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ABSTRACT

The Zn–Al–Cu alloy (Zn–5wt%Al–0.5wt%Cu) is solidified with different growth

rates (V = 8.45–2087.15 lm s-1) at a constant temperature gradient

(G = 3.67 K mm-1) using Bridgman-type directional solidification apparatus

(BTDSA). The thermal conductivity (K) and electrical resistivity (q) for the Zn–

Al–Cu alloy solidified with the different V values are measured by the longi-

tudinal heat flow method (LHFM) and DC four-point probe technique (FPPT),

respectively. The k and K decrease with the increasing V, while the q increases

with increasing V in the Zn–Al–Cu eutectic alloy. The dependences of q and K

on k and V for the Zn–Al–Cu eutectic alloy are obtained as q ¼ 9:98 � 10�8k�0:18,

q ¼ 7:03 � 10�8V0:07, K ¼ 110:91k0:104 and K ¼ 144:59V�0:040, respectively. The

melting enthalpy (DHf) and specific heat difference between solid and liquid

phases (DCp) for the Zn–Al–Cu eutectic alloy are determined as 113.89 J g-1 and

0.172 J g-1 K-1, respectively, by the differential scanning calorimetry (DSC).

1 Introduction

Biomedical materials are used to fulfil the functions

of living tissues in the human body or contribute to

their treatment. Biomedical materials are very special

materials that should be highly compatible with the

living tissue where they are implanted and not have

any toxic effects. The mechanical and physical

properties of available permanent implants must

have high potential to meet the functions of the area

where it is applied. The only way to overcome the

expected mechanical strength is to use metal alloys,

but the alternative materials have been produced in

very limited numbers yet [1–5]. However, metal

alloys carry the risk of releasing particles that can

cause carcinogenic, toxic or allergic side effects into

the biological environment through wear or corrosion

[6–9]. In addition, problems such as growth restric-

tion of the body and obstacles in medical imaging in

paediatric applications caused difficulties for using

permanent implants so it is necessary to develop

biodegradable materials to replace them.
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Zinc like magnesium is useful body elements in

many biological processes in human organism

[10–12]. Recently, Zn-based binary or multicompo-

nent alloys have attracted attention for their

biodegradability and adaptability to tissue regenera-

tion. Aluminium is a neurotoxin element and causes

cognitive deficiency [13, 14]. Recently, Bowen et al.

[15] have reported that Zn–X wt% Al (X = 1–5) alloys

can be used for stent applications.

Zn-based Zn–Al alloys have good strengths and

hardness and show good wear resistant when it is

compared with pure zinc or pure aluminium [16].

Zn–Al-based ternary or multicomponent alloys have

been developed for their high performance and high-

quality die-castings in automotive industry [17].

Copper is also added as alloying element into the Zn–

Al alloys to improve mechanical and corrosion per-

formances [18–21].

Since the solidification stage affects many proper-

ties of metallic materials, it is undoubtedly the most

important stage in their production [22–26]. The main

characteristics of the material are determined by the

controlling of solidification parameters, which are the

temperature gradient (G), growth rate (V) and alloy

composition (X). The cooling rate

(T
0 ¼ dT=dt ¼ V � G) is an effective control parame-

ter for directionally solidification of alloys [27–31]

and the microstructural, mechanical and physical

properties of directionally solidified alloys depend on

V.

The Zn-based biodegradable materials have lower

thermal and electrical conductivity in comparison

with magnesium and the dependences of their elec-

trical and thermal properties on solidification stage

should be investigated. The q and K values of alloys

are fundamental physical parameters to control the

performance and depend on V as well as the T and

X. In the literature, although a lot of researches were

mainly focussed on the directionally solidification of

alloys to determine the dependence of microstructure

parameters (primary dendrite arm spacing k1, sec-

ondary dendrite arm spacing k2 and eutectic spacing

k) and mechanical properties (hardness, HV and

ultimate tensile strength, rUTS) on V [28–44]. In

addition, the variations of K and q with T for alloys

were also investigated [45–47]. The results from the

previous studies show that there are significant data

show the dependence of k1, k2, k HV and rUTS on V or

K and q on T, especially a few studies present to show

that the dependence of K on V for alloys [48].

