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A study of intermetallic phase stability
in Al-Si-Mg casting alloy: the role of Cu
additions
E. Cerri, M.T. Di Giovanni, E. Ghio

The influence of Cu content (0, 0.5 and 1 wt%) on the nature of intermetallic phases was carefully investigated in a
AlSiMg casting alloy. Four different Cu-bearing phases, with a Cu content ranging from 5% to 30%, were identified
by Energy Dispersive Spectroscopy. The Al-Mg-Si-Cu quaternary phase was found coupled to Si particles and the
Ө-Al 2Cu to brittle β-Al5SiFe phase. Copper modified the stability and the dissolution kinetics of iron-bearing intermetallics (π-Al8FeMg3Si 6 and β-Al5SiFe) during solution treatments at 773 and 803 K (500 and 530 °C). In 0% Cu and 0.5%
Cu samples, (β+ π) area fraction decreases with time, while it remains almost constant and comparable at the end of two
solution treatments in 1% Cu samples. Moreover, the Q-Al 5Cu2Mg8Si6 and Mg 2Si intermetallic area fraction increased
with copper (in 0.5 and 1% Cu samples) especially at the highest temperature of investigation (803 K - 530°C) and slightly decreased with time.

KEYWORDS: INTERMETALLIC PHASE; METALLOGRAPHIC TECHNIQUE; MECHANICAL PROPERTIES;
HEAT TREATMENT.
INTRODUCTION
The high strength to weight ratio, the high thermal conductivity and the excellent castability make the Al–Si hypoeutectic alloys perfect candidates for the automotive industry.
Nevertheless, in order to address the demanding requirements of the engine components, the alloy strengthening
can be achieved by performing solution heat treatment and
subsequent age hardening. Alloying elements like Copper
(Cu) and Magnesium (Mg) are often added to this class of
alloys for these purposes. While a fraction of these elements, due to their appreciable solubility, strengthens the Al-α
matrix through solid solution strengthening, the remaining
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forms the Cu/Mg eutectic bearing phases (Ө-Al2Cu, Q-Al5

Cu2Mg8Si6 and π-Al8FeMg3Si6) [1,2]. These phases appear at

the last stages of solidification and hence, they can be reduced or partially dissolved by an appropriate solution heat
treatment. Afterwards, atom elements may be engaged for
the precipitation to induce finely distributed metastable
phases that strengthen the alloys [3,4]. Solution treatment
effectiveness depend on the nature of the diffusing atoms,
on SDAS spacings, on the temperature and on time expoLa Metallurgia Italiana - July-August 2020
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sure [5]. The intermetallic particles formed during solidifi-

(DSC) to investigate the evolution of the Cu and Mg bearing

cation show different tendency to dissolve; while ε-Mg2Si

phases in hypereutectic Al-Si-Cu-Mg casting alloys.

and Ө-Al2Cu phases are generally easy to dissolve, the

To the knowledge of the authors, there exist only few pa-

Q-Al5Cu2Mg8Si6 is usually reported to be rather stable du-

pers on the influence of the solution heat treatment on

ring solution treatment. Further, Fe-rich phases such as the

the Mg/Cu bearing compounds in an A356 alloy with and

α-Al15(Fe, Mn)3Si2 phase or the typical needle like β-Al5FeSi,

without Cu addition. Therefore, a comprehensive investi-

undergo gradual dissolution only after long term solution

gation based on microhardness tests, quantitative metallo-

treatment at high temperature [6]. The π-Al6Mg3FeSi6, de-

graphy and electric conductivity measurements has been

pending on the Mg fraction, may evolve to form the β-Al5F-

performed to explore the evolution of the main interme-

eSi phase. In particular the transformation is faster with low

tallic phases over different solution treatment temperature

Mg content, while for 0.6-0.7 wt% Mg, the process may be

and holding times.

inverted, leading to the formation of π-Al6Mg3FeSi6 from the
β-Al5FeSi [7-9].

