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The influence of the conditions of crystallization on the microstructure of a binary leaded bronze was 
examined. The conditions of crystallization were modified by changing the cooling speed of the melt through 
preliminary heating of the casting moulds. Quantitative regularities of the influence of the cooling rate on 
parameters of the dendritic cells and the grain size are presented. Data on the formation of lead inclusions 
between the dendrites of the copper matrix are also reported. It is shown that cooling rates of the order 
100-150°С/s lead to the formation of dendritic structures containing only axes of the first and second order.  
A decrease of the cooling rate at the moment of crystallization to less than 15°С/s leads to the appearance of 
axes of the third order in the dendrite matrix. 
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Introduction 
 
Copper alloys, among which the most common is 
bronze, are used in mechanical engineering for 
manufacturing products with high antifriction and 
antiscoring characteristics such as, for example, 
sliding bearings. However, details made of these 
materials relatively often fail, not due to deterioration, 
but because of destruction. In some respects the 
mechanical properties and the possible outage of the 
details will depend on parameters of the 
microstructure, such as the size of the matrix grains, 
parameters of the dendritic cells, etc. [1,2]. 
Quantitative laws describing the influence of 
microstructure parameters of antifriction bronzes on 
their mechanical properties have been defined [3-5]. 
At the same time, the influence of crystallization 
parameters on the microstructure has only been 
studied qualitatively and research works presenting 
quantitative data concerning parameters of the 
microstructures formed under various conditions of 
crystallization are missing. 
 The aim of the present work was to investigate the 
influence of crystallization parameters on the 
formation of dendritic structures in bronze. The most 
examined crystallization parameter was the cooling 
rate, as it is often changed in practice [6]. 
 
 
Experimental 
 
The samples used for the investigation were prepared 
by pouring molten bronze into graphite casting 

moulds and inducing subsequent crystallization at 
various cooling rates. The cooling rates were changed 
by preliminary heating of the casting moulds to 
various temperatures (Tmould = 20°С, νcool = 158°С/s; 
Tmould = 200°С, νcool = 137°С/s; Tmould = 400°С,  
νcool = 43°С/s; Tmould = 600°С, νcool = 25°С/s;  
Tmould = 800°С, νcool = 10°С/s; Tmould = 1100°С;  
νcool = 0.15°С/s) [7]. The chemical composition of the 
investigated bronze is given in Table 1. The material 
has a two-phase structure: a copper matrix and small 
inclusions of lead [8,9]. In such a bronze the growth of 
copper dendrites is not influenced by any other factors 
when the cooling rate is changed.  
 Bronzes of a more difficult structure suffer the 
influence of other features affecting the phase 
structure and the form of the generated matrix 
dendrites. The influence of these factors will depend 
on the cooling rate as well and this will not allow an 
unambiguous interpretation of the results. The choice 
of a bronze containing 10 % of a fusible phase was 
also motivated by the similarity of this concentration 
to bronzes used in industry (С92900, С93700, 
С93800), and inclusion of lead considerably improves 
the machinability of the samples.  
 

Table 1 Chemical composition of the 
investigated material. 

 

Chemical composition (mass%) 

Cu Pb Mg Al Si S Ti Fe Sn 

91.14 8.52 0.01 0.01 0.04 0.01 0.02 0.05 0.02 
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Fig. 1 Macrostructure of castings obtained at the cooling rates 158°С/s (a), 50°С/s (b), and 10°С/s (c). 
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Fig. 2 Microstructure of castings obtained at the cooling rates 158°С/s (a), 137°С/s (b), 78°С/s (c), 25°С/s 
(d), 10°С/s (e), and 0.15°С/s (f). 

 
 
 The investigated bronzes were smelted in a  
high-frequency induction furnace from technically 
pure components in a silicicated graphite crucible. 
Deoxidation was made with phosphorous copper 
before adding lead into the liquid melt.  
The pouring temperature was 1080°C [10]  
and was controlled by a high-speed optical pyrometer 
ТPТ-90 with laser pointing. The casts represented 
cylinders with a diameter of 17 mm and a height of 
70 mm. The microstructure of the samples was studied 

on an optical microscope (Zeiss Axio Observer.A1m 
with a built-in in camera and Zeiss Axiovert 40 
MAT); section etchings were not performed. The 
quantitative characteristics of the microstructure 
(percentage of the structural components and their 
average size) were determined by means of a local 
computer program [11], and with the help of the 
program complex delivered together with the above-
mentioned microscopes, by the techniques described 
in [12]. 
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Results and discussion 
 
