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ABSTRACT 

The present research has been conducted to study the impact of boron carbide (B4C), aluminium oxide(Al2O3) 
and graphite on Aluminium 2219 (Al2219). According to current research, B4C and graphite material be a good 
substitute for Al2219.Reinforced composites and unreinforced Al2219 prepared by a stir casting process. A scan-
ning electron microscope was used to analyze the reinforcement and distribution in the matrix and worn surface of 
the specimen. Exceptional wear resistance (30%) exhibited by  B4C and graphite-reinforced hybrid composite at 150 
ºC in contrast with the unreinforced Al2219. The B4C and Gr reinforcement particulate existence improves the 
strengthening kinetics in the matrix phase at 150 °C. The artificial neural network used to get the test significance, 
normalized factor importance and absolute relative error of less than 1%. 
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1.Introduction    

The virtue of enlightenment which we enjoy today, is 
essential due to the improved quality products obtained. 
Enhancement in the quality of goods can be achieved by a 
genuine design that considers the functional requirement 
and its manufacturing aspects. The design process should 
take proper care of the synthesis technique, which should 
be an ideal one ensuring the better product is being made 
available at an economical cost [1]. Furthermore, the pro-
ductive manufacturing process is an imperative considera-
tion to be accessible in modern industries. Also, the pro-
duced product has to competitively priced and should be 
functional concerning the environment and aesthetic ap-
peal [2]. Aluminium (Al) alloys are of great importance for 
the transportation sector because of their high strength-to-
mass ratios. Still, adhesion is a typical hindrance in the 
forming and machining of these alloys [3]. AMMCs 
(Aluminium metal matrix composites) are better at replac-
ing traditional aluminium alloy because of their character-
istics [4]. AMMCs exhibit higher wear resistance than mon-
olithic materials [5]. Ceramic reinforced composites are 
rapidly developing fields due to their progress in the aero-
space, aircraft and automobile industries. The lower specif-
ic gravity of these materials makes their properties superior 
concerning mechanical and physical properties [6]. The 
intensive study into the fundamental properties of the com-
posite materials by reinforcing ceramics to understand their 
nature, structural and physical properties. To obtain better 
properties of the material, constituting phases must be al-
tered [7]. The inclusion of small quantities of strong hard 

particles significantly increased stiffness, creep and wear 
resistance [8, 9]. It is now well recognized that ceramic rein-
forcement dispersion in AMMCs contribute to substantial 
increases in rigidity and wear resistance [10]. There was a 
limit above which the addition of graphite(Gr) or SiC 
(Silicon carbide) was not favourable for the  Al-Gr/Al-SiC 
composite [11]. Incorporating graphite as primary compli-
ance improves the composites wear-resistance by creating a 
protective layer between the pin and the counter side and 
exceptionally influences wear resistance by adding alumina 
as secondary compliance [12]. Better hardness is exhibited 
when Al alloy reinforced with  Al2O3 [13]. Many studies 
have concentrated on the manufacture of SiC, Al2O3 

Figure.1: Methodology adopted for AMMCs casting. 
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(aluminium oxide) and TiB2 (Titanium diboride) as refine-
ment material. But there is limited use of the B4C particles 
[14]. Silicon (Si) was the well known alloying material 
found in most aluminium casting alloys. Three main types 
of Al-Si alloy systems are Hypereutectic (14-25 wt % Si), 
Eutectic (12-13 wt % Si), Hypoeutectic (<12 wt % Si) [15]. 
To maximize the engine block's efficiency, Cu (copper) and 
Mg (magnesium) were added into Al alloys that work at a 
wide variety of temperatures and stresses [16]. Cu (0.2-2.5 
wt %) influences the strength and hardness of aluminium 
alloy at room and elevated temperature [17]. To avoid clus-
tering of graphite particles, Mg was added into the matrix; 
thus, the physical and mechanical properties of the alumin-
ium matrix enhanced [18, 19]. The Artificial Neural Net-
work ( ANN) was an iterative technique that would be the 
most popular algorithm to several metallurgy investigators 
[33]. This is a statistical method used to solve various tech-
nical and research problems [34,35].  