Recently, the variation of K with V for the Al–Cu–Ni

eutectic system was determined [48]. Based on the

work [48], the effects of V on q and K are aimed to be

investigate for the Zn–Al–Cu eutectic alloy.

2 Experimental procedures

It is known that changes in the microstructure of

materials (particle sizes) affect their mechanical

properties (such as microhardness and stress) and

other properties (such as electrical conductivity,

thermal properties and corrosion). The formation of

regular microstructures and particle sizes (k) in the

materials depend on G, V and X during the solidifi-

cation of these materials. In other words, by con-

trolling G, V and X independently from each other, it

is possible to influence the microstructures, mechan-

ical, electrical and thermal properties of the materials

with the directional solidification method.

Based on this information, the experimental pro-

cesses for the Zn–Al–Cu alloy consist of alloy solidi-

fication with the different V, determination of G,

V and k and the measurements of q and K. These

processes are outlined as fallows.

2.1 Directional solidification of the Zn–Al–
Cu alloy

The solid solubility of solid Cu in the solid Zn is 2.75

wt% Cu. Therefore, Cu was added into Zn–5 wt% Al

to be 0.5 wt% Cu to growth the g-Zn and the b-eu-

tectoid phases from the Zn–Al–Cu eutectic liquid.

The hot filling furnace is heated up to 700 K while the

sufficient amount of 4 N and 3 N purity of Zn, Al and

Cu, respectively, were melted under vacuum. After

homogenization, the molten Zn–Al–Cu was poured

into graphite pots which are held in a hot filling

furnace and then solidified upward to get full fill the

specimens.

Each specimen was then re-melted at 800 K in a

BTDSA as shown in Fig. 1. After achieving thermal

stabilization, the molten alloy was solidified as 10 or

15 cm by pulling it downwards with a constant

pulling speed and then rapidly quenched into the

cold water bath [38–43]. The highest V value of

2087.15 lm s-1 was achieved with a driving system

specially constructed in the present work. The

directional solidifications of Zn–Al–Cu with the
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different V (from 8.45to 2087.15 lm s-1) were done at

3.67 K mm-1 by using the driving system.

2.2 Measurements of G, V and k

0.25 mm thick and metal sheathed K–type thermo-

couples were used to measure the temperature dif-

ference (DT) within a known space of DX = 4–5 mm)

into the sample. All the thermocouple ends were

connected to a data logger via computer and thus, the

data logger recorded the cooling rate during the

growth. The time required for the solid–liquid inter-

face passes the distance between a thermocouple

pairs (Dt) were read from data-logger record. Thus,

the value of V = DX/Dt and G = DT/DX for each

sample was determined from the DT, Dt and DX.

Some routine metallographic processes were car-

ried out to reveal the microstructure of samples. For

these metallographic processes, the transverse

sections of samples, cut in a length of 15 mm were

flatted, cold mounted and then polished. After pol-

ishing, the samples were etched with a 10% HF in

water enchant for 40–45 s.

Typical SEM photographs of microstructures for

the Zn–Al–Cu alloy solidified with the different V are

shown in Fig. 2. The microstructure of the Zn–Al–Cu

is the lamellar eutectic structure, and has fine lamel-

lar with increasing V.

The k values measured from microstructure pho-

tographs taken from the transverse sections by the

linear intersection method [38]. In the measurement

of k, 30–40 k measurements for each V were done to

increase the statistical reliability. Hence, the statistical

error in the measurements of the microstructures was

minimized, and it is given in Table 1.

Fig. 1 Schematic illustration of the BTDSA: a Hot and cold stages and b the sample details
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2.3 Measurements of q

The q is the basic fundamental physical property of

materials such as thermal resistivity, thermal expan-

sion coefficient, melting point, specific heat, and bulk

module. In literature, many works on q measure-

ments for pure metals are present, but the studies on

determination of q for multicomponent systems are

very limited. In alloys, the q depends on temperature,

dimension of phases and grain size, plastic defor-

mation, annealing conditions and composition of

alloy [49].

