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DEVELOPMENT OF CAST ALUMINUM METAL MATRIXCOMPOSITES
BY ADDITIONAL PROCESSES

ABSTRACT

It is seen that materials used traditionally today are insufficient to meet market
expectations. For this reason, the interest on composite material increases day by
day. The role of composite materials has become important in sectors, such as
especially in automotive and aerospace industries, where a final product weight is of
importance.

This thesis consists of four application parts. In the first part, a detailed literature
review on aluminum metal matrix composites was discussed. In the second part, the
appropriate stirring method was searched for the production of aluminum metal
matrix composites. Therefore, mechanical stirring, ultrasonic stirring and ultrasonic
added mechanical stirring (named: hybrid stirring) processes were applied. In this
part, both simulation studies and casting applications were performed and the
obtained results were compared. It was concluded that the best homogeneous stirring
was achieved by hybrid mixing. Additionally in this part, studies were carried out to
determine the casting mold suitable for the production of metal matrix composites.
To determine the appropriate mold, spoke mold that was developed to simulate a
wheel and the bottom filling casting mold given in the standards were examined with
the help of casting simulations. It was concluded that spoke mold was affected less
than mold and casting temperature. In the third part, it was tried to determine the
effect of different additives (silicon carbide-SiC, micron and nano-sized alumina-
Al,O3 and graphene) on the mechanical properties in the production of aluminum
metal matrix composites using the appropriate stirring method and appropriate mold.
The amount of additives were used as 0.075 wt%, 0.15 wt% and 0.25 wt% for
graphene, 0.5 wt%, 1.0 wt% and 1.5 wt% for the others. All samples were heat
treated with T6 thereafter mechanical tests were applied. In the last part, new
samples were produced with 1.0 wt% SiC, 0.5 wt% nano-size Al,O3 and 0.25 wt%
graphene additives, which had the highest mechanical properties in the third step,
and these samples were heat treated with T6 and then hot isostatic press (HIP)
process was applied. After these applications, mechanical tests were applied to whole
samples. The highest mechanical properties were obtained with the addition of 0.5%
nano-sized Al2Os.

Key Words: A356 Aluminum Alloy, Aluminum Metal Matrix Composite, Ultrasonic
Stirring, Hot Isostatic Press
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DOKUM ALUMINYUM METAL MATRIKS KOMPOZITLERININ iLAVE
PROSESLERLE GELISTIRILMESI

OZET

Gliniimiiz sartlarinda geleneksel olarak kullanilan malzemelerin piyasa beklentilerini
karsilamada yetersiz kaldigi goriilmektedir. Bu nedenle 6zellikle kompozit
malzemelere olan ilgili giinden giine artis gostermektedir. Ozellikle otomotiv ve
havacilik sanayileri gibi nihai {iriin agirliginin biiylik bir 6nem tasidig sektorlerde
kompozit malzemelerin rolii onem tasimaya baslamstir.

Gergeklestirilen bu calisma dort boliimden olusmaktadir. Ik béliimde aliiminyum
metal matriks kompozitler iizerine ayrintili bir literatiir incelemesi yapilmistir. ikinci
boliimde, aliiminyum metal matrisli kompozitlerin {iretimi i¢in uygun karistirma
yontemi belirlenmeye c¢alisilmistir. Bu nedenle mekanik karigtirma, ultrasonik
karistirma ve mekanik karistirma islemine ek olarak ultrasonik karistirma islemi
(hibrit karigtirma) uygulanmistir. Bu boliimde hem simiilasyon caligmalari hem de
dokiim uygulamalar1 gerceklestirilmis ve elde edilen sonuglarla karsilastirmali olarak
degerlendirilmistir. En iyi homojen karigma durumu hibrit karistirma islemi ile elde
edildigi sonucuna varilmistir. Ayrica ayni1 boliimde, metal matrisli kompozit tiretimi
icin uygun dokiim kalibinin belirlenmesi ¢alismalar1 gergeklestirildi. Bunun igin
standartlarda verilen alttan dolum dokiim kalib1 ile bir jant1 simiile etmesi amaciyla
gelistirilen feder dokiim kalib1 dokiim simiilasyonlarin yardimiyla incelendi. Feder
kalibmin kalipp ve dokiim sicakligindan daha az etkilendigi belirlendi. Ugiincii
boliimde belirlenen karistirma yontemi ve uygun kalip kullanilarak aliiminyum metal
matrisli kompozitlerin tiretiminde farkli katkilarin (silisyum karbiir-SiC, mikron ve
nano boyutta aliimina- Al,Os ve grafen) mekanik ozellikler itizerindeki etkisi
belirlenmeye ¢alisilmigtir. Katkilar grafen igin agirlik¢a %0.075, 0.15 ve 0.25 olarak
diger katkilar igin %0.5, 1.0 ve 1.5 olarak kullanilmistir. Elde edilen tim numunelere
T6 1s1l islemi uygulanmis ve mekanik testlere tabi tutulmustur. Son boliimde, en iyi
mekanik dayanim ozelliklerini veren %1.0 SiC, %0.5 nano boyutta Al203 ve %0.25
grafen katkilar1 ile yeni numuneler iiretilmis ve bu numunelere sicak isostatik pres
(HIP) islemi ve sonrasinda T6 1s1l islemi uygulanmistir. Bu uygulamalar sonrasinda
numuneler mekanik testlere tabi tutulmustur. En yiiksek mekanik ozellikler %0.5
nano boyutlu Al>Os ilavesi ile elde edilmistir.

Anahtar Kelimeler: A356 Aliiminyum Alasimi, Aliiminyum Metal Matris Kompozit,
Ultrasonik Karistirma, Sicak Isostatik Pres
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1. INTRODUCTION

Aluminum alloys have high thermal conductivity, high corrosion resistance, easy
recyclability, sufficient strength characteristics, ductility, durability; and especially
the lightweight [1-3]. Therefore, it can be largely used in many areas of industry such
as aerospace, architectural construction, and especially in automotive sector [3;4].
However, when considering the demands of automotive sector are uprising day by
day and aluminum alloys do not meet particular expectations. Therefore,
manufacturing industry started to investigate alternative engineering materials. The

classification of engineering materials is stated in Figure 1.1.

Engineering
Materials
h | 1 A |  J
Metals Plastics Ceramics Composites
» Ferrous » Thermoplastics
» Nonferrous » Thermosets
» Elastomers

Figure 1.1 : Classification of engineering materials.

The group of composite material is one of the engineering materials containing two
or more materials which are called reinforcement (for example; fibers, particulates or
whiskers) materials and matrix (metals, plastics or ceramics) materials [5-7]. Notedly
during the last 20 years, aluminum and its alloys have drawn attention in metal
matrix composite systems [8-10]. For reinforcement materials, silicon carbide (SiC)
and aluminum oxide (Al>Oz) can be shown as the most widely used ones[8;11] and
thus in this chapter, a literature survey was carried out on SiC, Al,O3 and graphene as

reinforcements in aluminum metal matrix systems.



1.1 Aluminum Metal Matrix Composite with SiC

SiC is one of commonly used reinforcement material for aluminum metal matrix
composites [8;12]. The summary of different investigations related to aluminum

metal matrix composites with SiC reinforcement is given in Table 1.1.

Table 1.1 : The summary of aluminum composites with SiC.

Additive Rate Of Preheat Production
Researchers Materials Additive o Ref.
) ) . Conditions Method
Particle Size Materials
Md. H. Rahman 0%, 5%, o
H.M. Mamun Al 53-74 um 10%, 800hoir§°r 2 | stircasting | [13]
Rashed 20%
K. Karvanis A o .
D. Fasnakis 325 mesh (~44 < S 1076 °Cd Centn_fugal
9%, 12%, hour 30 casting [14]
A. Maropoulos pum ) . .
; 15% minutes machine
S. Papanikolaou
K.L. Meena 220-300-400 o
Dr.A. Manna mesh 5%, 10%, 11%%u$3f8r 1 Stir [15]
Dr.S.S. Banwait (~69-40-37 15% g casting
) minutes
Dr. Jaswanti pum)
T. Ozben A
E. Kilickap 30-60 um 5/"1’5109/"’ . F::rae:fi’t’]re [16]
O. Cakir 0 g9
M. Singla
L . 5%, 10%, o i
DD Dwivedi 320 grit 15%, 20%, 1100 °C for 1 Stir casting | [17]
L.Singh (~44 um) 3 hours
25%, 30%
V.Chawla
10%
S. Johny James Lo
K. Venkatesan 25pm (T|tan!um 1000 °C for 2 . .
(Titanium di di boride: Stir casting | [18]
P. Kuppan . hour
R Ramanuiam boride: 10 um) | 2.5% and
' ) 5.0%)
S.B. Prabu
L. Karunamoorthy 0 800 °C for 2 . .
S Kathiresan 60 pm 10% hours Stir casting | [19]
B. Mohan
D. Sujan
Z.0o0 o 100 .
M.E. Rahman ] 5/‘;5109/"’ ; Caii::] [20]
M.A. Maleque ° g
C.K. Tan

Some researchers tried to clarify the effects of reinforcements in amount and particle
sizes of reinforcements. One of them is Rahman et al. [13]. They investigated the
effects on different amounts of SiC as 0, 5, 10 and 20 wt% on mechanical properties

of composite materials. To produce composite samples, they concentrated on




mechanical stirring for 10 minutes at 500 rpm.; and they addressed hardness, tensile
strength and wear resistance test to determine the mechanical properties of all
samples, subsequently. They obtained the maximum results of hardness, tensile
strength and wear resistance with 20 wt% SiC as 45,4+1,06 HV, 77,56 MPa and
nearly 0,005 cumulative mass loss, respectively. They declared that mechanical
properties of composite ascended through increasing the amount of SiC.

Karvanis et al. [14] was interested in elucidating the effect of SiC particle on
mechanical properties of aluminum metal matrix composites. So as to produce
composite sample, they used a centrifugal casting machine and five diffrent amounts
of SiC additives as 3 wt%, 6 wt%, 9 wt%, 12 wt% and 15 wt%. They applied
compressive strength, tensile strength and hardness tests to all composite samples.
They declared that mechanical test results ascended through increasing the amount of
SiC additives as tensile strength increased from 72,36 Pa to 119,38 MPa, and
compressive strength increased from 140,86 MPa to 196,32 MPa.

Additionally, Meena et al. [15] tried to determine the effect of SiC additives in
different amounts with various particle sizes. They used four different amounts of
SiC as 5%, 10 wt%, 15 wt %, and 20 wt% and three different particle sizes as 220,
300 and 400 mesh. They worked with melt stirring method to produce composite
samples and while doing so they addressed tensile strength, impact strength and
hardness tests to all samples. They concluded that the results of whole tests were
ascended through increasing the reinforced weight fraction but it was only limited to

% elongation decrease.

Ozben et al. [16] used three different ratios as 5 wt%, 10 wt% and 15 wt% in SiC
reinforcement to determine the mechanical properties of composite material by
addressing hardness and impact tests to all samples. The outcomes of tests indicated
that the maximum hardness and impact toughness were obtained as 65 HB and nearly
0,6 J, respectively. However, they explained that maximum tensile strength obtained
from 10 wt% SiC; and over this interface bond between reinforcements and matrix
was inadequate. They came to conclusion that increasing reinforcement ratio
improves the mechanical properties such as, hardness and impact toughness, yet
tensile strength pointed out different properties of some reinforced additives.



