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Grain refinement and microstructural effects on 
mechanical and tribological behaviours of Ti and 
B modified aluminium bronze 

Y U A N Y U A N  LI, T. L. NGAI*  
Second Department of Mechanical Engineering, South China University of Technology, 
Guangzhou, People's Republic of China 

Microstructural effects on mechanical and tribological behaviours have been studied for 
a series of aluminium bronzes with different microstructures. ASTM 1045 and 52100 steels 
were used as the counterparts in the friction and wear tests. Experimental data show that the 
coefficients of friction, wear rate and mechanical properties strongly depend on the volume 
fraction of 0~-phase present in the alloy and, to a lesser extent, on the average s-grain size. 
The minimum coefficients of friction and the wear rate correspond to a yield strength of 
370 N mm -2 and a bulk hardness of HB 168. Except for extreme low average 0~-grain size 
(corresponding to low volume fraction), both the coefficients of friction and the wear rate 
show linear relations with the reciprocal of the yield strength of the alloy, but not to the 
reciprocal of the hardness as expected. Based on these results, a design principle for high 
strength wear-resistant aluminium bronze has been developed. 

1. Introduction 
Aluminium bronze is a widely used nonferrous engin- 
eering material. It contains 5 to 12 wt % of A1 as the 
primary alloying element. The addition of iron, nickel 
and manganese modified its properties and provided 
a series of commercial alloys which rank among the 
best acid-resistant high strength alloys. It is tough, 
resists abrasion and metal-to-metal wear. It reduces 
friction, galling and seizing when mated against 
dissimilar metals. As an excellent wear-resistant engin- 
eering material, it has found many applications as 
engineering parts working under high stress, such 
as various worm-gears, gears, bearings, and bushes, 
etc. [1]. 

In the last two decades, many authors have paid 
attention to the investigation of the tribological 
behaviour of aluminium bronze. Since the late 70s, 
Sullivan's research group [2 6] studied the wear of 
aluminium bronze on steel under boundary lubricat- 
ing conditions. They studied the roles of aluminium 
diffusion, transfer and segregation in the wearing pro- 
cess. They also studied the effects of additives, the 
mechanisms of boundary film formation and the 
mechanisms of oxidation wear. They set up a theoret- 
ical wear model for boundary lubrication. Reid and 
Schey [7, 8] investigated the effects of adhesion and 
hardness on the friction of aluminium bronze. They 
concluded that there is no correlation between the 
coefficient of friction and the bulk hardness. Harder 
materials do not imply lower friction. Metal transfer 
and adhesion are not necessarily lower either. 

* Dr T. Leo Ngai is also a part-time Research Fellow in the Materials 

0022-2461 �9 1996 Chapman & Hall 

A greater increase in surface hardness or a higher 
strain-hardening rate do not imply either lower fric- 
tion or lower adhesion. An increase in hardness during 
sliding would lead to an increase in friction only if the 
mating pairs are metallurgically compatible. A differ- 
ence in compatibility rather than an increase in hard- 
ness would govern the magnitude of the friction be- 
tween mating pairs. Until now, authors in most of the 
literature studied the effects of external factors such as 
lubricating media and working environment on the 
tribological behaviour of bronze. However, little work 
has dealt with the effects of the basic characteristics of 
the alloy itself, such as composition, microstructure, 
volume fraction ratio of the relatively soft phase to the 
relatively hard phase, and average grain size. These 
factors are important in engineering material design. 
The present authors try to use both metallurgical and 
tribological viewpoints to investigate the inherent 
relations between the basic characteristics of the alloy 
and its tribological behaviour, and then set up a 
guiding principle for the designation of high strength 
and wear-resistant aluminium bronze with an optimal 
composition and microstructure. 

2. Experimental procedures 
2.1. C a s t i n g  
Aluminium bronze alloys were prepared by melting 
high purity aluminium (99.95 wt %), high grade com- 
mercial iron (99.7%), nickel (99.5%), manganese 
(99.5%), copper (99.8%) and other modifying elements 
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in a graphite crucible, then casting into iron moulds to 
obtain worm-gears with an outer diameter of 456 mm 
and a thickness of 60 mm (for elevator tractor use). 
The composition range of the alloys prepared were (in 
wt %) :  8 13% A1, 2-5% Fe, 1-3% Ni, 0.5 3% Mn, 
with Cu making up the balance. Ti and B were added 
as modifying elements. By varying the amount of 
modifying agents and controlling the chemical com- 
positions within the above range, and varying the 
processes of melting and casting, a series of alloys with 
various average a-grain sizes and different volume 
fraction ratios of relatively soft a-phase to relatively 
hard 13'- and K-phases were obtained to meet the test 
requirements. The relative proportions of ~- and 13'- 
phases in the alloys depend greatly on the aluminium 
contents. The higher the aluminium content the alloy 
contains the higher the volume fraction of p'-phase. 