The q values for the directionally solidified Zn–Al–

Cu alloy with different V values were measured by

DC FPPT [49]. In the measurement of q [50–52], the

constant DC potential voltage is applied on the

Fig. 2 Typical SEM images for Zn-5 wt% Al-0.5 wt% Cu alloy directionally solidified with different V at 3.67 K mm-1

Table 1 The solidification

parameters, eutectic spacing,

electrical resistivity and

thermal conductivity for

directional solidified Zn-5

wt% Al-0.5 wt% Cu eutectic

alloy

Alloy (wt%) G (K mm-1) V (lm s-1) kE (lm) q 9 10–8 (X m) K (W m-1K-1)

Zn–5Al–0.5Cu 3.67 8.45 3.35 8.36 139.49

41.32 1.67 8.89 133.97

86.14 1.18 9.63 129.66

166.58 0.81 9.96 124.92

465.36 0.61 10.62 122.05

1032.47 0.52 10.98 118.36

1544.62 0.45 11.82 114.89

2087.15 0.39 12.43 110.23
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specimen and the current (I) and potential difference

on the specimen (DV) are measured by ampere meter

and volt meter, respectively. The dimension of the

road sample was 4 mm in diameter and 30 mm in

length and the space between the probes was 1 mm.

The q is expressed as

q ¼ RCF
DVmeasured

Imeasured
ð1Þ

where RCF is the resistivity correction factor which is

calculated to be 0.364 cm for the sample [43, 44].

The q measurements for the disc samples were

conducted at 300 K. The measuring unit was inter-

faced with a computer for the online data acquisition

and processing. Keithley 2400 DC power supply and

2700 multimeter were used to measure the current

and the potential drop, respectively. The probes are

made of 0.5-mm thick platinum wire and the q was

determined from Eq. 1 using the measured values of

I and DV.

The experimental error in the q measurements is

about 5% [51].

2.4 Measurements of K

The K is the basic thermal property of materials.

Although the value of K for pure metals was deter-

mined from theoretical approaches and experimental

studies, the sufficient information or available data

on K value for alloys are not exist. The K for alloy

change with T and V as well as composition of alloy,

X.

The LHFM is useful technique to determine K

value for solid materials. In this technique, an

experimental system is used to get a longitudinal heat

flow thorough to the cylindrical sample. Assuming

heat flow is steady state and no radial heat loss or

gain, K is determined from one-dimensional heat

conduction by Fourier–Biot law [53, 54];

K ¼ Q
�
DX

ADT
ð2Þ

where Q
�

is the heat flow rate, A is the surface area

which is normal to heat flow direction and DT ¼
T1 � T2 is the temperature difference read by a ther-

mocouple pair and DX ¼ X1 � X2 is the distance

between thermocouple pairs positions.

In the present work, an LHF apparatus [55, 56] was

used to determine the K for the Zn–Al–Cu alloy

solidified with the different V at 300 K. The solidified

cylindrical sample was cut 30 mm in length which

consists of two zones; 20 mm length of sample con-

tains one end closed alumina tube and 10 mm length

other part of sample does not contain alumina tube.

The cylindrical specimen of 30 mm length was then

placed into the LHF apparatus. The sample was kept

at a constant temperature gradient by heating one

side of sample by a hot stage and cooling the other

side of sample by a cold stage. The temperature of

heater and cold stages were hold at 300 K and 253 K,

respectively, with a PID temperature controller. The

side surface of sample was wrapped with glass fibre

blanket to get the LHF through to the cylindrical

specimen and stop the radial heat loss from the

specimen. 10 mm space between the hot stage and

cold stage was set. The samples were kept under

steady state heat flow conditions at least 4 h and the

values of DT, I and DVheater were recorded with a data

logger and the data acoustics via to computer,

respectively for sensitive K measurements. The val-

ues of K were calculated from Eq. 2 using the mea-

sured values of A,Q
�
¼ I � DVheater, DT and DX.

