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Abstract
In the present study, directionally solidification experiments are performed with Zn–8 mass% Al and Zn–8 mass% Al–

X mass% Bi (X=1.5, 2.3 and 3.0 mass%) alloys using a water-cooled solidification system, which permits a wide range of

solidification cooling rates to be investigated in a single experiment. The microstructural phases of the ternary alloys are

shown to be quite similar to those of the binary alloy, with equiaxed dendrites immersed in a matrix formed by fibers or

lamellae of the Al/Zn eutectoid product, with the difference that the ternary alloys have Bi droplets disseminated into the

matrix and dendrite branches. The dendrites, lamellae and fibers evolve from a refined microstructure at regions closer to

the water-cooled bottom of the casting, to increasingly coarser microstructures toward the top. Experimental expressions

relating the secondary dendritic arm spacing, the spacing between lamellae and the fiber spacing to solidification thermal

parameters (growth and cooling rates) are derived. For the alloys having higher Bi content, a bimodal distribution of Bi

droplets was shown to occur, with small droplets, consisting of lamellae and fibers, disseminated into the matrix and larger

droplets between the dendritic branches.
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Introduction

Zn–Al-based alloys represent a group of tribological

materials qualified for the manufacture of bearings. They

have been extensively studied as they are the base of

commercial alloys known as ZA (zinc–aluminum), which

have small additions of copper and magnesium. Commer-

cial designations such as ZA-8, ZA-12 and ZA-27 are

based on aluminum contents of 8, 12 and 27 mass%,

respectively. Zn–Al alloys have good mechanical strength

and hardness and are widely used in the manufacture of

bearings because of their good wear resistance [1–3].

Controlling the microstructure through solidification

thermal parameters is of critical importance since it plays

an important role on mechanical properties, corrosion

behavior and also on wear resistance of metallic alloys.

Several experimental investigations are reported in the

literature relating solidification thermal parameters to

microstructure features [4–8]. Osório et al. [9] investigated

the influence of heat transfer on the as-solidified

microstructures of Zn–X mass% Al (1, 3 and 4 mass% Al)

alloys and their correlation with tensile properties. The

experimental results included: transient metal/mold heat

transfer coefficients, secondary dendrite arm spacings and

ultimate and yield tensile strengths as a function of
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solidification conditions imposed by the metal/mold sys-

tem. The results emphasized the role of the microstructural

arrangement, which is governed by thermal parameters, on

the resulting mechanical properties. Experimental expres-

sions correlating tensile properties with a representative

scale of the microstructure have proved to be a promising

tool in the preprogramming of solidification conditions in

the casting process, with a view to permitting a required

mechanical strength to be achieved. Another study focused

on the influence of the as-cast dendritic microstructure of a

Zn–27 mass% Al alloy on the tensile properties, which

permitted experimental expressions correlating the ultimate

tensile and yield strengths with the secondary dendrite arm

spacing to be derived. These results showed that both

tensile properties increase with decreasing dendrite spac-

ings [10].

Pizarro Pastene et al. [11] studied Zn–Al alloys having

different Al contents (0.5, 2, 4 and 8 mass% Al), which

were directionally grown in a Bridgman device aiming to

understand the formation of microstructures under different

solidification paths. The hypoeutectic Zn–0.5 mass% Al

was reported to have a microstructure characterized by

cellular and dendritic morphologies, while the proeutectic

alloys (2 and 4 mass% Al) presented a dendritic primary

phase surrounded by the eutectic mixture, without apparent

interaction. The hypereutectic Zn–8 mass% Al alloy was

shown to grow in a similar way to that of the proeutectic

alloys, except for the primary phase that in this case is an

Al-rich phase.

The addition of alloying elements to Zn–Al alloys with a

view to improving the resulting mechanical properties has

been used in many studies. Since Zn–Al alloys present poor

lubrication, Türk et al. [1] analyzed the additions of 1 mass%

of Pb, Sn and Cd to compensate for this deficiency. The

wear tests performed showed that for a 30-N load, the best

wear resistance was associated with the ZA8 alloy with

addition of Pb and for a higher load (45 N) with the ZA8

alloy with addition of Cd. The addition of Sn was shown to

be the worst option for both analyzed load tests. It is worth

noting that Pb and Cd are now being banned due to the

risks to health and environmental contamination, which

means that there is a need for new alloys options having a

phase that fulfills the role of lubricant.

Other studies in the literature also focus on the addition

of a third element to Zn–Al alloys such as, Ag [2], Cu [3]

[12], Si [13] and even Al2O3 particles [14]. Like Al-based

monotectic alloys, for which Bi dispersed in the matrix acts

as a self-lubricant agent, Zn–Al–Bi alloys that have been

scarcely explored in the literature, may also have good

potential for promising applications in automotive com-

ponents that require wear resistance. Bi particles well

distributed through the alloy microstructure may flow

easily under sliding conditions, resulting in favorable

tribological performance [15]. The amount, shape and

arrangement of microstructural features are particularly

important from the point of view of wear behavior, that is,

a stronger comprehension on how the alloy microstructure

evolves during solidification is necessary.