Literature shows relatively little details on advances in 
the 2XXX aluminium alloy series reinforced with boron 
carbide-graphite, Al2O3-graphite particles, and very little 
data is available on dry sliding wear properties at high 
temperature. Keeping in view of the literature survey, cur-
rent work was aimed at developing new hybrid compo-
sites. Therefore this study attempted to investigate the high
-temperature dry sliding wear behaviour of new (Al - 0.02 
% Mg - 0.2% Si - 6.8% Cu - 0.25% Zr) heat resistant alumini-
um alloy 2219 and strengthened by ceramic particulates 
Al2O3, B4C and graphite. New AMMCs was manufactured 
by using a stir casting process. 

2. Experimental procedure 

2.1 Materials and Synthesis of Composite  

The stir casting route has done the solidification pro-
cess. The methodology adopted for AMMCs casting, as 
shown in figure.1 and the material used to synthesis 
AMMCs, are listed in table 1, weighed commercially avail-
able  Al2219 was melted at 650 °C in a pottery-graphite 
crucible, meanwhile the magnesium lump of 3 wt. %  add-
ed to the same for further enhancement of wettability. 

Once the collected ingot in the crucible reaches a liquid 
state over time, a certain slag was collected at the top and 
removed to avoid casting defects. After that, preheated 
commercially available weighed Al2O3 (30μm) was added 
as reinforcement into the crucible. The desired times of the 
elapsed stirring (speed of 150 rpm) occur in the crucible to 
give a proper homogeneous mixture. Preheated graphite 
was added into the crucible as a secondary reinforcement, 
and the same procedure was adopted to get a hybrid ho-
mogenous mixture [20]. The mixed molten metal slurry is 
poured into a split type preheated permanent graphite 
mould.  The hybrid composites have been synthesized by 
reinforcing wt.% of Al2O3, graphite, B4C powder (30μm). 
Constituents of Al2219 is shown in table 2.  

2.2 Microstructure and XRD 

The Microstructure and worn surfaces of the tests speci-
mens were studied using a scanning electron microscope 
(SEM) (high-performance  Quanta 200 FEG-SEM) magnifi-
cation range:12x to 1,00,000. Backscatter Diffraction was 
used to capture the image. Captured SEM images help to 
see the microstructure and worn surface of the test speci-
mens. The diffractometer equipped with CuK radiation 
k¼1:54 _ AÞ. During XRD examination, an angle of 10-80 ° 
for the diffraction angle (2θ) was maintained [24]. 

2.3 Hardness test 

The hardness of a specimen was measured (Model: 
PHB-3000) by pressing chromium-steel or tungsten-carbide 
against the surface of a test specimen. Samples were pre-
pared as per ASTM E-10 standards (IS 1500 (II): 2013, ISO 

Table 1: Materials used for the synthesis of composite 

Table 2: Constituents of Al2219 [21] 

Table 3. Material composition in percentage [15] 

Table 4. Factors and their levels used in the study. 
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6506: 2005). The hardness number was reported from digi-
tal testers at the load of 240 kgf and dwell time of 30 sec 
[25]. 

2.4 Wear test  

By conducting wear tests, it helps to discern wear prop-
erties. Measurable wear depends on the measuring meth-
od. In general, two ways are accessible to measure wear 
rate, such as weight loss and volume loss, out of which 

mass-loss method is the amenable method. In this method, 
weight loss must not be varied with condensed moisture 
and other foreign contaminants such as oil, dust etc. On the 
other hand, volume loss is also the best method to measure 
wear, but it is a more sensitive method [22]. Pin-on-disc 
(Pin heating-wear and friction monitor TR-20-PHM 400) 
testing apparatus was used to discern dry sliding wear 
behaviour of Al2219 and AMMCs at different temperature. 
As per the G99 standard [23], 10 mm diameter round pin of 
the AMMCs were made to slide against the rotating steel 

Table 5. Layout plan and experimental results. 
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disc (steel EN – 32 ) at different temperatures such as 50 °C, 
100 °C and 150 °C [21]. While conducting the test, acetone 
was used to clean the specimen and disc. Here, acetone 
acts as a chemical agent to protect the surface of the test 
pin and steel disc from the atmosphere. Before and after, 
the test specimen's mass was recorded using an Electronic 
balance weigher (0.0001 g resolution). Table 4 shows wear 
test parameters. 

