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Abstract: First-order phase transitions (FOPT) and second-order phase transitions (SOPT) are
commonly observed in Cu alloys containing lanthanide elements, due to their electronic configuration,
and have an important effect on the optimization of their magnetocaloric effect (MCE). Alloys
containing rare earths have the best magnetocaloric response; however, these elements are very
expensive, due to their obtaining and processing methods. The present work reports the effect of
using 3d transition elements and thermal treatments on the microstructure and MCE of Cu-11A1-9Zn
alloys with 6.5 wt % Ni and 2.5 wt % Fe. It was found that thermal treatments of quenching and
normalizing, as well as the use of Ni and Fe, have an important influence on both the resulting phases
and MCE of the investigated alloy. MCE was calculated indirectly from the change in the magnetic
entropy (—-ASm) under isothermal conditions, using Maxwells relation; it was found that samples
subjected to normalizing presented a higher magnetocaloric effect than samples with quenching,
which was related to the greater disorder in the alloy, due to the coexistence of 31 + 3 phases.

Keywords: Cu-Al-Zn alloys; magnetocaloric effect; microstructure; heat treatments; 3d transition elements

1. Introduction

The magnetocaloric effect (MCE) in magnetic materials is of great importance for solving
fundamental problems of magnetism and solid-state physics, as well as for technological applications [1].
These phenomena have a strong influence on such physical values as entropy, heat capacity, and
thermal conductivity, and themselves reflect transformations taking place in the spin structure of
a magnetic material [2,3]. MCE displays itself in the emission or absorption of heat by a magnetic
material under the action of a magnetic field. Under adiabatic conditions, a magnetic field can cause
cooling or heating of the material as a result of variation of its internal energy. The term of MCE can be
considered more widely, by its application not only to temperature variation of the material, but also
to the variation of the entropy of its magnetic subsystem under the effect of the magnetic field [1—4].
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The entropy of such a system can be considered as the sum of two contributions: the entropy
related to magnetic ordering and the entropy related to the temperature of the system. Application
of a magnetic field will order the magnetic moments comprising the system, which are disordered
by the thermal agitation energy, and consequently, the entropy depending on the magnetic ordering
(the magnetic entropy, S;;) will be lowered. If a magnetic field is applied under adiabatic conditions,
when any heat exchange with the surroundings is absent, then the entropy related to the temperature
should increase in order to maintain constant the total entropy of the system constant. Increasing this
entropy implies that the system heats up and increases its temperature [5].

Unlike conventional refrigeration, magnetic refrigeration (MR) does not use gases that can
contribute to the global heating and the deterioration of the ozone layer. However, so far only
a few prototype refrigeration machines have been presented worldwide, and there are still many
scientific and technological challenges to overcome [6,7]. While in conventional refrigeration a fluid
undergoes compression/evaporation processes, causing a change in the temperature of the system,
MR is based on a magnetization/demagnetization process. Therefore, the efficiency of the equipment
used in MR depends strongly on the magnetic behavior of the solid refrigerant [8,9]. MCE can be
obtained by promoting first-order transitions (for example, the martensitic transformation) due to
a high crystal lattice disorder, which results in an increase of the total system entropy that leads
to better cooling capacity [9]. When the material exhibits a ferromagnetic—paramagnetic transition
(second-order transition) during service, the refrigeration capacity can be also improved, since the
disorder of the system increases in the transition of both, causing an increase of the total system
entropy [3,10-12]. These types of transitions are commonly observed in alloys containing lanthanide
elements (rare earths), due to their electronic configuration [13,14]. Alloys based on these elements
have the best magnetocaloric response; however, these materials are very expensive, due to their
obtaining and processing methods.

The use of 3d transition elements has also attracted considerable attention, due to their
unique physical properties and promising applications, such as magnetic field-induced shape
memory effect, magnetic field-induced strain, magnetocaloric effect, and magnetoresistance [15-18].
The magnetocaloric effect in Ni-Mn and Ni-Mn-Z (Z = Ni, Cu, Co, Fe, Mn, and Cr) Heusler alloys
leads to an existing field, which is considerably less expensive and higher effective than conventional
rare-earth-based magnetocaloric alloys [15]. It has been found that the magnetic properties and phase
stability of these systems are sensitive to small changes in the concentrations of the parent components
and the substitution of Ni, Mn, or In by an additional element Z [15-18]. The phenomena related to the
magneto-structural transitions are highly dependent on the weighted average radius of the constituent
ions [16]. The enhancement of a magnetic moment and magnetocaloric effect in the Ni-Mn-5n alloys
by 3d transition elements was observed when a part of Ni was substituted by Co. In this case, the
martensitic phase transformation from the ferromagnetic parent phase to the antiferromagnetic-like
martensite phase was detected [16]. Since martensitic transformation plays an important role in the
magnetocaloric effect, thermal treatments become also important to optimize the MCE [18,19].