MATERIALS AND METHODS

It has also been found that those intermetallics may be in-

A Sr-modified A356 alloy was used as base material for in-

soluble/ partially soluble depending on the Mg/Cu fraction

vestigations. The alloy was melted in a boron-nitride coated

[10]. An interesting study proposed by Zheng et al. [11] re-

clay-graphite crucible at 1023 K (750 °C) and grain refined by

ported that the high Cu/Mg ratio promotes the formation of

means of Al-5Ti-1B master alloy additions. Cu was added

Ө-phase and Q-phase. In the case of low Cu/Mg ratio pro-

to the melt in form of pure copper grains according to the

motes the formation of Mg2Si, while under the same Cu/Mg

targeted nominal concentrations of 0.5 and 1 wt% to obtain

ratio the high content of Cu and Mg simultaneously induces

two Cu modified alloys. Molten metal was successively

the formation of Ө-phase and Q-phase. In case these inter-

stirred and allowed to settle for 30 min to ensure complete

metallic phases do not dissolve during solution treatment,

dissolution of the grain refiner. Alloys were then degassed

the strengthening effect of the Cu and Mg elements will be

with argon gas for 5 min just prior to be poured in a cop-

less efficient and the ductility of the alloys will suffer too

per mold of 60x100x40 mm. The temperature of the die was

[12]. In this concern, to reduce the un-dissolved Cu-Mg

kept at 323 K (50 °C) during the casting trials. Samples from

intermetallic compounds, Javidani et al. proposed an opti-

the three different melts (0%Cu, 0.5%Cu and 1%Cu) have

mized Cu-Mg content ratio [13]. Another interesting contri-

been obtained and analysed by optical emission spectro-

bute was proposed by L. Lasa [14]. The study combined me-

scopy (OES). Their chemical compositions and alloy codes

tallographic analysis with differential scanning calorimetry

are given in Tab. 1.

Tab.1 - Chemical composition (wt%) of A356 reference alloy and Cu-containing alloys as measured by OES together
with their classification [13].
Alloy

Si

Mg

Fe

Cu

Ti

B

Sr

Al

Code

A356 (Reference)

6.62

0.22

0.09

0.01

0.10

4.6 ppm

14 ppm

Bal.

Cu0

A356 + 0.5wt%Cu

6.59

0.26

0.08

0.45

0.10

5.6 ppm

80.8 ppm

Bal.

Cu0.5

A356 + 1wt%Cu

6.91

0.26

0.09

0.98

0.09

5.6 ppm

74.5 ppm

Bal.

Cu1

The alloys were solution treated in an air circulating

ple with a load of 500 g for a dwell time of 15 s. Microhar-

electrical furnace at temperatures of (773±5)K (S500°C)

dness indentations were also performed on the polished

and (803±5)K (S530°C) for times ranging from 1 h up to 12

α-aluminium matrix with a load of 5g to estimate any solid

h and then quenched in water at 293K.

solution strengthening during solution treatment. Each

Vickers microhardness (HV) was measured on each sam-

plotted value represents the average of 10 measurements

La Metallurgia Italiana - luglio-agosto 2020

pagina 38

Scientific papers - Light metals
(± the standard deviation). Electrical conductivity measu-

of the particles (Af %) has been selected as key parame-

rements, based on Eddy current, were also performed on

ters. Uncertainty (error) has been estimated by encompas-

treated samples by using a Foerster Sigmatest operating

sing two main contributions: one related to the operator

at 60 kHz, to integrate data obtained by microindentation

and one to the instrument (constant value). To do that, an

results.

image generator software created a reference image con-

For microstructure investigations, samples were mecha-

taining 20 different objects of known dimension and then,

nically grinded by SiC papers and polished with colloidal

the reference image was artificially blurred in order to re-

silica suspension. With the aim of enhancing the contrast

produce the worst possible real case. Afterwards, blurred

between the Mg bearing phase (π) and the Cu intermetalli-

image objects were measured 10 times using the settled

cs (Q), samples were etched by a fresh prepared solution

procedure and the resulting standard deviation was re-

of 3 ml HNO3 in 100 ml H2O [13]. Optical microscopy (OM)

ferred as uncertainty. Phases distinguished by chemical

was performed with a LEICA DMi8 inverted light microsco-

etching with OM were checked and identified through

pe equipped with LAS image analysis software for quanti-

energy dispersive X-ray spectroscopy (EDS) in a FEG-SEM

tative metallography. According to the ISO 13322-1:2014

microscope.

British Standard [16], a measurement field was systematically defined over each sample. It included 20 measure-

RESULTS AND DISCUSSION

ment frames, each of ~ 10643.5 µm2 (at a magnification of

As-cast Microstructure

1000X). The total investigated area was ~ 212896.6 µm2.