The addition of Bi can give rise to immiscible alloys

systems characterized by monotectic reactions. Monotectic

systems consist of elements with different physical prop-

erties that cover a certain composition range giving rise to

a miscibility gap. At the monotectic temperature, the

homogeneous liquid L′, which contains the alloy compo-

nents A and B, transforms into an A-rich solid α and a

B-rich liquid L″ simultaneously through the monotectic

reaction (L′=α?L″) [16]. Even with the elements A and B

being almost insoluble in each other in the solid state, the

resulting alloy has properties combining characteristics of

both elements, which can generate novel materials with

exceptional functional properties distinct than those for

which each phase is taken separately [17]. Consequently,

the microstructure of monotectic alloys offers several

possibilities for the development of new alloys for tech-

nological applications, such as self-lubricant bearings [18].

However, systematic studies on the evolution of ternary

monotectic alloys are still scarce in the literature, mainly

under transient solidification regimes, which encompasses

most industrial conditions.

Generally, monotectic alloy systems present quite sim-

ple phase diagrams with monovariant three-phase equilib-

rium, L′?L″?Solid, as in the Al–Bi–Pb, Al–Bi–In and

Al–Pb–In alloys systems [19]. However, some ternary

systems may act differently presenting four-phase equi-

librium, L′?L″?Solid 1?Solid 2 [20]. Therefore, com-

pletely different microstructures with higher level of

complexity can be expected. Djordje Mirkovic´ et al. [21]

studied the solidification paths of the Al–Bi–Zn alloy

system using thermodynamic calculations, as well as the

resulting microstructure of samples solidified at a cooling

rate of 1 K min−1. It was noticed that the liquid gap L′?L″
intersects the primary crystallization fields of Al and Zn,

giving rise to the four-phase reaction. In other words, the

transformation L′=L″?(Al)′?(Zn)′ may be the combined

result of the binary reactions L′=L″?(Al) at 658 °C from

the Al–Bi system and L′=L″?(Zn) at 416 °C from the Bi–

Zn system. The cross section microstructures of alloys

samples confirmed the phase separation into large cohesive

and rounded regions during cooling. These two different

regions: Bi-poor liquid (L′) and Bi-rich liquid (L″), were
clearly seen in electronmicrographs of as-solidified samples.

The presence of tiny droplets of Bi-rich L″ within L″?
(Al)?(Zn) areas eventually solidified as a result from the

demixing stage of the two liquids.

Although there are some studies in the literature related

to the addition of Bi in Zn–Al alloys [20, 21], there is a
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lack of systematic investigations on the microstructural

evolution of both Zn–Al and Zn–Al–Bi alloys, connected

to the experimental thermal parameters under transient

solidification conditions. It is well known that the

microstructure of metallic components depends strongly on

the parameters of their manufacturing route and depending

on the cooling conditions during solidification in the cast-

ing process, the resulting microstructural phases may be

entirely dissimilar from those settled by the corresponding

equilibrium phase diagram [22, 23]. The purpose of this

study is to perform directionally solidification experiments

with Zn–Al and Zn–Al–Bi alloys using a water-cooled

solidification system, in which a wide range of cooling

rates can be investigated in a single experiment, thus per-

mitting the corresponding microstructural development to

be investigated. The solidification thermal parameters

(growth rate, V, and cooling rate, Ṫ) will be determined

with a view to establishing experimental relationships

between representative length scales of the phases forming

the microstructure and both V and Ṫ. Particularly inherent

of the aforementioned alloys systems, the resulting

microstructures are characterized by a series of morpho-

logical features related to invariant reactions (monotectic,

eutectoid and eutectic) such as, dendrites, lamellae, fibers

and droplets. The present work aims to contribute to a

better understanding on the arrangement of these features

during the cooling process, envisaging future correlations

with the wear behavior of these tribological alloys.

Experimental

The solidification setup, shown in Fig. 1, permits the alloy

to be melted in situ and enables the unidirectional transient

solidification of castings to be produced by extracting heat

through a water-cooled mold bottom. The lateral inner

surface of a stainless-steel split mold (internal diameter of

56 mm, a height of 80 mm and a wall thickness of 10 mm)

is covered with a layer of insulating alumina to minimize

radial heat losses. The mold is positioned at the center of

the solidification apparatus, and to reduce heat losses from

the metal/air surface, a top cover made of an insulation

material is also used. Heat is directionally extracted only

through the water-cooled mold bottom made of low carbon

steel (3 mm thick and polished with 100, 200, 400, 600 and

1200 grit SiC papers), permitting a wide range of solidifi-

cation cooling rates to be operative along the length of the

directionally solidified (DS) casting.

The solidification experiments were carried out with

four different alloys compositions: Zn–8 mass% Al;

Zn–8 mass% Al–1.5 mass% Bi; Zn–8 mass% Al–2.3 mass%

Bi; and Zn–8 mass% Al–3.0 mass% Bi. Figure 2 shows the

partial binary Zn–Al phase diagram, where the Zn–8 mass

% Al alloy is indicated by a vertical line. Figure 3 shows

the pseudo-binary diagram Zn–8 mass% Al–Bi with the

analyzed alloys indicated at the right side by vertical lines.

Both phase diagrams were calculated by the ThermoCalc

software.

