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1- Introduction

The demand for cost reduction in the area of transportation
like automotive or aerospace applications calls for
decrease in fuel consumption which in turn can be
achieved by weight reduction. In this regards aluminium
and its alloys have been the primary candidate for the
structural parts owing to their low density, high strength
and ductility. In particular the newly designed and
developed AA 7000 alloy series are mainly used for high
strength applications due to their important properties like
age treatable, high formability, good welding properties
and energy absorption. Examples of this series include
bumper beams, chassis parts, crash boxes for light weight
cars, and fuselage and upper wing structure for commercial
aircrafts. The properties of these alloys can be further
improved by adopting new processing techniques, usage
of grain refiners, proper heat treatment and inclusion of
micron or nano-sized reinforcements. Super high strength
aluminum alloys have been extensively studied after
mechanical deformation for several decades, but little
attention has been made on the alloy in as-cast condition
and semi-solid state. As-cast structures of the mentioned
alloys have a significant influence on their mechanical
properties and the quality of finished products. The
structure of such materials can be controlled by some
important factors such as: changing the composition,
adding grain refining agents, minimizing inclusions and
applying thermomechanical treatments. In this paper we
report the development of GNPs reinforced Al-8Zn-3Mg-
2.5Cu matrix nanocomposites. Here the Al-8Zn-3Mg-
2.5Cu alloy is chosen as a matrix material because of its
high hardness and ultimate tensile strength. In addition, it
is a heat treatable alloy and light weight material compared
to that of brass, copper and steel. The Al-8Zn-3Mg-2.5Cu-
SiCnp nanocomposites were synthesized by a combination
of powder metallurgy and stir casting with ultrasonic
waves. The Al-8Zn-3Mg-2.5Cu with and without SiC
nano-particles were subjected to mechanical and wear
testing to evaluate the hardness and wear resistance.

2- Experimental

The chemical composition of the Al-8Zn-3Mg-2.5Cu
aluminum alloy used as matrix material in this. The Al-
8Zn-3Mg-2.5Cu aluminium alloy ingots cut into various
small pieces and then placed into a graphite crucible. The
graphite crucible was placed in an electrical resistance.
Melting of aluminum alloy was done by heating it to a
temperature of ~ 750 ° C. Then, stirring of Al-8Zn-3Mg-
2.5Cu alloy melt was accomplished for 10-15 min with the
help of a mechanical stirrer (500 rpm) and applying
ultrasonic waves (2000w) for 60 s to homogenize the
uniform temperature throughout the melt followed by
addition of pre-heated aluminum powder and SiC np with
different wt.% in the metal melt. Nanocomposite
specimens have been prepared with the addition of 1, 2, 3
and 5 wt.% SiC np. After successful addition of SiC np and
uniform mixing, the composite melt was poured into a
permanent mold designed and fabricated according to
ASTM B557M-10 standard. For microstructural studies,
optical microscope and SEM equipped with an energy
dispersive X-ray analysis (EDX) have been used. The cut
nanocomposite sections were polished using SiC based
abrasive papers and then etched by Keller’s reagent.
Hardness test was carried out according to ASTM E10
standard to check resistance of nanocomposite towards the
plastic deformation. Dry sliding wear tests were conducted
in accordance with ASTM G99 standard using a pin-on-
disc set up at room temperature.

3- Results and Discussion

The initial preform of AI-SiC np nanocomposite was
prepared by mechanical alloying and powder metallurgy
technique. After 2 h of milling, the particle size of
aluminum powder decreased by milling process, which
will have better dissolution and lower agglomeration
during stir casting. Fig. 1 shows the SEM micrographs of
morphology and size of flake shaped Al-SiC
nanocomposite powders after 2 h of milling.

From Fig. 2, it is noticeable that addition of SiC np and
ultrasonication processes assisted stir casting increases the
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number of grain boundaries and therefore promotes a more
homogeneous distribution of intermetallic precipitates.
The optimum content of SiC np that can be used to
reinforce Al-8Zn-3Mg-2.5Cu matrix is 3 wt.%.

The wear results for Al-8Zn-3Mg-2.5Cu alloy and
nanocomposite with and without T6 heat treatment is
shown in Fig. 3 and 4. The amounts of weight loss against
sliding distance for all the samples are plotted. This plot
was obtained at constant normal loads (20 N) with a
constant rotation speed of the counter disk of 250 rpm.
Adding of SiC np, T6 heat treatment make decreases in
weight loss compared to that of unreinforced aluminum
alloy. It observed that the amount of weight loss has
increased by increase in sliding distance showing a linear
trend.  Comparison  between unreinforced and
nanocomposite samples before and after T6 heat treatment
shows that the addition of SiC np to Al-8Zn-3Mg-2.5Cu
matrix has reduced the weight loss in comparison with
unreinforced Al-8Zn-3Mg-2.5Cu alloy. The decrease in
weight loss is mainly attributed to uniform distribution and
strong interfacial bonding of SiCnp with Al-8Zn-3Mg-
2.5Cu matrix.

SEMHV: 150KV
SEM MAG: 1000 x

SEMHV: 150KV WD:433mm L
SEMMAG:200kx  Det: InBesmSE 200 nm
View field: 1.04 pm _Date(midy): 07131116

Fig. 1. Image of Al-30SiCnp composite powder after 2 hours
of high energy milling.

Datectar 103 pm tBOEDetactor 1000,
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Fig. 2. SEM back-scattered images, showing the
microstructures of the AIAI-8Zn-3Mg-2.5Cu alloy with: (a)
As cast, (b) 1 wt.%, (c) 3 wt.% and (d) 5 wt.% SiC

nanoparticles.
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Fig. 3- The amount of weight loss of nanocomposite samples
containing different percentages of SiC nanoparticles before
and after applying T6 under 20 N.

0

~ T = u
Fig. 4- SEM images of wear surfaces of nanocomposite
reinforced with 3% by weight of SiC nanoparticles under a
force of 20 N, a) before T6 heat treatment, b and c) after T6
heat treatment.