The typical microstructure features of the investigated al-

Details of the procedure are reported in [17]. Area Fraction

loys in the as-cast state are presented in Fig. 1.

Fig.1 - Micrograph of the as-cast sample with a) 0 and b) 1 wt % Cu. Q-Al5Cu2Mg8Si6 phases are found in black colour, Ө-Al2Cu
phase appears as the brightest phase; β-Al5FeSi and π-Al8FeMg3Si6 intermetallics are in light grey. The ‘ε’ phase is Mg2Si.

Fig. 1a shows the micrographs of the Cu0 sample and

ted phases", Ө-Al2Cu phase appears as the brightest phase

Fig. 1b refers to the Cu1 as-cast one. The etchant deve-

and β-Al5FeSi intermetallic is recognizable by its characte-

loped by [13] was applied in order to discriminate the two

ristic lamellar morphology. The ‘ε’ phase in the following

Mg-containing intermetallic compounds, Q-Al5Cu2Mg8Si6

pictures has to be considered as Mg2Si. Further insights

and π-Al8FeMg3Si6, which usually appear of similar color

about the phases are discussed by the authors in ref. [15].

(light gray) and morphology. As shown in Fig. 1, Q-phases are found in black color after etching according to sub

Evolution of Hardness

sections "Microstructure study by optical and scanning

Fig. 2 shows the Vickers hardness evolution of the three

electron microscopy" and " Area fraction of the investiga-

alloys as function of time for different heat treatment
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conditions. Fig. 2a and 2b illustrate the results of the so-

ples heat treated at high temperatures followed by natural

lution heat treatments at 773 K (S500°C) and 803 K (S530°

aging for one year at room temperature (S500°C+NA and

C) respectively; Fig. 2c and 2d report the results for sam-

S530°C+NA respectively).

Fig.2 - Micro-hardness (HV) evolution with time during different heat treatments for alloys with different Cu content. a)
Solution heat treated at 500°C (S500°C); b) solution heat treated at 530°C (S530°C); c) sol. heat treated at 500°C + naturally aged for 1 year (S500°C+NA); d) sol. heat treated at 530°C + naturally aged for 1 year (S530°C+NA).
It can be seen that the chemical composition has a strong

α-matrix precipitates and, ii) Si particles and intermetallic

influence on the hardness values. The increase in Cu con-

compounds. As consequence of the slow and long time

tent results, as many researchers stated [18-20], in an ove-

aging at room temperature, hardness curves in Figs. 2c

rall hardness enhancement, as more atoms go into the

and 2d offer greater stability as compared to those in Figs.

solid solution. HV curves (Figs. 2a and b) reflect the coexi-

2a and 2b referred to the solution treated samples. The

stence of two counteracting phenomena: on one side the-

shift observed between the Cu0, Cu0.5 and Cu1 alloys is

re is the spheroidization and the coarsening of the Si-par-

mainly imputable to the density increase of the metastable

ticles responsible for the initial decay in hardness (see

Mg2Si phase (designed as ’ε’ in this paper), to precipitation

Silicon particles in Figs. 4 and 5) and, on the other side,

of Q’ and Ө’’ and to Cu remaining in solid solution [21]. The

there is the solid solution strengthening promoted at high

effect of precipitation strengthening is more efficient for

temperature, more pronounced in S530°C samples. After

the S530°C+NA samples and increases with Cu content as

exposure at room temperature for twelve months (Figs.

shown in Fig. 3, where the ∆HV is the incremental diffe-

2c and 2d), the aging response is comprehensive of all the

rence between hardness average values after natural aging

mechanisms responsible for strengthening, in particular: i)

and just solution treated at 500° and 530°C.
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Fig.3 - Incremental difference (∆HV) between average HV values after one year natural aging and in the as solution treated state at 500°C and 530°C, as function of Cu content in the alloys.

Despite what mentioned above, a relevant hardness contri-

state and 0h, 4h, 8h and 12h S530°C+NA condition.

compounds evolution and/or modification and/or dissolu-

Microstructure study by optical and scanning electron mi-

of these phases and hence correlate the mechanical respon-

Aiming to validate the efficiency of the proposed etching,

bution might be attributed to eutectic Si and intermetallic

tion. In particular, in order to assess the solubility/stability
se, four representative points have been selected for image

analysis investigations in the three Cu content alloys over the

two heat treatment conditions: 0h, 4h, 5h, 12h in S500°C+NA

croscopy

and hence to perform image analysis by means of optical micrographs, a comparison between the as-cast and the heat
treated case have been offered in Figs. 4 and 5, respectively.