The alloys were prepared by melting weighed quantities

of Zn, Al and Bi of high purity ([99%) in a graphite

crucible in a muffle furnace. The chemical compositions of

all elements used to prepare the alloys are shown in

Table 1. Firstly, Zn and Al were melted together and for the

alloys containing Bi, pieces of Bi were added to the molten

Furnace windings

Refractory

Mold

Water supply tube

Thermocouples

Fig. 1 Schematics of the vertical upward directional solidification

setup
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Fig. 2 Partial Zn–Al binary phase diagram. (ThermoCalc)
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liquid. In the sequence, to guarantee homogenization, the

resulting mixture was mechanically agitated with a stain-

less-steel bar covered with a layer of insulating alumina, in

order to avoid iron contamination. The molten alloy was

then poured into the casting chamber of the directional

solidification apparatus, in which the alloy was remelted in

presence of argon flow injected into the casting chamber in

order to generate a protective atmosphere. Subsequently,

the electric heaters were disconnected and as soon as the

temperature stabilized at 10% above the liquidus temper-

ature, the water flow was initiated at the bottom part of the

mold, allowing the onset of solidification.

A bank of fine type K thermocouples (±0.4% uncer-

tainty), positioned at eight different locations from the

heat-extracting surface at the bottom of the DS casting,

along its center line, was used to monitor the temperature

evolution during solidification. All thermocouples were

connected by coaxial cables to a data logger of 12 bits

interfaced with a computer, and the temperature data were

acquired automatically at a frequency of 5 Hz. The posi-

tions of the thermocouple’s tips can vary from an experi-

ment to another during some experimental steps, such as

thermocouple placement procedure, initial pouring of the

molten alloy into the mold cavity and injection of argon

into the casting chamber. Hence, postmortem examination

of each DS casting was carried out with a view to deter-

mining more accurately each thermocouple position.

In order to reveal the macrostructure, the cylindrical

castings were subsequently sectioned along their vertical

axes, grounded and etched with the Poulton’s reagent (HF,

HCl, HNO3 and water). Samples were extracted from dif-

ferent sections (longitudinal and transversal) along the

length of each DS casting, as shown in Fig. 4, with a view

to permitting the microstructure evolution from the base to

the top of the casting to be characterized. The samples were

polished with 100, 200, 400, 600 and 1200 grit SiC papers,

and then finely polished with diamond paste (6 and 1 μm).

No etching was necessary for revealing the microstructure

of the samples.

The examination of microstructures was carried out

using an optical Olympus inverted metallurgical micro-

scope (model 41 GX) and backscattered electron imaging

(BSE) of scanning electron microscopes (SEM Shimadzu,

VEGA 3 SBU TESCAM and SEM Zeiss model Evo

MA15). An energy dispersive spectrometer (EDS AZTec

Energy X-Act, Oxford) was used to complement the

microstructural characterization. In addition, X-ray

diffraction analyses were performed using a Siemens

D5000 diffractometer, with Cu-Kα target X-ray tubes and

radiation with wavelength equal to 1.54 Å. The Rietveld

method was applied to quantify the detected phases.
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vertical lines indicating the analyzed alloys compositions
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Table 1 Chemical

composition/mass% of metals

used to prepare the alloys

Elem Bi Zn Al Ag Sn Fe Cd Pb Si Mg Cu

Bi bal – – 0.0027 0.001 \0.0001 0.001 0.0007 –

Zn – bal – – – 0.015 – 0.012 0.003

Al – 0.01 bal – – 0.03 – – 0.03 0.01 0.01
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The segregation analyses were carried out in a fluores-

cence spectrometer (FRX), model Rigaku RIX 3100 to

estimate local average concentration through an area of

100 mm2 probe. Thermal analysis was performed using a

differential scanning calorimeter (DSC) Netzsch, model

200 F3 Maia.

The size and distribution of Bi particles in the

microstructure of the ternary alloys, as well as the sec-

ondary dendrite arm spacings and eutectic spacings

(lamellar and fibrous), were analyzed in transverse samples

of the DS castings using the image processing software

ImageJ. Schematic measurements are shown in Fig. 5. For

the measurements of particles diameters and distribution,

the micrographs taken for each position were binarized and

treated in order to permit the amount and size of the par-

ticles in the image to be calculated, as shown in Fig. 5a.

The secondary dendritic arm spacing (λ2) was obtained by

the intercept method [24], based on the average distance

between the center of three adjacent secondary arms

(Fig. 5b). The measurement of the eutectic lamellar spacing

was obtained by averaging the distance between lamellae,

according to the scheme of Fig. 5c. The triangle method

[24, 25] was used for direct measurements of the eutectic

fiber spacing (Fig. 5d).

Results and discussion

Thermal and calorimetric analyses

Figure 6 shows the experimental cooling curves for the

eight thermocouples positioned inside the DS alloys cast-

ings. For thermocouples closer to the cooled bottom of the

castings, a sharper drop in temperature can be observed,

while for the other thermocouples the rate of cooling

decreases progressively accompanying the increase in the

thermal resistance associated with the increasingly thick-

ness of the solid layer from the heat-extracting base. In

addition, it is noted that before the onset of solidification

(time=0 s), there is already a thermal gradient in the liquid

metal provided by the solidification device, and for this

reason, the thermocouple that is positioned closest to the

cooled bottom of the casting was taken as the starting

reference temperature of the experiment.