2.2. Characterization 
All samples were taken from the flanges of cast worm- 
gears. Samples were prepared by normal metallo- 
graphic process for the investigation of phases. The 
volume fraction of different phases and the average 
grain sizes were determined by standard quantitative 
metallographic analysis. Scanning electron micro- 
scopy (SEM) and electron microprobe (EPMA) 
were used to analyse the topographical features, 
microstructure, and microconstituents of worn surfaces 
and debris. X-ray diffraction was used for phase 
identification. 

2.3. Mechanical and tribological behaviours 
A pin-on-disc frictionmeter was used for the coeffic- 
ient of lubricated friction measurements. Disc samples 
were made of aluminium bronze alloys. Pin samples 
were made of quenched ASTM 1045 steel with a hard- 
ness of HRC 48. The nominal specific pressure used in 
the test was 7.486 MPa, and the linear sliding velocity 
was 3.989 m s - 1. The lubricant used was WA elevator 
lubrication oil. 

A cylinder-on-ring wear test machine was used for 
measuring the wear volume and the wear rate. Cylin- 
der samples were made of aluminium bronze and ring 
samples were made of quenched ASTM 1045 steel 
with a hardness of HRC 48. The test load was 686 N, 
and the linear sliding velocity was 0.886 m s-1. The 
lubricant used was WA elevator lubrication oil. 

A block-on-ring frictionmeter was used for measur- 
ing the coefficient of non-lubricant friction. Block 
samples were made of aluminium bronze and ring 
samples were made of quenched ASTM 52100 steel 
with a hardness of HRC 62. The test load was 98 N 
and the sliding linear velocity was 0.396 m s-1. 

The duration for the friction and wear measure- 
ments was 1 h. 

Chinese mechanical testing standards were em- 
ployed for the mechanical property measurements 
such as bulk hardness, microhardness and yield 
strength. Experimental data reported in this study 
were average values taken from at least three separate 
measurements. 
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3. Results and discussion 
3.1. Microstructure 
Cook et al. [9] investigated the phase relationship in 
a 5% Ni and 5% Fe aluminium bronze. For alumi- 
nium content less than approximately 10%, 13 is the 
first phase formed during cooling from the liquid state, 
followed by precipitation of a-phase and the forma- 
tion of K-phases. Based on their phase morphologies, 
Weill-Couly and Arnaud [10] reported four forms of 
K-phase in Ni-A1 bronze with a nominal composition 
of 9.5% AI, 5% Fe, 5% Ni and copper for the remain- 
der. Culpan and Rose [11] confirmed Weill-Couly 
and Arnaud's findings with SEM and energy disper- 
sive spectroscopy (EDS). Recently Ridley's research 
group [12, 13] studied these phases in details. They 
classified ~:-phases based on their chemistry and crys- 
tallography rather than on morphology alone. Ac- 
cording to these authors, the Ki-phase forms only in 
alloys with higher iron contents (relative to Ni). It is 
a metastable, cored, dendritic-shaped precipitate with 
a composition which varies from an iron-rich solid 
solution to Fe3A1, and the phase relationships are 
extremely complex in this composition region. The 
KH-phase is also dendritic in shape with a composition 
based on FegA1 and DO3 structure. The Kin-phase is 
a product of eutectoid decomposition, having a lamel- 
lar or globular shape, with a composition based on 
NiA1 and has a B2 structure. The K~v-phase is a rela- 
tively small, equiaxed precipitate in the a-phase. Its 
composition is based on F%A1 and a DO3 structure. 
A typical metallographic structure of the as-cast alloy 
in this study is shown in Fig. 1. Light areas are ~- 
matrix, dark regions are the so called "retained 13" or 
13'-phase and fine dots dispersed in the matrix are 
intermetallic K-phases. The a-matrix is a relatively soft 
(Hv = 200-274) Cu-based substitutional solid solu- 
tion of face-centred cubic structure with a lattice para- 
meter a~0.3666 nm. The 13-phase is a Cu3Al-based 
solid solution with a body-centred Cubic structure and 
stable only above 565 ~ The dark 13'-phase between 
the a-matrix in Fig. 1 is the supercooled 13-phase re- 
sulting from the interrupted eutectoid transformation. 
The [3'-phase is essentially hard martensite with 
a microhardness of Hv = 290-407. The K-phases 
found in the present study are relatively hard and 
brittle F%Al-based solid solutions: K~I is in rosette 
form and Kiv is a fine precipitation within the a-grains. 
Their microconstituent is approximately 10.10% A1, 
65.58% Fe, 5.79% Ni, 2.71% Mn and 15.82% Cu. 

