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ABSTRACT 
 

The present study deals with an investigation of dry sliding wear behaviour of 
grain refined and or modified (Al–20Si) alloy by using a Pin-On-Disc. The refining 
was by grain refinements (Ti and B), modification (Sr, Na and P) and combined action 
of both (Ti, B + P +chilling). Results indicate that combined grain refined and modified 
Al-20Si alloys have microstructures consisting of uniformly distributed α-Al grains, 
eutectic Al–silicon and fine primary Si - particles in the interdendritic region. These 
alloys (5, 6) exhibited better wear resistance (13-15 times) than the same alloy 
subjected to only grain refinement or modification (1, 2 and 3) . The improved wear 
resistances are related to the refinement of the aluminum grain size, uniform 
distribution of fine fibrous eutectic Al–silicon and fine primary Si- particles. 

  دراسة تأثير المعدلات ومنعمات البنية على سلوك البلى

 )كفوق الايوتيكت(سليكون -لسبيكة الالمنيوم
  : الخلاصة

 - لسبائك الالمنيوم) dry sliding wear behaviour(هتم بدراسة سلوك البلى النزلاقي الجافيهذا البحث      

 grain(البنية البلورية المنعمة والمعدلةذات  ) hypereutectic Al-Si alloys(سليكون فوق الايوتكتك

refined and modified ( باستخدام جهاز)pin -on- disc.(واملاحتم استخدام مسحوق التيتانيوم النقي  

 ةفتهما الى منصهر سبيكاوذلك باض) α-Al ( ،لغرض الحصول على البورون ، في تنعيم المنيوم الفاالبورون

،كما تم اضافة من البورون) B%0.09(من التيتانيوم و) Ti%0.03(سبة وبن) Al-Si20(سليكون-الالمنيوم

 هذه العناصر في تعديل ير كل منث لغرض معرفة تاايضا على هيئة املاح، الصوديوم والفوسفور )Sr(السيريوم

وبنسبة  ) Cu3P( شكل ىفور علس الفووقد اضيف )  دقهئق السليكون الاولي وطور الايتكتكرشكل طو

)0.3%Cu3P(.  

اجريت عملية السباكة باستخدام فرن غازي مفتوح من الاعلى في صهر الومنيوم نقي تجاري وسلكون نقي      

 من الفولاذ ي في قالب معدن؛)٦رقم (ة عند صب المسبوكعالي تبريد لتجاري على شكل كتل، وقد استخدم معد

ة الانصهار ،اما المسبوكات  اعلى من درجة حرار١٥٠˚Cمن درجة حرارة محاط بحوض من مبروش الثلج؛ 

  .الاخرى تم تبريدها بالظروف الاعتيادية

والمضاف لها ) %20(اجريت فحوصات البنية المجهرية وكانت تشير  الى كون المسبوكات ذات نسبة السليكون

شكل  ناعمة جدا وان  ذات بنية ناعمة كانت)٦نموذج رقم( والمبردة تبريدا سريعا والتيتانيوم والبورونالفوسفور

  .والصلادة   وقد اعطت نتائج جيدة عند اختبار البلىدقائق السليكون ناعمة ومتكورة وموزعة توزيعا منتظما 
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1. Introduction 
 

Hypereutectic Al–Si alloys are of commercial interest because of their specific 
mechanical and physical properties due to presence of primary Si particles in the 
microstructure. A low thermal expansion coefficient, high wear resistance and elevated 
hardness are the properties which encourage the application of such alloys in the heavy 
duty engines and some aeronautic components[2,8,14,15,17]. 
The casting process and the aluminium alloys have reached a level of quality that 
makes manufacturing of structural components possible. However, this requires careful 
control of the casting process, melt quality and a correct selection of aluminium alloys 
[1]. 

Use of cast Al–Si alloys as a tribological component in recent years has been 
expanding widely in military, automobile and general engineering industry. 
Aluminium–silicon eutectic and near-eutectic alloys are cast to produce majority of 
pistons and are known as piston alloys. Silicon is probably one of the least expensive 
alloying additions commonly made to aluminium, which improves castability, enhances 
corrosion resistance, decreases the coefficient of thermal expansion and imparts wear 
resistance to aluminium. [3,5,12]. 

The improvement in sliding wear resistance and mechanical properties is 
dictated by the type, shape, size and uniform distribution of second phase particles in 
the matrix and matrix microstructures. Hardness is usually thought of as a wear 
controlling property, i.e. the higher the hardness, more is the wear resistance of the 
material. However, it should be emphasized that it is the hardness of the contacting 
asperities and not the bulk hardness that will control the wear rate. The addition of hard 
second phase particles to the matrix improves both wear resistance and mechanical 
properties [2, 3]. 