4- Conclusions

1- Stir casting method with ultrasonic waves is very
effective for improvement of the mechanical properties
of Al-8Zn-3Mg-2.5Cu aluminum alloy matrix SiC np
reinforced composites and achieves uniform
distribution of SiC np in the aluminum matrix.

2- The optimum amount of nanoparticles is 3 wt.% SiC.

3- When the wt.% of SiC np reaches more than 3 wt.%;
agglomeration of SiC np at the grain boundaries causes
embrittlement, porosities, less interfacial bonding and
so decrease in mechanical properties.

4- The SEM investigation of the worn surfaces had shown
that abrasive wear was the main wear mechanism in
these composites.
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Investigation of the Microstructure and Mechanical Properties of Cast Al-8Zn-3Mg-2.5Cu
Nanocomposite Reinforced with SiC Nanoparticles after age Hardening Heat Treatment

Mohammad Alipour

Abstract In this study, microstructure and wear properties of Al-8Zn-3Mg-2.5Cu nanocomposite reinforced with 1, 2,
3 and 5 wt.% SiC nanoparticles (SiCnp) produced by stir casting and ultrasonic treatment have been investigated.
Ultrasound device equipped with a cooling system with 2000 W powers was used for mixing alloy and nanoparticles.
Also scanning electron microscopy was used for microstructure studies. The microstructure of nanocomposite was
investigated by scanning electron microscope.The microstructural studies of the nanocomposite revealed that SiCnp
addition reduces the grain size, but adding higher SiCnp content (5 wt.%) does not change the grain size considerably.
Further investigations on hardness revealed that the addition of SiCnp increases hardness and wear resistance. At higher
SiCnp contents (5 wt.%), the presence of SiCnp agglomerate on grain boundaries was found that causes decrease the
hardness and wear resistance. The optimum amount of nanoparticles before and after heat treatment is 3 wt.% SiCnp
that nanocomposite exhibits best wear resistance.

Keywords Casting nanocomposite, SiC nanoparticles, Stir casting, Ultrasonic treatment.
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1- Introduction

Using the high temperature of self-progressive combustion
synthesis method, especially for aluminothermic systems,
is a new approach for making all kinds of intermetallic
compounds, ceramics and composites with high melting
point and hardness. In this process, due to the self-
progressive and exothermic reactions between the
components in the initial mixture in liquid state, the matrix
metal and reinforcing phases are in situ formed. So that,
the phase oxides are placed in the surface layer and a large
amount of impurities evaporate resulting a two layer
composite with high purity. By combining the mechanical
activation and combustion synthesis processes, the
chemical reaction takes place at a lower temperature and
at a higher speed reaching a composite with nanostructure.
In this work, to investigate the possibility of formation of
intermetallic compounds such as aluminide, silicide and
chromide, the AI-Cr,03-Si, Al-Fe;0s-Cr,03-NiO, Al-
Fe203; and Al-Cr,03, Al-Fe203-Cr,03 systems, two cases
of stoichiometry and excess aluminum content were
considered and the synthesis process was studied by
thermal analysis and phase composition (X-ray
diffraction) investigations.

2- Experimental method

The percentage composition of the powder mixtures used
in different stages of the research, calculated based on the
stoichiometric coefficients of their respective reactions,
which is given in Table 1. In order to homogenize and
activate mechanically the powder mixture samples, they
subjected to the grinding process in a planetary grinding
machine (Nanoshot PBM 210 model, teflon chamber with
a volume of 300 cm?, weight ratio of alumina balls to
powder equal to 5, argon gas atmosphere, planet rotation
speed of 80 rpm, and chamber rotation speed of 380 rpm)
for 150 minutes. All the samples subjected to differential
thermal analysis using the DTA-TG device, STA 504,
BAHR, Germany, under argon atmosphere with a heating

rate of 10 °C/min. Phase composition of samples were
analyzed using X-ray diffractometer, X'Pert PRO MPD,
Cu-Ka with a wavelength of 1.5406 angstroms,
accelerating voltage of 40 kV and current intensity of 30
mA, scanning step time of 2 seconds and scanning step
size of 0.02 degrees. By using X'Pert High Score software,
the types of phases in the diffraction pattern have been
identified.

Table 1 Chemical composition (weight percent) of the
powder mixture samples studied in the thermal analysis
process

sample | Al Fe,03 | Cr,0; | NiO | Si Fe | Re.
S1 40 60 - - - - 1
S2 - 65 - - - 2
34.7
+
7
S3 25 - 55 - 20 - 3
S4 16.5 154 19 7.2 - 41.9 4
+
3.3
S5 - 68 - 32 - - 5

1- 4Al+Fe203 — Al2Os+2FeAl
2- 3Al +Cr203 + XAl— Al2Os+ Cr2Al +xAl
3- 5AI+2Cr203+4Si — 2Al203+Cr2Al+2CrSiz
4- 1.05Fe+0.135Fe203+0.175Cr203+0.135NiO+ 0.71Al —»
1.275Fe+ 0.35Cr +0.135Ni+0.355Al203
5-Fe203 + NiO — NiFe204

3. Results and discussion

According to Fig. 1, for the aluminum-iron oxide system,
two endothermic peaks are observed at 100°C and 665°C,
which are related to moisture evaporation and aluminum
melting processes, respectively. By melting aluminum, the
aluminothermic self-ignition reaction is intensified, besides
iron reduction and aluminum oxide formation increasing the
slope of the DTA curve. According to the X-ray diffraction
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results in Fig. 2, the presence of an exothermic peak at
897°C can be related to the alumino-thermic reaction and
formation of alumina and FeAl intermetallic compound.

0 897 °C

15 828°C _

10 Y

DTA ()

0 200 400 600 800 1000 1200
Temperature (°C)

Fig. 1- Thermal analysis curve for sample S1

v =410,
. ® =AlFe

*=Fe;04

xX=Al

Fig. 2- X-ray diffraction pattern for sample S1 after thermal
analysis.

According to the results of thermal analysis and X-ray
diffraction, for the aluminum-chromium oxide system, the
temperature of combustion peak is 942 °C and the main
phases of aluminum oxide and chromium and some
dechrome aluminide are formed as secondary phases. For
the combustion system of aluminum, silicon and
chromium oxide, the results of X-ray diffraction showed
the formation of chromium silicides, but chromium
aluminides are not observed, which indicates the higher
stability of chromium silicide than chromium aluminide.

