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Abstract

The paper presents the possibility of the industrial production of Zn4Al3Cu alloy with the addition of 0.41% Ti. Tests are described
on the manner of introducing the ZnTi2 master alloy to the alloy, so that the chemical composition of the desirable elements pro-
portion is obtained. The chemical persistence of the Zn4Al3CuTi was determined as low in the conditions of the long heating of
the alloy before casting. Tests on the microstructure and mechanical properties of the obtained alloys were also conducted. The
strength of the die-cast Zn4Al3Cu alloy was 265 MPa and, when measured on samples taken from the high pressure die-cast, it
reached 369 MPa. It was determined that the addition of titanium to the Zn4A13Cu alloy causes significant refinement of the struc-

ture and contributes to the formation of intermetallic phases.
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1. INTRODUCTION

Owing to their favourable casting and utility properties,
foundry zinc alloys are employed in a wide range of appli-
cations. They demonstrate a relatively low melting tempera-
ture and, consequently, a low casting temperature and good
castability. They are used particularly frequently in pressure
casting. In zinc alloys, the main alloying additives are alumin-
ium and copper, with small quantities of magnesium, manga-
nese, iron, nickel, zirconium and titanium.

The addition of titanium to zinc alloys produced by pres-
sure casting may have a varying degree of influence on the
properties of the alloy. Titanium may introduce a change in
the mechanical properties, such as increased tensile strength,
hardness, wear resistance of the die-cast zinc alloy [1]. Tita-
nium may also contribute to the reduction of the alloy’s sus-
ceptibility to hot cracking during solidification, improving
its castability and reducing faults in the final product [1-4].
Additives of titanium may increase strength at high tempera-
tures and the stability of die-cast zinc alloy, ensuring that it
is more suitable for applications where higher temperatures
are the problem.

In zinc alloys, titanium may also act as grain refiner. Grain
refinement involves adding some elements, often in small
amounts, in order to facilitate the creation of finer and evenly

spread grains in the alloy microstructure by heterogeneous
nucleation. Titanium has a high preference to oxygen and
easily forms titanium oxides. When titanium is added to the
molten zinc alloy, those titanium oxides particles are the
spots of heterogeneous nucleation. During the cooling proc-
ess and solidification, these particles create spaces around
which zinc solidifies. As solidification begins, multiple little
grains compete for space, constraining the growth of other
grains. Such competition additionally contributes to the for-
mation of a fine-grained microstructure. Finer grains usu-
ally offer higher strength and increased wear resistance in
comparison to larger ones. The effectiveness of titanium as
a grain refiner may depend on various factors, including the
concentration of titanium in an alloy, solidification speed,
cooling rate, and the presence of other alloying elements.
Proper control over those factors is essential for obtain-
ing the desirable grain refinement effect. Additionally, the
specific mechanism of grain refinement may differ depend-
ing on the alloy structure and interaction among titanium
and other elements in the alloy. For example, in aluminium
alloys, titanium forms certain intermetallic compounds that
additionally serve as effective nucleation spots [2, 5-7].
Titanium additive to zinc alloys may be analysed with the use
of the phase equilibrium systems. In pure zinc, at ambient
temperatures, titanium solubility is negligible and amounts to
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about 0.02% by weight (Fig. 1) [8]. At the eutectic point, at the
temperature of 418.6°C, its maximum solubility is at the level of
0.2% by weight. The above condition means that the addition
of titanium as an alloying element causes solid solution hard-
ening and Zn-Ti intermetallic phases hardening. The increase
of the alloying element concentration leads to the formation of
primary precipitates which are increasingly richer in titanium.
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Fig. 1. Two-component Zn-Ti phase equilibrium system. The magnified
part presents details of the zinc side [8]

Researchers have been interested in the Ti-Zn system for
some years now, as Ti additives to Zn act as a grain refiner
and they increase creep resistance in rolled alloys [9]. The
solubility of Ti in Zn is estimated to be at 0.01% to 0.02% Ti
at300°C. Itis assumed that the equilibrium phases are Zn Tj,
Zn, Ti, Zn.Ti, Zn,Ti, Zn,Ti, ZnTi and ZnTi,. Zn Ti phase is the
richest Zn compound.

