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ARTICLE INFO ABSTRACT

Article History:

Recently, Alkali-Activated Concrete (AAC) as an appropriate alternative to Portland Cement Concrete

(PCC) has drawn considerable attention owing to its acceptable properties and less environmental impacts.
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Keywords:

The current study presents a review of previous researches on Alkali-Activated Slag Cement Concrete
(AASCC). The following issues are also covered in this study: an introduction to AASCC and its
constituents, environmental impacts, hydration reaction, hydration products, mechanical properties, high
temperature resistance, attack resistance of acids and sulfates, water absorption, shrinkage, and its
challenges in application. The results from different studies revealed a research gap to be filled. To be
specific, several different parameters affect AASCC properties; however, given that its properties are still

partially unexplored, more researches are needed to find out its best engineering properties.
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Ground Granulated Blast Furnace Slag
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1. INTRODUCTION

Nowadays, Portland Cement (PC) is one of the most
extensively used materials in construction. The usual
consumption rate of PC is approximately one ton per
person a year [1], and the demands for it are still
increasing every year. Currently, the amount of PC
production is more than three billion tons per year which,
as predicted, may reach six billion tons in the next 40
years [2]. Figure 1 shows the increasing trend of PC
production until 2014 [3].

PC production has some environmental impacts such
as greenhouse gas emissions and air pollution. In
addition, this industry is highly energy-consuming. In
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Figure 1. PC production per year for countries [3]
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this regard, given the increasing demand for PC, it is
recommended that PC be substituted with another type of
cement, especially Alkali-Activated Slag Cement
(AASC) owing to its superior properties [4].

Although AASCC has been frequently explored in
many studies in recent years, it is an old technology. In
1908, Kihl confirmed the stabilization of the blast
furnace slag powder with sodium hydroxide. In 1940,
Pordon published more extensive researches on alkali-
activated clinker-free cement. Two decades later,
Glukhovsky investigated the alkaline activation of
different organic and inorganic aluminosilicates [5-7].
Industrial production of AASC first began in Ukraine in
1960-1964. It was obtained through activating the slag, a
by-product in the production of iron, using alkaline
materials. In this process, aluminosilicate monomers
dissolve in the slag structure and produce a cementitious
and adhesive composition. Use of this type of cement is
economically affordable. In addition, compared to PC, it
is characterized by more acceptable properties [8].

2. THE ENVIRONMENTAL IMPRESSION AASC

CO; emission from the PC industry is an important
environmental issue to be concerned about. As shown in
Figure 2, about 3 % of the world’s greenhouse gases are
generated by cement industries.
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Figure 2. (a) Different sources of CO2 gas emissions and (b)
Contribution of pollutions of different parts of the cement
production process

According to the reports, the cement industry alone can
generate 7 % of CO; in the world [9]. The fabrication of
one ton of PC releases approximately 0.7 to 1 ton of CO;
gas into the atmosphere [10,11]. Between 1930 and 2013,
cumulatively, cement industries contributed to about 43
% of CO, emissions [12].

The main advantage of AASC, compared to PC, is its
notable effect on reducing the environmental pollutants.
To be specific, the CO, emission in the AASC production
is 50-80 % lower than that in the PC production [13,14],
hence it can be regarded as an operative technology that
can considerably reduce the CO. emissions. The key
material in the AASC production is slag, which is
actually a by-product of pig iron; therefore, the
production of this type of cement also reduces the waste
materials. According to the reports, the global warming
potential in AASC production is 70 % lower than that in
PC production [15].

3. INGREDIENTS OF AASC

3.1.Slag

In the production process of pig iron in the blast
furnace, limestone reacts with Al,Os and SiO; rich
components in iron ore and coke and produces molten
slag. If the molten slag cools rapidly below 800 °C, it
becomes a suitable glass material to be used in the cement
industry. Powdered slag is a material characterized by
hydraulic properties only in the presence of an
appropriate alkaline activator. AAS cement is a delayed
hydraulic material. However, other hydraulic materials
have this property when mixed with water [16]. Blast
furnace slag with a C/S ratio between 0.2 to 2 and A/S
ratio between 0.1 to 0.6 are commonly used in AASC
production. A, S, and C are abbreviations of Al,Os3, SiO,,
and CaO, respectively.

3.2. Alkaline Activators

Once the slag powder is mixed with water, the hydrated
thin layers containing Ca*? and SiO, are formed on the
external surface of the particles. At this point, the amount
of pH reaches 10. This hydrated film on the surface of
slag particles interrupts the hydration reaction; therefore,
a suitable activator should be added to the mixture to
have a continuous reaction. Alkaline activators increase
the pH value of the liquid phase and prevent the
formation of a protecting layer on the slag surface, thus
preserving the solubility of the slag glassy phase.
Alkaline activators break the bonds in the slag glass
phase structure and increase the dissolution rate of the
ionic components [17].

Sodium silicate in either powder or liquid forms,
sodium hydroxide, and sodium carbonate are usually
used as the activator. Sodium sulfate, potassium
hydroxide, gypsum, sodium aluminate, and hydrated
lime are also used in different studies. Activators are
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added in small amounts of about 2-10 wt. % of the slag.
Since the slag compositions differ depending on the raw
materials and production process, the most appropriate
activator should be selected. The type and amount of
activators are both essential factors that affect the
properties of AASC. For example, the results revealed
that the pastes prepared by Na,SiOj3 activator had shorter
setting time than Na,CO3 and NaOH activators [18-22].

3.3. Chemical Admixtures

There are several types of superplasticizers including
lignosulfonates,  naphthalene,  vinyl  copolymer,
melamine, and polycarboxylate derivatives. The
chemical admixtures are absorbed into the cement
particles. As a result, they create an electrostatic
repulsion among the particles, thus preventing their
agglomeration [23].

Shrinkage-reducing chemical admixtures such as
polypropylene glycol derivatives reduce the surface
tension of water in concrete pores. Consequently, the
capillary tension in the pore structure and shrinkage
decreases during the drying process. Chemical
admixtures such as malic acid and sodium chloride are
also used as retardants. The amount of admixtures in
different types of cements is less than 5 wt. % [23,24].

4. MIMING PROTOCOL OF AASC

Several different mixing protocols were proposed in
the literatures. Generally, slag is ground with gypsum.
The amount of gypsum was reported to be 2-3 wt. % of
the slag. The specific surface area of the slag was
suggested to be between 250 and 700 m?/kg. The water-
to-binder ratio (W/b) in AASC is usually set between 0.3
and 0.5 [25]. Activators are either directly mixed with the
slag or first dissolved in water and then mixed with it.
The corrosive properties of the activators and high pH of
the material should be considered in the mix of AASC.
The slag-to-aggregate ratio is usually either 1:2 or 1:3
[19-25]. The admixtures are then directly added during
mixing [23]. The common aggregates in PC concrete are
used to produce AASCC. It should be noted that AASC
is generally formed by casting.

5. HYDRATION REACTION MECHANISM AND
PRODOUCTS

The slag composition, activator type, and pH are the
main parameters that control the hydration products of
AASC.

Wang et al. [26] reported that the main hydration
product was C-S-H with low C/S ratio and different
crystallinity. In addition, the XRD analysis conducted by
Puertas et al. confirmed the existence of hydrotalcite
(MgsAl,CO3(0OH)16.4H,0), calcite (CaCO3), and CSH as

hydration products in the slag activated with NaOH [27].

Hydration of slag is a multipart process includes initial
degradation of slag and densification of hydration
products. The hydration of slag initiate by ion exchange
of H* in water for Ca*? or Na*. Al-O-Si bonds hydrolyze
and then the depolymerized slag network breakdown. So
Si and Al release as AI(OH)* and (H3SiOs) and
(H2Si04)? ions in water and finally precipitate on the
surface of slag particles with increasing the concentration
of them [28].

Krizan et al. found that the hydration reaction rate was
correlated to the modulus of Na,O and silica (Ms) in
sodium silicate-activated slag. In summary, hydration
reaction initiates with the degradation of Ca-O, Mg-O,
Si—0-Si, Al-O-Al, and Al-O-Si bands in the slag and
then, a Si—Al layer precipitates on the surface layer of the
slag particles [29].

An investigation by Wang et al. confirmed that during
the hydration of AAS, dissolution and precipitation were
the predominate mechanisms in the initial stage of the
reaction that continued with the solid-state mechanism.
[26]. Mozgawa et al. concluded that Si** of the
sorosilicate [Si;O7]® units in the glassy phase were
partially substituted by Al*3 during the AAS hydration.
The 29Si MAS-NMR spectra confirms this claim.
According to the 27Al MAS-NMR spectra, Al atoms can
occupy tetrahedral and octahedral coordination in the
hydration process determined by the activator type and
factors of hydration process [30].

6. THE HEAT OF HYDRATION

The hydration heat in the AAS is usually about three
times lower than that in the OPC [8,31], depending on
type and dosage of the used activator. For example,
Krizan et al. observed that the hydration heat of the AAS
increased upon increasing the dose and modulus of
sodium silicate [29]. It was also reported that using Lime
and gypsum as the activator would increase the hydration
heat more than that in the slag activated with lime only,
mainly due to the formation of ettringite phase and its
transformation to monosulfoaluminate phase. However,
the hydration heat of OPC was higher than that of AAS
[32]. As mentioned earlier, AASC hydration products
have a lower Ca/Si ratio, hence they need less hydration
energy than OPC [33].

7. PROPERTIES OF AASCC

7.1. Mechanical Properties of AASCC

The compressive strength of AASCC is its most
significant mechanical property. Several parameters
including the composition and specific surface area of the
slag, type and amount of alkaline activator, water-to-slag
ratio, and curing conditions of the concrete affect the
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mechanical strength of AASC [34-42].

AASCC is characterized by high initial strength. The
initial compressive strength of this concrete is 60 MPa,
and its one-year strength can reach more than 100 MPa.
The higher rate of hydration reactions at higher pHs,
which is the cause of high strength in the first days of
concrete preparation, and homogenous and dense
interface between the paste and aggregate are the two
vital factors that contribute to the high mechanical
strength of AASCC [34].

AAS concrete is susceptible to curing conditions.
Bakharev et al. [37] reported that the initial strength of
the Room-Temperature (RT) cured samples are less than
those cured at higher temperatures. However, the later
strength of the RT cured samples is clearly higher than
that of the others (Figure 3) resulting from the
inhomogeneity of the matrix microstructure due to the
higher hydration reaction rate than the diffusion rate at
higher-temperature curing. In other words, the hydration
products precipitated around the slag particles, make
barriers to diffusion, and form an inhomogeneous
microstructure [37].

70

60 -

50 -

40 |

30

20

—o—elevated temperature curing

Compressive Strengh (N/mm?)

10 —fi—room temperrsature curing
0 T r T
0 100 200 300 400
Time (Days)

Figure 3. Compressive strength of AASC versus curing
temperature. Lines are shown as guides for the eyes

Collins et al. [40] found that the compressive strength
of AASC samples in a water bath increased up to 400
days, while the maximum strength of the sealed
specimens was obtained in 91 days. In addition, the
samples exposed to air were more susceptible to a
decrease in their strength over time mainly due to the
presence of microcracks in the matrix. Figure 4 shows the
compressive strength changes in different curing
conditions.

According to the literature, the effect of alkali activator
on the strength of AASC has not been systematically
investigated yet. Chi showed that the amount of Na.O in
the activator could affect the strength of AASC. In
addition, the liquid sodium silicate was characterized by
a higher initial strength than that of its powder
counterpart [35,40].

In another research, replacing 20 % slag with the

recycled concrete fines improved the compressive
strength of AAS concrete blocks up to about 13 % [43].
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Figure 4. Compressive strength of AASC versus curing
condition. Lines are shown as guides for the eyes

7.2. High-Temperature Resistance of AAC

Several physical and chemical mechanisms can
decrease the strength of PC cement at high temperatures
[44].

Variances in the coefficient of the thermal expansion
between the aggregate and mortar cause an internal stress
in the concrete and micro cracks. In addition,
decomposition of calcium hydroxide (Ca(OH)>) in PC at
temperatures above 400 °C would decrease its strength.
Moreover, scaling of OPCC at higher temperatures plays
a key role in strength deterioration [45,46].

A number of studies have evaluated the performance of
AASC at high temperature, considering the significance
of this parameter in the concrete. The compressive
strength of alkali-activated slag mortar at temperatures
above 400 °C is the same of that of PC mortar. In this
case, dehydration of C-S-H gel is the main reason for
strength reduction [47]. Approximately, 65-85 % loss in
the strength of AAS mortars was reported at temperatures
above 800 °C [47-49].

Guerrieri et al. [50] observed that the decrease in the
strength resulted from the differences in the thermal
expansion coefficient of the aggregate and slag at high
temperatures.

7.3. Chemical Properties of AASCC
7.3.1. Water Absorption and Chloride Diffusion
The permeability of concrete is assessed by water
absorption which is lower in AASC than in PC thanks to
the dense microstructure of AASC. Water absorption is
directly associated to the chloride diffusion [51].
According to the findings, using porous recycled
aggregates instead of natural aggregates in concrete
would cause higher water absorption and chloride
diffusion. Water absorption in AASCC also increases
upon increasing the specific surface area of the recycled
aggregates [52,53].
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7.3.2. Sulphate and Acid Attack

Cement resistance against the sulfate and acid attacks
is one of the significant aspects in the durability of
different types of concrete that should be taken into
consideration. Both properties of the pores and type of
acid corrosion products affect the resistance of a concrete
against acid corrosion.

As reported, AASCC exhibited higher resistance to
sulphate attack than PC concrete after one-year exposure
to 10 % sodium sulphate. Nevertheless, the strength
decreased when the samples were exposed to 10 %
magnesium sulfate in the same time period [51].

Numerous researches have been conducted on the
resistance of AASC in acid environments. For instance,
Mithum et al. [51] observed a considerable decrease in
the mass of AASCC after 120 days of exposure to H.SO4
solution, which was attributed to a decrease in the
concrete strength mainly due to the slag dissolution
which created more paths for the acid to move along the
AASC, hence further dissolution [53].

C. Shi et al. [54] also observed that the PC corrosion in
acetic acid solution with pH = 5 after one year was much
more than the AASC corrosion due to its more porous
structure of the corrode layer. They concluded that acid
resistance depended on hydration products and protective
layer.

7.3.3. Carbon Diffusion

Carbonation of AAS concrete in CO, atmosphere or
solution starts from its surface and gradually diffuses into
the concrete. The carbonation rate is determined by the
rate at which HCO™ and CO; diffuse into the concrete.
This process follows Fick’s law. In other words, the
carbonation rate (increasing the depth of carbon with
time) is proportional to the square root of time.

When the concrete is exposed to CO,, the C-S-H phase
reacts to produce CaCOj3 and calcium-free C-S-H and
aluminosilicate gel. Given that the amount of Ca in
AASC is low, there are not enough CaCOs precipitations.
In addition, the porosity of the substrate increases owing
to the carbonate reaction. The entry of HCO= and CO,
into the interior increases and as a result, the reaction
proceeds faster. Therefore, AASC is more susceptible to
carbon diffusion than the ordinary PC [55].

7.4. Shrinkage of AASCC

Generally, AASCC is characterized by finer pores than
OPCC, hence higher shrinkage of AASCC. According to
the study conducted by Collins and Sanjayan [56], more
meso pores in AASCC microstructure and higher
capillary stress can cause higher shrinkage in alkali-
activated cement pastes. Another research [32,57]
confirmed this theory. However, the different
composition of the reaction product (C-S-A-H and C-S-
H) was the other cause of further shrinkage of AASCC
[29].

Numerous studies have focused on reducing shrinkage

in the AASC. To this end, they employed several
methods such as application of suitable admixtures [58],
fibers [59,60], heat treatment [37], expanding admixture
[61], and low-temperature preparation technology [62].
In general, the type and quantity of the activator, surface
area of the slag, and curing condition are the factors
affecting the shrinkage of AASC. T. Bakharev et al. [35]
found that the highest shrinkage belonged to the sodium-
silicate-activated sample.

According to the findings, the slag activated with
NaOH and sodium silicate exhibited three to six times
more shrinkage than that of PC [57]. Figure 5 illustrates
the effect of different activators on the AASC drying
shrinkage. As observed, the shrinkage attributed to
sodium carbonate was less than/ similar to that of OPC
mortar. Ye and Radlinska [63] made a comparison of the
obtained results.
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Figure 5. Effect of different activators on drying shrinkage of
the slag

According to Figure 5, using 9 % Na,SiOs; and 10 %
OPC simultaneously yields the desired shrinkage with
OPC [64]. The slag activated with lime and gypsum
exhibited lower shrinkage than that activated with lime
only [32]. This dissimilarity is due to the difference in
volume of smaller pore and nature of hydration products
in the concrete.

8. CHALLENGES IN AASCC

Regardless of numerous advantages of AASC, its
application is still quite challanging.

»  Slag Composition:
The slag compositions differ depending on the raw
materials and melting procedure. The variation in
the slag compositions causes a different behavior of
activation. In fact, one condition cannot be
generalized to all slags. Therefore, it is suggested
that a small-scale test be done for each slag to obtain
the best activation mode.

» Chemical Activators:
The activators that are currently used for AASCC
production are viscous, expensive, and corrosives.
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In order to increase the application of this cement,
safe and environ-mentally-friendly green activators
characterized by the same mechanical properties of
the chemical activators should be used. More
researches on the efficiency of different green
activators are also available.

+ Admixtures:
To the best of the author’s knowledge about PC,
most of the admixtures are used in AASCC
production. Given that AASC has different chemical
and behavioral characteristics, development of
admixtures that are specifically suitable for alkali
activated slag gains significance. Therefore, the
contradictory results observed in AASC will
dimmish, thus making it a good candidate to
compete with PC.

» Low workability and setting time:
This restriction of alkali-activated cement depends
on the type of activator. In fact, obtaining the
desirable mechanical properties and suitable
workability is made feasible only by using an
appropriate activator.

+ High Shrinkage:
Different studies proposed numerous methods to
reduce the shrinkage of AASC. However, all of
these methods reduce the shrinkage to some extent,
and some of these methods affected other properties
of the AASC that was uncalled for.

+ Lack of standard:
There are a few standards related to AASC.
However, the PC-related standards are currently
used for AASC as well. This restriction prevents
stockholders from accepting the AASC. Therefore,
there is a need for developing appropriate rules and
standards to improve the emerging market of AASC
products.

« Large-Scale Applications:
Large-scale PC has been used for many years.
However, not many applications have been reported
for AASC. As a result, consumers doubt whether it
is still the best option.

Although slag has been widely used in the preparation
of alkali-activated concrete, its production becomes more
difficult more than ever. Apparently, using slag in
combination with other recycled materials can be
promising. There are appreciated researches in this field.
For Example, recycled concrete/brick powder may be a
high value-added alternative [65-67].

9. APPLICATION OF AASC

In recent years, thorough information on the chemistry,
slag and alkali activator reaction products, mechanical
properties, and durability of AAS cement has been
obtained. However, its application as a product has not
been fully investigated yet. The quick setting of this type

of cement makes it a good candidate as a repair material
with excellent durability. The excellent resistance of this
cement against the diffusion of chlorides and freezing
encourages its applications in cold climates and salty
environments. Owing to its numerous advantages, AASC
have wide applications in manufacturing products such
as prefabricated cement blocks with different sizes,
corrosion and heat resistant concretes, and mortars. In
addition, this cement is innovatively used in the
immobilization of radioactive waste and heavy metals
[68-70].

10. CONCLUSION

The present study made an attempt to present a
comprehensible overview of AASC. Compared to PC,
AASC enjoys several advantages such as higher
mechanical strength, lower hydration heat, higher
resistance to chemical attacks, and carbon diffusion.
However, it also has some drawbacks namely rapid
setting and lower workability, higher shrinkage, and
consequent cracking. According to the findings, different
factors could affect the properties of AASC among
which, water-to-slag ratio, mixing protocol, curing
conditions (temperature and humidity), dosage and type
of activator, different admixture, and slag composition
are the most important ones that should be optimized
according to the desired properties.
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Many researches have been conducted so far to improve the bioactivity and mechanical properties of
bioceramic-based scaffolds in order to stimulate tissue attachment to the implant surface and create a stable
bonding. In this research, Al,O5 scaffolds were prepared using different types of polyurethane foam through
template replica method and then, they were sintered at 1650 °C. A sol of SiO,~CaO- P,0s—-MgO system
Bioactive Glass (BG) was synthesized where the scaffolds were soaked and heat-treated at 800 °C based
on thermo gravimetry analysis. X-ray diffraction confirmed the presence of silica in the structure of BG
coating diffused in alumina scaffold that caused the formation of sillimanite phase. According to Scanning
Electron Microscopy (SEM) analysis, all prepared scaffolds were highly porous, and the mean porosity
percentage was approximately 85 %. The compressive strength and porosity percentage of the scaffolds
nearly ranged between 0.35-1.75 MPa and 79-93 %, respectively. The sample with the best result of
compressive strength was considered as the optimum alumina scaffold (OAS). In vitro acellular behavior
of the samples was also evaluated followed by soaking them in the simulated body fluid, and the ball-like
morphology including entangled needle-like crystals were observed on the surface of the sample.
Moreover, cells were cultured in alumina scaffolds with and without BG coating and in the cell studies.
According to the findings, both samples supported attachment and proliferation of osteoblasts. Therefore,
Based on the scaffold porosity percentage which promotes cell attachment as well as the compressive
strength which is close to that of the trabecular bone, it can be concluded that application of BG-coated
alumina scaffold as a bone-healing material may be beneficial.

https://doi.org/10.30501/ACP.2022.323414.1079

1. INTRODUCTION

Bone tissue injuries significantly affect the lives of
millions of people worldwide. Some common treatment
methods such as autologous and allogeneic bone grafting

cannot produce the ideal therapeutic effect; to be specific,
allograft bone transplantation may cause sevral side
effects such as negligible osseointegration, immune
rejection, and blood disease. To overcome these
problems, Bone Tissue Engineering (BTE) was
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introduced to promote the already available techniques
for lost bone regeneration using a combination of cells,
growth factors, and biomaterials, maintain the stable state
of tissue, and enhance/replace the function of target
tissues. This approach enjoys several advantages such as
high flexibility, low risk of infection, and great
biocompatibility [1-3].

Tissue Engineering (TE) is currently used as a
considerable successful technique in a wide variety of
fields to repair and reconstruct tissues and organs such as
bone, skin, cartilage, liver, bladder, ligament, nerves,
cardiac valves, etc. This is the main reason why TE is still
an interesting subject of many investigations. The overall
objective of TE scaffolds is to provide the cells with a
temporary matrice to generate new tissues of favorable
shapes and dimensions. Of note, given that the scaffold
should be characterized by suitable physical, mechanical,
and biological properties, one of the challanges in TE is
construction of a porous biodegradable scaffold.
Moreover, it should possess individual and particular
morphology and microstructure [4,5].

A number of different scaffolds (organic and inorganic
or hybrid of them) have been fabricated so far among
which, bioceramic scaffolds are amazingly appreciated
owing to their unique properties such as biocompatibility
and biodegradability. However, along with these
appropriate  characteristics, they also have some
mechanical properties. In this regard, many studies have
been conducted to overcome this weakness [6,7].

Alumina scaffolds are extensively used owing to their
high biocompatibility, excellent wear resistance, and
hardness; however, they are inert in body. Therefore, the
combination of Alumina scaffolds with a bioactive
material would result in a better biocompatibility and
maintenance. Kim et al. evaluated Tricalcium Phosphate
(TCP) coated and non-coated alumina scaffolds.
TCP-coated scaffols exhibit favorable bone tissue
ingrowth [8]. Naga et al. condusted a study on the
bioactivity of the porous alumina scaffolds coated with
calcium pyrophosphate. Histological analysis revealed
that the produced scaffold can be used as the bone
substitute [9]. In another research, porous alumina
matrice was dipped into bioglass/hydroxyapatite ceramic
slurry and then sintered. The evaluation confirmed the
higher cell interaction of the coated porous alumina than
that of non-coated alumina scaffolds [10].

The main objective of the current research is to prepare
an alumina scaffold to obtain good mechanical properties
and coat it by a ternary system of bioactive glass (BG) to
obtain suitable bioactivity. Alumina is a bioinert ceramic
with fantastic mechanical strength, yet it is not bioactive
[11]. In contrast to alumina, BG is a kind of bioceramic
with the ability to bond with host tissues through
formation of a calcium phosphate layer at their interface
to live tissues. However, it has a considerable drawback,
i.e., low mechanical strength [12]. It seems that the

alumina coated with BG produces a bioactive scaffold
with proper mechanical properties.

2. MATERIALS AND METHODS

2.1. Preparation of Specimens

Alumina scaffolds were made using polyurethane
foams. First, alumina (Martoxid® MR70, Albemarle,
Germany), distilled water, and polyvinyl alcohol (PVA,
363138 Aldrich, Germany), as the binder, were mixed
together and milled for 24 h to achieve a homogenous
slurry. Then, the foam samples of 1x1x1 cm?® in
dimention were immersed in the slurry of alumina to
smear all sides of the foams. Next, the foams were taken
out from the suspension and squeezed to remove the
excessive slurry. In this step, three types of polyurethane
were used (30, 45, and 60 Pores Per Inch (PPI)). The
foams were then dried at 70 °C and sintered with a certain
heat-treatment program. Samples were then heated to
300 °C with the rate of 1 °C/min and remained at 300 °C
for one hour to remove polymeric substrate. Finally, they
were heated to 1650 °C at a rate of 5 °C/min and then
sintered and stabilized at this temperature for three hours
[11].

BG based on 64 SiO,, 26 CaO, 5 MgO, and 5 P,0s
(% mol) system was synthesized based on water-based
sol-gel process. In this process, 13.33 g of Tetraethyl
Orthosilicate (TEOS, 800625 Merck, Germany) was
poured into 30 mL of 0.1 M Nitric Acid (HNOs,
1004562500 Merck, Germany) solution and stirred for
one hour at room temperature to complete acid
hydrolysis. The following compounds were added in
sequence, giving 45 min to each reagent to react
completely: 0.91 g triethylphosphate (TEP: 821141
Merck, Germany), 6.14 g of calcium nitrate tetrahydrate
(CaNO3.4H,0, 102123 Merck, Germany), and 1.28 g of
magnesium nitrate hexahydrate (Mg(NOs)2, Merck
107871, Germany). After the final addition, the mixture
was stirred for an hour to obtain a transparent sol. Now,
it is ready to be used for coating on alumina scaffolds.

In this stage, the sintered scaffolds were soaked in the
BG sol for a few seconds. This procedure was repeated
three times to obtain appropriate coatings. At the end, the
coated samples were dried at 70 °C for 24 h. The sintering
temperature was 800 °C in accordance with the Thermo-
Gravimetric Analysis (TGA) of BG. The resultant
scaffolds were heat-treated at this temperature for two
hours to obtain the proper chemical bonding between the
glass and alumina.

2.2. TGA and DTA Analyses

The thermal behavior of BG was studied through
Differential Thermal Analysis (DTA) and Thermo
Gravimetry (TG) analysis. For this purpose, the obtained
sol was poured into a cylindrical teflon container and kept
sealed for 10 days at room temperature until the
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occurance of the polycondensation reaction. The formed
gel was dried at 70 °C for 3 days and then at 120 °C for
2 days. The dried gel was analyzed using PL-STA 1600-
England apparatus under the air atmosphere and heated
from room temperature to 1200 °C with the heating rate
of 10 °C/min.

2.3. X-Ray Diffraction Analysis

Phase analysis of the scaffolds was carried out using a
Philips PW3710 diffractometer. This apparatus worked
with the voltage of 40 kV, current of 30 mA, and applied
Cu-Ko radiation (1.54 A). The required data were
collected in the range of 10° < 26 < 80° at the scan speed
of 2 °/min.

2.4. Morphology Observations

The morphologies of the pores and pore walls in the
scaffolds were observed using Scanning Electron
Microscopy (SEM) (Stereoscan S360-Cambridge, UK),
fucnctioning at the acceleration voltage of 15 kV. First,
samples were coated with a thin layer of Au using the
sputtering instrument. The elemental image analysis of
the scaffolds was determined by Energy Dispersive
Spectroscopy (EDS) that was directly connected to SEM.
According to previous similar studies [13-15], the pore
size was measured by Image J software, and the mean
porosity diameter was defined as the pore size of
scaffolds.

2.5. Porosity Percentage Measurement of
Scaffolds

To measure the porosity percentage of the scaffolds,
they were well-milled by agate mortar. The true density
of the sintered powder was calculated based on the
standard ASTM D 2320-87 through pycnometer method.
The amounts of mass and volume were also calculated to
measure the bulk density of the sintered samples.

2.6. Mechanical Test

The mechanical properties of the samples were
measured based on compressive strength test. The
cylindrical samples were fabricated (15 mm in diameter
and 20 mm in height), and the compressive strength of
the samples was evaluated through universal testing
device (STM 20, SANTAM Ltd, Iran) equipped with a
100 N load cell at the cross head speed of 1 mm/min. The
following equations were used for calculating Young’s
modulus (E) (1) and ultimate compressive stress (o) (2):

=70 )

F
o= X (2)
where K is the stiffness, L the length of sample, F the

ultimate load, and A the average of surface area obtained
from Eq. (3):

A=2x=x(d}—dd) ©)

where d; and d, are the diameters of the cylindrical
specimens. The slope of the stress—strain curve at the
fracture point is the value of K. The test was repeated
three times for each sample.

2.7. Evaluation of in Vitro Acellular Behavior

The in vitro surface activity of the scaffolds was
evaluated after soaking them in Simulated Body Fluid
(SBF) at the solid-to-liquid ratio (S/L) of 1 g/100 mL and
then, they were kept at 37 °C for several periods up to 28
days. The SBF solution was prepared based on the
procedure suggested by Kokubo et al. [16] by dissolving
NaCl 8.035 g/L, KCI 0.225 g¢/L, K;HPO4.3H,0
0.231 g/L, MgCl,.6H,0 0.311 g¢/L, CaCl, 0.292 g/L,
NaHCO; 0.355 g/L, and Na2SO3 0.072 g/L into distilled
water, buffered at pH=7.25 with 6.118 g/L tris-
hydroxymethyl aminomethane and 1 N HCI solution at
37 °C. The SBF solution was selected due to its highly
supersaturated characteristic in terms of apatite.
According to Oyane and Takadama [17,18], SBF is the
best solution to evaluating the apatite-formation ability in
biomaterials. The  microstructure and  surface
morphology of the samples were observed using SEM
after soaking them in the SBF solution for 14 and 28
days.

2.8. Procedure of Cell Culture and MTT Assay

Osteoblast-like cells of human (SaOS-2) were cultured
in Dulbecco Modified Eagle Medium (DMEM;Gibco-
BRL, LifeTech-nologies, Grandlsland, NY)
supplemented with 15 % fetal bovine serum (FBS)
(Dainippon Pharmaceutical, Osaka, Japan) ina 5 % CO;
atmosphere at 37 °C. The scaffolds (with dimentions of
0.5x0.5x0.5 cm® were sterilized using 70 % ethanol, and
the cells were seeded over them at 2x10* cells/well [19].
Similarly, discs with similar dimensions were prepared
from the culture dish (polystyrene) and used as the
control group. The sample/cell constructs were placed
into 24-well culture plates and left in an incubator for
three hours to allow cell attachment. Next, 3 mL of
culture medium was added into each well, and the
cell/specimen constructs were cultured in a humidified
incubator at 37 °C with 95 % air and 5 % CO; for 2 and
7 days. The medium was changed every 3 days.

SEM was employed to monitor the morphology of the
attached cells. For this purpose, followed by cell fixation,
the specimens were dehydrated in ethanol solutions for
about 20 min. They were then dried in the air, coated with
gold, and analyzed by SEM.

The cell proliferation in contact with the samples was
measured by using water soluble enzyme substrate
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium
bromide (MTT, Sigma, Germany), which turned into a
purple water insoluble product formazan accumulated in
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the cytoplasm of viable cells. In this regard, at the end of
each period, the medium was removed, and 2 mL of MTT
solution was added to each well. Followed by incubation
at 37 °C for four hours in a fully humidified atmosphere
(5 % CO/95 % air), MTT was taken up by active cells
and reduced to insoluble purple formazan granules in
mitochondria. Subsequently, the medium was thrown
away, the precipitated formazan was dissolved in
dimethyl sulfoxide (DMSO, Sigma, Germany) (150
mL/well), and the optical density of the solution was
measured using a microplate spectrophotometer (BIO-
TEK ElIx 800, Highland park, USA) at 570 nm. Cell
number was determined using a linear correlation
between the absorbance and cell concentration.

2.9. Statistical Analysis

Data were calculated by Microsoft Excel 2019
software, the results of which were reported as the mean
+ standard deviation of at least three experiments. The
significance among the mean values was determined
using standard software program (SPSS GmbH, Munich,
Germany) such that the probability values less than 0.05
(P < 0.05) were considered significant.

3. RESULTS AND DISCUSSION

The DTA and TG analyses of the BG were carried out
to acquire the exact sintering temperature, as shown in
Figure 1. The first endothermic peak initiated at 120 °C
corresponds to the release of physically adsorbed water.
According to the TGA diagram, it was removed between
50 °C and 150 °C (No. 1). There is an exothermic peak at
320 °C which can be attributed to the release of structural
water that leads to weight loss between 150 °C and
400 °C (No. 2). Two other endothermic peaks (No. 3 and
4), started at 550 °C, are associated with the removal of
silanol and nitrate groups that are usually eliminated in
the thermal stabilization process [20]. Approximately
10 % of the total weight loss occurred by removal of all
nitrates at 600 °C. Finally, the crystallization process of
CaSiO3 (B-wollastonite) and cristobalite (SiO2) was
completed around 970 °C (No. 6) [20], which was found
to occur at higher temperatures in similar glasses [21,22].

Negligible weight loss was observed above 700 °C,
indicating that the residuals were removed before 700 °C
[4], hence this temperature was found to be propper for
stabilization of the glass structure. Of note, the glass
transition temperature of the dried gel occured at about
800 °C (No. 5). Controlling the sintering temperature is a
fundamental factor that affects apatite formation. As
reported, the heat treatment of the bioglass as a coating
affected bioactivity. According to the studies, an
imperfect apatite layer was formed on the bioglass. In
fact, crystallisation decreased the bioactivity of the
bioglass that was coated on the porous alumina scaffold
and prepared by slip casting [23].

100 +

Weight (%)
-
=

0 2(.}0 4(I]O 6(.)0 E(I)U lOIOO 1200
Temperature (°C)

Figure 1. DTA (red line) and TG (black line) analyses of the

BG

Figure 2 illustrates the XRD patterns of the sintered
alumina at 1700 °C, stabilized BG at 800 °C, and coated
scaffold. No diffraction peak was observed in the XRD
pattern of BG, and the sample was almost amorphous due
to its internal disorder. In this respect, 800 °C was
selected as the suitable temperature for BG stabilization.
According to the pattern of the coated alumina scaffold,
the corundum phase (JCPDS Card No 46-1212) at pure
alumina scaffold was converted to sillimanite (a
composition of Al,03-SiOz) with JCPDS Card No 22-
0018 partially followed by sitering at 800 °C, indicating
that the silica in the structure of BG was diffused in
alumina scaffold, hence formation of the sillimanite
phase.

*  Corundum
x  Silimanite

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)
Figure 2. X-Ray diffraction patterns of a) BG stabilized at
800 °C, b) Sintered alumina at 1650 °C, and c) BG coated Al-
scaffold

Figure 3 shows the micrograph of the sintered scaffolds
prepared by different polyurethane foams. As expected,
all prepared scaffolds thorugh replica method were
highly porous so that the size of pores and their walls
increased by decreasing PPI. The mean size of the pores
and their walls were estimated using Image J software
and SEM images. The given data in Table 1 show that the
average pore size of the scaffold prepared by 30 PPI foam
is 1133 um which decrease to 376 um in the sample
prepared by 60 PPI foam. The results of the calculated
porosity percentage from Equation 1 are also given in
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Table 1. The prepared sample with 60 PPI foam had the
highest porosity percentage. On the contrary, the porous
alumina-based ceramics fabricated by
Polymethylmethacrylate (PMMA) microspheres had the
mean pore size of about 22.6 um and open porosity
percentage of 62 %. In other words, they had smaller pore
size and less porosity percentage than those of the
scaffolds prepared by foam replica, hence higher
mechanical strength can be expected [24].

Figure 3. SEM images of scaffolds prepared by a) 30 PPI, b)
45 PPI, and c) 60 PPI polyurethane foams

Table 1 presents the results of the mechanical strength
of the scaffolds. According to this table, the compressive
strength decreased upon increasing the porosity
percentage of the scaffolds. The compressive strength of

the scaffold prepared by 30 PPl foam was 1.75 MPa
which was higher than that of the other samples. The
compressive strength of the trabecular bone was between
0.22 MPa and 10.44 MPa, and the mean value was about
3.9 MPa [25-28]. Therefore, this scaffold can be
recommended to be used for tissue repair of the
trabecular bone. In addition, the porosity diameter of the
scaffold prepared through template replica method was
considerably high, hence useful for TE applications [22].
Moreover, the scaffold possesses interconnected
porosities. Pore connectivity plays an important role in
the penetration into the scaffold [29].

TABLE 1. The Characteristics of porosity and mechanical
properties of prepared scaffolds with different polyurethane
foams

Types of polyurethane

30 PPI 45 PPI 60 PPI
foams

Diameter of Pore

(pm)

Diameter of pore’s wall
(nm)

Calculated porosity
(%)

Compressive strength
(MPa)

113350  550+24 37613

27524 185+18 79+11

79.5+0.5 85.05+0.03 93.41+0.65

1.75#0.5 0.51+0.2 0.35+0.1

Therefore, the synthesized sample through foam PPI
No.: 30 can be regarded as the Optimum Alumina
Scaffold (OAS). The composition of OAS is exactly the
same as that of other samples (BG coated alumina); they
only differ in the applied foam.

To measure the thickness of BG coating, SEM
observation at different magnifications was used. As
observed in Figure 4, the coating thickness is nearly
1.5 um, and it is tightly attached to the alumina scaffold.
To obtain an strong coating, the thermal expansion
coefficients of both substrate and coating layer must be
matched. Otherwise, the created thermal stresses between
the substrate and coating would cause cracks. In this
study, the thermal expansion coefficient of BG was
measured based the rule of mixtures as 4.92x 1076 °C™,
The thermal expansion coefficient of alumina was also
9.47x 1078 °C™L. Due to the smaller coefficient value of
the BG, the stresses in the coating would be compressive,
thus forming a good bonding between the BG and
alumina substrate. Figure 4 presents the EDS analysis of
the substrate and coating of OAS. All of the constituent
elements of the BG were identifiable in the the coating
layer. The elements of Al and Si were also found in the
substrate. The presence of Si in the substrate confirmed
that the sol was infiltrated into the scaffold structure
which in turn led to the formation of a new phase of
Al>O3-SiO; in accordance with the XRD results.
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Figure 4. SEM of the BG coated alumina scaffold at different
magnifications a) 400 X, b) 2000 X, and EDS analysis of ¢) the
coating (point 1) and d) the substrate (point 2) of the scaffold

Figure 5 illustrates the BG-coated OASs after 14 and
28 days of immersion in SBF solution. As seen, the
hydroxyapatite layer with a spherical morphology was
precipitated after 14 days. Obviously, a ball-like
morphology containing the entangled crystals was
observed on the surface of the sample after 28 days. This
kind of apatite morphology is fromed through the
dissolution-precipitation mechanism. According to other
researches [30], changes in the surface chemistry and
topography in vitro were controlled by the solubility of
the different phases. The reaction between the phosphate
ions of SBF and released calcium ions by the material
cause the nucleation of a calcium-deficient

hydroxyapatite layer. These surfaces were formed after
28 days due to the abovementioned mechanism [31]. The
elemental image analyses of the surface are illiustrated in
the corner of Figure 5. The presence of Ca and P peaks
determines the formation of a calcium phosphate layer.

T
4

Energy (keV)
! " yaRaL

Figure 5. SEM observation of the BG coated alumina scaffold

after 14 and 28 days of soaking in SBF solution. (in the corner:
EDS analysis of the surface)

Figure 6 shows the SEM micrographs of alumina
scaffolds and BG-coated OASs after 2 and 7 days of
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osteoblastic cell culture in different magnifications. SEM
is a beneficial method to detecting the morphology and
distribution of cells on the surface of scaffolds [32].
According to this figure, Alumina did not adversely

affect cell proliferation, and cells were properly attached
and spread on the surface due to the compatibility and
proper topography of the samples in terms of cell growth.
The cells are marked with white arrows in Figure 6.

Figure 6. SEM micrographs of alumina scaffolds a) after 2 days, b) after 7 days, BG coated alumina scaffolds c) after 2 days and d)
after 7 days of osteoblastic cell culture (at the corner of image, higher magnification is observed where white arrows indicate spread

cells)

The obtained results were in good agreement with
those from another research carried out by Bose and et al.
[33]. Apparantly, after 7 days, the cells covered a larger
area of the scaffold surface. In case the matrix is
inappropriate or toxic, the cells would be less extended
over the surface [34].

The cytotoxicity study on the specimens was
conducted using the MTT colorimetric method to
confirm the microscopic observations. Figure 7 shows
the proliferation of the osteoblasts on different
specimens. The results of the studies at 2 and 7 days
revealed that the number of cells on the surfaces of
aluminum and BG- coated aluminum scaffolds increased
significantly with time. The differences in the cell
numbers between days 2 and 7 are statistically significant
(P < 0.05); therefore, after cell attachment, proliferation
begins on all samples. On days 2 and 7, the numbers of
cells proliferated on aluminum and BG-coated aluminum
scaffolds were compared, and it was found that the
differences between the average values were not
statistically important. However, the number of cells on
polystyrene was extremely lower than that of aluminum

and BG-coated aluminum scaffolds with no cytotoxicity
of the samples.

7000

*

[ Icontrol ] |
sooo 4 L__] Al scaffold ——*&——
[ ]BG-coated ;
Al scaffold

5000

B

o

(=]

(=]
1

3000 ~

Cell number

2000 4

1000 -

Culture time (day)

Figure 7. Proliferation of osteoblasts on Al scaffold, BG-coated
Al scaffold, and control sample measured by MTT assay
(*P <0.05)
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The scaffold material provides a substrate for cell
attachment, proliferation, and differentiation [35]. In
order to obtain a scaffold for bone regeneration in this
study, both alumina and BG-coated based scaffolds were
prepared. The surface topography of the biomaterial
affected cellular responses in vitro preferably, hence
bioactive materials should interact with cells to motivate
cell ingrowth [36]. Cell attachment is the primary stage
of the interaction between the cells and biomaterial [37].
The surface of the biomaterials affects the morphology of
cells that define biocompatibility [38]. The SEM results
of cell morphology revealed that cell cover on the surface
of COAS was better than that of OAS. In other words,
cellular responses to biomaterials depends not only on the
surface morphology but on the chemical composition of
the biomaterial [39], which plays a fundamental role in
determining interaction between the cells and materials
by changing the quantity of the released ions from the
biomaterial [40]. In this study, a sol-gel derived bioactive
glasses containing SiO,, CaO, and P,Os was selected as
the coating. SiO, is a network former in the glass
structure. Moreover, Si—-OH groups produced from the
exchange process of Ca?* ions (from glass) with H;O*
(from solution) are susceptible sites for calcium
phosphate nucleation [41,42]. At the same time, Si ions
released from the glass composition into the medium can
accelerate cell functions [43,44]. P2Os is also used to
encourage nucleation of calcium phosphate phase on the
glass surfaces [45].

4. CONCLUSIONS

The following conclusions can be derived from this

study:

¢ Alumina was transformed to sillimanite phase when
coating the alumina scaffold with BG as a result of
the diffusion of silicon into the scaffold as well as the
reaction of alumina with silicon.

e The mechanical strength decreased upon increasing
the porosity percentage of the scaffolds.

e According to the SEM observation, the spherical
hydroxyapatite particles were formed well on the
surface of BG-coated alumina scaffold after different
time intervals of being soaked in SBF solution.

e According to the preliminary in vitro test data, both
alumina and BG-coated scaffolds were not toxic
after processing, and they provided favorite sites for
cell attachment and proliferation for SaOS-2 cells.

¢ The bioactivity properties of the BG-coated alumina
scaffold were significant since they exhibited
acceptable cell attachment and cell growth. The
results of experiments confirmed the application of
the prepared scaffold in bone regeneration field.
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Topological characterizations and optical density of the synthesized hydrogenated amorphous carbon
Cu-Ni NPs @ a-C: H nanotubes (CNTs) with different surface morphology were studied in this report.
Films deposited with Ni layer thickness of 5 nm have a maximum value of optical density especially, in
the high energy range. Steps between 1800 to 2000 KeV in the Rutherford backscattering (RBS) spectra
correspond to the presence of Cu and Ni elements. The thicknesses of films were measured by using
SIMN-RA software. Films deposited with Ni layer thickness of 15 nm have a maximum value of the
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1. INTRODUCTION nickel nanoparticles have received significant attention
due to their potential applications in optical magnetic

recording, spintronics, data storage devices, and used as

The study of physical

properties of metallic

nanoparticles in dielectric host medium has been the
subject of extensive research due to their unique
applications in many areas such as nonlinear optical
switching, immunoassay labeling, and Raman
spectroscopy enhancement [1,2]. Especially copper-

giant magnetic resistance (GMR) [3]. Cu-Ni
nanoparticles have been also used as catalysts for the
synthesis of dimethyl carbonate and carbon nanotubes
[4-6]. Multilayers with a thickness of two layers less
than 100 nm that are inaccessible in bulk have very

Please cite this article as: Dalouji, V., Goudarzi, S., Rahimi, N., Souri, A. R., “Multi-Walled Carbon Nanotubes (MWCNTSs) Synthesized on Ni-Cu
NPs @ a-C: H Films: A Study of Cavity and Bearing Areas Percentage, ZX Topography, and the Width of the Surface Height Distribution with
Different Ni Layers’ Thickness”, Advanced Ceramics Progress, Vol. 7, No. 4, (2021), 20-26. https://doi.org/10.30501/ACP.2022.318678.1077

2423-7485/© 2021 The Author(s). Published by MERC.
This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.30501/ACP.2022.318678.1077
https://doi.org/10.30501/ACP.2022.318678.1077
https://en.merc.ac.ir/
https://creativecommons.org/licenses/by/4.0/
http://journals.merc.ac.ir/
https://www.acerp.ir/
https://www.acerp.ir/
mailto:dalouji@yahoo.com
https://www.acerp.ir/article_144166.html
https://doi.org/10.30501/ACP.2022.318678.1077
https://orcid.org/0000-0002-1233-5858
https://orcid.org/0000-0002-1496-6223
https://orcid.org/0000-0003-2794-5197
https://orcid.org/0000-0001-8306-5069

V. Dalouji et al. / Advanced Ceramics Progress: Vol. 7, No. 4, (Autumn 2021) 20-27 21

interesting properties due to their magnetic properties
and improvement of their mechanical properties [7].
Although the study of the surface structure and interface
at the atomic scale of such layers is a very difficult task
in surface science the results which are obtained from
these studies are very important. Plasma arc evaporation
[8] and sol-gel methods [9] were used to make copper-
nickel alloy nanoparticles. