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Abstract

Keywords

The 8-mm diameter bars of Cu-Al-Mn shape memory alloys were produced by continuous casting technique. The samples
were characterised using optical microscopy and scanning electron microscopy along with EDX analysis. The continuous
cast alloy revealed some martensitic phase, which, after quenching, led to the microstructure that is completely martensite.
Quenching of samples had an effect on several mechanical properties and change in morphology of fracture. After ageing at
200 °C and 300 °C, the tensile strength increased and elongation drastically decreased. Morphology of fracture surface changed
from primary ductile to a mixture of intergranular and ductile.

Shape memory alloys (SMAs), mechanical properties, microstructure, scanning electron microscopy (SEM), quenching, ageing

1 Introduction

Shape memory alloys (SMAs) are relatively new metallic
materials, which are able to memorise and recover their
original shape. These alloys show the ability to return to
some previously defined shape or size when subjected to
the appropriate treatment. It is a result of crystallograph-
ically reversible martensitic phase transformation. Such
phase transformations can be obtained by mechanical
(loading) or thermal treatment (both cooling and heating).
SMAs are extremely sensitive to exact chemical compo-
sition, grain size, processing parameters, heat treatment,
loading conditions, etc. The main types of these alloys are
nitinol (Ni-Ti), Cu-based, and Fe-based alloys.'=

SMAs are interesting in numerous commercial engineer-
ing applications. There is a high demand for SMAs with
high strength and shape memory effect in technical appli-
cations.? The main advantages of Cu-based alloys are their
low price, relatively simple fabrication procedure, and
high electrical and thermal conductivity compared to oth-
er shape memory alloys. Among Cu-based SMAs, the Cu-
Al-Ni and Cu-Al-Zn alloys are extensively investigated.*®
However, the Cu-Al-Ni and Cu-Al-Zn alloys are brittle and
susceptible to intergranular fracture. For this reason, the
Cu-Al-Mn shape memory alloy is proposed because it was
found that the alloy shows better ductility and good strain
recovery. The reason for higher ductility of Cu-Al-Mn shape
memory alloys can be correlated to decreasing the degree
of order of the f parent phase.”? Addition of manganese to
Cu-based SMAs stabilises the parent phase and improves
ductility of the alloys.? The other advantages of Cu-Al-Mn
alloys compared to other Cu-based SMAs are higher shape
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memory strain, larger recovery power, better ductility, and
higher damping capacity. The addition of manganese in-
creases the binding force between the constituent atoms
leading to increased activation energy for diffusion and de-
creased diffusion rate of the atom for re-ordering.®

Generally, SMAs are fabricated by the casting procedure
followed by plastic working (rolling or drawing) includ-
ing heat treatment. In recent years, the continuous cast-
ing technique has been one of many technologies for
the production of SMAs due to the special competitive
growth mechanism of crystal, and resulting cast products
with a favourable texture formation."'* In this paper, the
mechanical properties of Cu-Al-Mn shape memory alloys
obtained through the continuous casting process and after
heat treatment (quenching and ageing) were compared.

2. Experimental

The Cu-Al-Mn alloy (Table 1) used in this research was
prepared by melting pure elements W(Cu) = 99.9 %,
w(Mn) = 99.8 %, and w(Al) = 99.5 %) in a vacuum in-
duction furnace under protective argon atmosphere.
Chemical composition of the investigated alloy was esti-
mated by Optical Emission Spectrometer ICP-OES AG-
ILENT 700. Firstly, the ingot (® = 110 mm X 180 mm)
was produced by graphite mould casting. The ingot was
then remelted in the same furnace and continuously cast.
The continuously cast strand (cylindrical bar with 8 mm
diameter) of alloy was obtained using the device for verti-
cal continuous casting which is connected to the vacuum
induction furnace. Solid bars were produced directly from
the 13.15 kg melt. Starting temperature of the melt was
1250 °C. The process of remelting was performed in vac-
uum (2-4) - 107" mbar. During casting, pressure of argon


https://doi.org/10.15255/KUI.2017.025
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:kozuh%40simet.hr?subject=

12 S. KOZUH et al.: The Effect of Heat Treatment on the Microstructure and Mechanical......, Kem. Ind. 67 (1-2) (2018) 11-17

protective atmosphere was set around 500 mbar. Casting
speed was 290 mm min~'. Heat treatment of samples was
performed in a laboratory electro-resistance furnace. Solu-
tion annealing of samples was carried out at 900 °C for
30 min, followed by cooling in room-temperature water
(quenching). After quenching, the ageing was carried out
at temperatures of 100 °C, 200 °C, and 300 °C for 60 min,
followed by cooling in water.