On the other hand, magnetic Cu-based alloys with 3d transition metals have attracted a special
scientific interest. Although their magnetocaloric response is much lower than that observed in
rare-earths Cu alloys, they are also considered for the development of new applications in the
field of MR [12]. Some elements, such as Zn and Al, have been used to promote a martensitic
transformation (first-order transition) in Cu-Zn and Cu-Al alloys, but it has been demonstrated that
they are paramagnetic. Since materials for MR materials require magnetic characteristics, ferromagnetic
elements, such as Fe, Ni, Mn, and Co, have been used in Cu alloys to promote SOPT, which in addition
to FOPT can optimize the MCE [10].

Sarkar fabricated magnetic Cu alloys with additions of Ni [20]. Lee obtained magnetic alloys of
Cu with additions of Co [21], and Zhang with additions of Fe [22]. Although the chemical composition
plays an important role in the development of Cu magnetic alloys, it must be highlighted that
magnetic characteristics may also be achieved if appropriate phase transformations are promoted [12].
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Yoo et al. [23,24] and Jeen et al. [25] developed Cu magnetic alloys by additions of Fe or Mn
in Cu-17.25Zn-15Al-1Fe (at %) and Cu-17.5Zn-15A1-1.5Mn (at %) alloys, respectively (at % is
atomic percent.

The non-magnetic behavior of the Cu—Zn-Al system was modified to be magnetic by the additions
of 1.0% Fe and 1.5% Mn (wt %), respectively. In addition, a martensitic phase (FOPT) was observed in
that work. The importance of the martensitic transformation on the magnetic properties of Cu—-Mn-Al
alloys has been also reported [26].

One advantage of the Cu-based alloys containing transition elements is that their magnetic behavior
can be modified by changes in chemical composition or microstructure [12,24,26,27], in addition to
the lower cost compared to rare earths [13,14,28]. Thermal treatments may also cause microstructural
changes in Cu-based alloys, offering the possibility to modify their magnetic behavior. The present
work reports the effects of quenching and normalizing on the microstructure, magnetic behavior, and
magnetocaloric effect of a Cu-11A1-9Zn alloy with a 6.5 wt % Ni-2.5 wt % Fe alloy (3d transition
elements). Ni and Fe were used to promote second-order phase transformations (SOPT).

2. Experimental Procedure

The investigated alloy was obtained by fusion in an induction furnace pillar and casting in metal
molds. The raw materials used were Cu (C11000-series), Fe (iron powder), Al (1000-series), Ni, and Zn
(electrolytic grade). After the fusion of raw materials, the molten metal was casted in graphite molds to
obtain cylindrical bars of 2 cm in diameter and 10 cm in length, which were cut to obtain samples of 1.5
cm in length. Homogenization heat treatment was conducted at 850 °C for 24 h, which was followed
by further quenching and normalizing. The cooling medium was a water—ice mixture and still air for
quenching and normalizing, respectively. Chemical composition of the studied alloy was determined by
optical emission spectrometry (Spectro LabS). The resulting phases were identified by X-ray diffraction
(XRD) in a Rigaku DMAX-2200 diffractometer, using Cu Ko (A = 0.154 nm) radiation. The diffraction
patterns were obtained in a 20 range of 30°~100° with a step of 0.02° s~!. The microstructure of the
heat-treated samples was characterized by optical microscopy (OM) and scanning electron microscopy
(SEM). Observations were conducted in an Olympus GX51 optical microscope and a Philips XL30
scanning electron microscope, respectively. Intermetallic compounds were analyzed by SEM-EDXS
(energy dispersive spectrometry). Metallographic preparation and etching with FeCl; + HCl were
performed according to specifications of ASTM (American Society for Testing and Materials) E407 [29].
The magnetic properties were determined in a vibrating sample magnetometer (VSM) (Versalab
Quantum Design), using samples with dimensions of 2.0 mm long X 2.0 mm wide X 1.0 mm thick. The
thermal demagnetization curves were obtained at a constant magnetic field of 100 oersted (Oe) from 50
K to 380 K. The Curie temperature was determined from the first derivative of these demagnetization
curves. Isothermal curves were determined for a variable magnetic field ranging from 0 to 3 Tesla
(T). The temperature range for these experiments was 135 to 195 K and 75 to 135 K for samples with
quenching and normalizing, respectively. Finally, the MCE was calculated indirectly from the magnetic
entropy (—ASm) under isothermal conditions, using Maxwell’s relation.