3.2. Effects of microstructure on mechanical 
and tribological behaviour 

A series of alloys, with average a-grain sizes ranging 
from 29 to 105 ~m and volume fraction ratios of the 
relatively soft a-phase to the relatively hard [Y-phase 
ranging from 55:44 to 93:6, and the rest, approxim- 
ately 1%, made up of the finely dispersed hard 
K-phases, were prepared. Our data shows that the ~- 
phase volume fraction and the average a-grain size are 
closely related to the tribological behaviour of the 
alloy. Figs 2 and 3 elucidate the effects of the volume 
fraction and the average grain size of a-phase on 



Figure i Typical microstructure of an almninium bronze sample. 

the coefficient of friction, wear rate and some mechan- 
ical properties of the tested alloys, respectively. These 
figures demonstrate that when the volume per cent of 
a-phase is approximately 67 or the average a-grain 
size is about 35 gm, the alloy would give optimal 
combinative mechanical properties and friction and 
wear behaviours when sliding against the steel 
counterparts. 

From Figs 2a and 3a, we notice that the wear rate 
and the coefficients of lubricated and non-lubricated 
friction all show similar trends. This may be an indica- 
tion that these quantities are actually interrelated. The 
boundary lubrication film formed between bronze and 
steel mitigated the effect of  adhesion, so it is easy to 
understand that the coefficient of  lubricated friction 
and the coefficient of non-lubricated friction show the 
same trend. As shown later in the next section, both 
the coefficients of  friction and the wear rate are in- 
versely proportional to the yield strength of the alloy, 
thus, it is no surprise that they show similar trends 
too. 

Fig. 2 shows that the minima of the wear rate and 
the coefficients of  friction are located at approximately 
67 vo l% of the a-phase, which coincided with the 
maxima of the yield strength and the tensile strength 
of the alloy. The best wear-resistant alloy with a low 
coefficient of friction can be obtained with c~-phase 
ranging from 63 to 70 vol %. The sharp increases of 
the three curves in Fig. 2a for a-phase with less than 
63 vol % and between 70-76 vol % are probably due 
to the sudden decrease of the yield strength of the alloy 
in these ranges. The increase in hardness would lead to 
the worsening of the coefficients of friction and wear 
rate of the alloy containing less than 63 vol % of the 
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Figure 2 Variation of (a) tribological behaviour ( x wear rate, * co- 
efficient of non-lubricated friction, + coefficient of lubricated fric- 
tion) and (b) mechanical properties ([] hardness,/~ tensile strength, 
�9 yield strength, O elongation) with volume per cent of the s-phase. 

a-phase. The gentle increase of the three curves in 
Fig. 2a beyond 76 vo l% of a-phase are correlated 
with the gentle decrease in yield strength of the alloy in 
the same region. Similar effects can be noticed in 
Fig. 3. The best wear-resistant alloy with a low coeffic- 
ient of  friction can also be obtained at an a-grain size 
ranging from 33 to 46 ~tm. The plateau in the Brinell 
hardness data and the smooth hill top exhibitedby the 
yield strength data between the average a-grain size of 
33 and 63 Hm correspond to the gentle increase in 
wear rate and coefficients of friction data in the same 
range of average a-grain size. The sharp increase in 
hardness for average a-grain size of less than 33 gm is 
responsible for the rapid deterioration of the friction 
and wear behaviours of these alloys. The worsening of 
the coefficients of friction and the wear rate of  these 
alloys for an average a-grain size less than 33 gm 
and beyond 63 gm are obviously related to the de- 
crease of the yield strength of these alloys but not to 
the hardness. 
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Figure 3 Variation of (a) tribologicai behaviour ( x wear rate, * co- 
effficient of non-lubricated friction, + coefficient of lubricated fric- 
tion) and (b) mechanical properties ([3 hardness, A tensile strength, 

yield strength, �9 elongation) with average grain size of s-phase. 