Table 1 — Chemical composition of Cu-Al-Mn alloy
Tablica T — Kemijski sastav Cu-Al-Mn legure

w(Cu)/% w(Al) /% w(Mn) /%
82.3 8.3 9.4

Mechanical properties of samples were determined by
tensile testing Zwick machine 50 kN at stretching rate
of 3 mm min~". Hardness was tested by Vickers method
(HV10). The specimen microstructure was characterised
by optical microscopy (OM) and scanning electron micros-
copy (SEM) equipped with energy dispersive spectroscopy
(EDX). For OM and SEM analysis, the samples were ground
(from 120 to 1000 grade paper), and polished (0.3 pm
Al,O,). Further, the samples were etched in a solution com-
posed of 2.5 g FeCl; and 48 ml methanol in 10 ml HCI. Af-
ter tensile testing, the fracture morphologies of alloys were
determined again using SEM equipped with EDX.

3 Results and discussion
3.1 Microstructure investigation

Figs. 1-4 show OM and SEM micrographs of the Cu-Al-Mn
alloy after continuous casting and heat treatment. Grain
boundaries are clearly identified by OM (Fig. 1). The grain
size of alloy after quenching (Fig. 1b) is much higher com-
pared to those of continuous cast alloy (Fig. 1a). After con-
tinuous casting, some martensite phase is observed (Figs. 1a
and 3a). At the betatization temperature of 900 °C, the Cu-
Al-Mn alloy has B phase with a disordered bcc structure.
After solution annealing at 900 °C and quenching in water,
the samples at room temperature contain f," martensite
and B parent phase, as may be seen in Figs. b and 3b. By
rapid cooling in water, the alloy undergoes ordering transi-
tions B(A2)—p2(B2)—B1(L2,), and then martensite trans-
formation B,(L2,)—B," occurs.’® During rapid cooling from
the stable p-phase region the martensitic phase occurs be-
low the M,-temperature. The micrographs include grains
and martensite plates (Figs. 1-3). The grains appear clear-
ly, and martensite plates have different orientations into
different grains. The martensite is formed primarily as the
needle-like shape. In some fields, the V-shape martensite
was noticed. This is typical self-accommodating zig-zag
martensite morphology, which is characteristic for the p~
martensite in SMAs. The parallel bands in martensite can
be considered twin-like martensite. As a typical example,
Fig. 1 and Table 2 show the EDX results of Cu-Al-Mn alloy
after quenching and aging at 300 °C.

Fig. 17— OM micrographs of the Cu-Al-Mn alloy after continuous casting (a) and after
quenching (b)
Slika 7 — OM mikrografije Cu-Al-Mn legure nakon kontinuiranog lijevanja (a) i nakon
kaljenja (b)

."".

Fig. 2
Slika 2 — OM mikrografije Cu-Al-Mn legure nakon starenja pri 100 °C/60 min/H,O (a), 200 °C/60 min/H,O (b) i 300 °C/60 min/H,O (c)

— OM micrographs of the Cu-Al-Mn alloy after ageing at 100 °C/60 min/H,O (a), 200 °C/60 min/H,O (b) and 300 °C/60 min/H,O (c)
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Fig. 3 — SEM micrographs of the Cu-Al-Mn alloy after continuous casting (a) and after
quenching (b)

Slika 3 — SEM mikrografije Cu-Al-Mn legure nakon kontinuiranog lijevanja (a) i kaljenja
(b)

