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Abstract

The paper deals with the fabrication of the surface layer enriched with Zn on AlSi17 aluminium alloy to modify the microstruc-
ture and surface properties of the alloy. The continuous surface layer was fabricated on the AlSi17 substrate by the hot-dip 
galvanizing of AlSi17 for 15min in a Zn bath heated to 450°C. The thickness of the layer was about 100 μm. The layer was char-
acterised by a multi-component microstructure containing the regions of a solid solution of Al in Zn and dendrites of a eutectoid 
composed of a solid solution of Al in Zn and a solid solution of Zn in Al. In the layer, fine particles of Si with a regular shape 
were distributed. The results indicated that these Si particles formed by the action of Zn on the eutectic Si precipitations in the 
AlSi17 substrate. In the microstructure, large primary Si crystals and multi-phase precipitations, originating from the substrate, 
were also observed. The surface layer had much higher microhardness than the AlSi17 substrate. The results showed that 
hot-dip galvanizing can be used to modify the microstructure and properties of the surface layer of AlSi17. The study indicates 
the possibility of conducting further research on the fabrication of joints between AlSi17 and other metallic materials using  
a Zn interlayer fabricated by hot-dip galvanizing.
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1. INTRODUCTION

Aluminium cast alloys are used in many fields of the in-
dustry due to their low density, combined with favourable 
casting and mechanical properties. The vast majority of 
aluminium alloys are characterised by good corrosion re-
sistance in the natural atmosphere, sea water and many 
other chemical compounds [1, 2]. The good corrosion re-
sistance is a result of the presence of a thin layer of alu-
minium oxide on the surface. This layer is a tight barrier 
preventing the aggressive action of the atmosphere on the 
metal. However, joining the aluminium alloys with other 
metals is difficult because of the occurrence of a passive 
layer on the surface. The layers enriched with zinc on the 
surface of the aluminium alloys are fabricated to improve 
the properties of the joints between them and other metal-
lic materials. The literature data include the studies on the 
effect of a Zn interlayer on the microstructure and proper-
ties of pure Al or Al alloy combined with other metals such 

as Mg [3–8] or Cu [9], fabricated by brazing [3], friction 
stir welding [4], diffusion bonding [5], welding [6, 7], com-
pound casting [8] or ultrasonic welding [9]. The combina-
tion of an Al alloy with other metals with the use of a Zn 
interlayer requires the enrichment of the Al surface with  
Zn prior to the joining process. The layers enriched with Zn 
on Al alloys can be produced by hot-dipping [3–5], diffu-
sion bonding [8] electrolysis [10–12], or electroless deposi- 
tion [10, 13]. Some methods allow the application of Zn be-
tween Al alloy and other metal during joining process [6, 7, 9].

According to Al-Si phase diagram [14], the AlSi17 alloy is 
a hyper-eutectic alloy. The microstructure of such an alloy 
contains the eutectic composed of Si (the solubility of Al in 
Si is negligibly low) and a solid solution of Si in Al. In the 
eutectic, primary Si crystals are distributed. The content of 
impurities, alloying elements and solidification conditions 
may cause the occurrence of additional structural com-
ponents. Analysis of Al-Si [14], Al-Zn [15], Si-Zn [16] and  
Al-Si-Zn [17] phase diagrams shows that the addition of Zn to 
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the AlSi17 alloy can lead to significant changes in the structure.  
In the Al-Zn system at 381°C the eutectic transformation 
occurs. The product of this transformation is a eutectic com-
posed of a solid solution of Al in Zn and a β′ phase, which 
is stable at high temperatures. Further cooling leads to the 
eutectoid transformation at 277°C, where β′ phase trans-
forms to a eutectoid mixture composed of a solid solution of 
Al in Zn and a solid solution of Zn in Al [15, 17]. The authors 
of Si-Zn [16] and Al-Si-Zn [17] diagrams identified that the 
solubility of Zn in Si and Si in Zn is negligibly low.

The presented work includes the analysis of the micro-
structure and phase composition of the surface layer 
enriched with zinc on an AlSi17 aluminium cast alloy by 
hot-dip galvanizing and the determination of the effect of 
Zn on the microhardness of the layer.