2.5 Design of Experiments  

Taguchi's L27 orthogonal array is used to design the 
experiments. The experimental layout plan and measured 
average responses are presented in table 5. Load, Speed, 
Distance, and temperature are taken as input parameters, 
whereas wear rate is the responses. 

3.Result and discussions  

3.1 Microstructural Examination 

XRD pattern and SEM of the matrix alloy and hybrid 
composites for the corresponding composition is shown in 

figure (2-7). The results obtained from XRD analysis re-
vealed that the firm peaks belong to the parent material, 
i.e., aluminium. The smaller peaks also indicate Cu, Mg 
and B4C in the hybrid composites(A2).Al2O3 also presents 
as seen in smaller peak (A1).  

The microstructure of this hybrid composite shown by 
SEM images Fig.2-4. The bright area indicates oxides and is 
evident enough to show the discrete particles, and no ap-
preciable accumulation was observed in fig. 3. On the other 
hands, the intermetallic Al3Mg2 seems like a flake shape 
and are small. A dark spot noticed, and its indicate porosi-
ty in the hybrid composite. Fig .4 shows the distribution of 
B4C and graphite [similar result observed by Kumar et al. 
and sing et al.]  

3.2 Hardness test    

Figure.8 illustrates the hardness values of the test sam-
ples. It is confirmed that sample A2 exhibits higher hard-
ness than A1 and A. Due to the existence of B4C and graph-
ite, the hardness of the composites increased. B4C was the 
third hardest material, and it acts as a barrier to disloca-
tion; meanwhile, the strengthening effect of graphite also 
influences the hardness of the composite. 

3.3 Wear Analysis at Different Temperatures 

Microscope images help visualize the typically worn 
surface of a pin due to the adhesion of wear debris wear 
tracks formed [Wang et al. Observed similar result] on the 
sample, as clearly seen in fig 11. Due to the formation of 
the oxide transferred layer, the worn surface is enfolded. It 
minimizes the direct metal to metal contacts between the 
interface, thereby minimizing weight loss. However, the 
tribo-layer is not a permanent layer at higher loads; this 
tribo-layer gets ruptured and tends to increase the wear 
rate, as shown in fig.11. The microstructure of the new al-
loy predominantly comprised of Al-Cu-Mg and matrix 
phase was analyzed and confirmed as an incoherent inter-
face with a matrix that also influences the wear rate 
[similar result observed by Rajaram et al.]. Comparing 
worn surfaces of Al2O3 reinforced composite, the Al2219 

Figure.2: Microstructure of  specimen A  Figure.4: Microstructure of  specimen A2  

Figure.3: Microstructure of  specimen A1 
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alloy surface became more damaged because of tempera-
ture. Due to synergetic action between Al2O3 and matrix, it 
exhibits more excellent wear resistance than unreinforced 
alloy, as shown in fig.9 [Wang et al. obtained similar obser-
vation]. Transition temperature between mild and severe 
wear not occurred. Thus wear resistance of the composite 
(A1) decreased monotonically at 150 ºC. Such variations 
can be seen in fig.12 [Mart´ın et al. obtained similar obser-
vation]. 

 The tests were done varying the normal load. At the 
atomic level, the surface of a material can not be entirely 
flat. When two surfaces are in contact, they touch each oth-
er at some points. When the load is applied, plastic defor-
mation occurs locally in those points, which leads to the 
removal of material. More the load more will be the plastic 
deformation. Hence wear rate will be more at 40 N. Rate of 
plastic deformation will depend on applied load; therefore, 
less wear rate occurs at load 20N. 

On the other hand, delamination was one of the most 
popular mechanisms which will drive the wear phenome-
non, and the same can be seen from SEM images. When the 
two interacting surfaces slide against each other under 
load and heat, it can be observed, which results in the de-
tachment of wear particles in the form of sheets or flakes. 
Moreover, ploughing action insists on taking plastic defor-
mation and plastic flow at the asperities, as seen in SEM 
[similar result observed by Suresh et al.]. 