28kVU X180, 800 1mm

Fig. 4 — SEM micrographs of the Cu-Al-Mn alloy after quenching and ageing at 300 °C
(@) with EDX spectrum of position 2 (b)

Slika 4 — SEM mikrografije Cu-Al-Mn legure nakon kaljenja i starenja pri 300 °C (a) s EDX
spektrom pozicije 2 (b)

Table 2 — Chemical composition of positions marked in Fig. 4a

Tablica 2 — Kemijski sastav pozicija oznacenih na slici 4a

SEM fracture surface of the Cu-Al-Mn alloy after continu-

Position (@) w(AD T ous casting, quenching and aging at 300 °C are presented
= in Figs. 5-7. Results of EDX analysis of fracture surface af-

position 1 83.25 /.88 8.87 ter quenching and aging at 300 °C are given in Fig. 8 and

position 2 85.46 5.77 8.77 Table 3.

position 3 84.57 6.39 9.04

Fig. 5 — SEM fracture surfaces of the Cu-Al-Mn alloy after continuous casting at different
magnifications

Slika 5 — SEM prijelomne povriine Cu-Al-Mn legure nakon kontinuiranog lijevanja pri ra-
zlicitim povecanjima



14

Fig. 6 — SEM fracture surfaces of the Cu-Al-Mn alloy after quenching (at 900 °C/30 min/
H,0) at different magnifications (a-35 x, b-1000x)

Slika 6 — SEM prijelomne povrsine Cu-Al-Mn legure nakon kaljenja (900 °C/30 min/H,O)
pri razli¢itim povecanjima (a-35x, b-1000x)

/"lNrFf 554m S an

Fig. 7 — SEM fracture surfaces of the Cu-Al-Mn alloy after quenching (at 900 °C/30 min/
H,0) and ageing at 300 °C, at different magnifications

Slika 7 — SEM prijelomne povrsine Cu-Al-Mn legure nakon kaljenja (900 °C/30 min/H,O)

i starenja pri 300 °C, kod razli¢itih povecanja

Fig. 8 — SEM fracture surfaces of the Cu-Al-Mn alloy after quenching (at 900 °C/30 min/
H,0) and ageing at 300 °C (a) and EDX spectrum of position 1 (b)

Slika 8 — SEM prijelomne povrsine Cu-Al-Mn legure nakon kaljenja (900 °C/30 min/H,0)
i starenja pri 300 °C (a) i EDX spektar pozicije 1 (b)
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Table 3 — Chemical composition of positions marked in Fig. 8a
Tablica 3 — Kemijski sastav pozicija oznacenih na slici 8a

Position w(Cu) w(Al) w(Mn)
position 1 81.42 9.32 9.26
position 2 84.97 5.51 9.52

3.2 Mechanical properties determination

The effect of heat treatment on mechanical properties of
Cu-Al-Mn shape memory alloy was determined perform-
ing the standard tensile tests. Table 4 shows measured me-
chanical properties of the alloy. The values presented are
average values obtained after four measurements. Results
of mechanical properties presented in Table 4 show that
tensile strength and elongation of the alloy are significantly
affected by heat treatment. After continuous casting, the
Cu-Al-Mn alloy shows tensile strength of 627 MPa, elonga-
tion of 8.5 %, and reduction in area of 17.9 %. The values
of mechanical properties in as-cast state are in accordance
with Mielczarek et al.™ which investigated mechanical
properties of Cu-Al-Mn SMA with different chemical com-
positions (W(Al) = 8.9-12.5 % and w(Mn) = 3.3-9.3 %). It
is clear that the tensile strength, elongation, and reduction
in area of the alloy decrease in quenched state. After age-
ing at 100 °C, all measured mechanical properties increase
in comparison with quenched state. The enhanced duc-
tility (elongation and reduction in area) of the alloy can
result in improved workability of the alloy, and thus can be
useful for practical application. Tensile strengths of the al-
loy are higher for 60—130 MPa than those obtained for the
same alloy in research Sotou et al.’® By ageing at 200 °C
and 300 °C, the tensile strength is significantly increased,
while the plasticity of the alloy is very low (below 2 %). The
highest tensile strength is obtained after aging at 300 °C
(1002 MPa). This value is about 300 MPa higher compared
to the alloy after continuous casting.