Adding titanium to a zinc alloy which includes Al and Cu in its
composition gives a similar effect but the number of additional
intermetallic phases formed is significantly higher. Taking into
consideration the analysis of tables, including the standardised
chemical composition of zinc alloys, in the tests Zn4Al3Cu alloy
modified by titanium was taken into account due to, i.a., spe-
cialised literature available, where cases of such a modifica-
tion are described. For example, in [10], what was tested was
the influence of a modification on the change in the degree of
refinement of the structure of zinc alloys of an average alumini-
um content. Tests were conducted on Zn alloy — 10% by weight
of Al (ZnAl10), modified before casting to sand mould by an
additive of modifying master alloy Zn - 3.2% by weight of Ti
(ZnTi3.2). It was determined that the effect of a significant
microstructure refinement is visible when titanium is added
in the amount of 25 ppm, 50 ppm and 100 ppm. Modification
by adding more titanium, ie. 200 ppm and 400 ppm,
does not result in the further refinement of a-dendrites (Al). In
the paper [1], it was proven that the titanium additive is benefi-
cial to distribution, strength, hot crack strength, and tightness
of a two-component Zn-Al alloy (48% Al). Titanium causes the
formation of TiAl, particles that form nuclei of crystallisation.
However, too many TiAl, particles may result in segregation
in the alloys and may reduce the effect of grain refinement.
An analysis of the literature demonstrated that there were
no structure modification tests conducted in commercial
(multi-component) zinc alloys.

To sum up, adding titanium to zinc alloys may entail chal-
lenges in applications, both in terms of structures and prop-
erties obtained, as well as technological obstacles. Titanium
has a higher melting point than zinc, so the alloy smelting
characteristics may change. What is more, achieving the even
distribution of titanium in the entire alloy may be difficult,
and proper processing techniques are required to ensure
such an even distribution. Additionally, typical alloying ele-
ments added to zing, i.e., Al and Cu, also change the structure,
nature and properties of the alloy. Therefore, precise benefits
and results of titanium additives depend on particular com-
position, conditions of processing and designed application
of the zinc alloy for die casting. It is absolutely crucial to carry
out precise tests and analyses in order to optimise the alloy
composition and processing parameters, particularly for
industrial conditions.

2. ASSESSMENT OF ALLOYING POSSIBILITIES OF
ZINC ALLOY FOR DIE CASTING

In order to conduct the tests, it was decided to prepare an
Zn4A13CuTi alloy that requires the addition of titanium to
the alloy nominally 4% by weight of aluminium and 3% by
weight of copper. Commercially available preliminary alloy
ZnTi2 (master alloy) includes up to 2% of titanium by weight.
Master alloys with a higher content of titanium are impossi-
ble to encounter due to the rapidly growing liquidus curve
along the increase in titanium concentration. If the target ti-
tanium concentration in Zn4Al3CuTi alloy is 0.2 by weight, it
approximately corresponds to the eutectic point. In order to
achieve this scope, per each 10 kg of Zn4Al3Cu alloy, 1 kg of
ZnTi2 master alloy needs to be added. This means the signifi-
cant dilution of other alloy constituents down to values below
the lower limit admissible by the standard. Within the tests,
a procedure of preparation of liquid Zn4AI3Cu alloy with tita-
nium additive was devised. The procedure is described below.

In order to compensate the components, a commercially
available AlCu50 master alloy was used, consisting of alu-
minium and copper in equal parts by weight. The liquidus
temperature of this alloy is 600°C, and the solidus line at its
lowest eutectic point is 545°C. This means that, in order to
effectively dissolve AICu50 master alloy, the alloy temperature
should be increased over 550°C. Liquid material preparation
time is crucial to ensure appropriate process productivity.
The hot-chamber HPDC machine is the most expensive com-
ponent of the system, and that is why its performance affects
the viability of the entire casting process. The amount of the
alloy prepared has to consider the ongoing continued parts
production. To achieve minimal down-time of the HPDC
machine, the assumption of creating a dedicated alloy mixing
station was made. In terms to make the alloying procedure as
fast as possible, the decision to use an induction furnace was
conducted. Therefore, a special melting station was prepared,
including the induction furnace with the specially made
PLC-based controller equipped with thermocouples insert-
ed directly into the furnace crucible, to allow a full control of
an alloy temperature and minimalize the risk of burning out
alloy components. Additionally, the induction heating technol-
ogy offers the important advantage of the ability to mix the
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material occasioned by magnetic field and convection in lig-
uid, something which is especially useful in making modifica-
tion of the alloy composition.