2.5 Determinations of DCp and DHf

The sample was heated up to 1000 K with a heating

rate of 10 K/min using a DSC to determine the DCp

and DH values for the Zn–Al–Cu alloy. The DCp is

expressed as

DCp ¼
DHf

Tm
ð3Þ

where TM is the alloy melting temperature. Thus, DHf

is determined from DSC trace by determining the

area under the peak and the DCp value is calculated

from Eq. 3 using the values of DHf and Tm.

3 Results and discussions

3.1 Microstructure analysis

The eutectic composition of the Zn–Al–Cu alloy was

identified as Zn–5wt% Al–0.5 wt% Cu [57, 58]. The

composition of Cu in the Zn–Al alloy should be lower

than 2.75 wt% Cu which is the maximum solid sol-

ubility of Cu in solid Al [57, 58] at 821 K. Thus, the

eutectic reaction at the near the eutectic composition

is that the eutectic L ? g-Zn solution solid matrix

(Zn–0.84wt% Al–1.78 wt% Cu) ? a-Al solution (Al–

18216 J Mater Sci: Mater Electron (2021) 32:18212–18223



24.72 wt% Zn) phases [57, 58]. Thus, Zn–5 wt% Al–0.5

wt% Cu was preferred as alloy composition to

growth the solid g-Zn and a-Al solutions phases

from the Zn–Al–Cu eutectic liquid.

Typical SEM photographs of the Zn–Al–Cu alloy

solidified with different V are given in Fig. 2. The

microstructure of the Zn–Al–Cu has fine lamellar

eutectic of g-Zn and a-Al phases with increasing V.

The chemical composition analyses of g-Zn and a-

Al solid solutions were performed via EDX (energy-

dispersive X-ray). From EDX results as shown in

Fig. 3, the g-Zn and a-Al are the grey and black

colours, respectively.

Fig. 3 The chemical composition analysis of Zn-5wt%Al-0.5wt%Cu eutectic alloy using SEM EDX. Black phase is the b-eutectoid phase

and grey phase is g-Zn matrix solution phase
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3.2 Dependence of q on k and V

The q values for the Zn–Al–Cu solidified with dif-

ferent magnitudes of V were measured at 300 K with

the FPP technique. The k decreases with the

increasing V or vice versa at 3.67 K mm-1 as shown

in Fig. 2. The highest and lowest k values were

obtained with 8.58 lm s-1 and 2038.65 lm s-1 as

shown in Fig. 2a and b, respectively. The variation of

q with the k and V in the form of Hall–Petch equation

is plotted as shown in Fig. 4, and the relationships

between them were determined as follows:

q ¼ 7:89 þ 1:73 k�1
� �

� 10�8 ð4Þ

q ¼ 8:52 þ 0:085V0:5
� �

� 10�8 ð5Þ

The dependence of q on k and V were obtained in

the form of Hall–Petch equation for the Zn–Al–Sb

[42, 44] and Zn–Al–Bi [43, 44]. A comparison of the

present results with the previous results obtained for

the Zn–Al–Sb [42, 44] and Zn–Al–Bi [43, 44] is also

given in Fig. 4.

Lines of q variations with k and V for the Zn–Al–

Cu are above the lines of q variations with k and

V for the Zn–Al–Sb [42, 44] and Zn–Al–Bi [43, 44].

The coefficient of 1.73 for k in the Zn–Al–Cu is 60

percent smaller than the coefficients of 2.85 and 2.63

for k in the Zn–Al–Sb [42, 44] and Zn–Al–Bi [43, 44],

respectively, while the initial resistivity value of 7.89

for k in the Zn–Al–Cu is 75 percent bigger than the

initial values of 4.51 and 4.97 for k in the Zn–Al–Sb

[42, 44] and Zn–Al–Bi [43, 44], respectively. The

coefficients of V in the Zn-based ternary alloys are

very close to each other’s while the initial resistivity

value of 8.52 for V in the Zn–Al–Cu is about 45 per-

cent bigger than the initial resistivity values of 5.81

and 6.59 for k in the Zn–Al–Sb [42, 44] and Zn–Al–Bi

[43, 44], respectively.