Singla et al. [17] conducted research on the effects of different amounts in SiC as 5
wt%, 10 wt%, 15 wt%, 20 wt%, 25 wt%, and 30 wt% on hardness and impact
strength of composite samples. They applied two steps of stirring processes while
using preheated alumium scraps at 450° C for 3-4 hours and preheated SiC particles
at 1100 °C for 1-3 hours. To obtain semi-solid state, aluminum scraps were heated
above the liquidus then cooled just below liquidus in first step. Followingly, SiC
particles were added and stirred manually. Afterwards, the melt was reheated and
stirred with automatic stirrer to produce composite samples. To determine the
hardness and impact strength, they addressed mechanical test to all composite
samples by attaining the maximum hardness and impact strength with 25 wt% SiC
additives as 45,5 BHN and 36 N-m, respectively. They expressed that the hardness
and impact strength of composite refined with SiC escalation by increasing the

amount of SiC additives.

Johny James et al. [18] investigated the effect of SiC, in which the particle size was
25 um, on mechanical properties of aluminum alloy. Additionally, they used titanium
di boride particles (average particle size of 10 pm) which was named as hybrid
aluminum composite. In order to determine the effect, they melted the matrix
material and added preheated SiC reinforcement as 2.5 wt% and 5.0 wt%. Besides,
they added titanium di boride particles, which was preheated up to 200 °C, as 10
wt%. They addressed mechanical stirring for 15 minutes at 300 rpm. Subsequently,
they produced samples and mechanical tests were applied to determine the change in
mechanical properties. It was revealed that addition of SiC particle improved the
strength of based alloy as 20%. One the other hand, while the addition of titanium
increased, the reduction of strengh was recorded as 50-60%. They also declared that
titanium diboride improved both the surface roughness value and the wear resistance

behavior.

Some researchers investigated the stirring processes detailly as such: stirring speed
and duration time. One of them is Prabu et al. [19] who tried to determine the effects
of stirring speed and time duration on mechanical properties of aluminum metal
matrix composite. They worked with three different stirring speeds as 500, 600 and
700 rpm and three different time durations as 5, 10 and 15 minutes. To determine the

effects of stirring processes, they used 10 wt% SiC (average particle size was 60 pum)



as a reinforcement. The outcome illustrated that hardness value of composite was
non-uniform for a short stirring time and also at higher speed as 700 rpm. They
concluded that the mechanical properties were directly affected by both stirring
speed and time; when better hardness of composite could get at 10 minutes stirring

time and at 600 rpm stirring speed.

Some researchers also used one reinforcement more in their researchs. Sujan et al.
[20] addressed stir casting method and used both Al,Os and SiC reinforcements to
produce aluminum matrix composite. They worked with different weight fractions of
both SiC and Al;O3 as 5 wt%, 10 wt% and 15 wt% by applying tensile strength,
hardness and wear resistance tests to determine the mechanical properties of
composite samples. They came into conclusion that the results of tensile strength and
hardness increased as 258.8, 293.3 and 310.5 MPa and 30, 45 and 50 HR,
respectively. To determine the wear resistances, they applied two different grinding
speeds as 300 and 400 rpm with constant time and adhesive paper. They declared
that wear resistance ascended through increasing the amount of SiC additives, yet

decreased by increasing the grinding speed.

1.2 Aluminum Metal Matrix Composite with Al2O3

Al>03 is also a commonly used reinforcement material for aluminum metal matrix
composites [8]. The summary of different investigations related to aluminum metal

matrix composites with Al>Os reinforcement is given in Table 1.2.

Singh et al. [21] studied on the effects of particle sizes and amounts of
reinforcements and process parameters for producing composite material as well.
They used the Taguchi method to design the experiment with variables such as
particle size, amount of reinforcement and stirring time. They determined variables
from three different particle sizes of reinforcement as 75, 105 and 150 um, three
different weight percentages as 3 %, 6 % and 9 % and also three different stirring
time for process parameters as 15, 20 and 25 minutes. Later, they produced
composite samples and addressed hardness, tensile strength and impact strength tests
to all. They concluded that increasing the stirring time and weight percentage of
reinforcements had positive effect on mechanical test results, on the contrary

increasing particle sizes had negative effects. They obtained the outcomes of



hardness, tensile strength and impact strength tests as increased from 29 HRB to 58
HRB and from 96 N/mm2 to 147 N/mm2 and from 12 Nm to 30,59 Nm,

respectively.

Table 1.2: The summary of aluminum composites with Al2Os.

Additive Rate of
Researchers Addlt_lve materlals additive Prehc_aat Production Ref.
materials Particle . conditions method
. materials
Size
D. Sujan
Z.0o0 on 100 .
ME.Rahman | ALO; | 400 um 5/"1’5109/0’ i cassi:; [20]
M.A. Maleque ° g
C.K. Tan
L. Singh 75 um o .
B. Ram ALO; | 105 um 3/‘3;/"’ 3%0h§ufr°r Cassi'l'rr] [21]
A. Singh 150 um 4 g
K.K. Alaneme 6%, 9%, | 250 C for Stir
M.O. AlzOs e 15%, 18% | 5 minutes castin [22]
Bodunrin ' g
S. Mula
P. Padhi nano Ultrasonic
S.C. Panigrahi ALO 10 nm 2% chamber [23]
S.K. Pabi o
S.Ghosh
e micro 20 um 1%, 3%, Stir
S-A. Sajjad Al,0; 506, 10% | 1100 C for | casting
H.R. Ezatpour 50 20 mi : [24]
H. Beygi nano 50 nm 1%, 2%, 0 minutes Stl_r
) Al;,O3 3% casting
16 pm .
7%, 15%, | 400 C for Stir
M. Kok Al20s 32 pm 23% 10 minutes |  casting [25]
66 um
. Manually
N. Srivastava o 90 .
G.P. AbO; | 30-70nm | Y02% 1 a0 | Mixedand o0
. 3% ultrasonic
Chaudhari . .
vibration

Alaneme et al. [22] investigated the effect of Al,Oz, with 28 um particle size, on
mechanical properties of composite by adding three different volume percentages as
6, 9, 15 and 18. They preheated the reinforcements for 5 minutes at 250 °C to
improve the wettability between reinforcements and matrix materials. They applied
stirring process as 300 rpm for 10 minutes. They declared that some mechanical
properties (like tensile strength, yield strength, and hardness) ascended through
increasing the ratio of additives, but some mechanical properties (like strain of

fracture and fracture toughness) decreased by increasing the ratio of additives.



Sujan et al. [20] worked on stir casting method and used both Al>Osz and SiC
reinforcements to produce aluminum matrix composite. They worked with different
weight fractions on both SiC and Al>Os such as 5 wt%, 10 wt% and 15 wt% by
addressing tensile strength, hardness and wear resistance tests to determine the
mechanical properties of composite samples; and declared the density of composite
escalated from 2,73 to 3,02 by increasing the amount of reinforcement from 5% to
15% wt. And also tensile strength and hardness increased from 262,2 to 282,9 MPa
and from 31 to 42 HR by extending the amount of reinforcement, respectively. They
asserted that reinforced materials improve physical and mechanical properties of
matrix metals. However, when compared to SiC reinforced aluminum, Al>O3

reinforced aluminum had higher wear rate.

Mula et al. [23] investigated the effect with nano-sized Al.Oz on composite
mechanical properties. To produce nano-size Al>O3, they practiced with 75um Al203
powder and grinded it into a ball mill. Subsequently, they obtained nano Al>Os, they
used the non-contact ultrasonic casting method to produce composite samples with 2
wt% nano-sized Al>Os. So as to determine mechanical properties, they addressed
some mechanical tests such as hardness and tensile strength. They concluded that
tensile strength and hardness results of composite samples increased respectively as

nearly 57% and 92% when adding nano-sized dispersoids.

Sajjadi et al. [24] worked with two different particle sizes of Al>0z as 20 um and 50
nm to investigate the effect on mechanical behaviour of composite. They used stir
casting method and preheated the reinforcement as given in Table 1.2 by adding
nano-sized and micro-sized reinforcement particles as 1 wt%, 2 wt%, 3 wt% and 1
wit%, 3 wt%, 5 wt%, 10 wt%, respectively. They analysed composite samples for
their metallography and mechanical properties; and declared that wettability of
particles correlated with size and percentage of reinforcement. Moreover, wettability
was decreased by increasing the percentage and by reducing the particle size of
reinforcement. However, the results of hardness, compressive strength and porosity

ascended through increasing the amount of nano Al>Os.

Kok [25] studied the effect of Al.O3 reinforcement by adding three different sizes
and volume ratios as 16 um, 32 um, 66 um and 7%, 15%, 23%, respectively. To

produce composites sample, pressure was applied following the vortex method. He



calculated the porosity and concluded that porosity was decreased by increasing both
volume ratios and particle sizes. In addition, he asserted that composite which was
reinforced with 66 um has more homogeneity than the composite which was

reinforced with 16 um and 32 pm.

Serivastava et al. [26] investigated the effects of nano Al.Os particles by using
ultrasonic vibrations. They melted the matrix material and used a graphite rod mix on
the reinforcement for 5 minutes. Later, they applied ultrasonic vibration for 3
minutes while adding nano particles as 1 wt%, 2 wt% and 3%; and in order to
determine the ultrasonic vibration effect, they also produced 1 wt% without
ultrasonic vibration. They addressed hardness and tensile tests to determine the
mechanical properties. They concluded that the samples which were produced with
ultrasonic vibration had more uniformed dispersion of rainforcement particles than
the ones which are manually stirred. In comparison to the base alloy, sample was
reinforced with 2 wt% showed the highest mechanical properties with YS and UTS
as 81 % and 53 %, respectively. Additionally, they clarified that porosity content
ascended through increasing the content of reinforcements. They clarifed that
mechanical properties of samples are improved due to thermal mistmatch between

matrix and reinforcements.

1.3 Aluminum Metal Matrix Composite with Graphene

During the last several years, graphene, which is a two dimensional carbon material,
have taken attention of scientists since it contains high mechanical and chemical
properties [27;28]. The summary of different investigations related to aluminum

metal matrix composites with graphene reinforcement is given in Table 1.3.

Jagadish [29] worked with powder metallurgy to produce aluminum matrix
composite with graphene. The researcher tried to explain the effects of four different
amounts in graphene as 0.25 wt%, 0.5 wt%, 0.75 wt% and 1.0 wt%. To compare the
effect of graphene reinforcement, reference sample was also produced without
adding any reinforcements. Hardness and impact tests were addressed to determine
mechanical properties of all samples. Outcomes of tests revealed that the reference
sample had higher hardness value as 62.57 HRC while the maximum hardness was
obtained with 0.5 wt% graphene as 52.06 HRC. Similar results were also obtained at



Charpy impact test. He declared that the impact test results decreased by increasing

the amounts of graphene additives.

Table 1.3: The summary of aluminum composites with graphene.

Researchers Additive materials Rate of a(_JIdltlve Production Ref.
materials method
S. Venkatesan Graphene 0.33%, 0.55% Stir [27]
M.A. Xavior P 0.77% casting
S.F. Bartolucci
J. Paras
M. A. Rafiee iso|_s|fattic
J. Rafiee Graphene 0,1% . q [28]
S Lee pressing, an
D‘ Kapoor hot extrusion
N. Koratkar
. 0.25%, 0.5%, Powder
B. S. Jagadish Graphene 0.75%. 1% metallurgy [29]
P Ultrasonic
S Aadithya Graphene (and SiC; J : :
K Dhilepan fixed 5% wt.) 1%, 3%, 5% assnegl stir [30]
N Nikhil casting
M.M. Narwate | Graphene (aluminum 0,5%, 0,75%, Stir [31]
K.K. Mohandas | with 10%fixed TiOy) 1,0% casting

The other research about graphene reinforcement was studied by Venkatesan et al.
[27]. They applied three different amounts of graphene as 0.33 wt%, 0.55 wt% and
0.77 wt%. To produce composite samples, they practised stir casting method as 400
rpm for 5-10 seconds at 820 °C. They performed tensile test, hardness test and three-
point bending tests; and concluded that outcomes of ultimate tensile strength,
hardness and three-point bending increased from 145 MPa to 47 MPa, from 45 BHN
to 57,1 BHN and from 210 MPa to 140 MPa by decreasing the amount of graphene,
respectively. The test results revealed that optimum result was obtained with 0.33

wit% graphene additive.