Figure 7a, b illustrates the evolution of the time of passage

(t) of the liquidus isotherms and of the eutectic/monotectic

fronts, respectively, by each thermocouple position (P) along

the length of the Zn–8 mass% Al and ternary alloys castings.

It can be noted that the proposed power functions (P=atb),

which were fitted to the experimental points, are appropriate

to represent the correlation between P and t. The Zn–8

mass% Al and the ternary Zn–8 mass% Al–2.3/3.0 mass% Bi

alloys present similar P versus t behavior with respect to the

evolution of liquidus, eutectic and monotectic isotherms. On

the other hand, the Zn–8 mass%–Al–1.5 mass% Bi alloy

shows a distinct behavior, characterized by a slower dis-

placement of the isotherms. Possibly, an explanation for this

fact could be the lower wettability of this alloy on the carbon

steel sheet (used in the solidification setup to separate the

bottom of the casting from the cooling water) as compared to

those of the three other alloys.

The experimental cooling rate points were determined

by computing the time-derivative (dT/dt) of each cooling

curve immediately after the passage of liquidus (ṪL) and

eutectic/monotectic isotherms (ṪE/ṪM) by each thermo-

couple (Fig. 8). The cooling rate profiles have been char-

acterized by power functions of the form Ṫ=cP−d−e, fitted
to the experimental scatter along the length of each DS

casting. However, this function cannot be applied near the

bottom of the DS casting (P=0) and care should be exer-

cised when applying these expressions to the beginning of

solidification. The subscripts L, E and M refer to liquidus,

eutectic and monotectic isotherms, respectively. The

cooling rate profiles of the liquidus and eutectic/monotectic

isotherms for the Zn–8 mass%–Al–1.5 mass% Bi alloy

casting present a behavior that is similar to that observed in

Fig. 8, that is, they are lower as compared to the profiles of

the other examined alloys. It can also be noted that all the

cooling rate profiles stabilize just after a position in the

castings of about 30 mm. The profiles of the other three

examined alloys have similar behavior; therefore, they can

be represented by a single power function experimental

law.

The velocities (V) characterizing the displacement of

liquidus, eutectic and monotectic isotherms come from the

experimental correlations between P and t. The derivatives

of the experimental P=atb functions with respect to time

(dP/dt) result in the growth rate profiles shown in Fig. 9,

where two distinct curves are required to represent the

analyzed alloys. That is, the growth rate profile for the Zn–

8 mass%–Al–1.5 mass% Bi alloy casting is different from

the others and is also the lowest one.

Transversal samples
Typical macrostructure

Longitudinal samples

Fig. 4 Schematic representation of samples extracted along the length

of the casting for further microstructural characterization
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One of the difficulties to work with alloys containing

elements with relatively high differences in density, as

shown in Table 2, is to preview the phases distribution in

the as-solidified microstructure [21, 26]. For Bi-based

monotectic alloys, the homogeneous distribution of Bi, by

conventional casting methods, has been a challenge due to

the rapid nucleation and diffusional growth of liquid Bi

droplets in the global liquid, intensified by the action of

Stokes and Marangoni motion, which provides collisions

and coalescence of Bi droplets followed by sedimentation

induced by gravity [26, 27]. However, in the case of the

alloys studied in this work (Zn–Al–Bi), it has been found

that the segregation due to gravity effects probably does

not occur because of the high solidification kinetics that

induces short-range displacement of the Bi-rich liquid.

Figure 10 shows the solute profiles along the length of the

DS castings, determined by X-ray fluorescence. For all

examined ternary alloys, the composition of Bi remained

approximately constant and close to the nominal Bi con-

centration of each alloy (Fig. 10b), as well as the
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concentration of Al that remained in the range

7.5–8.0 mass% Al (Fig. 10a), which does not configure the

occurrence of macrosegregation.

In order to confirm the temperatures of each invariant

reaction that occurs along cooling from the melt of each

examined alloy, additional analyses using differential

scanning calorimetry (DSC) have been performed. Fig-

ure 11 shows the experimental DSC curves for the Zn–

8 mass% Al and Zn–8 mass% Al–X mass% Bi (X=1.5; 2.3;

and 3.0) alloys. The cooling rate used in the DSC tests was

0.0083 °C s−1. The endothermic curve of Fig. 11a (binary

alloy) shows that at 683 K occurs the formation of the first

solid phase originated through the reaction L↔L′?(Al′),
with the primary dendrites being constituted by a Zn-rich

solid solution and the face-centered cubic metastable phase

(Al′) by proeutectic dendrites.

Following the solidification path of the binary alloy, the

remaining liquid continues to be enriched by solute until

the eutectic concentration is reached. At 654 K (eutectic

temperature), all remaining liquid solidifies as a eutectic

mixture formed by eutectic (Zn) and eutectic (Al′) phases,
through the reaction L↔(Al′)?(Zn) where the (Zn) phase

is a Zn-rich phase with a hexagonal close packed (hcp)

crystal structure and the (Al′) phase is also a Zn-rich phase,

well reported in the literature as (α′) [29], with a face-
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Table 2 Density/kg m−3 of
metals composing the examined
alloys [28]

Zn Al Bi

7100 2699 9800
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Fig. 11 Differential scanning calorimetry of a Zn–8 mass% Al alloy and b Zn–8 mass% Al–X mass% Bi (X=1.5; 2.3 and 3.0 mass%) alloys at a

cooling rate of 0.083 °C s−1
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centered cubic (fcc) crystal structure. At 550 K, it can be

observed that the (Al′) phase becomes unstable, and hence,

it undergoes a eutectoid transformation: (Al′)↔(Al)?