The metallographic analysis revealed essential 
differences between the structures of mouldings 
cooled at different rates.  
 Fig. 1 shows the macrostructure of the moulding 
for different pouring temperatures. The typical view of 
the casting – the absence of contraction cavities near 
the free surface and the presence of a zone of 
columnar crystals (Fig. 1a) – proves directed cooling 
of the casting from an external surface, irrespective of 
the initial temperature of the mould. This occurs due 
to the small height and internal diameter of the 
casting. The visual analysis shows that at high cooling 
rates (Fig. 1a,b) the macrostructure of the casting 
presents the classical macrostructure of a stationary 
ingot and consists of three easily distinguishable 
zones: 1) zones of small crystals with 0.1-0.3 mm 
large crusts exclusively formed by homaxonic crystals 
no larger than 0.1 mm; 2) zones of columnar crystals 
with a length of about 0.5-1.1 mm, and 3) a central 
zone of 0.7-1 mm large homaxonic crystals. A 
reduction of the cooling rate (increase of the 
temperature of the casting mould) produces a decrease 
of the length and thickness of the columnar crystals, 
and at a cooling rate of 25°С/s (Fig. 1c) this zone 
disappears completely. At the same time, grains grow 
in the central and peripheral zones of the casting so 
that on cooling below a speed of 1°С/s the size of the 
crystals at the casting centre reaches 1.5 mm or more. 
This indicates a more uniform cooling rate in the 
section of the casting during the whole period of 
crystallization. 
 On decreasing the cooling rate, a considerable 
amount of dendrites appears [13]. As shown in 
Table 2, a change of the cooling rate from 158°С/s to 
137 and 78°С/s increases the distance between the 
axes of second-order dendrites by 17 % and 33 %, 
respectively. A further decrease of the cooling rate 
leads to a more considerable growth of dendrites 
(Fig. 2f,g). At cooling rates lower than 25°С/s the 
dendrites get axes of the third order.  
 The increase of the dendrites leads to grain growth. 
Dendrites of one color (or shading) in Fig. 2 form 
uniform grains. The dependence of the grain growth 
on the cooling rate is similar to the dependence of the 
distance between the axes of second-order dendrites 
on the cooling rate. At high cooling rates the grain 
size changes gradually, so that at a cooling rate of 
158°С/s the average diameter of the grains is about 
200 µm, whereas at 137°С/s it is 250-300 µm. 
 At lower cooling rates more active grain growth 
begins. A cooling rate of 25°С/s gives an average 
diameter of the grains of about 600 µm, 10°С/s gives 
~1 mm, and on cooling the casting in a mould 
preheated to 1100°C (νcool = 0.15°С/s), the size of the 
grains can reach several millimeters. The grain size is 
non-uniform throughout the casting section: on the 
surface the grains are smaller, and at the centre of the 
mould they are larger. For high cooling rates the 

Table 2 Effect of the cooling rate on the distance 
between the axes of second-order dendrites in the 
investigated material. 
 

Cooling rate, 
°С/s 

Distance between the axes of 
second-order dendrites, µm 

158 12 
137 14 
78 16 
25 25 
10 33 

0.15 120 
 
difference is a factor 2 or more; the ratio decreases 
with decreasing cooling rate and takes, for example, 
the value 1.3-1.5 for νcool = 10°С/s. 
 Fig. 2a,b shows that, for high cooling rates, lead in 
the form of very thin veins is distributed in 
interdendritic joints and on the borders of the grains. 
The shape of the inclusions is oblong and awkward. 
On reducing the cooling rate, rounded lead inclusions 
appear between the axes of second-order dendrites. 
Lead is practically not found between the dendrite 
joints of a grain, but settles mainly on the borders of 
the grains (Fig. 2e,f). 
 Increase of the cooling rate leads to a substantial 
increase of the quantity of matrix grains and reduces 
the time available for the process of separation of the 
liquid and the copper crystallites. The lead inclusions 
do not have enough time to coagulate. Besides, they 
appear surrounded by a crystallized matrix that 
impedes unification of particles of the low-melting 
phase. As a result the lead inclusions, crystallizing 
last, occupy free space. The form of their surface 
replicates the form of the surrounding copper 
dendrites. With decreasing cooling rate the quantity of 
matrix grains falls, their size increases, and the time 
available for the processes of stratification and 
crystallization increases. The lead inclusions now have 
the possibility to coagulate. The particles settle 
between the axes of second- and third-order dendrites. 
 
 
Conclusions 
 
A decrease of the cooling rate of the copper matrix of 
the investigated material naturally leads to the growth 
of dendrites and grains. At higher cooling rates, 
120-160°С/s, the distances between the axes of 
second-order dendrites are in the range 10-15 µm. 
Consequently, the average diameter of a grain will be 
less than 200 µm. Axes of the third order will be 
absent in the matrix dendrites at such speeds. A 
decrease of the cooling rate of the mouldings during 
crystallization to 40-80°С/s leads to the formation of 
undeveloped dendrite axes of the third order and to an 
increase of the grain size to ~500 µm. Cooling at very 
slow rates (less than 1°С/s), as obtained by furnace-
cooling, produces considerable dendrite growth and a 
high average grain size. At such rates the distance 
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between the axes of second-order dendrites reaches 
values of about 100 µm, and developed axes of third 
order appear. The diameter of some grains can reach 
several millimeters. 
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