Bartolucci et al. [28] investigated the aluminum which was reinforced with graphene
platelets and multi walled carbon (MWCNT) nanotube as 0.1 wt% and 1.0 wt%,
respectively. To produce composite samples, they applied milling, hot isostatic press
and hot extrusion and also a reference sample was produced without reinforcement

additives to compare the mechanical properties. They concluded that MWCNT



promoted the tensile strength up to 12% and graphene addition decreased hardness

and strength values.

Kumar et al. [30] worked on constant amount of SiC reinforcement as 5.0 wt% and
three different amounts of graphene as 1 wt%, 3 wt% and 5 wt% together. They also
produced aluminum composite with 5.0 wt% SiC reinforcement in comparison to the
reference sample. They melted aluminum and started stirring at 630 °C for 5 minutes
then reheated at 900 °C; and applied ultrasonic cavitation for 10 minutes followingly.
By the end of stirring process, they poured slurry in preheated metallic mould at 500
°C. They addressed tensile, hardness, flexural tests and impact test to determine
mechanical properties of samples. They concluded that the outcomes of tensile test,
flexural test and impact test ascended through increasing the amount of graphene
additives. In addition, they declared that hardness of composite with 3 wt% graphene

was at maximum.

Narwate et al. [31] also investigated the effects in three different amounts of
graphene as 0.5 wt%, 0.75 wt% and 1.0 wt% with the constant amount of TiO; as 10
wt% reinforced aluminum. They melted matrix material and applied mechanical
stirring for 5 minutes at 200 rpm. When a vortex was occured, they added graphene
reinforcement for 5-10 minutes in order to obtain samples. They addressed tensile
and hardness tests to all samples. The maximum results of tensile and hardness tests
were obtained with 1.0 wt% graphene additive as 112.7 MPa and 50 HRB,

respectively.

As seen in the literature studies, the interest in aluminum metal matrix composites
has increased day by day. Additionally, in these studies, the types and additions of
the reinforcements are generally changed. But, the studies on determining the
appropriate stirring method and mold selection for particle reinforced composite
production are not discussed in detail. In this thesis, firstly, both the stirring method
and the mold, which are suitable for the production of particle reinforced composite,
are determined by simulation analysis supported by laboratory studies. By using the
determined stirring method and mold, the composite samples were produced with the
help of using SiC, micro-Al203, nano-Al203 and graphene reinforcements in
different ratios. The effect of different reinforcements on the mechanical and

metallurgical properties of the composite material were compared by using SiC and
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micro-Al203 with similar particle size. By using micro-Al203 and nano-Al203
reinforcements, the effect of different particle size of the same reinforcement on the
mechanical and metallurgical properties of the composite material was compared.
nano-Al203 and graphene reinforcements were used to compare the effect of
additives under micro-size. According to the test results, new samples were produced
by using the reinforcement and the reinforcement ratios which had the highest
quality index. The hot isostatic press (HIP) process was applied to the produced
samples and the effect of the HIP process especially on the reducing of porosity and
the effect on the mechanical properties of the composite materials were revealed

comparatively.
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2. EXPERIMENTAL

2.1 Materials

Table 2.1 exhibits the chemical composition of hypoeutectic aluminum alloy A356
(AlSi7Mg0.3) which was used as the matrix metal. A charge of 4 kg of A356 alloy

was melted at 750°C in a graphite crucible at a resistance furnace during this study.

Table 2.1 : Chemical composition (wt. %) of matrix alloy - A356.

Alloy/Element | Si | Fe | Cu | Mn Mg Zn

Ti Al

A356 7310101 | 0,05 0,3 0,05

0,1 | Balanced

SiC, n- Al20s3, m- Al;O3 and graphene were used as reinforcement materials as

illustrated in Table 2.2.

Table 2.2 : Properties of reinforcement.

Reinforcement Particle s.ize / Amount of Suppliers
properties additive (wt.%)
SicC 50-56 um 0.5, 1.0 and 1.5 Kuhmichel,
Turkey
Al,03 (micro-Al,0s) 65 um 05, 1.0and15 | SermetLimited
Company, Turkey
Al,0; (nano-Al;0z) 79 nm 05,1.0and 1,5 | Sermet Limited
Company, Turkey
99.5+%,6 nm, )
Dia: 24pum ' y

To obtain an oxidized surface that improves wettability, reinforcement powders were

preheated. Table 2.3 displays the preheating processes of all reinforcements

separately.
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Table 2.3 : Preheating process of reinforcements.

Reinforcement Preheating Prehefflting time
temperature (°C) (minutes)
SiC 750 120
Al>O3 (micro-Al>0z3) 750 120
Al>O3 (nano-Al>03) 700 20
Graphene 600 30

Figure 2.1 shows that the morphology of reinforcements particle. The SEM
micrograph in Figure 2.1 shows that SiC particles are more irregular in shape than
the others. Additionally micro-Al2Os particles are nearly the regular shape as round.
Nano-Al,Oz particles are seen that also regular.

(©)
Figure 2.1 : Morphology of reinforcements particle a) SiC, b) micro-Al>0z and ¢)
nano-Al>Os
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2.2 Preparation Of Composites

The composite samples were prepared by the way of casting processes of which the

flow chart is demonstrated in Figure 2.2.

Weighing of
A356 ingots
‘Weighing of v
mnfmfcemem Melting of A356
powders

ingotsin furnace

A J

Preheating of v

reinforcementsin
furnace

Removal of slag
from surface

o
>

A J

Stirring process
(hybrid stirring)

A J

Pouring of melt
into mold

Figure 2.2 : Flow chart of casting process.

2.2.1 Melting furnace

Figure 2.3 a shows Protherm HLF400 brand melting furnace, which is located at
CMS Light Alloy Wheels Co. Research and Development Center laboratory, was
used in order to melt the matrix material. Figure 2.3 b shows Protherm brand melting

furnace which is used to preheat the reinforcement materials.

~
l

4
(a) (b)
Figure 2.3 : a) Melting and b) preheating furnaces.
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After all the samples were produced, T6 heat treatment process (solutionized at 540°C
for 4 hours, then quenched in water at 80°C, artificially aged at 155°C for 3 hours)

was applied.

2.2.2 Stirring equipments

Two different stirring equipments were used in this study such as mechanical stirrer
and ultrasonic vibration. Mechanical stirring equipment was applied by Optimum
B20-400 V brand machine at 600 rpm as given in Figure 2.4 a. The ultrasonic stirring
was applied by Rtul brand machine, shown in Figure 2.4 b, which is capable of

producing 3 kW of electric energy at a constant resonant frequency of 19.8 kHz.

Figure 2.4 : a) Mechanical and b) ultrasonic stirrer.

2.2.3 Hot isostatic process (HIP)

HIP machine, which is AIP6-30H model of American Isostatic Presses company at
Dokuz Eylul University Electronic Material Applying Center (EMUM), is given in
Figure 2.5.
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Figure 2.5 : HIP machine.

Before practicing the HIP method, all samples were machined as round to apply the
same pressure on surface of samples while administering HIP condition. A group of

samples, which were to be applied the HIP method, are demonstrated in Figure 2.6.

The condition of HIP method was addressed under pressure of 100 MPa at 510°C for
2 hour and cooling condition was set as 50°C/minute. The steps of HIP method is
given in Figure 2.7.
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Figure 2.7 : Steps of HIP method.

2.3 Characterization
2.3.1 Mechanical properties

2.3.1.1 Tensile test

Tensile test samples were prepared in accordance with DIN EN ISO 6892-1 which is
given Figure 2.8 and tests were applied in compliance with DIN EN 10002-1 by
Zwick Z100 model tensile testing machine (Figure 2.9) for mechanical examinations.

All dimensions in Figure 2.8 are in millimeters.
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Figure 2.8 : Tensile test sample.
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Figure 2.9 : Tensile test machine.

2.3.1.2 Hardness test

InfoTek TIME TH-600 machine, which was given in Figure 2.10, was used to
measure the hardness of composite samples in accordance with DIN EN ISO 6506-1

standard.

Figure 2.10 : Hardness test machine.

2.3.1.3 Charpy impact test

Charpy Impact test samples (Figure 2.11) were prepared in equivalent to ASTM-E23
and INSTRON CEAST 9050 machines (Figure 2.12) that were operated to measure

the impact energy. All dimensions in Figure 2.11 are in millimeters.
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Figure 2.11 : Charpy impact test sample.

Figure 2.12 : Charpy impact test machine.

2.3.2 Metallographical analysis

2.3.2.1 Optical microscopy

To investigate the metallographic examinations, the samples were sectioned then
grinded with SiC paper and polished with diamond paste. For metallographic
analysis, the following etching solutions were used: 0.5% HF for micro and FeCI3
for macro examinations. Nikon Epiphot 200 (Figure 2.13 a) and Clemex S2.0C
(Figure 2.13 b) were used for microstructure and macrostructure analyses,
respectively.
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(@ (b)
Figure 2.13 : a) Nikon Epiphot 200 and b) Clemex S2.0C.

2.3.2.2 Scanning electron microscopy

Carl Zeiss 300VP scanning electron microscope (Figure 2.14), which is located in
Izmir Katip Celebi University Central Research Laboratories Application and
Research Center, was used to investigate detailed views of interior structures of

composite samples.

Figure 2.14 : Scanning electron microscope.

2.3.2.3 Porosity measurement

Porosity is calculated by using differences of density between measured principles
(known as Archimedes’ principle) and theoretical ones as given equation 2.1 [75;
76].
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% porosity = ( Q theoretical = Q measured / Q theoretical ) * 100 (2.1)

Theoretical density is calculated by rules of mixtures as given equation 2.2.

Q theoretical = Z(fl * Qi) = f matrix * Q matrix f particle * Q particle (2-2)

f is volume fraction and g is density of each material in composite.
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3. RESULTS AND DISCUSSIONS

This study has three main parts. In the first part appropriate stirring method and mold
design were dealt with and in the second part different reinforcement particles were
taken into consideration to determine the effect on mechanical and metallographical
properties of aluminum metal matrix composites. In the last part the effect of hot
isostatic press on mechanical and metallographical properties of aluminum metal

matrix composites were investigated.

3.1 Determination of Stirring Method and Appropriate Mold Design

The usage of aluminum alloys has been rapidly increased due to the high ductility,
recyclability, high strength of weight ratio, high corrosion resistance and low-density
properties [1-5]. Although aluminum has good properties after alloying process, the
improvement of new developments in metal matrix composites has been observed
with regards to the industrial demands [32]. To produce composite material, SiC
particles [23-25;33;34] and aluminum alloys [5;6] have been selected respectively as
reinforcement and matrix materials, especially during the last 20 years. There are
many production techniques and alternative mold designs to produce composite
material. In this chapter, which production technique and mold design were more
appropriate to produce particle reinforced composite was explained with the help of

simulation analysis and laboratory studies.