Wear of a material is controlled by the material characteristics as well as 
operating parameters such as applied pressure, sliding speed, environment and the type 
of sliding interaction. Material characteristics including metallurgical and mechanical 
properties of alloy significantly affect their wear resistance. It has been reported that 
grain morphology of the various phases present in alloys appreciably influence the 
mechanical and dry sliding wear behaviour. Coarse and needle-shaped eutectic and 
large primary silicon particles increase adhesive wear. In general, fine, spherical and 
uniformly distributed micro-constituents (alpha aluminium, eutectic, primary silicon) 
are known to improve the wear and mechanical properties of aluminium alloys [4]. 
. Alloy composition, solidification rate, heat treatment procedures, casting defects, and 
such microstructural features as grain size and intermetallic  phases, are all parameters 
which closely affect alloy quality since they also influence the mechanical properties of 
the casting [6]. 

The cooling rate affects the pore size by the way it affects the local 
solidification structure (i.e. the dendrite arm spacing), which, in turn, controls the 
threshold cell size and hence the pore size [7]. 

The mechanical and physical properties of Al-Si alloys were affected by 
primary Si particle such as particle size and volume fraction, and Si content, etc. 
Therefore, behavior of primary Si particle during solidification should be controlled to 
acquire desired properties. In literature, it was reported that the primary Si particle was 
dominantly affected by cooling rate during solidification [8, 9, 16]. Inoculation is the 
most commonly employed method and is carried out using grain refiners such as Al-Ti, 
Al-Ti-B, Al-Ti-C, Al-B and Al-Sr-B alloys. The standard method for the manufacture 
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of Al-Ti-B involving the use of K2TiF6 and KBF4 results in considerable fluoride 
emissions and formation of fluoride salts as slag. [10]. 
 
3K2TiF6 + 4Al → 3Ti + 4 AlF3 + 6KF                                                    (1) 
2KBF4 + 3Al → AlB2 + 2AlF3 + 2KF                                                     (2) 
3K2TiF6 + 6KBF4 + 10Al → 3TiB2 + 10AlF3 + 12KF                           (3) 
 

Flux treatment leads to in-situ generation of the nucleants such as AlB2 and 
TiB2; the production of master alloys based on the above chemical equations results in 
a fine dispersion of the borides in aluminum which can be subsequently added to 
aluminum alloys [10]. 

In order to achieve fine  silicon phase with beneficial shapes and distribution, 
modification is usually acquired by the addition of phosphor or phosphorous compound 
to the melt before casting, which can obtain a uniform distribution of AlP (Al[l] +P 
[l]→AlP[s]) particles [5,6] that can promote nucleation of primary silicon with a cube–
cube orientation relationship [11]. 

For the purpose to increase the industrial applicability, microstructure 
modification is necessary through adding elements, such as Ti, P, Na, Sr, directional 
solidification, or rapid cooling, such as in surface treatment with high-energy beams, 
which can result in dramatic increase in mechanical properties. Thus, morphologies of 
the primary and eutectic silicon phases are paid particular attention for obtaining a 
refined microstructure and less faceted silicon morphologies in order to increase the 
strength and ductility of the alloy. They vary with different composition and processing 
conditions. Reported primary phase morphologies include [14, 16, 18, and 19]: 
hexagonal plate shaped crystals, equi-axed octahedral crystals, equi-axed crystals 
containing parallel twins, star-like crystals containing two to five radiating twin planes, 
and spherical Crystals [13]. 

The role of the silicon content in Al–Si alloys has been investigated intensely by 
several researchers. Although increasing the silicon content of the alloy has usually 
been found to improve the wear resistance, under certain experimental conditions, high 
silicon content alloys have performed worse than their low silicon counterparts \[17] . 
From the foregoing discussion, it is clear that many mechanisms can play a significant 
role in the sliding wear behaviour of complex polyphase alloys. Many previous studies 
on the fundamental metallurgical mechanisms of friction and wear in pure metals and 
single phase alloys have provided a basis for interpreting their sliding wear behaviour, 
but investigators only rarely have pursued the more rigorous questions involved with 
understanding the mechanistic details of sliding wear behaviour of the complex 
microstructures typical of many grain refined and modified materials. If timely 
progress is to be made in this area, more tools of basic metals research need to be 
focused on the alloys of current technological significance. 
The main purpose of the present work is to investigate the relationship between the 
microstructure and the solidification parameters (such as cooling rate, composition, 
modifiers, grain refiners ) and sliding wear behaviour of hypereutectic  Al–20Si cast 
alloys in dry sliding against a steel counter face by using Pin-On-Disc wear tests. 
 