(Zn). These reactions agree with those shown in the phase

diagram of Fig. 2. It is worth noting that both the proeu-

tectic (Al′) phase and the (Al´) phase from the eutectic

mixture are expected to undergo the eutectoid

transformation.

Figure 11b shows the curves resulting from the DSC

tests for the three examined ternary alloys. At 410° C, the
first dendrites arise from the reaction L↔ L′?(Al′). The
analysis was not sensitive enough to accurately determine

the liquidus temperature of each alloy, so only the

temperature of 683 K is indicated in the figure. The

remaining liquid undergoes a monotectic four-phase reac-

tion L′↔L″?(Al′)?(Zn) at 645 K, where L′ is an Al-rich

liquid and L″ is a Bi-rich liquid [30]. The (Al′) phase

decomposes through the eutectoid four-phase reaction

(Al)′?(Zn)?L″↔(Al)?(Zn)?L″ at 551 K, into (Al) and

(Zn) phases [29, 31].

The last invariant reaction of the Zn–Al–Bi system

refers to the eutectic reaction: (L″)↔(Al)?(Zn)?(Bi).

The Bi-rich liquid L″ solidifies at 527 K, forming the Bi

droplets. All these reactions in the ternary alloys, as

determined by the DSC tests, are also in agreement with

those shown in the phase diagram of Fig. 3. It is worth

mentioning that the microstructural arrangement, except

for changes due to the solid-state transformations, is

practically defined after the monotectic reaction. The last

liquid (L″) to solidify, which is practically pure bismuth, is

already with its determined configuration in the solid

matrix established after the monotectic reaction.

′

(Zn)
(Al) + (Zn)

Eutectic matrix

(An)

Proeutectic dendrite
Halo

(Zn)

Dendrite (Al )proeutectic

(a)

(b)

Fig. 12 Typical microstructure of the Zn–8% Al alloy highlighting

a eutectic matrix, b proeutectic dendrite

(Al) (dark phase) + (Zn)

Halo

Promonotectic dendrite (Zn)

(Al) (dark phase) + (Zn)
Eutectoid matrix

Bi

Fig. 13 Typical microstructure of Zn–8 mass% Al–X mass% Bi hypomonotectic alloys

1750 R. S. Septimio et al.

123



Microstructural characterization: optical
microscopy (OM), scanning electron microscopy
(SEM) and X-ray diffraction (XRD)

Figure 12 shows the typical microstructure of the unidi-

rectionally solidified Zn–8 mass% Al alloy. As can be

observed, the resulting microstructure is formed by the

product of the eutectoid transformation [(Al′)↔(Al)?

(Zn)], both within the eutectic mixture (Fig. 12a) and in the

dendritic proeutectic (Al′) phase, resulting in alternate

lamellae of (Al) and (Zn) (Fig. 12b).

Compared to the binary alloy, the ternary alloys actually

have quite similar invariant reactions. While the binary

alloy is mainly characterized by a eutectic reaction, the

ternary alloys have also a monotectic reaction. Although

the presence of Bi in the ternary alloys causes changes in

the set of invariant reactions and in the temperature at

which they occur, practically it acts only as an immiscible

element within the Zn–Al binary system, and in general

microstructural terms the difference is the additional

presence of Bi in a typical microstructure of a Zn–8

mass% Al binary alloy, as can be seen in Fig. 13.

Figure 13 also shows a halo of (Zn) around the

promonotectic dendrite, as also reported in the literature

[32, 33]. Yang et al. [33] reported that the halo only occurs

in Zn–Al hypereutectic alloys for Al[5 mass%, without

any possibility of occurring for eutectic and hypoeutectic

alloys (Al\5%). Another influence factor analyzed by

Yang et al. is related to the thickness of the halo in a Zn–

6.3% Al alloy. They have also observed that the higher the

cooling rate, the lower the halo thickness. In binary alloy

systems, the formation of halos is dependent on the

supercooling required for nucleation of the primary and

eutectic phases. According to theory [32], the halo thick-

ness should be proportional to the supercooling required for

the nucleation of the secondary phase, and the halo will

only exist when the primary phase is not a good secondary

phase nucleating agent. For the particular cases of the

studied Zn–Al and Zn–Al–Bi alloys, a higher supercooling

is required by the (Al) phase to grow on (Zn) than that

required by (Zn) to grow on the (Al) phase.
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Fig. 15 Diffractograms obtained by XRD analysis and by the

Rietveld method for a Zn–8 mass% Al–2.3 mass% Bi alloy sample:

a general diffraction, b extended diffractogram
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The diffractograms obtained by the X-ray diffraction

(XRD) analyses of Zn–8 mass% Al and Zn–8 mass% Al–

2.3 mass% Bi alloys samples from the position 20 mm in

the DS castings are shown in Figs. 14 and 15, respectively.