5Cr + 3Si — CrsSiz  AG = -202 Kj/mol )]

5Cr + 8Al - CrsAlg  AG = -182 Kj/mol 2

According to the thermal analysis results for this
system, the combustion peak of aluminothermic occurs at
the temperature of 1200 °C. Chromium silicides, CrsSiz
and CrSi, are formed at temperatures of 1326 and 1404°C
respectively. The formation of chromium silicate phase in
this system can be the result of silico-thermic reaction and
the reduction of chromium oxide by silicon.

The results of thermal analysis for the system of
aluminum, iron oxide-chromium oxide and nickel oxide
(Fig. 3) showed three exothermic peaks at temperatures of
315, 864 and 1000°C, which according to the results of X-
ray diffraction (Fig. 4), are related to the formation of
AlisFes intermetallic composition, Al,Os; formation
through aluminothermic reaction and solid solution phase
formation with Feo7Cro.19Nio.11 chemical composition

e 860 °C
i 1000

A

INTAL av)
-

1509 *C

1] 200 A0 0 8K 10060 1200 1404} 1600 1400

Temperature (*C)

Fig. 3- Thermal analysis curve for sample S4.

v =410,
W =CroiFep7Nign
®=AlFey

e

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105
28

Fig. 4- X-ray diffraction pattern for sample S4 after thermal
analysis

The formation of iron aluminide compound can be due to
the presence of excess iron and aluminum in the primary
system, which strengthens the formation of this
compound. The endothermic peak at 1509 °C corresponds
to the melting of the metal phase of the solid solution
(close to stainless steel).

4. Conclusions

Adding aluminum in the primary aluminothermic mixture
in addition to the stoichiometric amount causes the
formation of intermetallic compounds of iron aluminide
and chromium aluminide as secondary phases in the
sample after thermal analysis. 2. With the presence of
silicon in the primary aluminothermic mixture, chromium
silicide compounds are formed instead of chromium
aluminide. 3- In the Al-Fe;03-Cr,03-NiO system, the
metal phase of stainless steel is formed with the
combination of Feg7Cro.19Nio.11 and Al,O3 ceramic phase.
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Thermal and Phase Analysis of Aluminothermic Self-Propagation Process
in Al-Fe203-Cr203-NiO System

Saed Soltani Mahdi Kalantar Mohmmad Reza Pahlavan Shamsi

Abstract The high temperature self-progressive combustion synthesis method, especially for aluminothermic systems,
is a new method for making all kinds of intermetallic compounds, ceramics and composites with high melting point and
hardness. In this study, first the homogenized powder mixtures in the desired ratio in alumino-thermic systems of Al-
Fe20s, Al-Cr20s, Al-Cr20s-Si, Al-Fe;03-Cr203-NiO and Fe;O3-NiO is subjected in differential thermal analysis process
and then, the phase composition (X-ray diffraction) of the thermal analyzed samples has been investigated. The
obtained results indicate the formation of intermetallic compounds of iron and chromium aluminide as secondary phases
with the presence of excess aluminum over the stoichiometric values in the thermally analyzed samples. In addition,
with the presence of silicon in the aluminothermic mixtures, chromium silicide compounds are formed instead of
chromium aluminide. For the Al-Fe;Os3-Cr,03-NiO system, the metallic phase of stainless steel with a ratio of
Feo.7Cro.19Nio.11 and the ceramic phase of Al,Os.are formed. For the Fe,Os- NiO system, only nickel ferrite is formed.

Key words: Self-combustion synthesis process, Alumino-thermic system of Al-Fe,O3-Cr,03-NiO, Thermal analysis,
Phase analysis
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1- Introduction

In metal-matrix composites, a wide range of metals and
alloys such as aluminum, titanium, magnesium, copper
and nickel are used, and in applications where weight is
not a critical parameter, alloys and metals such as iron,
nickel, copper, cobalt, silver and zinc are used as metallic
matrix. Among these, one of the most common metal-
matrix composites is aluminum-based composites and its
alloys. Reason for using aluminum alloys could be
summarized as low density, relatively low melting point,
high strength to weight ratio, good ductility and good
corrosion resistance (1).

Common reinforcement phase of aluminum alloys
includes carbides, nitrides, oxides, and some pure
materials such as graphite. The main parameters in
determining the effectiveness of the reinforcement phase
are as follows: the shape, size, distribution and connection
to the matrix are in the interface. In general, continuous
fiber reinforcements have a greater effect on improving the
mechanical properties than particle or short fiber
reinforcements (2,3).

The pressure used for diffusion metallizing is also one
of the parameters that strongly affects the final properties
of the composite. Using pressure to diffusion metallizing
is one way to overcome the problem of non-wettability in
aluminum-carbon composites while if the pressure used
for diffusion metallizing is low, the aluminum melt will
penetrate only between the main bundles of fibers and the
filaments within the bundles will not be impregnated by
the melt, which will cause defects and loss of composite
properties.

According to the above, the most important challenges
in the manufacturing of aluminum-matrix composite pipes
with ceramic continuous fiber are wetting of the fibers with
the melt and penetration of the melt into the fibers during
the squeeze casting process.

2- Experimental

A356 alloy is used as the aluminum composite matrix.
T300 carbon and E-glass fibers used as reinforcement.
Each bundle of fibers contains approximately 3000
filaments, the thickness of the braided fiber bundle is about
0.5 mm, and each filament has an average diameter of 7-8
pum. Table 1 shows the properties of the fibers used.

Table 1. Properties of the used carbon and glass fibers

Fibers T300 | E-glass
Properties
Tensile strength (GPa) | 3.5 2
Elastic modulus (GPa) | 230 76
Elongation (%) 1.5 4.7
Density (gr/cm®) 1.76 2.54

In order to prevent harmful reactions and also to resolving
the weakness of wettability between carbon fibers and the
matrix, nickel-phosphorus coating was applied on carbon
fibers by electroless method. The glass fibers were not
coated. Preheating the fibers has a significant effect on
their wettability and in addition, the use of fibers without
preheating causes rapid freezing of the melt on the surface
of the fibers and prevents the process of penetration of the
melt on the lower layers. The fiber preheating temperature
is 500 °C.