2. EXPERIMENTAL PROCEDURE

AlSi17 aluminium cast alloy (17.18% Si, 1.22% Mg, 0.82% Ni,  
0.72% Cu, 0.25% Fe, 0.02% Zn, balance of Al) was select-
ed as the substrate material. Specimens with dimensions 
of 20 × 10 × 10 mm were cut out from the ingot. The sur-
faces of the specimens were prepared by means of grinding 
with abrasive papers up to 800 grit and cleaning in etha-
nol. The bath for hot-dipping was prepared by melting Zn  
(99.995% Zn) in a graphite crucible. The process parameters 
were selected on the basis of the tests and literature data. 
The surface layer enriched with zinc on AlSi17 was fabri-
cated by dipping of the specimens for 15 min in a Zn bath  
heated to 450°C. After taking them out of the bath, the spec-
imens were cooled in the air.

The cross-sections for microscopic observations were 
prepared by cutting the specimens using a low speed pre-
cision cutting machine and grinding them with an auto-
matic grinding and polishing machine. Final polishing was 
performed using 0.3 μm polycrystalline alumina polishing 
suspension. Microscopic observations were conducted 
for non-etched specimens and after etching in 5% solu-
tion of sulfuric acid in a Nikon ECLIPSE MA 200 Optical 
Microscope (OM). The chemical composition was analysed 
in a JEOL JSM-7100F Scanning Electron Microscope connect-
ed with an energy dispersive X-ray spectroscopy (SEM/EDS).  
The phase composition of the surface layer enriched 
with Zn on AlSi17 was analysed by EDS analysis on the 
basis of Al-Si, Al-Zn, Si-Zn and Al-Si-Zn phase equilibrium  
diagrams [14–17]. The microhardness was measured by 
means of the Vickers method at a load of 50 g, using an 
Innovatest Nexus 4000 microhardness tester.

3. RESULTS AND DISCUSSION

Figure 1a shows the microstructure of the surface layer en-
riched with zinc on AlSi17 fabricated by hot-dip galvanizing 
at 450°C for 15 min, observed in OM without etching. The 
microstructure indicates that as a result of the contact of 
AlSi17 with molten Zn, the continuous surface layer with 
a thickness of about 100μm was formed on the AlSi17 sub-
strate. The etching of the specimen revealed the complex 
structure of the layer (Fig. 1b). 

Figure 2 presents the results of EDS linear analysis execut-
ed throughout the surface layer and the distribution of Al, Si 
and Zn. From the results, it is clear that as it moves from the 
AlSi17 substrate to the outer part of the layer, the Zn content 
increases, while the amount of Al decreases. In the produced 
layer, the content of Si is observed around the dark areas.

Fig. 1. OM images of the surface layer enriched with zinc on AlSi17  
fabricated by hot-dip galvanizing: a) non-etched specimen; b) specimen 
 after etching

Fig. 2. Results of EDS linear analysis throughout the surface layer 
presenting the distribution of Al, Si and Zn

a)

b)
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Figure 3 shows the SEM image of the inner part of surface 
layer with marked points where the chemical composition 
was examined by means of EDS analysis. The results of the 
analysis are summarised in Table 1. 

The microstructure of the analysed part of the layer con-
sisted mainly of the white areas with two-phase dendrites 
and dark particles. The composition in point 1 indicated that 
the white areas are composed of a solid solution of Al in Zn.  
The results for the dendrite marked as 2 corresponded to 
the composition of a eutectoid composed of a solid solu-
tion of Al in Zn and a solid solution of Zn and probably Si 
in Al. The analysis of the chemical composition of the sub-
strate in the immediate vicinity of the layer (point 3) and at 
the depth of about 30 μm from the layer (point 4) showed 
that the AlSi17 substrate contained a solid solution of Si in 
Al and it was enriched with Zn in the region immediately 
adjacent to the layer. Subsequent results suggested that dark 
particles marked as 5 are Si precipitations. The compari-
son of the shape of these particles with the form of precip-
itations of eutectic Si in the AlSi17 substrate (marked as 6)  
indicated that during the fabrication of the layer, the Zn 
affects the precipitations of eutectic Si and, consequent-
ly, leads to their shape changing to a more regular one.  

The composition of the large, dark particle marked as 7 
shows that it is composed of Si. The observation in SEM 
revealed that this Si particle is a primary Si crystal from the 
substrate, and the Zn during fabrication of the layer did not 
affect it visibly. The layer also contained fine, grey particles, 
marked as 8. The results of the analysis showed that their 
composition is similar to the composition of the multi-com-
ponent phase containing Mn and Fe located in the substrate, 
marked as point 9.

