and 10 h for the Sn-free alloy.

8222 J Mater Sci (2023) 58:8210–8229



between the Al4Cu1.5Mn and Al4Cu1.5Mn0.1Sn

alloys. For the Sn-free alloy (Fig. 13a and c), in the

space between the relatively coarse Al20Cu2Mn3 dis-

persoids, one can observe the formation of rare plate-

like precipitates with an average length of 70–80 nm

and a thickness of 7–9 nm. The data obtained confirm

the low tendency of the base alloy to precipitation

hardening. It is interesting to note while the Sn-free

binary Al3.5Cu alloy shows but slight tendency to

precipitation strengthening at aging (the hardness

increases to * 105 HV) [11], the Sn-free ternary

Al4Cu1.5Mn alloy shows no tendency to precipita-

tion hardening at all. In our opinion, the latter fact

may be associated with the influence of the extended

(Al)/Al20Cu2Mn3 interface which acts as an effective

sink for vacancies. The influence of the extended

interface for the Sn-containing alloy is negligible

since the excess energy of interaction between

vacancies and solute Sn trace atoms prevents the

annihilation of excess vacancies during alloy

quenching.

However, addition of 0.1 wt% Sn dramatically

changes the precipitation structure (Fig. 13b and d).

One can observe the formation of precipitates with an

increased number density. According to the obtained

diffraction patterns, the observed precipitates belong

to the h0 phase (Fig. 13d). The linear size of the

observed precipitates is at least 1.5 times less than

that for the base ternary alloy. One should note that

the observed structure of the Al4Cu1.5Mn0.1Sn alloy

after a full cycle of thermomechanical treatment

including deformation followed by solid solution

treatment and aging can be characterized as the so-

called hierarchical structure [42, 43]. This structure

consists of two different precipitate types having

about equal weight fractions but differing by dozens

of times in the average characteristic size. Indeed,

due to the much higher fraction of manganese

(compared to the industrials alloys), one can observe

the formation of a greater quantity of Al20Cu2Mn3

phase dispersoids (* 6.75 wt% at 510 �C according to

thermodynamic calculation (Table 2)) which is about

equal to that of the main strengthening h0-phase (see

Fig. 2 for the (Al) composition at 3–4 wt% Cu).

Figure 11 Mechanical properties of the peak-aged hot-rolled

sheets of experimental alloy in comparison with 2219 (T6)

(* 80% reduction rate). The samples were aged at 175 �C for 3 h

for the Al4Cu1.5Mn0.1Sn alloy and 10 h for the Sn-free alloy.

Figure 12 Fracture surfaces of the peak-aged 2 mm hot-rolled sheets after tensile test: a Al4Cu1.5Mn; b Al4Cu1.5Mn0.1Sn. SEM. The

samples were aged at 175 �C for 3 h for the Al4Cu1.5Mn0.1Sn alloy and 10 h for the Sn-free alloy.
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Whereas the fine h0-phase precipitates with an aver-

age characteristic size of tens of nanometers (Fig. 13b

and d) are effective in strengthening (Fig. 9a) at

temperatures up to 200–250 �C [44, 45], coarser Al20-

Cu2Mn3 phase dispersoids with an average charac-

teristic size of hundreds of nanometers (Figs. 6, 7, 13)

may be effective in strengthening at higher temper-

atures, up to 350–400 �C [3].

The obtained difference in the YS (Fig. 10, 11) is a

direct consequence of the difference in the precipi-

tation structure of the alloys (Fig. 13). Indeed, as one

can see from Fig. 9b, the EC of both cast and wrought

Sn-free alloys remains virtually unchanged at aging.

The latter fact suggests a very slight tendency (it

practically absents) to decomposition of the alu-

minum solid solution. On the contrary, at aging of the

Sn-containing alloy, the EC increases markedly

(Fig. 9b) as a consequence of the decomposition of

the solid solution. The latter is accompanied by an

increase in the number density (Fig. 13b and d) of

fine precipitates determining the resultant strength

properties. Thus, tin trace addition significantly

improves the mechanical properties by modifying the

structure of the precipitates and triggering a more

complete decomposition of the aluminum solid

solution [10, 18]. Both processes lead to a substantial

increase in the number density of the precipitates.

Figure 13 TEM images of the peak-agedAl4Cu1.5Mn (a, c) and

Al4Cu1.5Mn0.1Sn b, d hot-rolled sheet alloys. The samples were

aged at 175 �C for 3 h for the Al4Cu1.5Mn0.1Sn alloy and 10 h

for the Sn-free alloy. d also represents SADP taken along [101]h0

zone axis (bottom left figure) and a dark field image (top right

figure).
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It should be also noted that the UTS of the Sn-

containing alloy is but slightly lower than that of the

industrial 2219 alloy, while the YS is even somewhat

higher at a comparable elongation. As it follows from

thermodynamically calculated data (Fig. 2), the frac-

tion of the strengthening h0-phase in the 2219 alloy

should be about 2.5 times that in the new

Al4Cu1.5Mn0.1Sn alloy (3.7 vs. 9.0 wt%). In view of

this difference, the about equal strength properties of

these two alloys are marvelous and determined by

the fact that tin trace addition significantly modifies

the precipitation structure. Indeed, the average

length of precipitates in 2219 alloy can be accepted

100 nm [46] which is about twice as high as that of

the new Sn-containing alloy (Fig. 13d). Thus,

although the fraction of the h0-phase in the new Sn-

containing alloy should be about 2.5 times less than

in 2219, its much finer structure compensates this

difference. In addition, it should be mentioned that

unlike the new model alloy the 2219 alloy also con-

tains a micro-addition of zirconium which also

influences the precipitation structure [47, 48]. The

effect of this addition on the structure and properties

of the new Sn-containing alloy should be further

studied in detail. Lower elongation of the Sn-con-

taining alloy compared to that of 2219, given the

roughly equal strength properties, can be accounted

for by the presence of a much greater fraction of

Al20Cu2Mn3 phase dispersoids (Table 2). However,

the latter fact can rather be considered as an advan-

tage of the new alloy since an improvement of the

strength properties at elevated temperatures can be

expected for a greater fraction of dispersoids.