Fig.4 - BSE images of the Cu1 as-cast sample a) before and b) after chemical etching. c), d) and e) High magnification
BSE images of the detected phases; f) Q-phase EDS spectrum.
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Fig.5 - BSE images of the Cu1 sample, solution heat treated at 500°C for 4 h, a) before and b) after chemical etching. c),
d) and e) High magnification BSE images of the detected phases; f) EDS spectrum #4.
The micrographs of the as-cast Cu1 alloy before and after

red electron (BSE) images and EDS spectra (Fig. 4c, d, e and

representative intermetallic compounds were marked by

by semi-quantitative EDS analysis are labelled in Table 2.

etching are shown in Figs. 4a and 4b, respectively. Three
squares and further investigated with the help of backscatte-

4f respectively). Their chemical compositions as measured

Tab.2 - Chemical composition of the intermetallic phases shown in Fig. 4. measured by semi-quantitative EDS analysis.
Spectrum

Phases

Al (%)

Mg (%)

Si (%)

Fe (%)

Cu (%)

Tot. (%)

Panel c

1

Ө

66.17

0.53

1.64

29.89

100.00

Panel c

2

β

81.7

0.23

10.27

0.52

100.00

Panel d

3

π

68.08

9.05

19.82

-

100.00

Panel e

4

Q

59.81

17.68

17.3

5.15

100.00

Q and Ө phases are found in Fig. 4c to be coupled with small
and isolated β-plates, as also observed by [22]. With refe-

rence to Fig. 4a and 4b, EDS measurements (Table 2 and
Fig. 4) confirm the selective nature of the applied etching:
the Q-phases are preferentially etched compared to others.
In Fig. 4d, the π- phase is found together with the β-phase.
La Metallurgia Italiana - luglio-agosto 2020

The spectrum in Fig. 4d related to the π-phase shows as the

concurrent content of Mg, Si and Fe prevents the reactivity of
this compound to the proposed etching (Figs. 5a and b), allowing us to discriminate the two Mg-rich phases under OM.
Finally, Figs. 4e and 4f show a BSE image of a Q-phase and its

spectrum respectively, firstly displayed in Fig. 4a and Fig. 4b
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and marked with panel “e”. After chemical etching by HNO3,

773 K (S500°C) for 4h. With reference to the Figs. 5a and 5b,

observed in the work proposed by Javidani [4]. In addition,

sceptibly to the etching, contrary to the β-phase indicated

the Q-phase changes to black colour; the same scenario was

the phases indicated with “d” and “e” panels reveal their su-

the author reported an excellent agreement between the re-

with “c” panel and further investigated in Fig. 5c. Focusing

sults of OM and X-ray elemental mapping (EPMA) to distin-

now on the compositions of the detected phases (Figs. 5c,

guish the phases.

d, e) labelled in Table 3, it is possible to observe a new phase

In analogy to the as cast case (Fig. 4), Fig. 5 shows BSE mi-

(as compared to the as-cast case), listed as Al-Si-Cu-Fe and

crographs of the sample with 1 wt% Cu solution treated at

previously reported by [22].

Tab.3 - Composition of the Intermetallic phases reported in Fig. 5. as measured by semi-quantitative EDS.
Spectrum

Phases

Al (%)

Mg (%)

Si (%)

Fe (%)

Cu (%)

Tot. (%)

Panel c

1

β

85.55

0.30

4.58

8.63

0.94

100.00

Panel d

2

Al-Si-Cu-Fe

76.58

0.16

8.17

12.34

2.75

100.00

Panel d

3

Al-Si-Cu-Fe

79.79

0.23

7.59

9.88

2.51

100.00

Panel e

4

Al-Si-Cu-Fe

80.8

0.26

7.43

9.28

2.23

100.00

Performing image analysis over different samples in the as-

(Q+ε-Mg2Si) and Fe-bearing (π+β) intermetallics are provided

cast and heat-treated conditions, black phases were accoun-

in Fig. 6 with respect of the Cu content (alloys: Cu0, Cu0.5

parently, during the solution treatment this Mg- and Cu-rich

or S530°C).

ted as Q-phase and/or eventually Mg2Si phase. Thought ap-

compound seems to loose almost integrally its Mg content

and partially its Si-content, while getting enriched in Fe. Javidani in [4] demonstrated that the stability of Q-phase is strict-

ly dependent of the Cu/Mg ratio, and in details the alloys with
lower Cu content (1.5 wt.% Cu and ~0.3 wt. % Mg) experience the dissolution of this phase at ~803K (530°C).