 In the outer part of the layer, shown in Figure 4, a slightly 
different microstructure was observed. The results of the 
EDS analysis from the regions marked in the figure are listed 
in Table 1.  Close to the surface, the two-phase grey precip-
itations with an elongated shape (point 10) coexisted with 
the white areas, marked with the number 11. The results 
for the grey areas indicated a eutectoid (a solid solution 
of Al in Zn and a solid solution of Zn and probably Si in Al,  
while the chemical composition of the white areas corre-
sponded to a solid solution of Al in Zn. The results of the 
analysis of the microstructure and phase diagrams [15, 17] 
suggest that the elongated shape of the eutectoid precipita-
tions on the background of a solid solution of Al in Zn may 
be a result of the eutectic transformation that occurs during 
solidification. 

Fig. 3. SEM image of the inner part of the surface layer with the 
points where the chemical composition was analysed (explanation 
1–9 in text)

Table 1  
Results of EDS quantitative point analysis [at.%]

Point Al Si Zn Other

1 3.03 – 96.97 –

2 39.04 0.34 60.62 –

3 87.63 1.10 11.27 –

4 98.37 1.63 – –

5 0.51 99.49 – –

6 0.37 99.61 0.02 –

7 0.17 99.83 – –

8 67.71 13.93 3.14 Mn: 5.48, Fe: 9.74

9 70.64 13.29 – Mn: 6.11, Fe: 9.96

10 44.87 0.23 54.90 –

11 3.56 – 96.44 –

Fig. 4. SEM image of the outer part of the surface layer with the 
points where the chemical composition was analysed (explanation 
10 and 11 in text)
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Figure 5 shows the traces of the Vickers microhardness 
measurements in representative regions of the produced 
layer and the AlSi17 substrate. The result obtained for 
the substrate was 65.3HV0.05, while in the surface layer 
enriched with Zn, the microhardness was much higher and 
rose to 96.1–104.4 HV0.05.

The results of the study showed that continuous surface 
layer enriched with Zn was fabricated on the AlSi17 sub-
strate by the hot-dip galvanizing process. The layer was 
characterised by a uniform thickness and higher micro-
hardness than the AlSi17 substrate. The properties of the 
surface layer indicate its potential for further research 
focused on the fabrication of joints between AlSi17 and oth-
er metallic materials using an Zn interlayer fabricated by 
hot-dip galvanizing.

4. CONCLUSIONS

The surface layer enriched with Zn, characterised by a uni-
form thickness of about 100 μm, was formed on the AlSi17 
substrate as a result of the specimens being dipped for  
15 min in a Zn bath heated to 450°C. The analysis of the 
microstructure indicated that the layer had a multi-com-
ponent microstructure containing the regions of a solid 
solution of Al in Zn and dendrites composed of a eutectoid 
(a solid solution of Al in Zn and a solid solution of Zn in Al).  
The layer contained fine particles of an Si, regular in shape, 
formed, according to the results, by the action of Zn on the 

precipitations of eutectic Si in the AlSi17 substrate. In the 
layer, large primary Si crystals and multi-phase precipita-
tions originating from the substrate were also observed. In 
the microstructure, a thin region of the substrate immedi-
ately adjacent to the layer where the solid solution of Si in 
Al was enriched with Zn was observed. The surface layer 
was characterised by much higher microhardness in com-
parison with the AlSi17 substrate. 
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Abstract 

The balance of wastes originating from the foundry processes of ferrous alloys, prepared on the basis of data made available 
by the Polish Central Statistical Office, is presented in this paper. The kind and amount of individual foundry wastes subject-
ed to management and storage by foundry plants were analysed. The problem of wastes between the years 2010–2016 is 
discussed on the national scale, as well as in individual regions or voivodeships. Altogether, 27,375.9 tons of waste from the 
group no. 10, of which non-ferrous metal and ferrous alloy wastes from foundry plants constituted 2%, were produced in 
Poland in 2010. This situation remained at a similar level over successive years, till 2014. The positive prognosis constitutes 
the fact that the amount of waste stored on dumping grounds belonging to foundry plants in Poland is gradually decreasing. 
This may be related to increasing costs of waste storage. During the tested years, the annual amount of gathered waste 
decreased from 4,796.6 thousand tons (in 2010) to 4,477.6 thousand tons (in 2014).