Tests during the pressure die casting of Zn4AI3CuTi alloys
were conducted on a dedicated, specially made 8-cavity die. In
each case, the casting cycle lasted for 20 s. The weight of cast-
ings with intake pass-through systems in the most demand-
ing case achieved 700 g meaning that, with the assumed time
of injection, there is a need to ensure 125 kg of material per
hour of the casting machine’s operations. With the induction
furnace volume being efficiently 250 kg of alloy, alloying time
of Zn4A13CuTi could not exceed 2 h. The first tests conducted
in line with the original procedure showed that preparation
of one batch of alloy (from the input of feedstock to tapping
of alloy) took about 5.5 h, what was not a satisfactory result.
During the next tests, the alloying procedure was modified by
changing the time of feeding the furnace. During the first opti-
misation, the base alloy was divided into two parts - the first
one, about 80% by weight, for the initial alloying and subject
to overheating, and the second one, about 20% of feedstock, to
be added at the moment the dissolving of AICu50 master alloy
is over. This procedure results in a very rapid reduction of tem-
perature from 550°C to the required level of 450°C, reducing
the alloying time to about 4 h. The most time-consuming stage
of the alloying procedure is the period of the overheating of the
alloy and the dissolution of AlICu50 master alloy.

During the next technological tests, attempts were taken
to obtain the alloy at a temperature not higher than 450°C.
With the use of the casting machine furnace, tests of the rate
of AlCu50 master alloy dissolution in 450°C were conducted.
This time span may be shortened by using small fragments of
the master alloy and the agitation of the alloy. During the tests,
2 cm x 2 cm x 4 cm pieces were used and an additional agita-
tor operating at 0.5 r:p.s. was applied. The described conditions
were: temperature of 450°C coupled with intense agitation
enabled dissolution of added master alloy lumps within the
time range of 2 h to 2.5 h. From the technological point of view,
the time span is too long and it prevents the casting machine
from operating in a continuous cycle. In order to accelerate the
kinetics of the master alloy dissolution, its modification with
the use of ZnTi2-AlCu50 alloy was proposed. Using an addition-
al furnace, another pre-alloy was prepared, consisting of 50%
by weight of ZnTi2 and 50% by weight of AlCu50. An exempla-
ry photograph of the cast master alloy is presented in Figure 2.

Fig. 2. Castings made of master alloy with chemical composition:
50% by weight of AICu50 + 50% by weight of ZnTi2

Once again, the tests of alloying at the temperature of 450°C
and with intense agitation began. The master alloy dissolved

within the time not exceeding 10 min, what translates into
tenfold acceleration of the process. The above experiments
were repeated at the tests with the use of the dedicated
induction furnace, during preparation of Zn4AI13CuTi alloy.
ZnTi2-AlCu50 master alloy was added already at the stage of
the first furnace feeding, which means that at the moment of
achieving the correct temperature and readiness to tap - it
was already dissolved. The condition of agitation was also met
during melting in the induction furnace, where intense move-
ment of the alloy was occasioned by magnetic field and con-
vection in liquid.

Tests conducted with the modified AlCu50 master alloy
showed a significant possibility to shorten the alloying time.
It was achieved by the modification of the master alloy and
the complete elimination of the overheating stage. This solu-
tion shortened the total time of the alloy preparation to about
2 h, increasing productivity and at the same time simplifying
the entire procedure of the Zn4Al3CuTi alloy preparation. The
achieved total alloying time is also sufficient for ensuring the
continuous supply of liquid alloy to a hot chamber casting
machine, and by this its uninterrupted operation. Continuity
of the process is essential element of the high-pressure die
casting technology that enables achieving high performance
and repeatability of casting parameters. An important aspect
is also the elimination of alloy overheating and the excessive
oxidation such overheating entails.

3. CHEMICAL COMPOSITION TESTS

Experimental smeltings of base alloy — Zn4Al3Cu - with the
addition of titanium, were carried out. In order to increase
the hardness of the alloy, copper was introduced in a form of
AlCu50 master alloy and titanium was introduced in a form
of ZnTi2 master alloy, in various weight proportions. Tests
on the chemical composition of the experimental smeltings
were conducted with the use of a Solar M6 atomic absorption
spectrophotometer, with the results presented in Table 1.