Area fraction of the investigated phases

The measured area fraction of the Mg-bearing compounds

and Cu1) and of the solution treatment temperature (S500°C

In order to better display the influence of both heat treatment

conditions and Cu addition over the evolution of the different
compounds, the area fraction of the phases have been nor-

malized to the total phase area fraction as measured in the
as-cast reference sample for each alloy.

The Area Fraction of the phases quantified in the original

A356 alloy (Cu0) and in the copper containing alloys (Cu0.5

and Cu1) are presented in Figs. 6a and 6b during the solution
treatment at 500°C.

Fig.6 - The quantified area fractions of a) (β+π) phases and b) (Q+ε) and (Ө) intermetallics during Solution Treatment
(SHT) at 500°C for different Cu content alloys.
La Metallurgia Italiana - July-August 2020
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As the Q- and Mg2Si-phases (marked as Q+ε) appeared in

graph depending on the amount of Copper present in the al-

(dark – Mg bearing intermetallics), both phases were counted

due to Mg and Si atom solid solution strengthening but,

proach has been used for the Fe bearing intermetallics (i.e., π

60HV value until the end of time considered (12 hours). The

the etched microstructure with more or less the same color
together (Q+ε-Mg2Si) in image analysis (Fig. 6b). A similar ap-

and β) due to their lower contrast in color; these two phases
were counted together as well (Fig. 6b).

The area fraction of (β+π) intermetallics decreases in 4 hours

and then enhances to a peak in one hour, independently
from the Cu content (Cu0, Cu0.5 or Cu1). For longer times,

their area fraction converges to values between 0.18 and 0.4.
The Cu0.5 sample shows the most significant reduction in
area fraction of (β+π) intermetallic after 4h (to 25% of the ini-

tial value); moreover, at the end of treatment time (12 hours),
the Cu1 sample contains the higher fraction (0.42) of (β+π).

Fig. 6b shows the area fraction variation of Q- and Mg2Si-pha-

ses (Q+ε) and Ө intermetallic phase during solution at 500°C,

for Cu0, Cu0.5 and Cu1 samples. As the Q-phase contains
Copper (Al5Cu2Mg8Si6), the curve related to Cu0 only inclu-

des Mg2Si. In this case again, after 4 hours treatment, an in-

crease in area fraction, although small (0.02), is observed.

Moreover, a quantity of Mg2Si equal to 0.1 is still present after
12 hours. For Cu0.5 and Cu1 samples, the Q-and Mg2Si-pha-

se area fractions evolve during time presenting a minimum

after 4 hours and reaching a stabilisation at 12 hours close to
Cu0 value. The Ө phase has already disappeared after 4 hours
of solution treatment, regardless of the Cu content.

In order to better understand the intermetallic phase evolu-

tion and the solid solution strengthening at 500°C, Vickers

microhardness was carefully measured with a load of 5 g in

the matrix regions (Fig. 7) where intermetallics or Si particles
were not detectable by optical microscopy, for Cu0, Cu0.5
and Cu1 samples. Two behaviours are distinguishable in the

loy. In the Cu0 sample, HV0.005 increases by 5 units in 4 hours

it decreases to the starting value in one hour, retaining the

increase of HV, related to the increase of Mg and Si in solid
solution, corresponds to a decrease of (β+π) area fraction at

4 hours (Fig. 5a). Moreover, the subsequent decrease in HV

(consistent with a lower content of Mg and Si in SS) determines the area fraction increase of (β+π) phases (as they were

counted together it makes sense to think that the contribution to the total area fraction is different between β and π).

In the copper containing alloys, the higher solid solution har-

dening belongs to Cu0.5, as it reaches the highest HV values

after 5 hours. Moreover, hardness has a peak at 5 hours for
both Cu0.5 and Cu1 alloys, contrary to what is seen for the

Cu0 sample. The presence of Cu in solid solution of course,
increases the HV in the matrix but it determines, at the same
time, the reduction of Ө to 0% area fraction, regardless of the

Cu content. The area fraction of Q+Mg2Si (Q+ε) phases de-

creases to 50% of the starting value in 4 hours and afterwards
increases to 0.2 area fraction. This value remains quite close

to the last detected. From these measurements, the Cu0.5
samples represent the most effective alloy in modifying the

kinetics of dissolution/precipitation of the evaluated intermetallics.

According to Fig. 8a, the electrical conductivity (EC) measu-

red after solution treatment at 500°C increases with time for
the Cu0, while it decreases for the Cu1 sample. The Cu0.5 has

an overall decreasing trend, even if there is a minimum at 4

hours. These EC measurements seem consistent with matrix
microhardness shown in Fig. 7.

Fig.7 - Matrix microhardness after solution heat treatment at 500°C + natural aging.
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The increase in EC for the Cu0 may be the result of the fol-

the matrix microhardness. For the Cu1 sample, the EC re-

solution and -at the same time- are recycled by the inter-

quantity of Cu, Mg and Si atoms that remains in solid solu-

lowing overall compensation: Mg and Si atoms go in solid
metallic phase (mainly β and π) by inducing a decrease in

duction during solution treatment is related to the higher
tion, as justified by the increase in matrix microhardness.

Fig.8 - Electrical conductivity measured after solution treatment and aging at room temperature. a) SHT at 500°C, b) SHT at 530°C.
The EC values measured after the heat treatment at 530°C
(Fig. 8b) are generally lower than those at 500°C, as
expected from the physical meaning of EC measurements,

due to the higher presence of atoms in solid solution at higher temperature. According to the EC trend, the kinetics

of solution treatment at 530°C is similar, to the 500°C one
for the Cu0 and Cu1 samples. On the contrary, the Cu0.5

sample shows an increase in EC values in relation to time,
differently from what emerged at 500°C, where it decrea-

sed. The importance of this reversed trend is connected to
the effect that the presence of 0.5% Cu has in this matrix

(0.5Cu sample). At 530°C, the balance between Cu, Mg and
Si atoms that leave the matrix and are caught by the inter-

metallic phases and those present in solid solution is positive for Cu0.5 sample. Hence, the EC increases and settles in the considered time. This is directly explainable by

the stabilization in the area fraction of intermetallic phases
present at 530°C for Cu0.5 as it is shown in Figs. 9a and 9b.

Fig.9 - The quantified area fractions of a) (β+π) phases and b) (Q+ε) and (Ө) intermetallics during Solution Treatment
(SHT) at 530°C for different Cu content alloys.
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pagina 45

Memorie scientifiche - Leghe leggere
The addition of 1% Cu to the original alloy brings to a

• The presence of copper modified the stability and the

stabilization of (β+π) phases (area fraction of 0.4, Fig. 9a)

dissolution kinetics of (β+π). At the two investigated

during solution treatment at 530°C, while for lower Cu

solution temperatures, their area fraction decreases

contents (Cu0 and Cu0.5), samples lose 70% of their (β+π)

with time in Cu0 and Cu0.5 samples. In Cu1 samples,

area fraction. As for the evolution of (Q+ε) intermetallics at

the area fraction of (β+π) remains almost constant with

530°C (Fig. 9b), the effect of Cu is similar to Cu0.5 and Cu1

time and comparable at the end of two solution treat-

samples with a slight reduction related to time. In the Cu0

ments.

sample, where only the ε phase is present (Fig. 9b), the

• The (Q+ε) intermetallics area fraction increased with

evolution is exactly specular to the Cu containing samples

copper content (Cu0.5 and Cu1 samples) especially

(Cu0.5 and Cu1).

at the highest temperature investigated (530°C); conversely, their area fraction decreased with time. Re-

CONCLUSIONS

garding the Ө phase, it was no more detectable after

In this work, the influence of Cu content (0 - 0.5- 1wt%) on

4 hours, independently from the Cu content and tem-

the stability of intermetallic phases in a modified A356 alu-

perature.

minium alloy was investigated at 500° and 530°C by optical

• The measurements of electrical conductivity and ma-

microscopy, SEM, Vickers microhardness and electrical

trix microhardness confirmed the overall behaviour

conductivity. The following conclusions can be drawn:

during the investigated solution treatments.
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