3.3. Relation between mechanical properties 
and tr ibological behaviour  

From Figs 2 and 3, we can notice that the minimum 
coefficients of friction and wear rate correspond to 
a yield strength of 370 N mm-  2 and a bulk hardness 
of HB 168. It is clear that instead of hardness, the yield 
strength has a more direct implication on the friction 
and wear behaviours of these alloys. 

A simple but useful expression for wear rate, W, 
which is defined as the volume of material removed 
per unit sliding distance, was derived by Archard [14]. 
He developed the adhesive theory for sliding friction 
by assuming that the yield pressure for the plastically 
deforming asperity is approximately equal to the 
hardness, H, of the material and that the hardness is 
the most important property controlling wear rate. He 
obtained the well k n o w n  Archard wear equation 
W = KL/H, where L is the normal load and K is the 

Figure 4 Plot of wear rate and coefficient of friction versus the 
reciprocal of the yield strength of the tested alloys. Key: x wear 
rate, * coefficient of non-lubricated friction, + coefficient of lubri- 
cated friction. 

wear coefficient. It is not only from the adhesive 
theory that this wear equation can be derived; 
Rabinowicz obtained the same expression for two- 
body abrasive wear involving plastic flow [15]. An 
expression resembling the Archard wear equation can 
also be derived for the coefficient of friction, p, which 
contributes by adhesive forces, p ~ s/H, where s is the 
shear strength. It is well known that for metal, the 
indentation hardness is about three times that of the 
uniaxial yield stress, cy, thus W ~ K L / ( 3 ~ )  and 
p ~  s/(3(5) [16].  

Fig. 4 is a plot of the coefficients of friction and wear 
rate versus the reciprocal of the yield strength ((50.2) of 
the alloy. In our data, the coefficients of friction and 
the wear rate do not show clear linear relationships 
with the reciprocal of the hardness of the material. 
Instead they show linear relationships with the reci- 
procal of the yield strength of the alloy, except for two 
points in the wear rate and in the coefficients of fric- 
tion data. These points correspond to less than 
60 vol % s-phase or an average r size less than 
32 lain. The reason for this is believed to be caused by 
the change in wear mode due to the change in alloy 
microstructure. In this region the relative amount or 
the average grain size of the s-phase in the alloy is not 
sufficient to hold the ~-particles in the matrix and the 
peeling off of these hard particles induced multi-body 
abrasion, as shown later in Fig. 5 in the next section. 

3.4. Effect of microstructure on the wear  
mechan ism 

When the relative amount of s-phase is less than 
63 vol %, the s-phase cannot provide enough inlay 
and protection for the hard K-particles and therefore 
this leads to the tearing offof these particles. As shown 
in Fig. 5, deep ploughs, wedges and pea cavities can be 
seen, and serious abrasive wear occurred. When the 
relative amount of s-phase is larger than 70 vol %, the 
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Figure5 Wear surface of an aluminium bronze sampIe with 
55 vol % of s-phase. 

Figure 7 Wear surface of an aluminium bronze sample with 
67 vol % of a-phase. 

increasing the hardness and lowering the plasticity 
would give an opposite result. Thus, the wear of ma- 
terials, to a certain extent, depends upon hardness. 
From Figs 2 and 3, it is not difficult to observe that the 
effects of the mechanical properties on the friction and 
wear behaviours are closely related to the microstruc- 
ture of the alloy. 

Figure 6 Wear surface of an aluminium bronze sample with 
84 vol % of s-phase. 

hardness and plastic deformation resistance of the 
alloy tend to be smaller and have a bigger tendency to 
adhere to the steel counterpart.  As shown in Fig. 6, 
adhesion, ploughs and flaky wear debris can be seen, 
and serious adhesive wear occurred. When the micro- 
structure is between these two features mentioned 
above, as shown in Fig. 7, the wear modes are mild 
adhesive and abrasive wears. 