The q increases from 8:36 � 10�8 to 12:43 � 10�8 X
m with increasing V from 8.45 to 2087.15 lm s-1 and

any increment in the V leads to an increment in q as

shown in Fig. 5 and given in Table 1 for the Zn–Al–

Cu. The relationships between q and k and V in

logarithmic scale for Zn–Al–Cu eutectic system were

also determined as:

q ¼ 9:98 � 10�8 k�0:18 ð6Þ

q ¼ 7:03 � 10�8 V0:07 ð7Þ

The influences of k and V on q were obtained for

the Zn–Al–Sb [42, 44] and Zn–Al–Bi [43, 44]. The

present results were also compared with the previous

results obtained for the Zn–Al–Sb [42, 44] and Zn–Al–

Bi [43, 44] in Fig. 5. The q variations with k and V li-

nes for the Zn–Al–Cu are above the q variations with

k and V lines for the Zn–Al–Sb [42, 44] and Zn–Al–Bi

[43, 44].

The exponent value of 0.18 related with k for the

Zn–Al–Cu is about 40 percent of 30 and 32 exponent

values for the Zn–Al–Sb [42] and Zn–Al–Bi [43],

respectively, and the initial resistivity value of 9.98 is

slightly bigger than the initial resistivity values of

8.09 and 7.48 for the Zn–Al–Sb [42] and Zn–Al–Bi

[43], respectively, as can be seen from Fig. 5. The q
versus V line for the Zn–Al–Cu is far from the q
versus V line for the Zn–Al [41]. This difference is

Fig. 4 The variations of q as a function of a k and

b V determined in the form of Hall–Petch type equation for the

Zn-based ternary eutectic alloys
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probably due to the microstructure difference

between the Zn–Al–Cu and Zn–Al [41] because of the

microstructure of the Zn–Al–Cu and Zn–Al [41] are

eutectic lamellar and dendrite structures, respec-

tively. The q versus V line for the Zn–Al–Cu is

slightly above the q versus V lines for the Zn–Al–Bi

[43] and Zn–Al–Sb [42]. From Fig. 5b, it can be con-

cluded that the exponent value of 0.07 related with

V for the Zn–Al–Cu is very close the exponent value

of 0.06 for the Zn–Al [41], but is smaller than the

exponent values of 0.09 and 0.11 related V for the Zn–

Al–Sb [42] and Zn–Al–Bi [43], respectively.

The q value for Zn, Al, Cu, Bi and Sb are about

5:92 � 10�8,2:65 � 10�8, 1:70 � 10�8, 129:0 � 10�8 and

41:3 � 10�8 X m [59], respectively, at 300 K. If the

variations of q with V obtained in the present work

and previous works [22–24] shown in Figs. 4 and 5,

respectively are considered together it can be con-

cluded that Cu content in the Zn–Al eutectic system

increases the its q value according to the Bi and Sb

contents. This means that the hardness of Zn–Al–Cu

eutectic system might be higher than the hardness of

Zn–Al–Bi and Zn–Al–Sb eutectic systems and these

differences in q values are due to alloying element

types rather than growth rates.

3.3 Influence of k and V on K

The variations of K with k and V for the Zn–Al–Cu

have been plotted in Fig. 6, and the related data are

given in Table 1. As shown in Fig. 6, the K linearly

increases or decreases with increasing the k or V,

respectively. The relationships between K and k and

V for the Zn–Al–Cu were expressed as follows:

K ¼ 110:91 k0:104 ð8Þ

K ¼ 144:59V�0:040 ð9Þ

As seen from Table 1 and Fig. 6, the K value of

110.23 and 139.49 W K-1 m-1 for the Zn–Al–Cu is

correspond of the lowest 8.45 lm s-1 and highest

2087.15 lm s-1, respectively at 300 K. The K values

for Al, Zn, Bi and Zn-3 at.%Al-0.3 at.%Bi are 236, 119,

6.3 and 157 W K-1 m-1 [60–62], respectively, at

300 K. The highest value of 139.49 and the lowest

value of 110.23 W K-1 m-1 are around the value of

119 W K-1 m-1 for pure Zn [58]. The highest value of

139.49 W K-1 m-1 is slightly higher than the value of

cast Zn-based alloy measured in the previous work

[61].