3.1.1 Simulation analysis

There are many fabrication techniques such as liquid metal infiltration, squeeze
casting, powder metallurgy, spray decomposition and stir casting that can be used to
produce composite materials for different types of reinforcement [24;35;36]. Yet,
due to flexibility, budgetary and simplicity reasons, the stirring method is considered
as one of the most preferred for the production of a discontinuous metal matrix
composite [21;36-38].
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Literature embraces many researchers who have studied on stirring method. Some of
which were interested in stirring speed and time while others were interested in

casting temperature and amount of reinforcements.

Prabu et al. [24] worked on the effect of mechanical stirring speed and time. They
concluded that the homogeneous distribution of SiC was in direct relation with
stirring process and it ascended through increasing stirring speed and time by
applying the hardness test. Mathur et al. [39] worked on the constant stirring speed as
600 rpm and investigated the effects of different processes at temperatures as 700°C,
725°C and 750°C. They applied the tensile test to all samples and concluded that the
tensile strength ascended through increasing casting temperature. Meena et al. [15]
investigated the effects of different particle sizes of reinforcement as 220, 300 and
400 mesh and different weight fractions as 5%, 10%, 15%, and 20% on mechanical
properties of composite samples. They addressed tensile and impact strength tests to
determine the mechanical properties and concluded that the tensile and impact
strength were increased, but elongation at fracture was decreased by increasing the

amount of reinforcement.

During the last years, ultrasonic stirring method was also taken into consideration
and researchers began to use this technique as an innovative method. Recent studies
have begun to practice stir casting technique which was assisted with ultrasonic
vibration to reduce segregation and to improve mechanical performance of metal
matrix composite. This assisted method could be used especially on nano-particle
reinforcement [40;41]. Kumar et al. [30] investigated the effect of ultrasonic stirring
method to produce aluminum matrix composite by using SiC and graphene as
reinforcements. They melted aluminum matrix, then cooled it down at the furnace to
630°C and added reinforcement particles with magnesium powder to improve the
wettability of particles. They applied stirring process for 5 minutes at 630°C; and the
charge was heated up to 900°C followingly by addressing ultrasonic cavitation for 10
minutes. They concluded that the mechanical properties were escalated by increasing

the amount of graphene.

3.1.2 Simulation analysis of stirring methods

Simulation softwares are important tools for engineers to analyse the properties of

final product and to determine production system parameters. They are commonly
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used for predetermining the problems that could be encountered, especially in
product design and production processes. By using simulation programs, engineers
not only achieve faster results in product design, but also reduce trial costs during
production. There are many simulation studies that are carried out in the literature

about production of composite materials [42-45].

For the simulation analysis, aluminum and SiC (average particle size: 50-56 um)
were used as matrix and reinforcement materials, respectively. Literature survey was
conducted to determine which content of reinforcement to be used. The particle size
and content of SiC reinforcement were attributed to strengthening [46] and the
typical application of SiC was used between 5-20 vol%. Yet, if the particulate
amount increases, the viscosity of melt escalates as well; so that it is not easy to pour
and to fill a mold cavity [47]. Therefore, SiC content was chosen to be around 1 wt.
%. To produce composite samples, aluminum matrix was firstly melted then SiC
reinforcement was added into molten aluminum while mechanical stirring process
was being applied. Thereafter, it was stirred continuously for about 2 minutes to
obtain a uniformed distribution of reinforcements [48]. The mechanical stirring time
IS an important part of the process. If the stirring time is higher, air or gas bubbles
can be sucked into molten aluminum [49]; when all these circumstances are
considered, stirring time was choosen as 2 minutes. Three different stirring methods
such as mechanical, ultrasonic and hybrid (both mechanical and ultrasonic) were
analysed by using simulation programs. Ansys Fluent was used in modeling the fluid
flow for CFD analysis to characterize the distribution of reinforcement particles [44].

Figure 3.1 shows the geometry of crucible and dimension of stirring equipment parts.
To create the simulation model, ANSYS CFD analysis was used. The assumptions
which were used in the simulation studies are summarized as follows [44];

v" SiC particles flow as a fluid because of its small size,
SiC particles are uniformly distributed in the crucible at initial condition,
Crucible is made of graphite which acts as an adiabatic solid wall,
Fluids are treated as Newtonian fluids,
Initial temperature is 1000 K

Turbulence model is k-¢ turbulence

N N N R

Mechanical stirrer is applied as 600 rpm axial speed
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These assumptions were worked on each stirring methods. Figure 3.2 displays the

applied ultrasonic processing system.
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Figure 3.1 : Dimensions of the Crucible.
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Figure 3.2. : Ultrasonic Processing System.

Simulation analysis were performed by using mechanical (for 2 minutes), ultrasonic
(for 2 minutes) and hybrid (1 minute for mechanical and 1 for minute ultrasonic)

stirring parameters.

Table 3.1 illustrates the material properties and solver parameters to perform the

simulation studies.
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Table 3.1 : Properties of materials used in simulation analysis [44].

Properties Aluminum SiC
Molecular weight ( kg/kgmol ) 26.891 40.11
Density ( kg/m3) 2720 3210
Specific Heat ( J/kg-K)) 963 750
Reference Temperature ( K) 1000 1000
Standard state enthalpy ( J/kg ) 3,29E8 7,19E8
Viscosity ( kg/m-s) 1.4x10°° 1x107°
Particle size - 50-56 pm

3.1.3 Simulation analysis of mold designs

The particle distribution in matrix is at a crucial importance for the performance of
metal matrix composite [46]. Hashim et al. declared that particle distribution hinges
on different steps of production processes as during stirring, after stirring (before
solidification) and during solidification [47]. Especially during the solidification of
metal matrix composite, if it is cooled rapidly, distribution of SiC particles are more
homogeneous than slower cooling rate [44;47;49]. For a rapid cooling, both mold
and casting temperatures should be determined at optimum. To determine the
appropriate mold design, two different molds were analysed with the help of
MAGMA simulation software.

Figure 3.3 a (known as bottom-fed mold) displays the mold which was built
according to the ASTM B 108-03a and Figure 3.3 b (known as spoke mold)

demonstrates the mold which was built to simulate wheel geometry [50].

In the direction of simulation analysis, aluminum and SiC (average particle size: 50-
56 um) were used as matrix and reinforcement materials, respectively. MAGMA
simulation software was used to determine the effect of two different mold types.
Three different casting temperatures (650°C, 750°C and 850°C) and three different
mold temperatures (150 °C, 250 °C and 350°C) were applied conducively to
determine the distribution and agglomeration of SiC particles. The assumptions of
simulation analysis are summarized as follows;

v" Filling time: 10 seconds,

v Heat transfer coefficient between liquid metal and mold: Magma database

temperature dependent to heat transfer coefficients
v' Particle specifications:

= Particle size; 53 um
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= Density; 3,210 g/cm3
v Mold temperatures; 150, 250, 350°C
v’ Casting temperatures; 650, 750, 850°C.

(a) (b)

Figure 3.3 : Mold types.

After the simulation, color scale brings about a blue point, at where newly
occurrences are observed, when reinforcement particles get into the mold; and

yellow displays older ones.
3.1.4 The results of simulation analysis

3.1.4.1 The results of stirring methods

The simulation results and the volume fraction of SiC particles for mechanical,
ultrasonic and hybrid stirring are demonstrated in Figure 3.4, Figure 3.5 and Figure
3.6, respectively. The results can be summarized as follows;

v For mechanical stirring (in Figure 3.4 a and b); SiC particles were distributed
around the rotor due to vortex occurence. Small pieces of agglomeration can
be observed near the crucible wall. The distribution of SiC particles in
aluminum alloy by using computational and experimental analysis were
investigated by Naher et al. [51]. They declared that a uniformed distribution
of SiC particles could be achieved by applying the highest stirring speed for
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120-540 seconds. Figure 3.4 c displays the homogeneous distribution of SiC
in the matrix as nearly 61 %.
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Figure 3.4 : Simulation test results of mechanical stirring types; a) horizontal section
of crucible b) vertical section of crucible c) distribution of SiC particles.
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Figure 3.4 (continuation): Simulation test results of mechanical stirring types; a)
horizontal section of crucible b) vertical section of crucible ¢) distribution of SiC
particles.

v" For ultrasonic stirring (in Figure 3.5 a and b); SiC particles were distributed from
the bottom of crucible to the top by ultrasonic vibration. Correspondingly, it can
be seen that SiC particles were homogeneously distributed at the bottom of
crucible, but not to the whole volume of melt; and some agglomerated SiC
particles were found especially near the crucible wall. Jia et al. [52] investigated
nanocomposite enforcement via ultrasonic processing, and concluded that if the
flow is stronger, the reinforcement particles are fewer and vice versa. Figure 3.5¢

demonstrates the homogeneous distribution of SiC in the matrix as nearly 57 %.
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Figure 3.5 : Simulation test results of ultrasonic stirring types; a) horizontal section
of crucible b) vertical section of crucible c) distribution of SiC particles.
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Figure 3.5 (continuation): Simulation test results of ultrasonic stirring types; a)
horizontal section of crucible b) vertical section of crucible c¢) distribution of SiC
particles.

v For hybrid stirring (in Figure 3.6 a and b); It can be seen that SiC particles were
distributed homogeneously. Some SiC particles were observed to be placed near
the crucible wall, but it was less than the ones of ultrasonic stirring. Figure 3.6 ¢

shows the homogeneous distribution of SiC in the matrix as nearly 75 %.
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Figure 3.6 : Simulation test results of hybrid stirring types; a) horizontal section of
crucible b) vertical section of crucible c) distribution of SiC particles.
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Figure 3.6 (continuation): Simulation test results of hybrid stirring types; a)
horizontal section of crucible b) vertical section of crucible c) distribution of SiC
particles.

As seen in Figure 3.6 more homogeneous distribution of reinforcement particles
were obtained by using hybrid stirring type.

3.1.4.2 The results of mold design

Figure 3.7 and Figure 3.8 demonstrate the simulation results for different mold types;
and also mold temperatures depending on the casting temperature. Figure 3.7
illustrates the different casting temperature and mold temperature for bottom-fed
mold.

According to the simulation results, it can be clearly seen in Figure 3.7 that SiC
particles float to the inner part of mold at 750 and 850°C; and agglomeration problem

could be observed especially at higher casting temperature. In Figure 3.7 at 650°C,
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distribution of SiC particles is more uniformed than the others. Furthermore if same
casting temperatures are taken into consideration, it can be understood that
percentage of SiC particle distribution is more systematic at lower casting
temperature than higher casting temperature at the same mold temperatures. If the
processing temperature increases up to 800°C, aluminum viscosity is decreased
leading the reinforcement particle to distribute evenly [53]. Sozhamannan et al. [54]
investigated the effect of processing parameters on metal matrix composites and
found out that particles agglomerate due to viscosity on the grounds that viscosity
decreases by increasing the casting temperature; so that SiC particles float over the
aluminum melt. D.J. Lloyd et al. [55] studied on MMC which was produced by
molten metal methods and declared that the reinforcement particle distribution is
related to the solidification rate. When solidification rate is low, the reinforcing
particles agglomerate. Thus it could be said that mold and casting temperatures are
important if this mold is wanted to be used in order to produce MMC.

The mold used in Figure 3.7 was bottom-fed mold, on this wise melt must fill the
mold against the gravity. Zakeri and Rudi investigated the aluminum composite with
SiC and declared that viscosity of aluminum increases due to SiC reinforcement [56].
In view of this, it is difficult to arrange both mold and casting temperatures correctly,
especially for bottom-fed mold. On the other hand, in Figure 3.8 it could be clearly
seen that the distribution of particle is nearly the same in spoke mold whether both

casting and mold temperature values are high or low.
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igure 3.7 : Simulation result for bottom-fed mold.
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3.1.5 Casting studies

Figure 3.8 : Simulation result of spoke mold.