2. Experimental details 
 

Al–20Si alloy was prepared by melting commercially pure aluminum (99.8%) 
with commercially pure silicon in clay graphite crucible in gas furnace under a cover 
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flux (45%NaCl + 45% KCl + 10% NaF) and the melt was held at 900 ˚C with 
continuous mechanical mixing by graphite mixer until all the Silicon quantity are 
dissolved in the aluminium melt. After degassing with 1% solid hexachloroethane, pure 
titanium powder, strontium nitrate, Cu3P, NaF, duly packed in aluminum foil were 
added to the melt for grain refinement and modification. The melt was stirred for 3 
minutes after the addition of grain refiner and/or modifier. 
Melts were held for 5 min and poured into a cylindrical steel mould with 15×15×200 
mm.  

The sample 6 was prepared by pouring the melt in opened metal mould 
surrounded by ice. The details of the alloys, grain refinement and modification 
treatment and the condition of solidification of various alloys are given in Table 1. 
All casting processes carried out in Babylon university/metallurgical laboratory. 
 
Table 2 Chemical analysis and hardness values of cast alloys  
 

Alloy Wt%Si Wt%Fe Wt%Sr 

 
Wt% 
Na Wt 

%Ti 
Wt 
%B 

Wt 
%P Al  

Hardne
ss 

(HB) 
Kgf/m

m² 

1 20.6 0.21 -------- 
 

 -------
- 
 

-------
- -------- balance normal 75 

2 20.4 0.18  0.12      75 
3 20.06 0.19     0.008   94 

4  20.3 0.19 0.009 
  

------- 

 
-------

- 

 
--------

- 
balance normal 76 

5 20.5 0.22 -----  0.03 0.09 0.0042 balance normal 110 

6 20.1 0.16 -------  0.035 0.11 0.0045 balance chilled 135 
 

The microstructures of the samples that had been cut in the cross-sectional 
direction were studied using Nikton optical microscope in science & technology 
ministry in Iraq. Grain size analysis was carried out by the linear intercept method after 
etching the polished surface with Keller’s reagent (2.5% HNO3, 1.5% HCl, 1% HF and 
95% H2O). Samples for optical microscopy were polished using in mechanical 
grinding and polishing equipment. The microstructures for each alloy are given in Fig.2 
to Fig.9.  

Dry sliding wear tests were conducted using a conventional pin-on-disc testing 
machine in metallurgical laboratory of material engineering collage in Babylon 
University. A scheme of the testing configuration is shown in Fig. 1. 

The pins of (a = 6 mm) diameter and 25 mm length were fabricated ,in 
mechanical workshop  of mechanical engineering collage in Babylon University  by 
center lathe , from the castings against a hardened and ground (Ra = 0.1 µm) cast iron  
disc [Dia-110 mm and (8 mm) thickness] with a hardness value about HRc 63. The 
mating surfaces of the pins and the disc were polished to a roughness of Ra = 0.1 µm 
before start of the wear test. 
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The wear tests were run under constant load (p=12.5 N) and constant sliding speed 
(R=500 rpm) and 30 minute time. The pins were weighed, using Mettler 4-digits 
balance, before and after the tests to obtain the coefficient of wear, according to Eq. (1): 
w = ∆m/d pi          --------------------------------------------------   Eq. (1) 
Where w is the coefficient of wear (g/Nm), p the load (N), ∆m denotes mass loss of pin 
(g) and d is the distance (m). A minimum of two samples were tested for each 
condition. If the difference between the two samples was greater than 10%, a third and 
even a fourth pin were tested.  
 
 

 
 
               Fig. 1 Scheme of the testing configuration of the pin-on-disc machine. 
 
3. Results and discussion 
3.1. Microstructure study 

Optical micrographs of cast Al–20%Si alloy are shown in( Fig.2 - Fig.9). It can 
be seen from micrograph of conventional cast alloy (Fig.2) that polyhedral-shaped 
primary silicon particles are present in the matrix of aluminium–silicon eutectic apart 
from eutectic silicon which is long interconnected and needle-shaped .Average size of 
primary silicon particle is about 120µm and the fraction of primary Si particles about 
30%. Microstructures of treated Al–20%Si alloy with strontium (Sr) and sodium (Na) 
are shown in (Fig.3 and Fig.4). It can be easily seen that no considerable influence of 
refining or modification. The micrograph in (Fig.5) reveals important influence of 
phosphor on the morphology of Al-Si eutectic and primary Si- particles because the 
formation of AlP particles which have significant role in heterogeneous solidification. 
The fraction of primary Si-particles increases to about 60% and the average size of 
these particles about 50µm. 

Careful observation to micrographs in (Fig.6 and Fig.7 ) revealed that the 
eutectic silicon and primary Si-particles are  refined and modified by (Ti, B and P) all 
together, and the aspect ratio of eutectic silicon fiber about 3 .This alloy  comprise 
soluble  TiAl3 particles and insoluble boride particles in an aluminum matrix which 
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has significant role in refining the Al-Si structure. Average size of primary silicon 
particles is about 5 µm and the distribution of these particles is uniform.  Refinement of 
eutectic silicon and modification of primary Si-particles was observed in the 
micrograph in (Fig.8 and Fig.9). Very fine and uniform Si-eutectic and primary Si-
particles reveals the influence of combination of modifiers and refiners with the chillers 
on the morphology of the microstructure of Al-20Si cast alloys, and the aspect ratio of 
the eutectic silicon fiber is about 2 . In quench-modified eutectic forms the Si-eutectic 
fibers are much finer than slowly grown flakes and are finer than impurity-modified 
fibers [40].  

 
 

Fig.2 - Conventional cast Al-20Si alloy (alloy no.1)  
X200 

                                 
                                 Fig.3 Al-20Si modified by Sr (sample 2) x200 

 

 
                                fig.4 Al-20Si modified  by Na (sample 3) X200 
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Fig.5 Al-20Si modified by 0.09%p(sample 4) X200 

 

 
Fig.6 Al-Si Alloy refined by Ti, B 
and modified by P(sample 5) X200 

 

 
Fig. 7 Al-20Si Alloy refined by Ti, B 

                                         and modified by P(sample 6) X200 
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Fig.8 Al-20Si Alloy refined by Ti, B 

and modified by P and chilled (sample 6) X1000. 
 

 
Fig. 9 Z3-EK-X1000 Al-20Si Alloy refined by Ti, B 

and modified by P and chilled 
 

3.2. Hardness 
The hardness of treated and untreated alloys was investigated. It was observed 

that the hardness of modified and /or refined, (samples 3, 5 and 6), in the range  (94-
135 HB) is higher than unmodified and unrefined (samples 1, 2,3 and 4) in the range 
(75-76 HB). However, sample 6 refined and modified by (Ti, B, P and quenched has 
about (135HB), sample 5 modified and refined with out quenching has (110 HB), 
sample 3 treated by phosphor has (88HB) and samples 2 and, sample 4) treated by (Na 
and Sr) have (76,75HB), respectively. Such improvements in hardness can be attributed 
to two basic factors i.e. reduced average primary silicon particle size and marginal 
modification of eutectic silicon needle into fine fibrous form apart from increased  
uniform and homogeneous Si-eutectic and primary silicon caused by modifiers and 
refiners [16,20]. It is evident from Fig.( 9)that primary silicon particles in modified,  
refined and quenched alloy is 60 times finer than that of conventional Al-20Si cast 
alloy Fig. 2. 
3.3. Coefficient of wear 

The coefficients of wear of all alloys tested at (2.61m/s) are shown in Fig.9. 
Comparing the coefficient of wear of samples 1 and 2, (1.5, 1.45 respectively) it is clear 
that no influence of Sr and Na on the coefficient of wear. The beneficial effect of 
phosphor is clear on the sliding wear behavior of sample 3 (0.5×107g/Nm) because the 
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formation of AlP particles which act as nucleate and encourages heterogynous 
solidification, the heterogynous don't allow growth [21].  
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                              Fig.9 Average coefficient of wear of the alloys 

In the case of samples and 6 and 7, (0.3, 0.1×10-7g/Nm respectively), very fine 
structure help to increase the hardness and wear behavior by decreasing the coefficient 
of wear to 0.1x107 g/Nm. the quenching and Ti, B refiners and P modifiers play a 
significant role in refining the structure of hypereutectic Al-Si alloys because   
comprise soluble TiAl3 particles and insoluble boride and AlP particles in an aluminum 
matrix . Optimum wear resistance require a fine and uniform distribution of primary 
silicon particles and these requirements are reveal clearly in micrograph of  sample 6 . 
 
4. Conclusions 

From the experimental results, following conclusions can be drawn. 
1. The refined, modified and quenched hypereutectic cast Al–20%Si-0.035%Ti-0.11B-
0.0045P alloy results in finer and more uniformly distributed primary silicon particles 
compared to that of conventional Al-20Si cast alloy. Besides the refinement of primary 
silicon particles, modification of eutectic silicon particles was also observed.   
2. Higher Sliding wear resistance of  sample 6 was found . 
3. higher hardness of sample 6 was found. 
4. No influence of Sr and Na on morphology of hypereutectic Al-Si alloys. 
5. The Phosphor plays a significant role in modification of primary silicon particles. 
6. Quenching from about 150C˚ above the melting point of Al-Si Alloys treated with 
refiners and modifiers play a significant role in refining and uniform distribution of 
eutectic and primary silicon particles, and increases the hardness and sliding wear 
resistance. 
7. Average size of eutectic and primary silicon particles decreases about 60 times. 
8. The coefficient of wear decreased about 15 times in sample 6. 
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