Table 1
Chemical composition of testing smeltings of Zn4Al3Cu and Zn4Al-
3CuTi alloys

Alloy Al Cu Ti Zn
Zn4Al3Cu 491 2.78 0.005 Re
Zn4Al3CuTi 4.28 2.77 0.410 Re

The analysis of chemical composition of the material was
carried out. The material had the form of samples taken after
a specified period of time from a pre-heating furnace where
the alloy with Ti additives was prepared. The diagram in
Figure 3 shows that over time the content of essential alloy-
ing elements diminishes [11]. Additional protection against
the oxidation of the metal bath should be taken into consid-
eration. A particularly adverse effect may be caused by the
fluctuations in copper and titanium alloy, as those elements
are responsible for hardness and the stabilisation of mechan-
ical properties while soaking castings during possible sub-
sequent technological operations, e.g. cataphoretic coating.
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Fig. 3. Change in the content of selected elements in Zn4Al3Cu alloy over the time in a pre-heating furnace

4. MICROSTRUCTURE ANALYSIS

Tests of macrostructure, microstructure and phase composi-
tion were carried out on samples cut out of ingots of chem-
ical composition of Zn4AI3Cu and of a pressure die-cast of
Zn4Al3CuTi chemical composition. The tests were carried
out with the use of a FEI Scios FEG high-resolution scanning
electron microscope equipped with a thermal field-emission

b)

electron gun and with additional X-ray microanalysis system
(EDS) and electron backscatter diffraction system (EBDS). At
this stage of testing, none of the particular microstructure
components were characterised. Only a significant influence
of titanium as a structure refining element was determined.

The microstructures obtained during the tests are shown in
the Figure 4.

Fig. 4. Microstructures of testing castings: a) ingot surface; b) die-casting surface; c) high-pressure casting surface
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The microstructure of the Zn4Al3Cu alloy includes den-
drites of a solid solution based on zinc and eutectic based
on zinc and aluminium (Fig. 5). It is a typical and distinctive
microstructure of Zn-Al alloys. Due to its high cooling rate
during casting, zinc is oversaturated into alloying additive
for copper, which, by the mechanism of solid-solution hard-
ening, significantly increases the mechanical parameters of
the alloy. The titanium additive caused the formation of addi-
tional intermetallic phases. Their detailed description may
be found in the publication [12]. Typically, already in a lig-
uid form at the casting temperature of 450°C, an intermetal-
lic phase forms, here denoted with the symbol T (Fig. 6). Its
chemical composition may vary and may reach a wide range
of various concentrations of zinc, aluminium, and titanium.
Three-component phase T positions itself outside the eutec-
tic or at the grain boundaries. T phase at the grain bound-
aries may inhibit growth of the primary phase n. Therefore,
adding Ti to the zinc alloys may reduce the volume of the pri-
mary phase n. With Ti content in the Zn alloy above 0.05%
by weight, coarse-grained phase T causes a decrease in the
mechanical properties of the alloy [13].

201 ag 2 HFW "
M 5000x 414pm 20.00kV 6.4nA ETD SE

Fig. 5. Microstructure of Zn4Al3Cu alloy observed with the use
of a scanning electron microscope with a BSE (back scattered
electrons) detector

% %

Fig. 6. Microstructure of Zn4AI3CuTi alloy observed with the use
of a scanning electron microscope with back scattered electrons
BSE detector

During the analysis, intermetallic phase based on iron was
additionally identified. It is the result of contaminants coming
mainly from the steel lining of the casting machine furnace.

The following structural components were defined:

¢ dendrites of zinc-based solid solution containing copper
and aluminium,

e eutectic Al-Zn,

¢ phase T - ZnAlTi intermetallic phase,

e Al Fe, intermetallic phase.

5. TESTING OF MECHANICAL PROPERTIES

Statistical tensile tests were conducted in compliance with the
PN-EN 10002-1 standard. The shape and dimensions of the
samples are presented in Figure 7.