F rom these experimental data, some special rela- 
tionships between the mechanical properties and the 
friction and wear behaviours can be observed. The 
higher the strength, the lower the coefficient of friction 
and the wear rate. Hardness and plasticity have more 
complex effects on the coefficients of friction and wear 
rate. When adhesive wear is significant, increasing the 
hardness and lowering the plasticity would be advant- 
ageous in reducing the coefficients of friction and the 
wear rate. However, when abrasive wear is significant, 

4. Design principle for high strength 
wear-resistant aluminium bronze 

Figs 2 and 3 show that when the microstructure of the 
bronze is out of the optimal range, the coefficients of 
friction and wear rate would increase rapidly. As a re- 
sult, premature work failure might occur in work 
pieces made of this material. In order to avoid this 
from happening, correct design and control of the 
microstructure of the alloy is very important  in addi- 
tion to external factors such as load, speed, lubrication 
and working environments, etc. 

Fig. 1 shows a fine dispersion of hard particles (~;- 
phases) on the relatively soft matrix (a-phase). Experi- 
ence told us that this is the ideal microstructural 
feature that would give excellent wear-resistant prop- 
erties for multi-phase materials. The fine and hard 
particles can limit the junction growth and thus re- 
duce the friction and wear that are caused by ad- 
hesion. Also, if these hard particles are harder than 
their counterparts, they can provide excellent abrasion 
resistance. Of course, the matrix should provide 
enough inlay to hold them in place to avoid them 
peeling off and causing multi-body abrasion. 

From the above experimental results, the present 
authors preliminarily conclude a design principle for 
high strength wear-resistant aluminium bronze. 
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1. Controlling the relative volume fraction of soft 
a-phase to hard 13'- and K-phases at a ratio of 
approximately 67:33 or the average a-grain size 
of approximately 33 to 46 gm to obtain the opti- 
mal combinative mechanical properties and fric- 
tion and wear behaviours of the bronze. 

2. Solution strengthening, dispersion strengthening 
and grain refining of the a-phase to increase the 
strength and the resistance to plastic deforma- 
tion of the alloy. 

3. Adding a proper amount of anti-friction com- 
ponent or particles to increase the ability to resist 
adhesion of the alloy to its counterpart. 

4. Eliminating or minimizing the gas cavities, 
shrinkages and inclusions to increase resistance 
to fatigue wear of the alloy. 

Following this design principle, by adjusting the 
basic constituents (A1, Fe, Ni, Mn, Cu) to an optimal 
composition, by adding Pb as an anti-friction com- 
ponent and Ti and B as modifying elements, and by 
careful control of the melting, degassing and the soli- 
dification of the alloy, a novel high strength and wear- 
resistant aluminium bronze has been developed in our 
laboratory. Details of these shall be discussed in an- 
other paper. 

4. The wear of a material depends on its bulk hard- 
ness up to a certain extent. However, higher 
hardness of the material does not necessarily 
imply higher wear resistance. It all depends on 
the microstructure of the alloy and the wear 
modes. 

5. Except for extreme low average a-grain size (cor- 
responding to low a-phase volume fraction), 
both the coefficient of friction and the wear rate 
show linear relations with the reciprocal of the 
yield strength of the alloys but not to the recipro- 
cal of the hardness as expected. An Archard-type 
equation fits the experimental data very well. 

6. Minimum coefficient of friction and wear rate 
correspond to a yield strength of 370 N m m  -2 
and a bulk hardness of HB 168. 

7. Adding modifying components Ti and B, and 
controlling the melting and solidification pro- 
cess, can effectively improve the microstructure 
and properties of the alloy. 
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5. Conclusion 
1. The coefficient of friction and the wear rate of 

aluminium bronze show a very close relationship 
with microstructure. They strongly depend on 
the volume fraction ratio of the relatively soft 
phase (a) to the relatively hard phases ([3' and ~r 
and to a lesser extent, depends on the average 
grain size of the a-phase. Microstructure not 
only determined the mechanical properties of the 
alloy, but also plays an important role in their 
friction and wear behaviours. 

2. The optimal combinative mechanical properties 
and friction and wear behaviours can be ob- 
tained when the volume fraction ratio of a-phase 
to [3'- and ~:-phases is about 67:33, or the average 
grain size of the a-phase is between 33-46 gin. 

3. When the relative amount of the a-phase is larger 
than 70 vol % or the average grain size of a- 
phase is larger than 63 lain, serious adhesive wear 
occurred. When the relative amount of a-phase is 
less than 60 vol % or the average grain size of the 
a-phase is less than 33 gin, serious abrasive wear 
occurred. Within these regions the coefficients of 
friction and wear rate of the alloy are relatively 
large. 
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