Another advantage of the new alloy as compared

with the industrial 2219 one is a much lower con-

centration of copper required to achieve the same

strength properties. It should be obvious that much

higher strength properties can be expected for the

new Sn-containing alloy if its maximum cop-

per concentration is comparable to that in the

industrial one.

Also of interest is the effect of dynamic strain aging

(DSA) observed in the form of serrated flow (rises in

the flow stress followed by a drop to or even below

the general stress level) in the tensile stress vs strain

diagram of the base Al4Cu1.5Mn alloy (Fig. 10).

These differences and such an unstable plastic

deformation for different aluminum Al–Mg [49–54],

Al–Zn–Mg [55], Al–Cu [56–58] alloy systems have

attracted attention of researchers. The basic DSA

theory states that the appearance of serrated flow is

ascribed to the competitive mechanism between

pinning and unpinning effects because of the inter-

action between solute atoms and mobile dislocations

[49, 54, 58]. During DSA the diffusion of solute atoms

to mobile dislocations causes pinning, ones pile up at

these obstacles and form super-dislocations [58].

Indeed, as discussed above and shown earlier

[10, 18], even upon aging the aluminum solid solu-

tion of the Sn-free alloy should still be largely satu-

rated with dissolved copper atoms. Due to the

interaction between the latter ones and dislocations,

one can expect the above-mentioned pinning effect.

When the density of super-dislocations provides

sufficient stress fields, the avalanche motion of dis-

locations is beginning [58]. Once they are released, a

rapid stress-drop takes place until the dislocations

are blocked again [57]. Thus, this mechanism

explains adequately well the appearance of serrations

during the tensile tests of the base Al4Cu1.5Mn alu-

minum alloys. However, the above-mentioned effect

is missing in the Sn-containing alloy (Fig. 10). One of

the origins is the formation of a much sparingly

alloyed aluminum solid solution at aging, and

another one is the presence of fine h0-phase precipi-

tates with a high number density leading to a mul-

tiple increase in the flow stress which becomes much

higher than the stress caused by the interaction

between dissolved atoms and dislocations.

By and large, based on the obtained data one

should note that Sn trace addition in the Al–Cu–Mn-

based wrought alloys is quite effective for achieving

either a higher strength compared to that of the Sn-

free alloy or the same strength at a far lower copper

content. Moreover, the data proved that Sn trace

addition does not lead to sacrifice in ductility and

allows one to increase the fraction of

Al20Cu2Mn3phasedispersoids.

Conclusions

The effect of 0.1% Sn addition on the microstructure,

phase composition and mechanical properties of the

Al4Cu1.5Mn alloy (designed for Al2Cu precipitates

and Al20Cu2Mn3 phase dispersoids) in the wrought

state and after strengthening heat treatment was

studied using computational and experimental

methods. The main conclusions of the study are as

follows.
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(1) Addition of 1.5 wt% Mn to the Al-4 wt% Cu

alloy and high-temperature annealing (at

450–510 �C) of the ingots leads to intense

formation of a large amount of Al20Cu2Mn3

phase dispersoids the weight fraction of which

(it should be * 7 wt% according to theoretical

thermodynamic assessment) is about equal to

the expected weight fraction of the main

strengthening h0-phase formed at aging.

(2) Analysis of the microhardness and specific

electrical conductivity of both cast and hot-

rolled Al4Cu1.5Mn-based model alloys reveals

that Sn trace addition (with a concentration of

0.1 wt%) leads to a strong increase in the

precipitation hardening response compared to

the Sn-free alloy. The peak hardness achieved

after 175 �C aging of the wrought model

Al4Cu1.5Mn0.1Sn alloy is * 120 HV which is

about 43% higher than that of the Sn-free

Al4Cu1.5Mn alloy.

(3) TEM images of the peak-aged hot-rolled

sheet alloys firmly substantiate the observed

difference in the hardness between the model

alloys. Rare plate-like precipitates with an

average length of 70–80 nm form in the Sn-free

alloy. However, addition of 0.1 wt% Sn dra-

matically changed the precipitation structure.

Much finer precipitates are observed (with an

average length of 55–60 nm) having an incom-

parably higher number density.

(4) The mechanical properties analyzed at tensile

tests of the peak-aged hot-rolled sheet Al4C-

u1.5Mn and Al4Cu1.5Mn0.1Sn alloys reveled

that tin trace addition allows one to increase the

UTS of the alloy by about 27% (402 MPa vs.

317 MPa), while the difference in the yield

strength YS is enormous: 323 MPa versus

122 MPa, i.e., by more than 2.5 times. At the

same time, the Al4Cu1.5Mn0.1Sn alloy still has

a high ductility (* 10%). The obtained differ-

ence in the strength properties is a direct

consequence of the difference in the precipita-

tion structure of the alloys.

(5) The obtained mechanical properties of the

model Al4Cu1.5Mn0.1Sn alloy are very close

to those of the industrial 2219-type alloy con-

taining one and a half times more copper.

However, the new alloy contains a superior

fraction of Al20Cu2Mn3 phase dispersoids the

influence of which on the mechanical properties

should be further studied in detail.
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