Table 4 - Mechanical properties of Cu-Al-Mn alloy
Tablica 4 — Mehanicka svojstva Cu-Al-Mn legure

State Stre:;‘ﬂewa Elongation /% ilieglrtgi/%z
as-cast 627 8.5 17.9
quenched 555 7.6 7.5
ageing at 100 °C 688 10.2 12.2
ageing at 200 °C 951 1.4 1.6
ageing at 300 °C 1002 1.7 1.7

The changes in mechanical properties (Table 4), especially
the decrease in elongation and reduction in area of the
alloy, can be caused by the change in microstructure or
metastable character of the B, phase and precipitation
process in Cu-based shape memory alloys."® Microstruc-
tural change of cast, quenched, and aged samples can be
explained by analysis of SEM micrographs with EDX spec-

trums and fracture surfaces (Figs. 4-8). Optical micrographs
of samples after ageing show no microstructural changes
that can have an influence on mechanical properties, but
on the SEM micrographs these changes can be observed
(Figs. 2 and 4). After ageing, a very fine dispersion of sec-
ond Cu-rich phase particles is precipitated in the B, matrix
(Fig. 4). Ageing at 300 °C is accompanied by the precipita-
tion of these phase particles and causes a chemical compo-
sition change in the matrix. EDX analysis of particles shows
higher Cu-content and lower Al-content compared to the
matrix (Fig. 4, Table 2).

The hardness of the alloy increased as the result of disper-
sion hardening, Fig. 9. Ageing in martensite phase is asso-
ciated with diffusion and precipitation process. With the
increase in ageing temperature, the increase in hardness
corresponds to the precipitation of the particles. Obvious-
ly, the ageing is a problem for Cu-based shape memory
alloys. Sutou et al. concluded that the increase in hardness
by low temperature treating from 200 to 400 °C of Cu-Al-
Mn SMAs is due to the formation of fine microstructure
with plate-like bainite plates and the increase in the de-
gree of order in the parent B, phase.” Kainuma suggests
that the corresponding stable phases in Cu-Al-Mn alloys in
the low-temperature range below 400 °C can be Cu;Mn,Al
phase.'® The metastable martensite and parent phase from
B phase quenching can be stabilised easily by the time-de-
pendent diffusion process during aging." According to
the results of Stanciu et al. for Cu-Al-Mn alloy with mass
fraction of Al higher than 20 %, the Cu,Al phase could be
formed.?°

500 1
450 1
400 1
3501
300 4
2501
2001 B HV10
150 1
100 1

501

432

332
274

HV10

A-100

state
stanje

C Q A-200 A-300

Fig. 9 —Hardness values of different states of investigated Cu-
Al-Mn SMA (C - cast; Q — quenched at 900 °C/30 min/
H,O; A-100 - ageing at 100 °C/60 min/H,O; A-200
— ageing at 200 °C/60 min/H,O; A-300 - ageing at
300 °C/60 min/H,0)

Slika 9 — Vrijednosti tvrdoce razlicitih stanja istrazivane Cu-Al-Mn
SMA (C - lijevano; Q - kaljeno 900 °C/30 min/H,O;
A-100 — stareno 100 °C/60 min/H,O; A-200 - stareno
200 °C/60 min/H,0O; A-300 - stareno 300 °C/60 min/
H,0)