Keywords: 

spent foundry sands, casting wastes, environment protection

1. INTRODUCTION

Founding is an efficient technique of manufacturing metal 
products with a specific shape and properties. It is based 
on filling the casting mold of the product with an alloy. 
Unfortunately, it belongs to the group of technologies which 
carry with them an increased occupational risk. Employees 
are exposed to harmful factors caused, among others, by the 
emission of harmful substances [1–4] during the process. 
The highest level of harmful substance emissions occurs 
during the pouring of disposable forms with iron alloys with 
a high melting temperature [5, 6]. In this case, one uses sand 
molds with sand grains connected by a binder. When filling 
the mold with liquid metal, a part of the binder burns out. 
Depending on the type of resin used, compounds from the 
BTEX group may be formed, such as benzene, toluene eth-
ylbenzene, o-, m-, p-xylene), formaldehyde furfuryl alcohol 
phenol or polycyclic aromatic hydrocarbons (PAH) [7–9].

For the production of non-ferrous castings of zinc, alumi-
num, magnesium and copper alloys for the process, high pres-
sure machines are more often used and the filled permanent 
mold is used to make a large number of castings. In this case, 
the amount of dangerous compounds generated during the 

foundry process is significantly reduced, together with the  
amount of waste generated [10]. 

The second important factor related to the topic of the arti-
cle, and at the same time a challenge in terms of environmen-
tal protection for all foundry technologies, is the amount of 
waste generated during the production of castings.

Waste materials considered in the paper include:

• spent foundry and core sands,
• slag from the melting processes  of liquid metals,
• dusts from cleaning out the furnaces for metal melting,
• other wastes generated during process the casting produc-

tion process.

In Poland, as of 2014, there has been a change in the 
approach to the classification of waste generated and the 
separation of the method of managing this waste as trans-
ferred to other recipients. Therefore, the data concerning 
wastes produced and neutralised or subjected to the rec-
lamation process in 2014, is not comparable with the data 
from previous years. From this year onwards, waste which 
is managed by its producers are counted as reclaimed and 
harmless wastes.
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2. ANALYSIS OF THE AMOUNTS OF WASTE  

Amounts of produced wastes and their management con-
stitutes an important aspect in casting production. As 
sources estimate [2], for 1 ton of casting, approximately 
1 ton of waste – requiring recycling or storage in special 
dumping grounds – is produced. 

The main wastes at casting productions are wastes 
from moulds and cores [11–19], which on average consti-
tute 77% of all wastes [20, 21]. A diagram presenting the 
percentages of various wastes from foundry processes is 
shown in Figure 1.

Altogether 27 375.9 thousand tons of wastes from the 
group no. 10 were produced in Poland in 2010. 2% of these 
wastes constituted wastes from non-ferrous metals and 

ferrous alloys castings. This situation remained at a simi-
lar level up to the year 2016. Figure 2 presents the amount 
of waste produced by non-ferrous metal and ferrous alloys 
castings between the years  2010–2016.

According to the report of the Polish Central Statistical 
Office, the production of waste from ferrous alloys casting 
in the analyzed years amounted to an average of 595.768 
thousand tons and constituted the main source of waste. 
The amounts of waste originating from non-ferrous metal 
castings increased slightly during this period.  

The largest amounts of waste in Poland were produced in 
the Silesian, Lesser Poland, Greater Poland and Warmian- 
-Masurian voivodeships. The list of the amount of waste by 
individual voivodeships is presented in Table 1.

Fig. 1. Amount of waste from foundry processes in 2016 (in  
percent) [21]

Fig. 2. Waste production by non-ferrous metal and ferrous alloys 
castings between the years  2010–2016 [21]

Table 1  
List of waste produced by ferrous alloys casting in individual voivodeships in  2016 [22–28]

Voivodeship
Year

2010 2011 2012 2013 2014 2015 2016

Silesian 107.2 137.8 156.9 123.7 129.8 80.0 140.3

Lesser Poland 82.7 94.2 68.1 63.1 57.8 57.7 57.6

Greater Poland 77.9 97.5 96.7 67.6 70.6 55.7 53.0

Warmian-Masurian 68.4 65.2 63 55.7 76 63.5 67.8

Lower Silesian 24.6 28.6 28.1 35.4 36.7 67.5 21.0

Subcarpathian 20.5 25.1 21.7 19.8 20.1 26.0 23.5

Lodz 17.6 31.1 30.5 25.8 21.5 23.7 21.3

Holy Cross 15.8 14.7 14.1 23 25 23.5 24.7

Masovian 10.9 11.2 – – – – –

Opole 8.8 21.1 12.4 5.7 6.3 7.7 9.7

Lubusz 7.6 7.1 7.3 9.1 9.7 10.3 10.2

Lublin 7.2 4.2 10.7 8.2 5 8.0 9.1

Kuyavian-Pomeranian 5.1 7 6 5.8 5.8 5.4 4.7

Pomeranian 2.1 1.8 1.5 2.6 1.6 1.5 1.3

Podlaskie 0.9 0.7 0.6 –  – 26.0 –

West Pomerania – – – – – – –
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The largest amount of waste was produced in the years 
2011 and 2012 [22, 23]. These data, combined with the 
casting production, are shown in Figure 3.