Laboratory studies were also conducted to prove the results of simulation analysis.

Aluminum alloy of which the chemical composition was given in previous chapter,

was used as the matrix material. To obtaine composite material, silicon carbide

powder with an average size of 50-56 um was used as the reinforcement material.

The flow chart of casting procedure is given in Figure 2.1. A charge of 4 kg of A356
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alloy was melted at 750°C at a resistance furnace; and during melting process of
alloy, SiC powders were weighed to be 1 wt. % of the charge. Later, SiC particles
were preheated to 750°C for 2 hours at a separate furnace to obtain an oxidized
surface, that improves their wettability.

After A356 was melted, the occured dross was removed from the surface of melt and
preheated SiC was added simultaneously during stirring process via using various
stirring methods. Thereafter reinforcement was added into crucible, it was stirred
continuously for 2 minutes to obtain a uniformed distribution of reinforcements [48].
If the stirring time was chosen higher, air or gas bubbles could be let in to the molten
aluminum [49]. The stirring processes were applied as the same duration in
simulation studies as 2 minutes for mechanical stirring and ultrasonic vibration, and
1 minute for each mechanical stirring and ultrasonic vibration (named as hybrid

stirring).

Posterior to finishing the stirring processes, the composite was poured into the spoke
mold, which was preheated to 320°C as given in Figure 3.9. The spoke mold was
designed to simulate a wheel geometry. Samples 2, 3 and 4 represent the feeder of

the wheel while the others represent the outer flange of wheel.

Figure 3.9 : Preheated spoke mold.

To analyze the mold solidification time, Magma Soft VV5.3.1 was used. Figure 3.10

demonstrates the solidification behaviour of mold. It can be clearly seen that samples
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1 and 5 are higher than the others due to the location of outter mold. To evaluate the
results in accordance with the reference value of wheel mechanical tests, they are
reported as an average of all these samples.

Solidification
Times

Empty

99.97
93.57
87.17

80.78

74.38

67.98

61.59

55.19

48.79

42.40

36.00

29.61

23.21

16.81

10.42

z

L.
Py =

Figure 3.10 : Solidification time of preheated mold.

Reference samples were also poured without the addition of SiC in order to compare
the efficiency of particle distribution in the matrix. In order to check the
reproducibility of outcomes, two sets of casting were applied.

3.1.6 The results of casting studies

The results of casting studies can be taken into two categories as mechanical and
metallographic examinations.

3.1.6.1 Mechanical test results

The mean and range distribution values of tensile test results of YS (Yield Stress),
UTS (Ultimate Tensile Strength) and elongation at fracture of composite were
produced by different stirring types that are presented in Figure 3.11.
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Figure 3.11 : Mechanical test results of sample produced by different stirring types;
a) YS, b) UTS, ¢) Elongation and d) QI of all samples.
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Figure 3.11 (continuation): Mechanical test results of sample produced by different
stirring types; a) YS, b) UTS, c¢) Elongation and d) QI of all samples.

In Figure 3.11 a, it can be seen that YS value of the ultrasonic stirred samples is the
highest. In comparison with reference samples, the increase of YS in ultrasonic,
mechanical and hybrid stirring samples were obtained as 5.8%, 8.7% and 1.1%,
respectively. It can be declared that YS value escalates by decreasing the average
grain diameter or average arm spacing to the microstructure. It can also be observed
clearly in Figure 3.13, Table 3.3 and Table 3.4 that samples, which are produced by
using ultrasonic vibration, have the finest grain sizes and SDAS measurement results.
Similar results were found by Liu et al. [57]. The UTS outcomes are given in Figure
3.11 b and the results that were obtained from them were similar at 257-265 MPa for
all stirring types. In comparison to the result of reference sample, the increase of
UTS in ultrasonic, mechanical and hybrid stirred samples were obtained as 16.5%,
14.9% and 13.1%, respectively. Jia et al. [41] declared that the escalation in the
mechanical properties were by virtue of a mismatch between the thermal expansion
coefficient and elastic modulus of the metal matrix and the reinforcement. If the
scatter of tensile properties is taken into consideration, the outcomes attained from
hybrid stirring are lower than the ones obtained from ultrasonic stirring ones. This is
also related with the homogeneous distribution of reinforcement. It can be seen in

Figure 3.13 that the reinforcement particles are located in the grain boundary,
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especially the samples which were produced with ultrasonic stirring method. On the
other hand, the elongation results of mechanically stirred samples are higher than the
ultrasonic stirred ones. Jia [58] studied on the ultrasonic cavitation processing of Al
based alloys and nanocomposites by conducting both experimental and simulation
studies. The investigation illustrated the tensile strength and elongation values as
172.0 £ 5.9 MPa and 4.3 £0.5 %, respectively. He declared that the decrease in

elongation values were in linked with the agglomeration of reinforcement.

When the elongation results are taken into consideration, it can be clearly seen that
the hybrid stirred samples display the highest elongation value as 7.5%, followed by
ultrasonic stirred samples; and mechanical stirred samples as the latest when
compared with reference ones. Quality Index (QI), which is important for the
evaluation of alloys, and of which engineers use to determine the suitable conditions
for material selection [59], is calculated from the mechanical test results. This index
[59;60] is subtracted by adopting tensile test results as they are demonstrated in

equation 3.1:

QI =UTS + K *log (elongation (3.1)

QI; Quality index (MPa)

UTS; ultimate tensile strength (MPa)

K; constant (for A356 is equivalent to 150 MPa)
Elongation; (%)

QI, which is calculated by using equation 1, can been seen in Figure 3.11 d. In hybrid
stirring process, it can be observed that more homogeneous distribution of

reinforcement was achieved.

3.1.6.2 Results of metallographic analysis

Figure 3.12 and Table 3.2 demonstrate the macrostructure and the volumetric
percentage in porosity of samples that are produced by using ultrasonic, mechanical

and hybrid stirrings, respectively.
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Figure 3.12 : Macrostructure of samples prepared by a) reference, b) ultrasonic, c)
mechanical and d) hybrid stirring.

Table 3.2 : Percent values of the porosity content.

Stirring type Percent porosity (%)

Reference 11
Ultrasonic 0.06
Mechanical 0.20
Hybrid 0.01

It can be clearly seen in Table 3.2 that ultrasonically stirred samples has less porosity
than the mechanical stirred ones. It has been reported in many researches [53;61;62]
that intermittent acoustic vibration caused by ultrasonic treatment which was
generated in a melt result during the prevention of the local heating up while the
latent heat was being released in the course of cooling period. Tsunekawa et al. [63]
also stated that this situation promotes the decline in grain size as well as the
decrease in porosity while wetting of non-metallic inclusions were increased. If the
mechanical stirring samples are taken into consideration, the increased porosity

content is clearly seen in the macrostructure as given in Figure 3.12 c. Hashim et al.
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[64] tried to discuss this porosity formation in their research. A vortex is formed in
mechanical stirring and it transfers both air bubbles and impurities into the melt
leading an increase in porosity of samples. It can be observed that the
macrostructure, which was subjected to ultrasonic stirring, has nearly no porosity in
Figure 3.12 d. This is because the ultrasonic stirring was applied after the mechanical
stirring. If any air bubbles also transferred into the melt during mechanical stirring,

the ultrasonic cavitation would prevent the formation of porosity.

Figure 3.13 illustrates the microstructure of all samples at two different
magnifications. Additionally, Table 3.3 and Table 3.4 show the SDAS and grain size
measurement,respectively. It can be seen from these micrographs and measurements
that the samples, which were produced with ultrasonic stirring, have the finest
microstructure. Liu et al. [57] also investigated the effect of nano particle
reinforcement addition by using ultrasonic process. They came into conclusion that 1
wt.% SiC reinforcement reduced the grain size due to they retarded the growth of
grain. Moreover, it can be found in several researches on the literature about different
matrix materials explaining the cavitation-enhanced nucleation and cavitation-

induced dendrite-fragmentation that promotes the decrease in grain size [65;66].

Jia et al. [40] studied on the effect of solidification in microstructure alloy A356 with
and without ultrasonic treatment; and concluded that the ultrasonic treatment
provided a strong heat transfer from the melt. Therefore, finer grain size and higher
eutectic growth could be obtained. However, in the same research, ultrasonic stirring
fragmented the dendritic structure and fine globular structures were obtained.
Atamanenko et al. [67] declared the similar effect of ultrasonic treatment on grain
refinement of cast aluminum alloys by reporting the reinforcement particles were
pushed via interface as well as engulfment. Same results were also acquired by Jia et
al. [41]. The microstructural images of mechanical stirring had revealed that the
dendritic structure was obtained and the reinforcement particles were generally
engulfed due to vortex occurence. Hashim et al. [64] illustrated that the vortex
expedited to transfer the reinforcement particles into matrix via a pressure difference

between the inner and the outer surfaces of the melt.
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Figure 3.13 : Microstructure of samples produced by ultrasonic, mechanical and
hybrid stirring methods.
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Table 3.3 : SDAS measurement of samples produced by different stirring types

(um).
Stirring type SDAS (um)
Reference 51,4+10,4
Ultrasonic 37,8 £ 14,8
Mechanical 40,2 + 8,6
Hybrid 393+7,2

Table 3.4 : Grain size measurement of samples produced by different stirring types

(um).
Stirring type Grain size (um)
Reference 1093 + 178
Ultrasonic 488 + 38
Mechanical 493 + 62
Hybrid 604 + 70

3.1.7 The determination of the appropriate stirring method and mold design

In this section, three different stirring methods as mechanical, ultrasonic and hybrid
were applied to produce metal matrix composite. A356 aluminum alloy and SiC
reinforcement were used as matrix and reinforcement materials, respectively. To
investigate the difference between the methods, experimental and simulation studies
were conducted. From the results of casting studies, ultrasonic stirring samples
showed the highest YS owing to having finer microstructure; and the average UTS
results were closer for all stirring types. Additionally, the scatter of UTS and
elongation were found to be high for ultrasonic stirring. The hybrid stirring samples
had the highest elongation at fracture values as 7,5% when the highest QI value was
calculated for the hybrid stirred castings as 387 MPa. This index is particularly
important for material selections in applications of automotive and aerospace
industry. According to the simulation results, the best mechanical results were
obtanied by practicing the hybrid method. It can be also understood from simulation
outcomes that hybrid stirring method demonstrated the most homogeneous mixing
where the distribution of SiC in matrix was 76%. The mechanical and ultrasonic

stirring results exhibited nearly 61% and 56% of distribution, respectively.
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However, it was determined which mold type is appropriate for composite
producing; bottom-fed or spoke mold to use in simulation studies. It was come to the
conclusion that spoke mold was more appropriate than bottom-fed mold to produce

particle reinforced metal matrix composite.

3.2 The Effect Of Reinforcement Particle On Mechanical Properties Of

Aluminum Matrix Composites

In this chapter, the effects of different reinforcement additives on the mechanical and
metallurgical properties of aluminum metal matrix composites are discussed. SiC, n-
Al,O3, m- Al2Os and graphene were used as reinforcement materials. The same
casting process, mechanical tests procedures and metallographic analysis given in
previous chapter was applied to produce all composite samples with different
reinforcement additives. Obtained results were worked with in order to compare each

reinforcement.

3.2.1 The production method of composite samples

Preheated reinforcement particles were respectively added into the melt with
mechanical stirring by including ultrasonic vibration for 2 minutes as determined in
Chapter 3.1. After the stirring process was finished, the melt with different
reinforcements was poured into the mold, which is determined in Chapter 3.1, and
preheated to 320°C.

3.2.2 Results and discussion

By using the obtained test results, comparative types of reinforcements were
evaluated.
» SiC and m- AlbOz reinforcements were used to determine the effects of
different reinforcements with the same particle size.
» m- Al>Os and n- AlO3z reinforcements were used to determine the effects of
different particle sizes with the same reinforcement type.
» n- AlOs and graphene reinforcements were used to determine the effects of

nano particle sizes with the different reinforcements.
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3.2.2.1 The evaluation effect of SiC and micro-Al203 reinforcements

The microstructure and macrostructure images of all composite samples which were
reinforced with SiC and micro-Al,Oz are demostrated in Figure 3.14, Figure 3.15,
respectively. Figure 3.16 elaborates the SEM analysis of composite sample which is
reinforced with 1wt% SiC. However, the grain size and secondary dendirit arm

spacing (SDAS) measurements are given in Table 3.5 and Table 3.6, respectively.

Considering Table 3.5 and Table 3.6, it can be said that addition of SiC makes
microstructure finer than addition of Al>Os. On the grounds that SiC improves the
solidification velocity due to having higher thermal conductivity. The thermal
conductivity of SiC and Al,Oz are 126 W/mK and 35.6 W/mK, respectively [68]. The
differences of thermal conductivity of reinforcements affect the microstructure
during the solidification period. Hernandez-Sandoval et al. [69] investigated the
effects of Al2O3 and SiC reinforcements by adding 5 wt%, and concluded that the
average grain size of composite, which is reinforced with SiC particle, is finer than

the one that is reinforced with Al,O3 particle.
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Figure 3.14 : Microstructure of composite samples with a) SiC and b) micro-Al,O3
reinforcements.
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Figure 3.14 (continuation): Microstructure of composite samples with a) SiC and b)
micro-Al>Oz reinforcements.
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Figure 3.15 : Macrostructure of MMC samples with SiC and micro-Al.O3
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Figure 3.16 : SEM analysis of sample with 1wt% SiC.
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Table 3.5 : Grain size measurement of samples reinforced with SiC and micro-Al2O3

(um).
Samples Grain size measurement (um)
Reference 1093 £ 178
sic 0.5 1089,12 + 132
1 592,77 £ 52
(wt.%)
15 1155,90 £178
. 0.5 1462,08 £217
m'%r,\(l’t'@;')zm 1 1525,87 + 166
' 15 1226,13 + 257

Table 3.6 : SDAS measurement of samples reinforced with SiC and micro-Al>O3

(um).
Samples SDAS measurement (um)
Reference 514+104
. 0.5 40,9 £ 8,4
BIC 1 375+7.9
(wt.%)
15 42,38 +9,9
" 05 43,6+ 79
m'%r,fl’t'@:)zm 1 49396
' 15 475+8,2

The coefficient of thermal expansion has also a crucial importance to produce
particle reinforcement composites. As a consequence of the thermal mismatch stress,
dislocation density can be increased [70]. Through differences of thermal expansion
between reinforcement particle and matrix material, stress occurs. Bindumadhavan et
al. [48] explained that aluminum composite’s coefficient of thermal expansion with
SiC is much higher than the one of reinforcement particle’s. The coefficient of
thermal expansion of SiC and micro-Al203 are 4 pm/m°C and 7.1 pm/m°C,
respectively [68]. In order to avoid SiC enhancement on the mechanical properties of
aluminum matrix composite [68], Figure 3.17 illustrates the mechanical test results
of aluminum metal matrix composite which was reinforced with SiC and micro-
Al>O3, individually.

Elongation and ultimate tensile strength (UTS) are more important factors to
determine the quality of a wheel since original equipment manufacturers need some
amount of plastic deformation before fracture. Thus they determine the values of
elongation and UTS as minimum 2.0-4.5% and 200 - 230 MPa, respectively [71].
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Figure 3.17 : Mechanical test results of samples reinforced with SiC and micro-
Al>O:s.

It could be clearly seen from Figure 3.17 that the average mechanical results of SiC
addition was higher than micro-Al.O3. The mechanical properties of composite
which is reinforced with micro-Al,Os escalates with increasing the micro-Al.O3
content in the matrix. For SiC additions, the maximum mechanical properties were
obtained with 1 wt. % additive. This result was also in correlation with the
microstructure analysis. Furthermore, minimum grain size was attained with the
same amount of SiC. Emamy et al. [72] investigated the effects on different amounts
of micro-Al203 and SiC reinforcement on aluminum composite’s mechanical
properties. The effect of grain refinement was also studied. They concluded that as
the reinforcement was increased, the mechanical properties were decreased, whereas
average UTS results were between 240 MPa to 170 MPa for SiC addition and 260
MPa to 220 MPa for micro-AlOs addition. QI helps to analyse the mechanical
properties by including the UTS and elongation at the same time. When QI results
were taken into consideration, the maximum value would have obtained with 1 wt. %
addition of SiC.

The differences between the mechanical properties of different test conditions could
be generated by two reasons. One of them was the amount of addition and the other
one was porosity. Rajeswari et al. [73] tried to produce aluminum metal matrix
composite with the combination of SiC and micro-Al.Oz reinforcements. It was
found that SiC and micro-Al.O3 particles were floating towards the melt surface due
to the density difference and surface tension. In that case, the composite material is

not easily obtained if high amounts of reinforcements are used. For higher amount of
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reinforcement, a stirring process is required which also aids the homogeneity [74].
Yet, if stirring time is exceeded, amount of porosity will increase due to a vortex
occurrence, which negatively affects the mechanical properties. Porosity is calculated
by using differences of density between measured principles (known as Archimedes’

principle) and theoretical ones as given equation 3.2 [75;76].

% porosity = ( Q theoretical = Q measured / Q theoretical) * 100 (3-2)

Theoretical density is calculated by rules of mixtures as given equation 3.

Q theoretical = Z(fl * Qi) = T matrix * Q matrix + f particle * Q particle (3-3)

fis volume fraction and g is density of each material in composite.

Porosity values were calculated by using equation 3.2 and equation 3.3 and
illustrated in Figure 3.18. It could be clearly seen that the composite samples, which
were reinforced with SiC, had lower porosity content than the composite samples
that were reinforced with micro-Al2Osz ones in Figure 3.18. As discussed earlier,

these samples had also revealed the highest mechanical properties.

The hardness and Charpy impact test results are demonstrated in Figure 3.19 and
Figure 3.20, respectively. When these results are taken into consideration, the
maximum test result was obtained with 1 wt. % SiC addition. For micro-Al>Os
addition, the impact test results increased linearly by raising the amount of addition.
However, for SiC addition, maximum test result was obtained from 1 wt. % SiC
additive. These results were also related to the porosity content and mechanical test
results. Through increasing porosity contents, inhomogeneous stress distributions
occur around pores that causes a damage on composite material due to the creation of

weakness in inhomogeneous regions [77;78].
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Figure 3.18 : Porosity content of samples reinforced with SiC and micro-Al2Os.
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Figure 3.19 : Hardness test result of samples reinforced with SiC and micro-Al20:s.
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Figure 3.20 : Charpy impact test results of all samples.

3.2.2.2 The evaluation on effects of micro-Al203 and nano-Al203

reinforcements

The microstructure and macrostructure images of all composite samples, which were
reinforced with micro-Al>Os and nano- Al>Os, are illustrated in Figure 3.21, Figure
3.22, respectively. On the other hand, the grain size and secondary dendirit arm

spacing (SDAS) measurements are given in Table 3.7 and Table 3.8, respectively.
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Figure 3.21 : Microstructure of samples reinforced with micro and nano Al>Oa.
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Figure 3.22 : Macrostructure of samples reinforced with micro and nano Al>Os.

Table 3.7 : SDAS measurement of samples reinforced with micro and nano Al.O3

(nm).

Samples SDAS measurement (pum)
Reference S1+10
_ 05 44£8
micro-Al203 (Wt.%) [ 49 + 10
1.5 48+ 8
0.5 32+7
nano-Al20s (Wt.%) [ 34+ 6
1.5 32+6
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Table 3.8 : Grain size measurement of samples reinforced with micro and nano

Al203 (um).

Samples Grain size measurement (um)
Reference 1093 + 178
micro-Al,03 0.5 1462 + 217
(Wt.%) 1.0 1526 + 166

15 1226 +257
nano-Al,03 0.5 756 + 53
(Wt.%) 1.0 782 + 131

15 887 + 219

SDAS and grain size measurements show that the group of samples, which were
reinforced with nano particles, have finer grain size and secondary dendrite arm
spacing. The reason is due to the fact that nano-Al.O3 had relatively higher thermal
conductivity. The thermal conductivity of nano and micron Al>Oz are 40 W/mK [79]
and 35.6 W/mK, respectively [68]. If the thermal conductivity is higher, the
solidification velocity is also elevated. Therefore, grain size is getting finer. As it is
observed from the grain size measurement results of samples, which are reinforced
with nano-Al20s, it is getting coarse when increasing the amount of nano particle

additives. The minimum result was obtained with 0.5 wt% nano- Al,Os.

As it can be observed in micro and macro structure photographs that the reference
sample has large porosities. Figure 3.23 displays a percentage of porosity that is
calculated with the help of using differences in density between measured and

theoretical as given afore.

Reference m-Al203-0.5% m-Al203-1.0% m-Al203-1.5% n-Al203-0.5% n-Al203-1.0% n-Al203-1.5%

Sample

Figure 3.23 : Percentage of porosity.
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The group of samples, which were reinforced with nano-Al>Os have a lower
percentage of porosity than the sample that was reinforced with micro-Al>Oz. It is
seen that the amounts of porosity and shrinkage are ascending through the increase of
nano-Al>Oz addition. Ezatpour et al. [80] concluded that the porosity percentage
escalates both by increasing the stirring time and the amount of nano-Al>.O3
additives. They used the same amount of additives and obtained the highest
percentage of porosity with 1.5% wt nano-Al.Oz as 4%. In current study, the
maximum porosity value was obtained with 1.5% wt as 3.5%. This could be a
consequence of the ultrasonic stirring as Babu et al. [81] explained that the surface
tension between additives and matrix material could be decreased by ultrasonic

stirring.

If the mechanical test results are examined as given in Figure 3.24, the group of
samples, which were reinforced with nano-Al>Oz, show higher results than the group
of samples that were reinforced with micro-Al0s. When each addition group is
compared in itself, it is seen that the addition of 0.5%wt nano-Al.Oz displays the
highest UTS and elongation values. One of the reasons for this is the agglomeration
due to the increased amount of reinforcement and the distribution of reinforcements
to the internal structure. Another effect may also have considered to be percentage of
porosity. When the hardness measurement results are analyzed, the results decrease
by increasing the amount of nano-Al.Oz. The highest value was measured in the
addition of 0.5% wt of nano-Al.Oz as 87,7 BH. When the samples with micro-Al.O3
reinforcement are examined, hardness test results are nearly the same. When these
values are taken into consideration, samples which are reinforced with nano-Al.O3

addition, meet all requirements of car manufacturers.