3. Results and Discussion

Table 1 shows the chemical composition of the investigated alloy; Zn and Al were added to promote
a martensitic transformation (first-order transition), as reported for Cu—Zn, Cu-Al and Cu-Zn-Al and
Cu-Al-Zn [30,31]. Ni and Fe were added to promote ferromagnetic behavior (second-order phase
transitions) in the experimental alloy.

Table 1. Chemical composition of the experimental alloy (wt %).

Cu Al In Ni Fe
Balance 11.5 9.0 6.5 2.5
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Figure 1 shows the XRD patterns corresponding to the heat-treated samples. As can be seen, 31
(CuAl) is the main phase present in the microstructure of quenched samples (Figure 1a); while the
phases coexisting in normalized samples are 3 (CuZn) + 31 (CuAl) (Figure 1b). These results suggest
a possible segregation of Al and Zn during cooling at a slower rate, which promote the presence
of Al-rich and Zn-rich regions favoring the formation of 3; (CuAl) and 3 (CuZn). Vilarinho [32]
reported that the high-temperature phase, 3, is retained during quenching in a Cu-Zn system with
around 3 wt % Al. This result is similar to the one reported by Moroni [33] in a Cu—Zn-Al-Ni system
with about 4 wt % Al. Alis intentionally added to Cu-Zn alloys to promote the displacement of the
martensite start temperature above room temperature.
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Figure 1. X-ray diffraction (XRD) patterns corresponding to samples subjected to (a) quenching and

(b) normalizing.

Figure 2 shows the microstructure of heat-treated samples. In general, the microstructure obtained
after quenching is characterized by the presence of 3 phase, with polygonal morphology and small
particles uniformly distributed in the matrix (Figure 2a,b). This morphology is characteristic of the
high-temperature phase (3) commonly observed in Cu-based alloys [34]. As mentioned above, Al is
added intentionally to the Cu-Zn system to promote the martensite transformation. Therefore, the
result obtained suggests that even with 11.5 wt % Al, the martensite start temperature was not increased
above room temperature, leading to the retention of the high-temperature phase as a result. This
implies the absence of martensite in samples subjected to fast cooling (quenching), and is consistent
with the result obtained by X-ray diffraction (Figure 1).

Samples subjected to normalizing exhibit a similar microstructure (Figure 2c,d), meaning that the
size and morphology of grains is very similar to the ones obtained by quenching.
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Figure 2. Microstructure of the samples thermally treated by (a,b) quenching and (c,d) normalizing.

As can be seen in Figure 2b,d, the intermetallic compounds exhibit a rosette-like morphology
independently on the thermal treatment, which suggests that they form during solidification, as reported
by Pisarek [35].

Figure 3 illustrates the elemental mapping corresponding to intermetallic compounds observed in
samples subjected to quenching. As can be observed, the intermetallic compounds are constituted
mainly by Fe, Al, and Ni. In addition, Table 2 shows the results of local analysis obtained in intermetallic
compounds as a function of thermal treatment. Al, Ni, and Fe contents in the intermetallic compounds
are very similar, independent of the heat treatment.

Figure 3. Elemental mapping obtained by scanning electron microscopy (SEM) with energy-dispersive
X-ray spectrometry (EDXS) in quenched samples: (a) SEM image, (b) Al, (c) Fe, (d) Ni, (e) Cu, and
(f) Zn.
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Table 2. Chemical composition of intermetallic compounds as a function of heat treatment.