This ternary alloy was chosen as representative since what

differs the ternary alloys is only the Bi content. (Al), (Zn)

and (Bi) were identified, confirming the phases predicted

by the phase diagram of Fig. 3. The Rietveld method was
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Fig. 16 Typical microstructures along the length of the DS Zn–8 mass% Al alloy casting
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Fig. 17 Typical microstructures along the length of the DS Zn–8 mass% Al–3.0 mass% Bi alloy casting
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applied to quantify the detected phases. The Zn–8 mass%

Al alloy sample was quantified as having 89.6% of the (Zn)

phase and 10.4% of the (Al) phase. The crystalline lattice

parameters of the (Zn) phase were a=2.665337 Å and c=

4.950860 Å, while that of the (Al) phase, a=4.04833 Å.

For the Zn–8 mass% Al–2.3 mass% Bi alloy, the sample

was quantified as having 88.87% of (Zn), 9.2% of (Al) and

1.93% of (Bi). The crystalline lattice parameters of the (Zn)

phase were a=2.666648 Å and c=4.944966 Å, while for the

(Al) phase, a=4.04831 Å and finally (Bi) with a=

4.54684 Å and c=11.8641 Å. Through these results, it can

be affirmed that there was a complete transformation of the

(Al′) phase into (Al) and (Zn); therefore, no evidence of

the metastable phase (Al′) at room temperature was

detected.

The optical micrographs in Figs. 16 and 17 show the

typical microstructures of Zn–8 mass% Al and Zn–8

mass% Al–3 mass% Bi alloys castings, respectively, with

images of transverse and longitudinal sections. Three

positions were chosen to illustrate the evolution of the

microstructures for: high, medium and low solidification

cooling rates. These values of cooling rates, as well as

those of growth rate and secondary dendritic arm spacing

are also shown in each figure. For higher cooling rates, the

microstructure is more refined. As the rate decreases, the

microstructure becomes coarser.

Fine Bi droplet

Dendrite branches

Large Bi droplet

Fig. 18 SEM/BSE micrograph of a Zn–8 mass% Al–3.0 mass% Bi

alloy sample

10   mμ 10   mμ 10   mμ

10   m

Zn K  1

μ

α Al K  1α Bi M  1α

Fig. 19 Map-scan of a Zn–8 mass% Al–3.0 mass% Bi alloy sample from P 05 mm in the DS casting
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The difference between the microstructures of the binary

and the ternary alloys is basically characterized by the

presence of Bi in the ternary alloys. As the micrographs in

Figs. 16 and 17 are images acquired by OM, Bi is not

evidenced. The best technique to observe Bi in micro-

graphs is that provided by SEM in backscattered electrons

mode (BSE), where the phase with the element of superior

atomic mass (Bi) appears brighter in the images, as shown

in Fig. 18.

It is worth noting that the microstructure of the ternary

alloys is characterized by the presence of two types of Bi

droplets: large particles and fine particles, generated on

different moments of the solidification process. The larger

droplets are product of nucleation, diffusion, collision and

coalescence of the first liquid separation, which precipitates

just after the formation of the first solid phase (Al′-den-
drites). This is the reason for the larger droplets being

located between the dendritic branches. Moreover, the fine

particles are formed and trapped by the monotectic iso-

therm; therefore, the small droplets are disseminated into

the matrix between the lamellae and fibers.

Several studies have been devoted to show that high

cooling rates during the solidification process promote

sensible changes in the dynamics of phases formation

predicted by the equilibrium phase diagram, which may

induce the precipitation of unexpected phases for a given

composition, or even suppressing the formation of phases

predicted for equilibrium conditions. For the investigated

ternary Zn–8 mass% Al–XBi (X=1.5, 2.3 and 3 mass%)

alloys, as shown by the pseudo-binary equilibrium diagram

of Fig. 3, a Zn solid solution was expected to be formed in

a narrow range of temperatures over 645 K, which would

precipitate from the global liquid (L′). However, the

microstructural characterization of the alloys by OM and

SEM techniques did not reveal the occurrence of this

phase, which seems to indicate that under transient con-

ditions of heat extraction occurs the “flattening” of the

phase formation field, thus suppressing the Zn-promono-

tectic phase. On the other hand, it is remarkable in the

micrographs of the ternary alloys having 2.3 and 3 mass%

Bi that, besides the fine Bi particles trapped between the

lamellae generated in the monotectic transformation, large

globules of Bi anchored between the dendritic arms of the

(Al′) phase can be found, fact not observed for the alloy
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Fig. 20 EDS analyses of a Zn–8 mass% Al–3.0 mass% Bi alloy

sample from P 70 mm in the DS casting

Table 3 EDS analyses of a Zn–

8 mass% Al–3.0 mass% Bi alloy

sample from P 70 mm in the DS

casting

Point Element/mass%

Zn Al Bi

Pt1 10.77 0.09 89.15

Pt2 99.22 0.65 0.13

Pt3 86.00 13.48 0.52

Pt4 77.56 22.00 0.43
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containing 1.5 mass% Bi. It seems that the solidification far

from equilibrium conditions alters the transformation line

that defines the immiscibility gap of the ternary alloys by

shifting, to the left, the monotectic invariant point (pro-

vided in the equilibrium phase diagram at 5.5 mass% Bi),

that is, even for alloys having lower Bi concentrations

(such as 2.3 and 3% Bi), the separation of liquids takes

place at temperatures above the monotectic, therefore

during the growth of the (Al′) phase.
Figure 19 shows the elemental SEM–EDS mapping

obtained along a transverse sample from the position

05 mm of the DS Zn–8 mass% Al–3.0 mass% Bi alloy

casting. It can be observed that the ternary monotectic alloy

comprises a mixture of Al and Zn in solid solution ((Al)