In the previous works [60–62], the K measurements

were done for cast alloys i.e. the molten alloys into

mould were solidified under transient condition, i.e.

Fig. 5 The variations of q as a

function of V determined by

linear regression analysis for

the Zn-based binary and

ternary eutectic alloys
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the growth rate is not constant and varies with time

during the solidification. Also, the V value for cast

might be higher than the highest V value for direc-

tional solidification. Therefore, the grain and phase

dimensions for the cast alloys might be smaller than

the grain and phase dimensions for directional

solidified alloys and the microstructure of cast alloys

should not be uniform and irregular or disordered

while the microstructure of directionally solidified

alloys for a given V are regular and uniform. Thus,

the K value for directional solidified alloys for a given

V should be higher than the K value for cast alloy.

Therefore, the difference between the present and

previous K values for the Zn–Al eutectic system

might be due to the sample preparation under the

different type of solidification conditions for

K measurements.

3.4 Determination of DCp and DHf

for the Zn–Al–Cu eutectic alloy

Zn–Al–Cu eutectic alloy was heated with 10 K min-1

up to 800 K with a DSC and the trace of heat flow

versus temperature is given in Fig. 7. TM was detec-

ted as 660.54 K and DHf and DCp were determined to

be 113.89 J g-1, and 0.172 J g-1 K-1, respectively

from the trace of heat flow versus temperature. The

DH and DCP values obtained in the present work well

agree with the values 108.59 J g-1 and 0.165 J g-1

K-1, 112.55 J g-1 and 0.291 J g-1 K-1, 112.55 J g-1

and 0.309 J g-1 K-1 and 113.4 J g-1 and 0.294 J g-1

for the Zn–Al–Sb [42], Zn–Al–Bi [43], Zn–Al [40] and

Zn–Al [39], respectively. The recommended values of

DH and the DCP are 396.96 J g-1 and 0.896 J g-1 K-1

and 111.91 J g-1 and 0.389 J g-1 K-1 for the Al [63]

and Zn [63], respectively.

4 Conclusion

In the present work, Zn–5wt%Al–0.5wt%Cu eutectic

alloy was directionally solidified with a wide range of

growth rate (V = 8.45 lm s-1–2087.15 lm s-1) at

G = 3.67 K mm-1 and then, the microstructure anal-

ysis and measurement of electrical resistivity (q) and

thermal conductivity (K) were carried out for the

solidified samples. The primary results obtained in

this study can be listed in detail as follows:

1. After appropriate metallurgical processes, SEM

images of the obtained microstructure were taken

for different growth rates (V) and the microstruc-

ture of the Zn–Al–Cu has fine lamellar eutectic

and k decreases with increasing V.

2. Effects of kE and V on q were determined in the

form of Hall–Petch equation and logarithmic

scale and the results obtained in the present

work are found to be agree well with exist q
values in literature for Zn-based alloys.

3. For the first time, the variation of K with V for the

Zn–Al–Cu eutectic was measured with LHFM

and the relationship between them in in the form

of Hall–Petch equation and logarithmic scale

were determined.

Fig. 6 The variations of K with a k and b V for Zn-5wt%Al-

0.5wt%Cu eutectic alloy
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4. The highest and the smallest K values were

obtained as 110.23 and 139.49 W K-1 m-1 with

respect to the high growth rate of 8.458 lm s-1

and low growth rate of 2087.15 lm s-1, respec-

tively, at 300 K.

5. From DSC trace, DH and DCP and TM for Zn–

5wt%Al–0.5wt%Cu eutectic alloy were found to

be 113.89 J g-1, 0.172 J g-1 K-1, and 660.54 K,

respectively.
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