Two resistance furnaces were used to melt the alloy
and perform composite operations. These furnaces are
cylindrical with a maximum temperature capability of
1100 °C. In one of these furnaces, aluminum ingots were
melted, and in the other, the mold and preform were
preheated. After carbon fiber coating and heat treatment,
aluminum mandrel with a diameter of 4 cm was prepared.
Then, according to the percentage of final reinforcement
in the composite, the fibers were wrapped around the
mandrel and placed inside the mold. After preparing the
conditions, the casting process began. In order to prevent
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cold welding of the part to the mold and also to control the
temperature of the mold as one of the constant parameters
of the process, before casting each sample, pre-heating of
the mold, ramrod and fibers (so that the fibers are
embedded in the mold) were performed. An electric heater
equipped with a thermostat and precision thermocouple
was used for preheating. The preheating temperature of the
mold in aluminum squeeze casting is about 500 °C and it
was kept at this temperature for one hour so that the mold
and the preform of the fibers are at the same temperature.
Lubricant was used to prevent damage to the mold surface
due to contact with the melt and also to facilitate the exit
of parts. The A356 ingot was melted at 800 °C. As soon as
the preheating process of the mold and fibers was
completed, the aluminum melt was poured into the mold
and immediately the ramrod was placed in its place and the
required pressure was applied on the surface of the melt.
After 2 minutes, the pressure was removed from the mold
and after cooling the mold, the sample was removed. With
this method, one A356 alloy pipe, two composite pipes
reinforced with 30 wt.% of carbon fibers with nickel-
phosphorus coating and without coating and four
composite pipes reinforced with glass fibers in the
30,40,50,60 wt.% were produced.

The microstructure of the composites was determined
by X-ray diffraction (XRD, PW 1730, Philips) with Cu Ka
radiation (1.54060 A) and field emission scanning electron
microscopy (FESEM, TESCAN MIRA3) augmented with
energy-disperse spectroscopy (EDS). Thermal analysis
was accomplished through thermo gravimetric and
differential scanning calorimetry (TGeDSC) (STA504,
Jupiter, NETZSCH). The samples (approximately 6e10
mg) were heated to 800 °C at a heating rate of 10 K/min in
a high-purity argon atmosphere (40 mL/min). Dynamic
compressive tests were performed using compression test
(at the strain rate of 0.6 mm/min) and Split-Hopkinson
Pressure Bar (equipped with 14.5 mm diameter steel bar at
the strain rate of 10° s?) at least three samples were tested
repeatedly. In this study, the microstructure of the cast
samples and the failure sections of the samples were
examined by scanning electron microscopy made by Te-
scan. The density of the samples was measured by
Archimedes method according to ASTM B962 standard.
In order to investigate the mechanical properties of the cast
samples, three-point bending and Brinell hardness tests
were used. Three-point bending test was performed under
ASTM D790 standard. In the bending test, the bending
specimens are 4 mm thick and 6 mm wide. The movement
speed of the jaw is 1 mm/min and the distance between the
two fixture stands is 23 mm. Bending test was performed
with universal the device. The ring test was performed
under ASTM D2290 standard. In this test, the samples are
in the form of a ring with a width of 13 mm. Jaw movement
velocity is 3 mm/min. The ring test was performed with
universal device.

3-Results and Discussion

Figure 1 shows the SEM images of uncoated and coated
carbon fibers. The surface of the fibers is almost
completely covered by the elements nickel and
phosphorus, and the structure of the coating is an island,

which is one of the properties of the nickel-phosphorus
electroless process.

7

>

20pum

20pm

Fig.1 Scanning electron microscopy (SEM) images of the
surface of fibers a) without coating and b) with nickel-
phosphorus coating.

Fig. 2 shows the microstructure of uncoated and coated
carbon fiber reinforced composite pipe. Despite the
pressure during the casting process, the aluminum melt did
not penetrate into the uncoated carbon fiber due to the lack
of carbon fiber coating and therefore the inadequacy of the
wetting angle of the aluminum melt with the carbon fiber,
and only covers the surface of the carbon fiber (Fig 2-a).
Fig. 2-b shows the microstructure of a coated carbon fiber-
reinforced composite pipe in the longitudinal and
transverse sections. Aluminum melt is completely
penetrated between the carbon fibers by applying pressure
during the casting process.

The hardness of the cast pipes was calculated in Brinell
(Table 2). In pipes with glass fibers, with increasing the
weight percentage of fibers to 50%, the hardness of the
samples increased from 71 to 135 Brinell and then in pipe
with 60% by weight of glass fibers, due to compaction of
fibers and increased porosity in the microstructure, the
hardness of the casting tube has been reduced to 105
Brinell.

100pm 25um
Fig.2 SEM images of composite pipe reinforced with a)

uncoated carbon fiber and b) uncoated carbon fiber

Table 2. Hardness of cast pipes.

Sample code | Hardness (BHN)
Al 68
C30 83
G30 71
G40 116
G50 135
G60 105

Fig. 3 shows the results of the theoretical and experimental
bending modulus. As expected, the flexural modulus of a
carbon fiber-reinforced composite pipe is higher than other

pipes.
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Fig.3 theoretical and experimental flexural modulus
composite pipe reinforced with carbon and glass fibers.

The results of flexural strength of cast pipes are given
in Table 3. Reinforced composite pipe with 30 wt.% of
carbon fiber is 257.82 MPa and for composite pipe
reinforced with 30 wt.% of glass fiber is reported 334.47
MPa. This is due to the better wettability of the glass fibers,
the stronger adhesion strength, resulting in a strong
interface between the glass fiber and the aluminum matrix
and a weak interface between the carbon fiber and the
aluminum matrix.

Table 3. Flexural strength of cast pipes.