μ μZn–8 mass% Al Singnal A = SE1
Mag = 3.54 K X WD = 9.5 mm

EHT = 20.00 kV 10   m Zn–8 mass% Al Singnal A = SE1
Mag = 10.00 K X WD = 9.5 mm

EHT = 20.00 kV 1   m

Fig. 21 Binary alloy: deep etched microstructure

μ

μ

5   m

5   m

5   mμ

Fig. 22 Scheme of the different morphologies of phases revealed in the microstructure of the binary alloy
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phase and (Zn) phase). The solubility of Bi in Al and Zn is

negligible; therefore, it solidifies as pure Bi droplets, as

confirmed by EDS analyses in Fig. 20 and Table 3.

The primary phase developed in the form of predomi-

nantly equiaxed dendrites for both binary and ternary alloys.

These dendrites are immersed in a matrix consisting of

eutectoid fibers or lamellae, highlighting that these dendrites

also underwent eutectoid transformation. Figure 21 shows

the micrograph of a sample of the Zn–8 mass% Al binary

alloy revealed by deep etching with a chemical reagent

containing 20 mass% HCl. The etching promoted the dis-

solution of the Zn-rich areas, confirming the presence of both

lamellae and fibers in the matrix. Figure 22 presents

schematically the different revealed morphologies.

Microstructural growth and correlation
with solidification thermal parameters

The microstructural spacings (secondary dendritic arm

spacing, λ2, spacing between lamellae, λL, and fiber

Zn–8 mass% Al Zn–8 mass% Al– × mass% Bi (× = 1.5; 2.3; 3.0)
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TL

VL

TL

VL

TE

VE

TE

VE

TM

VM

Eutectic
Monotectic

Eutectoid

Eutectic

Eutectoid

Solidification
Parameters Liquidus

(Al )

Solidification
Parameters

(Zn)

(Al)

(L  )

(Bi)

L or L

′

′′

′

Fig. 23 Schematic evolution of microstructures of Zn–8 mass% Al and Zn–8 mass% Al–X mass% Bi (X=1.5; 2.3; 3.0) alloys—invariant

reactions and solidification thermal parameters
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spacing, λF) were measured along the length of the DS

castings, according to the procedure shown in Fig. 5. The

dendrites, lamellae and fibers evolve from a refined struc-

ture at regions in the casting that are closer to the cooled

bottom, to increasingly coarser structures toward the top of

the DS casting. After these measurements, relations

between the microstructural spacings and cooling and

growth rates associated with each representative isotherm

(liquidus, eutectic and monotectic) were established. Fig-

ure 23 shows a schematic evolution of the microstructures

of the examined alloys associated with the corresponding

invariant reactions during cooling from the melt.

Figure 24 shows the secondary dendritic arm spacing

associated with the thermal parameters for all analyzed

alloys. It can be observed that at high cooling rates and

high rates of displacement of the liquidus isotherm (growth

rate), smaller spacings are formed. The proposed experi-

mental equations adequately describe λ29ṪL and λ29VL

evolutions, with the same fitted equations applying to all

the four examined alloys, which indicates that the addition

of Bi to the Zn–8 mass% Al alloy did not change the

evolution of λ2. The derived power functions in which the

exponents −2/3 and −1/3 characterize the experimental

evolution of λ2 as a function of VL and ṪL were also

reported to be applicable to several binary alloys [34–36].

The dendrites, as previously discussed, are immersed in

a matrix consisting of lamellae and fibers originated from a

eutectic reaction in the case of the binary alloy, and from a

monotectic reaction in the case of the ternary alloys (see

Fig. 23). Thus, the spacings between lamellae (λL) and
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Fig. 28 Area distribution of fine Bi droplets as a function of: a rate of displacement (VM) and b cooling rate (ṪM) of the monotectic isotherms
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between fibers (λF) are correlated with the rate of dis-

placement of the eutectic isotherm (VE) for the binary alloy

and with the monotectic isotherm (VM) for the ternary

alloys (Fig. 25) and with the cooling rates ahead of these

isotherms (ṪE e ṪM) (Fig. 26). The classic Jackson and

Hunt growth law for eutectics, λ2V=constant, seems to

apply to all alloys investigated in this work. Considering

that the cooling rate is given by a constant multiplied by V2

[37] and replacing it into the aforementioned Jackson–Hunt

expression, the resulting expression for λ can be expressed

as a function of T−0.25. When the four examined alloys are

compared, the proposed experimental equations show that

the addition of Bi into the Zn–8 mass% Al alloy did not

refine or thicken (λL) and (λF). Observing the graphs of

Fig. 25, the profile of the fibrous spacing is about twice that

of the lamellar spacing.