Heat Chemical Composition (wt %); Standard Deviation (o)
Treatment Cu; (o) Al (o) Nj; (o) Zn; (0) Fe; (0)
Quenching 30.1; (1.13)  22.04;(1.53) 19.91;(0.72)  2.55;(0.99)  25.06; (0.73)

Normalizing ~ 30.34; (2.14) 22.37;(0.80) 19.90; (0.20)  2.32;(0.89)  25.12; (0.28)

Figure 4 shows the thermal demagnetization curves of the alloy investigated as a function of
the thermal treatment. In general, samples demagnetize as the temperature increases. Quenched
samples suffer demagnetization from 0.40 emu g~! to 0.28 emu g~! when the temperature increases
from 50 K to 150 K. Magnetization decreases up to 0.08 emu g~! when the temperature increases
to 200 K. The lowest magnetization values are observed at temperatures above 250 K (Figure 4a).
This behavior is associated with higher atom vibrations with the increase in temperature, which
causes the unalignment of magnetic spins, which finally reduces the material magnetization. Samples
subjected to normalizing exhibit a similar behavior, although in this case, magnetization decreases
from 0.42 emu g~! to 0.32 emu g~! when the temperature increases from 50 K to 105 K (Figure 4b).
Increments in temperature up to 150 K cause a decrease in magnetization up to 0.7 emu g~!. Finally,
the lowest magnetization values are obtained above 175 K. The Curie temperature (T, ) of the
investigated alloys, which represents the transition from ferromagnetic to paramagnetic, was obtained
from the first derivative of the thermal demagnetization curves. The T, of the samples subjected to
quenching and normalizing was 170 K and 125 K, respectively.
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Figure 4. Curie temperature (T,,,,) as a function of thermal treatment: (a) quenching and (b) normalizing.
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The MCE is represented by the magnetic entropy change (AS;;), which results from coupling
between material magnetic moments and the magnetic field.

The relation between magnetic entropy (S;), magnetic field (H), magnetization of material (M)
and temperature (T), to the MCE, is given by the Maxwell’s relationship, as follows [3,36]:

(8Sm(T,H)) _ (aM(T,H))
T H

1
JoH dT @
where J is used to distinguish partial derivatives from ordinary derivatives. A partial derivative
of a function of several variables is its derivative with respect to one of those variables, with the
others held constant. The following Equation is obtained by integrating Equation (1) for an isothermal

(and isobaric) process:
H
ASm(T,AH):f (M) dH )
0 aT H

This Equation indicates that the magnetic entropy change is proportional to both the derivative of
magnetization with respect to temperature at constant field and to the field variation.

Since magnetization was obtained at discrete magnetic fields and temperature intervals, then
Equation (3) can be expressed numerically as follows [36]:

M; — M1

|AS ;| =
" Tiv1—T;

AH; 3)

where M; and M;. are the magnetization values measured at temperatures T; and T;., respectively,
and at a magnetic field H. T; corresponds to an initial temperature, while T;,; corresponds to a higher
temperature close to T;. It is important to mention that calculations are progressive, and thus Tjq
becomes T; in the next calculation, which also applies to M; and M, 1. Equation (3) represents the
area comprised between two magnetic isothermals (change in free energy) divided by the change in
temperature, according to the following equation [36]:

RM(Ts, H) - M(T;, H)|dH

ASu (T, AH) = 7o
1

4)

where AS;, is the change in the magnetic entropy, T is temperature, H is the magnetic field, M is
magnetization, T; is temperature of the initial magnetic isothermal, and Ty = Tj41.

Figure 5 shows the isothermal magnetization curves corresponding to samples subjected to
quenching and normalizing. In general, magnetization increases with increments in intensity of the
applied magnetic field. The maximum magnetization is reached at lower temperatures; however,
it decreases with increasing temperature. The maximum magnetization of samples subjected to
quenching for the lowest (135 K) and the highest (195 K) temperatures is 2.11 emu g_1 and 1.70 emu g_l,
respectively. Samples subjected to normalizing exhibit a similar behavior, although in this case the
maximum magnetization achieved at 75 K (minimum temperature) and 135 K (maximum temperature)
was 2.62 emu g~! and 2.06 emu g}, respectively.
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Figure 5. Isothermal magnetization curves of samples subjected to (a) quenching and (b) normalizing.
The magnetic field varied from 0 to 3 Tesla, and AT =5 K.

Figure 6 shows the magnetic entropy as a function of the applied magnetic field. As can be
observed, entropy is higher for a higher magnetic field. The maximum values obtained in quenched and
normalized samples for a magnetic field of 3 Tesla (3 T) were 0.0020 ] Kg=! K~! and 0.0027 ] Kg~! K7,
respectively, occurring at their respective Curie temperature (T,,;,). The highest magnetic entropy
obtained in normalized samples is associated with the greatest disorder in the system, due to the
simultaneous presence of 31 and {3 (see Figure 1).
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Figure 6. —AS;, as a function of the temperature and magnetic field in samples subjected to (a)
quenching and (b) normalizing.