Fig. 7. Shape and dimensions of the samples for tensile strength tests

The details cast in the new technology were subjected to
a series of mechanical tests. At first, the tests with the samples
cast in semi-industrial conditions in a steel ingot mould were
conducted. The alloy was prepared in a resistance furnace with
mechanical agitation. In order to dissolve the AICu50 master
alloy, overheating of the alloy up to 550°C was employed. The
final titanium content in the alloy was 0.41% by weight. The
endurance of the die-cast Zn4Al3Cu alloy was 265 +29 MPa
and yield strength of 250 +15 MPa. Significant spreads in the
results and different natures of the stress-strain curves are
caused by high porosity of castings made by gravity die cast-
ing. High-pressure casting is characterised by significantly
different conditions of the alloy crystallisation, in effect giving
completely different mechanical parameters of the finished
detail. Moreover, the casts made in the discussed technology
are usually thin-walled, something which is favourable for the
better removal of heat, quicker crystallisation, and, in effect,
refinement of the alloy microstructure. We should, therefore,
expect considerably better strength parameters. The result-
ing cast has a complex shape with walls of various thickness
in its cross-section. As the test shows, the porosity is main-
ly positioned in the central part of the material (Fig. 8). The
additional problem during the tests concerned a small size of
the discussed detail, giving little freedom when preparing the
sample for the mechanical tests.

Fig. 8. Macro photographs of cross-section of the Zn4AI3CuTi alloy details
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A method for cutting out the samples for tensile strength
tests was suggested, i.e. cutting out of a material piece of thick-
ness corresponding to half of the thickness of the cast detail.
Thus, the influence of the spot of the collection of the sample
(surface, centre of the cast) on material strength was deter-
mined. Exemplary samples for tests are presented in Figure 9.
For the purpose of comparison, a photograph of the 33.5 mm-
-diameter detail is also attached. All the tests were conducted
on Zn4Al3CuTi alloy of titanium content of 0.41% by weight.
The discussed tests were carried out with the samples col-
lected from the stabilised part of the casting process, i.e. after
the thirtieth injection (smelting without alloy overheating).

5 6 7 8
Fig. 9. Pattern of cutting out the samples for mechanical tests and
photographs of those samples

The results of the tensile strength tests are given in Figure 10,
comparing endurance qualities of the material taken from
the surface and from the area closer to the details centre.
Additionally, in the table attached to the figure, average val-
ues of yield strength, tensile strength, and total strain are
presented. The best mechanical parameters were obtained
on the samples cut out from the flat external part of the cast-
ing (samples 5, 6, 7, 8 - Fig. 9). Average yield strength R,
and tensile strength R amounted to approx. 320 MPa and
370 MPa, respectively. Samples taken from the central part of
the casting had slightly lower mechanical parameters, name-
ly: R , =270 MPaand R =330 MPa, and substantially worse
plasticity. Lower endurance was the effect of higher porosi-
ty in the casting centre, but also of the conditions for slower
crystallisation during the casting process. Differences in the
porosity were already visually apparent at the moment of
comparing the two sets of samples. The results clearly show
significantly higher tensile strength and pre-arranged yield
strength for both the samples cut of the centre and those cut
out from the casting surface, in comparison to the properties
of the die-cast casting samples. Even in the worst case, the
tested material has better strength than the material cast
by gravity casting, which could be also found in other alloys
used in high pressure casting techniques [14].

400

i N\

250 Surface

&

i 200 Part interior
E lnterior/ Ry, [MPa] 275.9
“ 150 Rn [MPa] 329.4
€ [%] 5.5

100 Part surface
Ro. [MPa] 323.6
50 Rn [MPa] 369.5
€ [%] 9.0

0 1 2 3 4 5 6 7
Strain, %

Fig. 10. Juxtaposition of tensile test curves for samples taken from
the surface and from the centre of the detail

6. CONCLUSIONS

Based on the tests and analyses conducted, it was determined
that:

1. The alloying procedure for Zn4AI3Cu alloy containing
up to 0.41% of titanium in the form of die-casts and hi-
gh-pressure castings was developed and tested in ma-
nufacturing conditions.

2. The chemical composition of an alloy demonstrating
mechanical properties that exceed the properties iden-
tified for die-cast Zn4Al3Cu alloy was proposed.

3. Significant refinement of grain by means of the addition
of 0.41% of titanium to the Zn4Al3Cu alloy cast by gra-
vity casting was determined, as well as by high-pressure
casting to a metal mould.

4. A change in chemical composition during the smelting
process of the test alloy, Zn4Al3CuTi, was determined,
requiring adjustments in the content of particular ele-
ments during the period when the metal is held in the
melting furnace.
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