It is evident from Table 2 that elongation and reduction in
area is decreased by quenching. The previous statement
is confirmed by Figs. 5-8 showing SEM fracture surfaces
of samples after tensile testing. Microfractographs show
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that the fracture of alloy changes significantly by heat treat-
ment. In the cast condition, fracture surfaces are prima-
ry ductile (Fig. 5), while after quenching, as well as after
ageing, fracture surfaces are a mixture of intergranular and
ductile fracture (Figs. 6 and 7). In some cases, it can be
noticed that the crack occurs at three-fold node of grain
boundaries (Figs. 6b and 7b). Brittle grain boundary crack-
ing in Cu-based shape memory alloys was caused due to
a high degree of order, high elastic anisotropy, and large
grain size.”! Grain boundaries often provide the easiest
propagation path. In addition, not only intergranular type
of fracture was noticed in this sample. Some places at frac-
ture surface show characteristically small and shallow dim-
ples, possibly indicating that a certain plastic deformation
occurred during the fracture. The fracture surface was also
investigated with an EDX analysis. Fig. 8a shows a fracture
surface of specimen after aging at 300 °C with dimples,
in which the existence of small particles was observed.
EDX analysis showed that the chemical composition of ob-
served particle has higher Al-content in comparison to the
matrix (Fig. 8, Table 3).

The results of hardness measurements are presented in
Fig. 9. Hardness in cast and quenched state gives similar
values (235 HV10 and 223 HV10). In ageing condition,
the value of hardness in all samples increases. After ageing
at 100 °C, hardness was 274 HV10, while after ageing at
200 °C and 300 °C, hardness values significantly increase
(432 HV10 and 332 HV10). Increase in hardness values
can be caused by the second phase particle presence.

4 Conclusions

Continuous casting is revealed as a useful technique for
production of Cu-Al-Mn SMAs bars (in our case with di-
ameter of 8 mm). After continuous casting, the alloy shows
tensile strength of 627 MPa and elongation of 8.5 %. Mi-
crostructure consists primarily of martensite (§), and par-
ent phase (B-phase).

After quenching the alloys microstructure completely
becomes martensite, and mechanical properties are de-
creased in comparison to the cast state (tensile strength of
555 MPa and elongation of 7.6 %). By increasing the age-
ing temperature from 100 °C to 200 °C, and 300 °C, the
tensile strength significantly increased, while the plasticity
of the alloy was very low (below 2 %). These changes in
mechanical properties can be due to change in grain size
and microstructure. In addition, the morphology of frac-
ture surface changed from primary ductile to a mixture of
intergranular and ductile fracture types.
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List of abbreviations and symbols
Popis kratica i simbola

SMAs  —shape memory alloys
— legure s prisjetljivosti oblika
SEM — scanning electron microscopy
— pretrazna elektronska spektroskopija
OM — optical microscopy
— opticka mikroskopija
EDX — energy dispersive spectroscopy
— energijski disperzivna spektroskopija
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SAZETAK

Utjecaj toplinske obrade na mikrostrukturu i mehanicka svojstva legure
Cu-Al-Mn s prisjetljivosti oblika
Stjepan Kozuh,®" Mirko Gojic,? Ivana Ivanic¢,® Tamara Holjevac Grguric,?
Borut Kosec® i lvan Anzel®

Sipke promjera 8 mm proizvedene su iz legure Cu-Al-Mn s prisjetljivosti oblika tehnikom konti-
nuiranog lijevanja. Uzorci su karakterizirani pomocu opticke mikroskopije i pretrazne elektronske
mikroskopije uz analizu EDX. Kontinuirano lijevana legura je pokazala mjestimi¢nu prisutnost
martenzitne faze, dok je nakon kaljenja nastala potpuno martenzitna mikrostruktura. Kaljenje
uzoraka utjecalo je na mehanicka svojstva i na promjenu morfologije prijeloma. Nakon starenja
pri 200 °C i 300 °C porasla je vlacna ¢vrstoca a izduzenje se drasticno smanjilo. Morfologija prije-
lomne povrsine se mijenjala od duktilne do mjesavine interkristalne i duktilne.

Kljuéne rijeci

Legure s prisjetljivosti oblika (SMAs), mehanicka svojstva, mikrostruktura,
pretrazna elektronska mikroskopija (SEM), kaljenje, starenje
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bSveuciliste u Ljubljani, Prirodoslovnotehnicki
fakultet, Askerceva 12, 1000, Ljubljana,
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cSveuciliste u Mariboru, Strojarski fakultet,
Smetanova 17, 2000, Maribor, Slovenija
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