Belyea [37] reported the magnetocaloric effect in NiFeCoCrPd in the cold-rolled and annealed
samples as a function of Pd concentrations (0.12, 0.74, 1.48, 2.91, 5.88, and 11.11 at %). The highest peak
entropy values in cold-rolled samples were about 0.9 and 0.86 ] Kg~! K~! for Pd concentrations of 5.88
and 11.11 at %, respectively. These values were higher than the one obtained in the sample without Pd
(0.74] Kg='K™1). In the case of annealed samples, peak entropy values of about 0.74 were obtained
independent of the Pd concentration [37]. Results obtained by Belyea showed that cold rolling causes
an increase of lattice defects, resulting in a higher magnetic entropy. After annealing, the amount of
lattice defects decreases, reducing the total magnetic entropy in the alloy to about 0.8 ] Kg~! K~! [37].
Tcurie did not exhibit a significant change with the processing condition; however, it exhibited a strong
dependence with Pd concentration. The T,,;, in samples without Pd was about 100 K, but it increased
to about 225 K and 300 K for Pd concentrations of 5.88 and 11.11 at %, respectively. These results
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show that the magnetic behavior of NiFeCoCrPd alloys is sensitive to small changes in chemical
composition [37].

Some authors have reported magnetic alloys of Cu for applications in magnetic refrigeration [38,39].
Akhter et al. [39] reported values of magnetic entropy of 1.25 ] Kg_1 K1 for the Cug3Zng7Fe,Oy
alloy, with a magnetic field intensity of 3 Tesla at 370 K. The magnetocaloric effect of these alloys was
correlated with the sensitivity to chemical composition and the existence of a SOPT.

The magnetic entropy of the analyzed alloys in the present work is significantly lower than that
reported in the work described above. Therefore, the obtained results suggest that the investigated
alloy could be used in MR applications only under magnetic fields higher than 3 Tesla and at lower
temperatures. The MCE in samples with normalizing is higher than that in quenched samples for
the same magnetic field intensity. Such a difference can be attributed to lattice disorder, due to the
presence of 31 and 3 phases.

Figure 7 shows the magnetic entropy as a function of heat treatment for a magnetic field of 3 Tesla
(3 T). It is clear that in both cases, the highest entropy is obtained near T,;,. Samples subjected
to normalizing exhibit the maximum entropy value at a lower temperature when compared with
the quenched samples. Considering that intermetallic compounds in both conditions have similar
morphology and chemical compositions, it can be suggested that such a difference relates to the
presence of 31 and 3 phases, as mentioned above.
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Figure 7. —AS,;, obtained at 3 Tesla as a function of temperature in samples subjected to quenching
and normalizing.

It has been reported that 3 phase in Cu-Zn-Al alloys is disordered at high temperatures and has
a body centered cubic (bce) lattice. During cooling processes, and depending on the alloy composition,
the parent 3 phase can order into two different structures: B2 and L21 [31]. The presence of this
ordered phase in the present work can explain the low values of entropy observed in Figure 6. B2 or
L21 structures can transform to martensite phases by stress or thermally [31], which can improve the
MCE of Cu-based alloys [26]. Therefore, the results of the present investigation open the possibility to
improve the MCE by further transformation of the parent 3 phase to martensite.

4. Conclusions

The following conclusions can be drawn from the results of the present investigation:

1. The high content of Zn in the investigated alloy promotes the retention of the high-temperature (3
phase. Apparently, the Al content in the studied alloy is not enough to displace the martensite
start temperature above room temperature, precluding the transformation of the martensitic
phase (FOPT).



Magnetochemistry 2019, 5, 48 10 of 12

2. The use of Ni and Fe in a Cu-11Al-9Zn alloy promotes ferromagnetic-paramagnetic behavior
(SOPT), and to a certain extent, MCE in the investigated alloy.

3. Samples subjected to normalizing present higher magnetic entropy than those with quenching.
This behavior relates with the coexistence of the 31 and 3 phases, which result in greater
system disorder.

4.  The investigated alloy could be used in the MR area only under the application of magnetic fields
higher than 3 Tesla and low temperatures, i.e 125 K for samples with normalizing and 170 K for
samples with quenching.
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