The highest amounts of foundry wastes were reclaimed 
in 2016 in the Warmian-Masurian voivodeship and amount-
ed to 50.8 thousand tons, or more than 75% of the total for 
the voivodeship. By comparison, Lesser Poland subjected 
62% to reclamation, Silesia only 25% and Greater Poland 
only 1%. The total data are given in Figure 4. Foundry 
plants in the latter voivodeship had the largest amounts of 
wastes stored in their own dumping grounds, which in 2010 
amounted to 1846.2 thousand tons. Very similar amounts 
were collected by foundry plants in the Opole voivodeship 
(1848.1 thousand tons). Between the years 2010–2016, 
the situation in these two voivodeships was at the similar 
level and in 2016 it was 1673.5 and 1243.6 thousand tons, 
respectively. The situation for 2016 is presented in Figure 5.

The fact that the amount of waste gathered in the dump-
ing grounds of foundry plants has decreased successively 
throughout the whole country constitutes a positive prog-
nosis. This may be related to the rapidly escalating costs 
of waste storage. Within the tested years, the amount of 
gathered waste (on the national scale) decreased from 
4796.6 thousand tons (in 2010) to 3940.5 thousand tons 
in 2016. In this year, there is no information on neutralized  
waste  (Fig. 6).

Individual groups of wastes produced in the space of 
the tested years were also analysed. The sequence of their 
presentation depends on their percentage in the produced 
wastes.  

Apart from the wastes to which spent moulding and core 
sands belong, there are also wastes originating from the 
pouring process, marked with code 10 09 08. Data gathered 
up to the year 2013 indicates that the ratio of the amount 
of produced wastes to those subjected to the reclamation 

Fig. 3. The compilation of the casting production and the 
amount of waste related to this production between the years  
2010–2016 [22–28]

Fig. 4. The distribution of wastes produced and subjected to  
reclamation in individual voivodeships in 2016 [21]

Fig. 5. Wastes (with the elimination of municipal wastes) – stored 
thus far (gathered) on own dumping grounds (heaps) of foundry 
plants in 2016 [thousand tons] 

Fig. 6. The compilation of produced wastes, subjected to the  
reclamation process and neutralised in the period 2010–2016 [21]
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process was at a similar level and amounted to 44.7 thou-
sand tons. A regression was observed in 2014 and which 
remained over subsequent years. The diagrams showing 
amounts of produced and reclaimed wastes in individual 
years are presented in Figure 7. 

In the period studied, it was only in the year 2012 that the 
production of wastes from the group marked as 10 09 07, 
 was revealed. These are cores and moulds after the pour-
ing process containing dangerous substances. All of these 
wastes were subjected to reclamation procedures. This 
means that – according to the available data – foundry plants 
do not have waste in their dumping grounds from the group 
no. 10 09 07. Hazardous wastes gathered by foundry plants 
are dusts from exhaust gases containing dangerous sub-
stances.The amount of this waste, marked by code 10 09 09, 
was at a constant level of 1.2 thousand tons during the study 
period.

On the next places of waste produced by the foundries 
there are slags and dusts (Figs. 8 and 9). Also in their case, 
up to the year 2013 a constant difference between produced 
and reclaimed wastes could be noticed. After this year, there 
was a significant decrease in the amount of waste recovered.

3. CONCLUSIONS

The following conclusions can be drawn on the basis of the 
analysis:

• The ratio of the wastes produced during the pouring 
processes to the wastes subjected to the reclamation pro-
cesses was at a similar level in years 2010–2013.  

• An alarming decrease of waste subjected to reclamation 
was observed in 2014. However, it could have been caused 
by a change in the classification method of the waste pro-
duced, with it being delivered to other customers and not 
subjected to reclamation procedures and neutralised. 

• In 2014–2016, a further decline in the amount of waste 
subject to remediation can be observed.
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