Figure 3.24 also demonstrates the Charpy impact test results; as for micro-Al,Os
addition, test results ascended through increasing the amount of additives, but the
results for nano-Al>Os were observed to be the opposite. Although the outcomes
decreased by increasing the amount of nano-Al2Os3, the maximum test result was
obtained with 0.5%wt nano-Al,O3 additive. Porosity content was also significant on
these results. By virtue of porosity content, inhomogeneous stress distribution ensue

around pores and this incline lead to damage of composite material [77;78].
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Figure 3.24 : Mechanical test results of samples reinforced with micro and nano
Al>O:s.

3.2.2.3 The evaluation effect of nano-Al203 and graphene reinforcements

The microstructure and macrostructure images of all composite samples that are
reinforced with mano-Al>Os and graphene are shown in Figure 3.25, Figure 3.26,
respectively. However, the grain size and secondary dendirit arm spacing (SDAS)
measurements are given in Table 3.9 and Table 3.10, respectively.

The reference sample appears to have large porosities. This is also a reason for
obtaining low values, especially in mechanical test results. Figure 3.25 and Figure
3.27 demonstrate that the coarse aluminum dendrites are getting finer by increasing
the amount of nano-Al,Os reinforcement, yet the same condition could not be said
for graphene. Although there is a reduction of dendrites in microstructural images,
there is no significant improvement. Considering the outcome of SDAS measurement
in Table 3.9, it is easily seen that the results are close to each other. This also means
that there is no mold-based effect in cooling process. Therefore, it can be concluded
that the mechanical test results are directly related to the internal structure of the
produced composite. In Figure 3.26, it is observed that there is an increase of
porosity and shrinkage in the interior structure with addition of nano-Al2Os. This also
proves the results of the calculated porosity given in Figure 3.28. Moreover, similar
situation is valid for graphene and it is understood from Table 3.9, there is no regular
change of particle size analysis by increasing the amount of graphene. For nano-
Al,O3 samples, the grain size ascended through increasing the amount of additive.
This may be due to the occurrence of agglomeration in the added particles. The
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lowest grain sizes of samples with nano-Al>Os and graphene were obtained with the

amounts of 0.5%wt and 0.075%wt, respectively.

ERTEYETEN

%M G£0°0 —duaydesd

%M ST°0 —duaydesd

%"IM §7'0 —duaydesd

ERIEYEIEN]

%W §°0 — €0Z|V oueu

%"

M 0'T - 02|V oueu

%W S°T — €07|v oueu

Figure 3.25 : Microstructure of samples reinforced with nano Al>Os and graphene.
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Figure 3.26 : Macrostructure of samples reinforced with nano Al>Oz and graphene.

Table 3.9 : SDAS measurement of samples reinforced with nano Al>Oz and

graphene (um).
Samples SDAS measurement (um)
Reference 51.4+104
nano-Al,Os3 0.5 322+6.5
(Wt.%) 1.0 33.8+6.1
1.5 324+6.2
0.075 38.8+7.7
Graphene (W.%) ™0 15 33.1+62
0.25 346+5.6

Table 3.10 : Grain size measurement of samples reinforced with nano Al>Os and
graphene (um).

Samples Grain size measurement (um)
Reference 1093 £ 178
nano-Al,0s 0.5 755.5+53
(Wt.%) 1 781.7 + 131

1.5 887.3+219
Graphene 0.075 948.4 + 195
(Wt.%) 0.15 2226.14 + 609

0.25 1925.9 £ 429
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When the mechanical test results are examined as given in Figure 3.27, the addition
of nano-Al;Oz displays higher results than the samples with graphene. The most
important reason for this is the particle size of reinforcement materials. Suthar et al.
[82] declared that agglomeration could be seen with small particle sizes due to the
fact that they have more surface area. When each addition group is compared in
itself, the addition of 0.5%wt nano-Al2O3 shows the best UTS and elongation values.
One of the reasons for this is the agglomeration due to the increased amount of
reinforcement and the distribution of reinforcements in the internal structure.

Another effect may also have considered to be percentage of porosity.

n-Al203-0,5% n-Al203-1% n-Al203-1,5% Graphene-0,075%

HQl(MPa) MYS(MPa) MUTS(MPa) MElongation (%) ®HB ®Charpy(J)

Figure 3.27 : Mechanical test results of samples reinforced with nano Al>Oz and
graphene.

When the percentage of porosity, given in Figure 3.28, is examined, porosity
ascended through increasing the amount of nano-Al.Oz. If samples with graphene is
considered, the best test results were obtained with the amount of 0.25%wt. It could
be said that percentage of porosity values are effective. The amount of porosity
decreases by increasing the amount of graphene addition. The porosity values depend
not only on the amount of additives, but also on the type and duration of applied
stirring processes during additions. Oztop et al. [76] elucidated that percentage of
porosity escalates by increasing the amount of graphene reinforcement while using
mechanical stirring system. However, they used only mechanical stirrer during the
stirring process and carried out the process for a total of 6 minutes. Hashim et al. [64]
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and Su et al. [83] reported that the porosity was formed by the ingress of gases.
Therefore, the escalation in the mechanical stirring cycle and duration increases the
amount of porosity due to the inlet of air into melt. In this study, percentages of
porosity values were obtained as a result of graphene additions are lower than the
results of Oztop et al. [76] study. The biggest reason of this is that dissolved gases in
the molten metal are floated to the surface of melt by applying ultrasonic vibration.
Considering the QI calculated, the results of the group with nano-Al,Oz additives
were higher than the group with graphene additives. Increasing the amount of nano-
Al>O3 leads to a decrease in the QI. For samples with graphene, it is seen that the
highest result was attained with the highest amount of reinforcement. When the
hardness test results are analyzed, it is observed that the results decrease by
increasing the amount of nano-Al>Os. The highest value was measured as 87,7 BH
with the addition of 0.5% wt to nano-Al2Os. On the other hand, hardness test results
of the samples with graphene escalated by increasing the amount of additives. The
highest value was measured as 85.12 BH with the addition of 0.25% wt of graphene.

Percentage of porosity which is calculated by using aforementioned equetions are

displayed in Figure 3.28.

Reference n-Al203-0.5% n-Al203-1.0% n-Al203-1.5% grafen-0.075% grafen-0.15% grafen-0.25%

Sample

Figure 3.28 : Percentage of porosity.

Ezatpour et al. [80] declared that porosity percentage escalates not only by increasing
the stirring time but also by the amount of nano-Al2Oz reinforcement. They added
the same amount of nano-Al>Os and get the highest percentage of porosity, as nearly
4%, with 1,5% wt addition of nano-Al2Os. In current study, maximum percentage of
porosity was obtained with the amount of 1,5%wt addition as 3,47%. It could be
thought that this result was attained due to the ultrasonic stirring, added mechanical
stirring. Babu et al. [81] elucidated that cavitation bubbles formed by ultrasonic
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stirring decrease the surface tension between reinforcement and matrix material, and

improve the wettability. This could be the reason of attaining lower porosity values

than the literature.

3.2.3 Conclusions of the whole evaluation studies

With the help of using mechanical test results and metallographic investigations,

comparative types of reinforcements were evaluated as follows;

>

Aluminum metal matrix composite with SiC particles have higher mechanical
properties than the ones with Al,O3 particles,

Aluminum composite with 1 wt. % SiC has the lowest porosity and as a result
the highest mechanical properties were obtained.

Aluminum metal matrix composite with nano-Al,Oz particles have higher
mechanical properties than the ones with micro-Al,Os3 particles,

Aluminum composite with 0.5 wt. % nano-Al>O3 has the lowest porosity and
as a result the highest mechanical properties were attained.

The maximum impact test result was also obtained from the one which was
reinforced with 0.5% nano-Al,O3 additive.

Aluminum metal matrix composite with nano-Al>Oz particles have higher
mechanical properties than the ones with graphene particles.

Aluminum composite with 0.5 wt. % nano-Al>O3 has the lowest porosity and
as a result the highest mechanical properties were attained.

The increase in addition of nano-Al.O3 decreases the QI result, contrary to
this, the result of QI escalates by increasing the graphene.
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3.3 The Effect Of Hot Isostatic Press On Mechanical Properties Of Aluminum
Metal Matrix Composites

Composite material can be produced by different producing methods as given in
Chapter 3.1. Stir casting method is generally used for synthesis of discontinuous
aluminum matrix composites owing to its flexibility, budgetary and simplicity
[37;64;84]. Although this method has positive properties, it has also negative aspects
due to its nature. The most important negative aspect of this method is porosity
because mechanical properties of final products are strongly connected with the
microstructure and defects of castings [85]. There are two main reasons of porosity
formation. One of them is shrinkage due to the lack of liquid metal to feed, the other
one is gas evolution as a consequence of decreasing the solubility of hydrogen during
solidification [86;87].

Hot isostatic press (HIP) method that involves both a high pressure gas application
and an elevated temperature simultaneously can be used to eliminate porosity
[88;89]. In literature, it can be seen in several studies of HIP application for

producing composite materials.

Mostafavi Kashani et al. [90] investigated the effect of HIP on the mechanical
properties of A356 cast alloy. They produced cast bar and applied heat treatment
process (homogenized at 540°C for 2 hours and rapid cooling, then age hardened at
180°C for 4 hours). Later they addressed HIP process with a pressure of 104 MPa at
500°C for 2 hours. They obtained the results while comparing all samples as cast, age
hardened and HIPed. They concluded that UTS and Y'S did not change significantly,
but elongation was increased as 16% when applying HIP method. They clarified that
the increase of elongation was due to the reducing of porosity from 2-8% to 0-4%.
Ceschini et al. [91] studied on to determine the effect of HIP on the fatigue resistance
of sand cast both with A356 and A204 aluminum alloys. They produced samples in
two different conditions. One of them was that they generated samples in sand-cast
method then T6 heat treatment was applied. On the other one, they produced samples
in sand-cast method, later HIP process was applied before T6 heat treatment. They
addressed the HIP method with pressure of 100 MPa at 520°C for 2 hours. They
concluded that fatigue resistance could be increased by applying HIP method as 40%
for A356 and 70% to A204 aluminum alloys. Ran et al. [92] researched the effect of
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HIP method on the microstructure and mechanical properties of unmodified A356-
T6 alloy which was produced by sand cast method. T6 heat treatment was applied to
all samples, thereafter HIP method was addressed to half of samples at 520 °C, 100
MPa for 2 hours. They came into the conclusion that percentage of porosity was
decreased by applying HIP. However, they declared that both Mg2Si precipitate sizes
were decreased and sub-grain boundaries were formed by using HIP method. Yet
researchers in general have not given the cooling conditions of the HIPed samples.
Aybarc et al. [93] investigated the effect of HIP on metallurgical and mechanical
properties of A356 alloy. They applied HIP method with pressure of 100 MPa at
510°C for 2 hours and cooling condition as 50°C/minute. They addressed HIP to the
samples taken from the determined steps of wheel production (as cast, before heat
treatment, after heat treatment, between heat treatment and paint application) in order
to determine the most appropriate step of HIP usage in wheel production. The
maximum UTS and YS were obtained when applying HIP + heat treatment as 212
MPa and 74 MPa, respectively. Lee et al. [94] researched the effect of hot isostatic
pressing on fatigue properties of A356 aluminum alloy. HIP method was practiced
under a pressure of 103 MPa at 516°C for 2 hours. Later T6 heat treatment was
applied. They generated the samples with and without degassing by applying tensile
test and high-cycle fatigue test to samples and concluded that HIP process improved
the YS, UTS, elongation and the fatigue strength at 10" cycles. However, they
declared that the volume fraction of pores considerably reduced, especially by
degassing usage. Zulfia et al. [89] produced samples by practicing A357 aluminum
alloy with and without 15 vol % SiC and by using stir casting; and applied HIP
process with four different conditions which were named as HIP1 at 575°C/103
MPa/2 h, HIP2 at 575°C/103 MPa/2 h, HIP3 at 565°C/103 MPa/15 min followed by
535°C/103 MPa/2 h and HIP4 at 570°C/103MPa/40 min followed by 535°C/103
MPa/2 h. They concluded that the minimum porosity was attained while using the
condition of HIP3. Thereupon, they also investigated the effect of heat treatment
under T6 conditions. They produced samples as unreinforced and reinforced with 15
vol% SiC with different conditions as cast, cast + T6, HIPed1, HIPed1+ T6, HIPed 3
and HIPed3 + T6. They practiced four point bend tests on them and summarized that
the test results improved the bending properties (yield strength, bending moment and
the bend nominal strength) by around 10-30% [88, 89].
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3.3.1 Experimental procedure

The composite samples were produced as detailedly given in previous chapter.
Reinforcements were chosen as 0.1 wt% SiC, 0.5 wt.% nano-Al.Oz and 0.25 wt.%
graphenes by virtue of giving the maximum mechanical properties than the others.
After the samples were generated, HIP method was also applied to all of them.
Thereafter HIP method was practiced, T6 heat treatment was applied to all samples,
thereupon they were machined to obtain the mechanical tests as in standards given
the previous chapter.