Graphite is acting as secondary reinforcement. It has a 
unique molecular structure consisting of a hexagonal car-
bon sheet held by strong hybridized carbon-carbon bond-
ing; the motion of these sheets is easy to slip over each oth-
er, which results in excellent lubricating ability [4]. SEM 
observation results of the new alloy represented the ductile 
fracture mode with equi-axied crystals. Equi-axie crystals 
were mainly initiated by adding reinforcement due to uni-
form cooling. Due to the effect of  B4C and Graphite, the 
rate of heat dissipation was reasonable; as a result, uniform 
crystals were formed. 

Figure.5: XRD of specimen A  

Figure.6: XRD of  specimen A1  

Figure. 7: XRD of  specimen A2  

Figure.8: Hardness value 
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It was interposed that, though the AMMCs temperature 
was 150 °C still wear resistance of the composite could be 
maintained by reinforcement. Sample A2 possesses 
significantly improved wear resistance and hardness (74.3 
HN) contributed by the 5 % B4C and 5 % graphite rein-
forcement. However, these composites A2 are capable of 
performing at elevated temperatures substantially higher 
than A and A1. When B4C and graphite particulate as add-
ed into Al2219 tends to form layers that act as a preserva-
tive barrier which leads to creating an obstacle for disloca-
tion. The dispersion-strengthening effect plays a significant 
role in improving wear resistance. Also, it is sustained at 
both ambient and high temperatures over prolonged peri-
ods [similar result observed by Biswas et al.]. According to 
current exploration, it clearly says that B4C and graphite 
content is an appropriate alternative to the conventional 
alloy to attain a higher wear resistance at 150 ºC. The exist-
ence of B4C and graphite particulate may improve the 
strengthening kinetics in the Matrix phase. 

From the experimental findings (fig. 10) shows that. 
Wear resistance was improved due to the longer sliding 
distance. During high-temperature sliding, tearing of oxide 

layers occurs because of thermal stresses and compaction 
due to applied pressure resulting in agglomerated clusters 
of oxide wear debris. Eventually, due to temperature and 
applied pressure, sintering of fine wear debris occurs. The 
rate of sintering increases with the increase in temperature, 
resulting in solid smooth, hard surfaces, termed as tribo-
layer. The tribo layers protect the sliding surfaces for a 
longer time from developed forces, and hence the wear 
rate is reduced. The failure of tribo layer leads to the for-
mation of the oxide layer and tearing of the oxide layer, 
resulting in sintering of the wear debris and the process 
getting repeated. It is evident from the wear trend that the 
tribo layer effect was not influenced at room temperature 
for alloy and composite. 

So far, few studies noticed the effect of ceramics on Alu-
minium. In this contrast, Al2219–B4C-graphite composites 
retain their high-temperature strength compared to the 
unreinforced matrix and Al2219–Al2O3-graphite. therefore, 
the possibility of further enhancement by increasing wt. % 
of B4C and graphite particulates, and this segment addi-
tions is an attractive one and worth pursuing. 

Figure.9 Load vs temperature 

Figure.10 Temperature vs sliding distance 

TRIBOLOGIA - Finnish Journal of Tribology 1−2 vol 38/2021 40



 

Sharath B N et.al. Study On Effect of Boron Carbide, Aluminium Oxide and Graphite On Dry Sliding Wear Behaviour of 
Aluminium Based Metal Matrix Composite at Different Temperature  

3.4 Artificial neural network 

IBM SPSS Statistics.22 was used to employ the ANN 
framework to predict the wear properties of the composite. 
An artificial neural network is an effective tool used to pre-
dict the wear properties of the alloy and AMMCs by the 
multilayer perceptron method. Five input vectors were 
used in constructing the proposed network (L: Load, S: 
Speed, D: Distance, T: Temperature, and W: Wear rate). 
Satisfactory effects can be calculated using the ANN out-
puts, thereby minimizing time and expense for research. 