Bi droplets are derived from the solidification of the last

liquid (L″) in the last invariant reaction, which refers to the

eutectic reaction. As observed in Fig. 18, and as discussed

in Sect. 3.2, a bimodal distribution [38, 39] of Bi droplets

can be observed, with the small droplets disseminated into

the matrix formed by lamellae and fibers and larger dro-

plets between the dendritic branches. It is worth noting that

the diameter and distribution of these droplets are settled in

the monotectic reaction since the Bi-rich liquid is trapped

by the solidification monotectic front.

The determination of diameter and distribution of Bi

droplets in the microstructure of the ternary alloys was car-

ried out through the image processing ImageJ software. The

dependence of the rate of displacement and of the cooling

rate of the monotectic isotherm on the diameter and density

of the fine Bi droplets/area is shown in Figs. 27 and 28,

respectively. Comparing the ternary alloys, it can be

observed that the increase in the Bi content of the alloy does

not interfere with the dimensions of the fine droplets.

Moreover, the distance between lamellae and fibers is also

not affected by the addition of Bi, as shown in Figs. 25 and

26.

As discussed in the previous subsection, the presence of

larger Bi droplets entrapped between the dendritic branches
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can be observed only in the microstructures of the alloys

containing 2.3 and 3 mass% of Bi, due to the displacement

of the monotectic invariant point. As can be seen in

Figs. 29 and 30, when the Bi content of the alloy increases

from 2.3 to 3 mass%, the average diameter of the large Bi

particles is not affected; however, a slight increase in the

area distribution of these droplets can be observed.

Conclusions

The following conclusions can be drawn from the present

experimental investigation:

● The microstructure of the directionally solidified (DS)

Zn–8 mass% Al alloy was shown to be formed at the

eutectic temperature by the eutectic mixture [L↔(Al′)
?(Zn)] and equiaxed dendrites of the (Al′) phase. With

the subsequent cooling, a eutectoid transformation

occurs [(Al′)↔(Al)?(Zn)] both within the eutectic

mixture and in the dendritic (Al′) phase, resulting in a

microstructure characterized by equiaxed dendrites

disseminated into an (Al)/(Zn) lamellar matrix.

● The cooling from the melt of Zn–8 mass% Al–XBi (X=

1.5, 2.3 and 3 mass%) alloys was shown to be

characterized by three invariant reactions, that is, a

monotectic [L′↔L″?(Al′)?(Zn)], followed by a

eutectoid [(Al)′?(Zn)?L″↔(Al)?(Zn)?L″] and

finally by a eutectic reaction [(L″)↔(Al)?(Zn)?

(Bi)] leading to the solidification of the Bi particles.

However, the microstructural phases of the ternary

alloys are quite similar to that of the binary alloy, with

equiaxed dendrites immersed in a matrix consisting of

the Al/Zn eutectoid product in the form of fibers or

lamellae. The microstructures of the ternary alloys

differ from the binary one basically by the presence of

Bi droplets. For the alloys having higher Bi content, a

bimodal distribution of Bi droplets was shown to occur,

with the small droplets disseminated into the matrix

consisting of lamellae and fibers, and larger droplets

between the dendritic branches.

● Experimental expressions relating the secondary den-

dritic arm spacing, λ2, the spacing between lamellae, λL,
and the fiber spacing, λF, to the solidification thermal

parameters have been derived. The evolution of λ2 as a
function of the rate of displacement of the liquidus

isotherm (VL) and the corresponding cooling rate (ṪL)

was shown to be given for all examined alloys by:

k2 ¼ 7:5V
�2=3
L and k2 ¼ 15 _T

�1=3
L

The experimental microstructural spacings (λL) and (λF)
along the length of the DS castings were shown to be

related to the rates of displacement of the eutectic iso-

therm (VE) for the binary alloy and of the monotectic

isotherm (VM)for the ternary alloys, as well as to the

cooling rates ahead of these isotherms (ṪE e ṪM), by the

following expressions:

kL ¼ 0:34V
�1=2
E=M and kF ¼ 0:60V

�1=2
E=M

kL ¼ 0:75 _T
�1=4
E=M and kF ¼ 1:39 _T

�1=4
E=M

where, λ2/L/F (µm); VL/E/M (mm s−1) and ṪL/E/M (°C s−1).

● The diameter and distribution of fine Bi droplets along

the length of the DS ternary alloys castings were shown

to be essentially constants, i.e., they are not significantly

affected by VM or ṪM. Moreover, the increase in the Bi

content of the alloy was shown not to interfere with the

dimensions of the fine droplets. In contrast, the diameter

of the large Bi droplets decreased with the increase in

VM or ṪM.

Acknowledgements This study was financed in part by FAPESP (São

Paulo Research Foundation, Brazil: Grant 2017/16058-9); National

Council for Scientific and Technological Development—CNPq;

Coordenação de Aperfeiçoamento de Pessoal de Nı́vel Superior—

Brasil (CAPES)—Finance Code 001—Grant: 88881.135396/2016-01.

References
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7. Şahin M, Şensoy T, Çadırlı E. Microstructural evolution and

mechanical properties of Sn–Bi–Cu ternary eutectic alloy pro-

duced by directional solidification. Mater Res. 2018;21:

e20170901.
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