3.3.2 Results and discussions

The macrostructure images and grain size measurements are given in Figure 3.29 and
Table 3.11, respectively.

T6 Heat Treatment HIP + T6 Heat Treatment

SiC-1.0 wt.%

nano Al203 - 0.5 wt.%

graphene - 0.25 wt.%

o b S S 8 = 500 um ]

Figure 3.29 : Macrostructure of samples with and without HIP process.
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Table 3.11 : Macro grain size measurements of samples applied and unapplied HIP

process (um).

Reinforcement un-HIPed HIPed
SiIC—1.wt. % 593 £ 52 95+ 24
nano-Al>Os — 0.5 wt. % 756 + 53 95 +22
Graphene — 0.25 wt. % 1925.9 + 429 142 +37

Some researchers declared in their papers that HIP method has an insignificant effect
on grain size value [91]. The reason of this can be explained as researchers practiced
HIP process, but after it was finished they did not apply any cooling process. They
generally waited the temperature to go down to room temperature. But in this study,
the cooling step was also applied as 50°C per minute and it can be clearly seen from
Table 3.11 that after HIP method was practiced, microstructure of all samples were
getting finer. The similar results were also obtained by Ammar et al. [86] who
measured the average grain size of A356 before and after they were HIPed as 1182
um and 316 um, respectively. Moreover, Dedyaeva et al. [95] applied the cooling
step in their research and they declared that the synthesis conditions lead to
multinuclei crystallization.

The microstructure images and SDAS measurements are given in Figure 3.30 and

Table 3.12, respectively.
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Figure 3.30 : Microstructure of samples with and without HIP process.

Table 3.12 : SDAS measurements of samples applied and unapplied HIP process

(um).

Reinforcement un-HIPed HIiPed
SiC—-1.wt. % 38+ 8 32+6
nano-Al;0s — 0.5 wt. % 32+7 33+7
Graphene — 0.25 wt. % 35+ 6 35+9

If SDAS measurements are taken into consideration, it can be seen that the

measurements decrease after HIP process is practiced; yet this decrease is not at a
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considerable extent. Ran et al. [92] also proved that SDAS is little affected by the
HIP process.

The mechanical test results of samples with and without applied HIP are given in
Figure 3.31. According to this figure, the mechanical properties of all samples
increased when HIP process was practiced. If composite samples which were
produced with the same reinforcement are taken into consideration, YS, UTS and
elongation values of sample that was reinforced with SiC would increase as 7.1%,
7.5% and 1.6, respectively following HIP process practice. Similarly, with the
addition of nano-Al203, YS, UTS and elongation values would increase as 11.3%,
16.2%, 80.9% after practicing HIP process, respectively. The results of YS, UTS and
elongation values of samples, which were obtained with graphene reinforcements,

increased as 11.5%, 17.8 and 104.3 after applying HIP process, respectively.
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Figure 3.31 : Mechanical test results of samples with HIPed and un-HIPed.

If all sample groups were considered at the same time, the samples, which were
reinforced with n- Al2Os, would have shown the maximum mechanical test results.
Additionally, if the calculated QI, that explained in the previous chapter in detail,
was taken into account, it could be seen that samples, that were reinforced with nano-
Al>03, showed the maximum result. It can be said that these results cause by the

porosity percentages of the samples.

After HIP process was practiced, the surface of a sample is displayed in Figure 3.32.
Many hollows can be seen on the surface that appeared due to the presence of
porosity in the internal structure. Applying the condition of HIP at a high
temperature and pressure creates a high press on the surface of samples leading
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porosity to close while a hollow is occurring on the surface. Figure 3.29 and Figure
3.33 display the macrostructure of whole samples before and after HIP application.

Porosity decreases after HIP application and this figure is the proof of the result.

Figure 3.32 : The surface of a sample after HIP process.

T6 Heat Treatment HIP + T6 Heat Treatment

SiC-1.0 wt.%

nano Al203-0.5 wt.%

zEISS

\\\\\

graphene —0.25 wt.%

ZEISS

ey

Figure 3.33 : SEM images of samples before and after HIP process.

In these figures, it is easy to say that HIP process decreases the porosity content in
the samples. The percentage of porosity was determined by using the formula given
in the previous chapters. The alteration of mechanical test results of all samples with
and without HIP processes are given in Figure 3.34, Figure 3.35 and Figure 3.36.
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Figure 3.34 : The variation of YS versus porosity content.
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Figure 3.35 : The variation of UTS versus porosity content.
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Figure 3.36 : The variation of elongation versus porosity content.

When YS, UTS and elongation values of porosity are examined, it is seen that
mechanical properties increase by decreasing porosity during HIP process. These

results were also explained in the literature, especially for elongation [90]; and
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besides Li et al. [96] summarized that yield strength was improved up to 20% by
applying HIP process.

When comparing the mechanical properties and porosity content obtained from the
samples that are produced by using the same reinforcement before and after HIP
process, YS values of the samples which are reinforced with SiC, nano-Al>O3 and
graphene increase as 7.1%, 11.3% and 11.5%; UTS values escalates as 7.5%, 16.2%
and 17.8% and elongation values expand as 1.6%, 80.9% and 104.3%, respectively.
The samples which were reinforced with graphene showed the maximum
improvement on mechanical properties. The reason of this was high porosity content
before HIP process was applied. Hence, they showed the minimum mechanical test
results. Posterior to the decrease in porosity content, the maximum variation of
mechanical properties was obtained since porosity content was at vital importance on
mechanical properties of a material, especially in service conditions. This
phenomenon has been also clarified by many researchers in the previous
investigations [87;97-99]. When taking all results into consideration, the maximum
mechanical test results are attained with 0.5 wt% nano-Al>Oz addition by applying

HIP process. Figure 3.37 illustrates the QI calculations.
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Figure 3.37 : The variaiton of QI versus porosity content.

In this figure it can be seen that the QI values of all samples have increased. The
escalation in SiC reinforced samples was relatively low compared to the ones
obtained from other additives. The maximum QI value is acquired with 0.5 wt% n-
Al>O3 additions.
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3.3.3 Conclusions

In this chapter A356 aluminum alloy was used as a matrix material and three
different reinforcements were used as reinforcement materials with 1.0 wt% SiC, 0.5
wt% nano-Al,Oz and 0.25 wt% graphene. T6 heat treatment was applied to whole
samples after HIP process. Tensile tests were addressed to all samples. The obtained
results are summarized as follows;
» The porosity contents of all samples decreased by the help of using HIP
process,
» The mechanical test results increased as a consequence of decreasing porosity
contents,
» The samples reinforced with graphene showed the maximum alteration of
mechanical increases.
» The maximum mechanical test results were obtained with the addition of
nano-Alz0s.

» The maximum QI value was calculated with the addition of nano-Al.O:s.
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4. CONCLUSION AND FUTURE WORK

This thesis was investigated under three headings. One of them was the
determination of the stirring type and mold design, the other one was using different
reinforcement materials to improve the aluminum matrix composites and the latter
one is the effect of hot isostatic press on mechanical and metallographical properties

of aluminum metal matrix composites.

In the first part, investigations about aluminum metal matrix composites within
literature are discussed in detail. Furthermore, reinforcement materials to be used are

determined as SiC, micron size Al,O3, nano size Al2Oz and graphene.

In the second part, three different stirring methods including mechanical, ultrasonic
vibration and mechanical assisted ultrasonic vibration (named as hybrid stirring), are
used to determine the appropriate stirring method with the help of both simulation
and laboratory casting studies. The simulation results show that the distributions of
reinforcement particles are, from higher to lower, as hybrid stirring, mechanical
stirring and ultrasonic vibration. These simulation results proved with the laboratory
casting studies. However, two different mold designs (bottom-fed and spoke mold)
are used to determine the appropriate one. The simulation analysis illustrates that the
spoke mold is more appropriate to produce aluminum metal matrix composite than
the bottom-fed mold. According to our simulation analysis and laboratory test
results, hybrid stirring method and spoke mold are determined to be the appropriate
stirring type and mold design to produce aluminum metal matrix composite with

particle reinforcement material.

In the third part, determined reinforcement materials are used in a different content.
SiC and Al>Os reinforcements are added as 0.5 wt%, 1.0 wt% and 1.5 wt%, graphene
reinforcements are added as 0.075 wt%, 0.15 wt% and 0.25%. SiC and micro size
Al;O3 reinforcements are used to ascertain the effect of different reinforcement

materials with the same average particle size. Micron size Al.Oz and nano size Al;O3
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are used to determine the affect of different particle size with the same reinforcement
material. Nano size Al.Oz and graphene are applied to figure out the effect of under
micron particle sizes of reinforcements with different reinforcement materials. In
comparison with the reference sample, samples which are reinforced with SiC show
the highest mechanical properties. There can be two factors. One of them is thermal
conductivity and the other one is coefficient of thermal expansion. As a result,
thermal conductivity of SiC is higher than the other reinforcements in which the
solidification velocity of composite samples are improved. Thus, the
metallographical examination illustrates a finer microstructure. However, on the
grounds that higher coefficient of thermal expansion of SiC reinforcement, the
mechanical properties of aluminum composite samples are improved. Additionally,
porosity content has vital importance on mechanical behaviour of material; and in all
laboratory casting studies it can be observed that SiC has minimum porosity content,

especially with 1 wt%.

The fourth part includes three different reinforcements which show higher QI results,
and that are produced one more time. In this part, hot isostatic press is used to
determine the reinforcement effect on mechanical properties if porosity does not
exist. On this wise, hot isostatic press process is applied to all samples before T6 heat
treatment process. Porosity content decreases significantly, especially for nano size
Al;O3 and graphene. Due to the decrease in porosity content, the mechanical
properties (especially elongation value) of composite samples have increased.
According to the QI calculated from mechanical test results, samples which have

been reinforced with nano Al2O3 show the highest results as 422 MPa.

Finally, I note that the producing system, including hybrid stirring and spoke mold, is
the most appropriate one to produce aluminum metal matrix composite with particle
reinforcements. Additionally, when 1 wt% SiC reinforcement is used, the higher
mechanical properties can be obtained. On the other hand, hot isostatic press method
can be applied with 0.5 wt% nano size AlOz. For future work, a different coating
material over the one on reinforcement may be also studied in order to determine the

effect of coating on mechanical properties of aluminum composite materials.
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