Pipes | bending strength (MPa)
Al 193.36

C30 257.82

G30 334.47

G40 340.82

G50 171.85

G60 79.31

Table 4 shows the tensile strength results under the ring
test. Tensile strength of carbon fiber reinforced composite
pipe with 314.46 MPa has the highest tensile strength. In
glass fiber-reinforced composite pipes, the tensile strength
decreases with increasing fiber weight percentage, so that
in 60 wt.% glass fiber-reinforced composite pipes, the
tensile strength reaches 50.75 MPa.

Table 4. Flexural strength of cast pipes.

Pipes | Tensile strength (MPa)
Al 180.47

C30 314.46

G30 257.22

G40 227.79

G50 121.82

G60 50.75

4- Conclusions
The most important results obtained in this research are as
follows:

e By applying nickel-phosphorus coating on
carbon fibers, the wettability of carbon fibers is
improved by the aluminum melt and causes the
aluminum melt to penetrate into the carbon fibers.

The hardness of composite pipes reinforced with
glass fibers, with increasing the weight
percentage of fibers to 60%, decreases 28% and
the hardness of 105 Brinell is achieved.

The flexural modulus of composite pipes
reinforced with glass fibers, with increasing
weight percentage of fibers, has decreased from
60.37 GPa to 12.98 GPa.

With increasing the weight percentage of glass
fibers of composite pipes, the flexural strength
has decreased from 340.82 MPa to 79.31 MPa.
The tensile strength under the nol ring test, with
increasing the weight percentage of fibers, has
decreased from 314.46 MPa to 50.75 MPa due to
the lack of proper penetration of aluminum melt.
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Investigation on Microstructure and Mechanical Behavior of Carbon and
Glass Reinforced Aluminum Composite Pipes

Ali Alizadeh Shahab Poloee Mohammad Reza Zahmatkesh Mehdi Abdollahi Azghan

Abstract In this research, for the fabrication of metal composites, A356 aluminum alloy serves as the matrix, and T300
carbon fiber and E-glass serve as reinforcements, in a squeeze casting process. Carbon fibers were first coated with a
layer of nickel-phosphorus using the electroless method. Then, aluminum alloy 356 pipe and composite pipes with 30
weight percent of carbon fibers and 30,40,50 and 60 weight percent of glass fibers were cast at 75 MPa and 500 °C. After
casting, the microstructure, and mechanical properties of composite samples were investigated. Nickel-phosphorus
coating on carbon fibers has a significant effect on the wettability of carbon fibers with aluminum melt and thus the
penetration of aluminum melt into carbon fibers. The hardness of composite pipes reached approximately 2 times that of
alloy pipe and the density decreased to 9.5% with increasing weight percent of fibers. The highest bending strength was
obtained at 340.82 MPa, which is related to the reinforced composite pipe with 40 weight percent of glass fibers. Tensile
strength was measured by the nol ring test, in which a composite tube with 30 weight percent of carbon fiber had the
highest tensile strength with a 76% increase over the alloy pipe. The predominant mechanism in the failure of carbon
fiber-reinforced composite pipe was fiber pull-out and in the failure of glass-fiber-reinforced composite pipes, the fibers
were cut.

Keywords Carbon fibers, Glass fibers, Nickel-phosphorus coating, Squeeze casting, Nol ring test
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1. Introduction

Silicon has a eutectic transformation with aluminum and
can reduce its melting temperature. On the other hand, due
to the production of the TisSis compound, it can be
effective in increasing the oxidation resistance of
compounds and composites containing titanium
aluminide. Therefore, in this research, by the addition of
different amounts of silicon to TiO, and Al raw materials,
it was tried to check whether silicon can help to form the
oxidation-resistant phase of TisSiz. Also, the current
research investigated that in what proportion of raw
materials and with what morphology this phase can be
created. The results showed that when silicon is added to
the system in small amounts, it not only has a positive
effect on the reactions but also prevents the formation of
titanium aluminide compounds. As its percentage
increases, it leads to the formation of the titanium
aluminide compounds and also leads to the formation of
the TisSis phase. This phase changes from a discrete
morphology to a continuous state while the percentage of
silicon increases more. By increasing the amount of
silicon, the TiSi, phase is formed, which is dispersed
throughout the sample with a string-like structure.

2. Experimental

In the first stage, thermodynamic studies were done with
the help of HSC Chemistry 5.11 software. To achieve this
goal, it was assumed that the molar ratio of 1:2 of titania
and aluminum is available in the raw materials and 0.01
of silicon is added to them in 21 steps. Equilibrium
compounds were calculated at 950°C.

In the following, for the practical investigation of the
effect of silicon on the reactions resulting from TiO; and
Al raw materials, molar ratios of 0.1, 0.28, 0.6, and 1 mol
of powdered silicon (<5 pum, >99%) to a mixture with a
ratio of 1 to 2 of aluminum and titania powder (<10 pm,
>98%) was added. The selection of the above molar ratios
was based on the silicon-aluminum binary diagram and
the ratio of aluminum in the mixture of raw materials.
Then, from the resulting mixture, the samples were

prepared in the form of a cylinder with a diameter of 1 cm
and under a pressure of 140613.916 kg/m?, and then the
obtained samples were heated at a temperature of 950°C
in an argon atmosphere. The heat treatment was
conducted for 5 hours.

3. Results and Discussion

Equilibrium compounds were investigated at 950°C
(Figure 1). As can be seen in this figure, it is expected that
titanium aluminide phases will be formed first, and then
TisSis, TiSi, and TiSi, phases will be formed by increasing
the amount of silicon.
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Figure 1: The equilibrium compositions of the titania,
aluminum, and silicon system at 950 °C.
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Figure 2: Electron microscope images for samples
containing molar ratios of 1 to 2 of TiO2 and Al to which
the molar ratio of @) 0, b) 0.1, ¢) 28/ 0, d) 0.6 and e) 1 of Si

were added and heated at 950°C for 5 hours.

Research has shown that among titanium aluminides,
TiAlz has the highest tendency to form due to having the
minimum standard Gibbs free energy. This issue is also
seen in the results obtained in the current research (Figure
2a). This figure shows the sample containing titania and
aluminum, which has been heated for 5 hours at 950°C.
As can be seen in this picture, due to the reaction of TiO;
and Al, TiAlz and Al,O3 phases have been formed. With
the addition of 0.1 silicon to the system, the amount of
TiAl; formation decreased drastically and it seems that 0.1
silicon hindered the progress of titanium aluminide
production reactions (Figure 2b). But with increasing the
amount of silicon, due to the availability of sufficient
silicon for aluminum, the need to penetrate at long
distances is excluded, and therefore, aluminum and
silicon dissolve faster, and by reducing the melting
temperature, it is possible to produce titanium aluminide

compounds (Figures 2c and 2d). As the amount of silicon
increases, first, the TisSiz phase (Figures 2c and 2d)
increases and as the amount of silicon continues to
increase, the TiSi, phase (Figure 2e) appears in the
structure. Also, in the beginning, the TisSiz phase is
formed in the form of islands (Figure 2c), and with the
progress of its production rate, interconnected networks
are formed from this phase (Figure 2d).

Next, XRD analysis was used to determine the type of
phases formed in each sample. The results of this test are
given in Figure 3. As can be seen in this figure, from the
reaction of 1 to 2 molar ratio of titania and aluminum, only
TiAls is produced and there is no trace of other types of
titanium aluminide. With the increase of 0.1 mol of
silicon, the raw materials TiO, and Al are clearly
recognizable and silicon is an element without any special
reaction in this analysis. By increasing the amount of
silicon to 0.28 mol, while a large amount of TiAl; was
formed, the TisSis phase was also formed. The intensity
of the peaks of this phase increases with increasing the
amount of silicon in the sample to 0.6, and it decreases
with the amount of 1 mole of silicon. Instead, the TiSi»
phase appears in the sample containing 1 mole of silicon.
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Figure 3: XRD results prepared from samples containing
1 to 2 molar ratios of TiO2 and Al, to which the molar
content of a) 0, b) 0.1, ¢) 0.28, d) 0.6 and e) 1 of Si were

added respectively. and subjected to heat treatment at
950°C for 5 hours.

4. Conclusion

In this research, the effect of silicon on the production of
titanium aluminide compounds from TiO, and Al raw
materials was investigated. The results showed that when
silicon is added in small amounts to the system, not only
it does not have a positive effect on the reactions, but also
it prevents the formation of titanium aluminide
compounds. By increasing the si content it helps the
formation of TisSi; phase. TisSiz phase changes from
discrete to continuous morphology with increasing silicon
percentage. If the amount of silicon increases more, the
TiSi, phase is formed, which is dispersed throughout the
sample with a string-like structure.
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The Effect of Silicon on Formation Reactions of Titanium Aluminide Intermetallic Compounds

Razieh Khoshhal Seyed Vahid Alavi Nezhad Khalil Abad

Abstract In this article, an attempt was made to investigate the effect of the addition of silicon on the titanium aluminide
compound formation from TiO, and Al raw materials. Silicon has a eutectic with aluminum and can reduce its melting
temperature, which can have effective impact on the formation of titanium aluminide compounds. On the other hand, due
to the production of TisSiz compound, it can be effective in increasing the oxidation resistance of compounds and
composites containing titanium aluminide. With this aim in mind, the present paper has strove to determine the impact of
this element on the formation of titanium aluminides and the type of titanium silicide phases by adding different amounts
of silicon to TiO; and Al raw materials. The key findings emerged, showed that when silicon is added to the system in
small amounts (0.1), it not only does not have a positive effect on the reactions, it also prevents the formation of titanium
aluminide compounds, but with an increase in its percentage (0.28), it also causes the formation of these titanium
aluminide compounds and leads to the formation of TisSis phase. This phase changes from a discrete morphology to a
continuous state as the percentage of silicon increases (0.6). With a further increase in the amount of silicon (1), the TiSi»
phase is formed, which is dispersed throughout the sample with a string-like structure.

Key words Titanium aluminide, Silicon, Intermetallic compounds, Mechanism
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1- Introduction

Ni-based superalloys are good candidate for the high
temperature applications such as hot sections of gas
turbine engines in which improved creep behavior and
high oxidation resistance are required. Presence of
protective oxide scales can guarantee the oxidation
resistance of these superalloys; however, the oxide scale
may spall off during service cycles and bare alloy is
exposed to the oxidant atmosphere. So, having a true
perception of their oxidation behavior can aid in better
performance of these superalloys. Due to the high
resistance to creep, corrosion, oxidation and fatigue, GTD-
111 Ni superalloy is preferred over many nickel
superalloys such as Inconel 738. This superalloy can be
efficiently used in constant and moving blades of gas
turbines. This alloy may meet temperatures as high as 1000
°C in some service conditions; however, to the best of
author’s knowledge, there is no study on its oxidation
behavior at this temperature. The aim of present work is to
provide more detailed analysis of oxide regions in GTD-
111 nickel base superalloy at 1000 °C.

2- Materials and Methods

GTD-111 Nickel base super alloy was first solution
annealed at 1080 °C and immediately quenched in water.
Samples with dimensions of 10x10x5 mm were prepared
through electrical discharge machining. These samples
were ground, polished, and etched in Marble’s reagent.
Optical (OM, Olympus PMG3) and scanning electron
(SEM, CamScan MV 2300) microscopies were employed
to reveal the microstructure. After that, the oxidation
performance of polished samples was examined using
thermal gravimetric analysis (TGA, SETSYS) at 1000 °C
for 100 h in air. The oxidized samples were characterized
using grazing incidence X-ray diffraction (GI-XRD),
field-emission scanning electron microscopy (FE-SEM,
Hitachi FE 4800), and glow discharge optical emission
spectroscopy (GDOES, GD-Profiler 2, Horbia).

3- Results and Discussion

Fig. la-b presents the microstructure of GTD-111 Ni
superalloy after solution annealing heat treatment. As can
be seen, the microstructure consists of y matrix, ¥’
precipitates, and small amounts of carbides. GI-XRD
pattern of this superalloy, shown in Fig. 1c, confirms the
presence of mentioned phases. Considering the detection
limit of GI-XRD, no peak regarding the carbides is
observed.
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Fig. 1. (@) OM and (b) SEM images of solution annealed

GTD-111 Ni superalloy and corresponding (c) GI-XRD

pattern.

Fig. 2a shows the results of TGA after 100 h oxidation in
air. The overall behavior of oxidation can be divided into
two main stages: (1) Transient stage: the free surface of
GTD-111 Ni superalloy has been exposed to the air. Since
there is no thermodynamic and kinetic barrier, accelerated
oxidation proceeds linearly to develop a uniform oxide
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layer. (2) steady-state stage: this step can be considered in
10-100 h intervals in which the slope of mass gain vs. time
significantly decreases. Considering Eqg. (1), the oxidation
kinetics can also be quantitatively discussed.

aw "
() i (1)
A

where AW/A, t, k, and n are specific weight gain, time,
constant of oxidation Kkinetics, and kinetics power,
respectively. By plotting the logarithmic graph, shown in
Fig. 2b, k and n values can be calculated for the two
mentioned stages (subscripts show the corresponding
stage): ki=2.44x10* glem?s, n;=0.91, k,=2.25x10*
g/cm?:s and n,=2.38. These values show that nearly linear
and semi-parabolic kinetic laws are governing at the first
and second stages, respectively.
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=
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Fig. 2. (@) TGA results of GTD-111 Ni superalloy oxidized at

1000 °C for 100 h and (b) corresponding kinetics evaluation.

Fig. 3 represents the GI-XRD patterns for oxidized
samples for 10 and 100 h exposure. For both exposure
times, TiO2, Cr,03, and Al,O3 are recognized. Since no
NiO was observed, it can be claimed that the oxide did not
spall off. According to the cross-sectional SEM and
GDOES results (Fig. 4a), the oxide layer with a thickness
of 2 pum consists of three portions: an outer Ti-rich, an
intermediate Cr-rich, and an inner Al-rich region.
Although the oxide layer thickness reach to 10 um after
100 h exposure, its composition regime remains constant
(Fig. 4b).
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Fig. 3. GI-XRD patterns of GTD-111 samples oxidized for
10 h and 100 h.
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Fig. 4. Cross-sectional SEM images and corresponding
GDOES results of oxidized samples for (a) 10 and (b) 100 h
exposure.

4- Conclusions

After oxidation of GTD-111 nickel base superalloy at 1000
°C in air atmosphere, the following conclusions were
drawn:

(i) At the early stages of oxidation (< 10 h), a nearly linear
kinetic law is observed which is replaced by a semi-
parabolic one for longer exposures (10-100 h).

(if) The oxide layer mainly consists of TiO,, Cr,Os, and
Al>O3 phases and no Ni oxides were detected.

(iii) From a compositional point of view, the oxide layer
consists of an outer Ti-rich, an intermediate Cr-rich, and
an inner Al-rich region. The oxidation of the latter was
followed by internal oxidation.
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Oxidation Behavior of GTD-111 Nickel Base Superalloy at 1000 °C
Faezeh Akhtari Sadegh Pour-Ali Reza Tavangar Seyyedsina Hejazi

Abstract The present study investigates the oxidation behavior of GTD-111 nickel base superalloy at 1000 °C in air.
To this aim, several techniques including thermal gravimetric analysis (TGA), field emission scanning electron
microscopy (FE-SEM), grazing incidence X-ray diffraction (GI-XRD) and glow discharge optical emission
spectroscopy (GDOES) were employed. The oxidation kinetics of this superalloy alters from linear to parabolic after 10
h exposure which is accompanied by the formation of a uniform surface oxide layer. Based on the cross-sectional
analysis of FE-SEM and GDOES, Ti can most probably be considered as the first species which enters the reaction
front when oxidation begins. However, as a result of its oxidation, Ti is depleted just beneath the oxide scale, and
conditions changes in favor of the formation of other oxides, namely, Cr.Os. Subsequently, due to the internal diffusion
of O% species, Al is internally oxidized, and islands of Al,O3 form underneath the oxide layer. After 100 h of oxidation,
the chemical composition of the oxide film consists of an Al-rich inner region, a Ti-rich outer region, and a Cr-rich
intermediate layer. GI-XRD results also confirmed the formation of mentioned oxide phases. No indication of oxide
spallation and formation of nickel oxides were observed even after 100 h of oxidation.

Keywords GTD-111 nickel superalloy, High temperature oxidation, GI-XRD, TGA, GDOES
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1-Introduction

Nanomaterials are considered to be a class of materials
with nanometer dimensions (from 1-100 nm), which have
been the subject of many researches in recent years.
Among all types of nanomaterials, copper and copper
oxide nanoparticles have received much attention due to
their wide application in various fields such as catalysts,
electrochemistry, biology, and etc.

There are several methods to synthesize nanomaterials
including chemical precipitation, hydrothermal method,
sol-gel based methods and plant extract. Among these
methods, solution combustion synthesis (SCS), have more
advantages such as low cost, high speed and desirable final
shape of particles in comparison to other processes.

In many studies, the effect of type and amount of fuel on
the final products have been investigated. The results
indicated that by increasing the ratio of fuel from the
stoichiometric state, reduction becomes preferable.
However, by increasing the amount of fuel over a certain
limit, oxygen reacts with copper, and oxidation is
encouraged again.

Over time, some bacteria have changed and became
resistant to common antibiotics. Therefore, the use of
nanomaterials as antibacterial agents to control these types
of micro-organisms has been highly considered. Some of
these nanoparticles include silver, titanium dioxide, copper
and its oxides.

In recent years, the effect of many parameters such as
particle size and microstructure on the antibacterial
properties of copper oxide nanoparticles has been
investigated. Based on the obtained results, it can be said
that smaller particle size is more desirable. Also, plate and
spherical microstructure had the best performance against
all bacterial strains.

The function of CuO nanoparticles against bacterial cells
is due to the reduction of Cu*2 ions to Cu* and, as a result,

creating a kind of stress that leads to cell membrane

rupture.
In the present research, CuO was synthesized by
solution combustion method using

hexamethylenetetramine as fuel and the effect of fuel to
oxidizer ratio was investigated. Each sample was studied
in terms of composition, particle size and microstructure
in order to select the desired sample. Then the suspension
of the selected sample was prepared in three solutions of
nutrient broth, water and DMSO. Finally, all three
suspensions were tested against gram-positive and gram-
negative bacterial strains. Eventually, the inhibition of
different bacterial strains was examined. Also, the effect
of different solutions on MIC was revealed.

2-Experimental Study

Materials and synthesis method. In the present study,
trihydrate copper nitrate (Cu(NO3)2.3H20>99.5%, Loba
Chemie) and hexamethylenetetramine (CsH12N4>99.7%,
Loba Chemie) were used as oxidizer and fuel, respectively.
The desired amounts of each precursor (nitrate and fuel)
were dissolved in the minimum volume of deionized water
based on the ¢ values of 1, 1.09, 1.18, 1.26 and 2.37. The
obtained solution was placed on a hot-plate with a
temperature of 300 °C in order to provide the initial
temperature of combustion reaction.
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Bacterial strains used in antibacterial tests. E. coli
ATCC25922 and S. aureus ATCC25923 were used in all
antibacterial tests.

Preparation of CuO suspension with three different
solutions. Each suspension was prepared separately in a
specific solution: 1-CuO suspension in nutrient broth with
concentration of 1 mg/mL, 2-CuO suspension in DMSO
with concentration of 40 mg/mL and 3-CuO suspension in
water with concentration of 1 mg/mL.

Antibacterial test via broth dilution method. In each plate,
4 groups were considered: 1-wells containing
nanoparticles along with bacteria in broth medium, 2-wells
containing nanoparticles and broth medium as blank, 3-
wells containing broth medium along with bacteria
(positive control) and 4-wells containing broth medium
(negative control).

From all three nanoparticle suspensions, 6 series of
diluted nanoparticles containing concentrations of 6.25 to
200 pg/mL were added to the wells of group 1 and 2. After
that, 10 pL of bacterial suspensions were added equally to
the wells of groups 1 and 3. After that, the plates were kept
in incubator with a temperature of 37 °C for 24 hours. In
the end of incubation, the absorbance of each well was
measured at a wavelength of 625 nm using an ELISA
reader (Awareness start fax 2100) device.

3-Results and discussion
X-ray diffraction pattern of sample with ¢=1 is shown in
Figurel. CuO peaks are marked with @ symbol.
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Fig.1. X-ray diffraction pattern of sample with ¢ value of 1

It can be observed that the highest purity of CuO was
achieved in the ¢ value of 1.

Also, according to the results of dynamic light scattering
analysis, the finest particle size was related to the sample
with $=1(25.8 nm).

Furthermore, the FE-SEM image of this sample (Figure
2) represents a single-phase, spherical and fine
morphology.

SEM MAG: 50.0 kx| Date(miaiy): 1013022

Fig.2. FE-SEM image of CuO sample in ¢ value of 1

Finally, this sample was tested against bacterial strains
via broth dilution method. The MIC values indicated that
CuO nanoparticles powerfully inhibited E. coli relative to
S. aureus, which is probably due to the different cell
structure of E. coli.

Results showed that nutrient broth provided a well
dispersion of nanoparticles (against both bacterial strains).
It can be assumed that the better dispersion of
nanoparticles in this suspension was the reason of its
superior inhibiting performance.

4-Conclusion

In this research, the effect of fuel ratio (¢) on the synthesis
of CuO nanoparticles by solution combustion method was
investigated using hexamethylenetetramine fuel at ¢ equal
to 1 and >1. Then, the sample with the highest amount of
CuO in the composition, the smallest grain size and
spherical morphology (¢p=1), was selected for the
antibacterial test. After that, the inhibitory effect of this
sample on the growth of different bacterial strains were
studied in three suspensions. Examining the results of the
antibacterial test showed that CuO nanoparticles acted
more powerfully in inhibiting Gram-negative bacteria
compared to Gram-positive strains, which is probably due
to the different cell structure of these two bacterial strains.
It is possible that the better performance of CuO-broth
suspension against both Gram-positive and Gram-negative
bacterial strains is related to the better dispersion of
nanoparticles in this sample. Therefore, it is suggested to
add surfactants to the suspension containing nanoparticles
to increase the inhibitory power against bacterial strains.
Also, finding solutions that have more dispersing power
than nutrient broth will be effective on the inhibitory
power.
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Synthesis of CuO Nanoparticles Via Solution Combustion and Assessment of its Antibacterial
Properties Against Gram-Positive and -Negative Bacterial Strains

Vesal Helali  Mostafa Mirjalili ~ Seyed Abdolkarim Sajjadi  Maryam M. Matin ~ Mohammad Hasan Mollaei

Abstract This work aims to investigate the effect of fuel ratio on the synthesis of CuO nanoparticles via solution
combustion and evaluation of its antibacterial properties. Hexamethylenetetramine was considered as fuel and used in
different ratio. The final products were characterized by XRD, DLS, FE-SEM analysis. The XRD results indicated that
the highest quantity of CuO was found in fuel ratio equal tol. Based on particle size analysis results, all particles were
in the range of 21.7 to 42.2 nms. Also, the finest particle size (21.7nm) was attributed to the sample in fuel ratio equal to
1. Since the FE-SEM image of this specimen showed a spherical fine morphology, this specimen was chosen for
antibacterial tests. In order to trace the second aim of this study, chosen specimen was tested against Escherichia coli
and Staphylococcus aureus bacterial strains while suspended in nutrient broth, water and DMSO. The results revealed
higher inhibition of E. coli (gram-negative strain) comparing to S. aureus (gram-positive strain) in all cases. Also, the
CuO-nutrient broth appeared to be the suspension with the highest inhibitory for both bacterial strains. The Minimum
inhibitory concentration of nanoparticles in this suspension are 105 and 242 pg/mL for E. coli and S. aureus. This could
be related to the better dispersion of nanoparticles in nutrient broth solution. Therefore, it could be suggested that adding
surfactants to suspension, can enhance the inhibition of bacterial strains.

Key words CuO nanoparticles, Solution combustion synthesis, Antibacterial properties, E. coli, S. aureus.
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