3.4.1 ANN  analysis for sample A: 

ANN was developed and deployed to aid a completely 
backpropagation neural network for this analysis (IBM 
SPSS Statistics 22). To activate the hidden layers (grey 
lines), the hyperbolic tangent function was chosen. The 
proposed ANN involves 27 trail, and the architecture of 
ANN is shown in fig.12.  

An ANN consists of a large number of nodes (blue col-
our line) and their connections. Each node represents a 
specific output function termed an activation function.  

The experimental values were correlated with expected 
ANN values to assess the efficiency of the validating pro-

Figure.11 The worn surface of the test Pin at different temperature 
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cesses. It can be noted that the predictability of ANN out-
put values significantly closer to experimental values. It is 
confirmed by seeing error graphs obtained by predicted 
values and experimental values, as seen in fig. 15. The 
overall absolute relative error for the estimated value is 
less than 1 %. Fig.14 confirms that temperature is a more 
imperative factor to attain maximum wear and followed by 
load and speed [similar result observed by Hassan et al.]. 

3.4.2 ANN  analysis for sample A1 

It is optimal when the ANN input data referred by test-
ing condition. A well-trained ANN is beneficial to estimate 
the material characteristics. The experimental values were 
correlated with expected ANN values to assess the efficien-
cy of the validating processes. It can be noted that ANN 
predictive outcomes fit actual measurement data, as seen 
in fig. 16. The overall absolute relative error for the estimat-
ed value is 0.4%. Fig. 27 is confirmed that load is a more 
imperative factor to attain maximum wear and fallowed by 
speed and temperature.[ similar result observed by Zhang 
et al.] 

3.4.3 ANN  analysis for sample A2 

A well-trained ANN has been used to measure the 
wear rate based on an experimental dataset for reinforced 
composites. The obtained result is significantly closer to 
measured data [Jiang et al. Observed similar result]. Pre-
diction accuracy is also high, as seen in fig. 21. The relative 
error is 0.2% only and confirms prediction quality as seen 
in fig.19. Normalized importance of factor is demonstrated 
load and speed are dominated by attaining higher wear 
rate in all the samples, as seen in the figure. 20. 

4. Conclusions 

In the present investigation, Al2219, Al2219+Al2O3-
graphite and Al2219+B4C-graphite composites are fabricat-
ed using the stir casting technique. Experiments are per-
formed based on the L27 orthogonal array. The following 
conclusions can be drawn. 

• From the SEM analysis, it is concluded that the fab-
rication of the AMMCs liquid stir casting method is 
preferred because it yields in proper mixing of rein-
forcements with parent alloys. 

• SEM and XRD confirm the distribution of B4C and 
graphite particles in the aluminium matrix. 

• Increasing applied load and speed increases wear 
rate at all the temperature. 

• Incorporating B4C and graphite particles helps the 
material to resist wear resulting in a lower wear 
rate. 

• Tribo-layer of the AMMCs significantly influenced 
wear rate. The boron carbide and graphite-
reinforced AMMCs (A2) exhibits the lowest wear 
rate, while Al2219 samples (A) shows the highest 
wear rate. 

• It is also observed that abrasive and adhesive wear 
is a problem during sliding. This result indicated 
that B4C and graphite content is an appropriate al-
ternative to conventional Al2219 metal matrix com-
posites. 

• Wear resistance of the hybrid composite A2 is domi-
nant at 150 ºC contrast with A1 and A2. Because of 

 

 

Figure.12 Architecture of ANN 
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 Figure.15 Error values.  

Figure.14 Normalized factor importance 

Figure.18: Error values 

Figure.17: Normalized factor importance  

Figure.16: Experimental vs predicted values Figure. 13 Experimental vs predicted values. 
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 the solid tribo layer formed by B4C and graphite, 
and detoration rate of tribo layer is meager. Thus 
boron carbide and graphite-reinforced AMMCs (A2)  
shows excellent wear resistance at all the tempera-
ture. 

• ANN is a valuable statistical instrument for analyz-
ing the wear properties of the AMMCs; the relative 
error predicted values fall within 1 % compared 
with the experimental results. 

• It can be noted that ANN predictive outcomes fit 
actual measurement data. It is confirmed that load is 
a more imperative factor to attain maximum wear 
and fallowed by speed and temperature. 
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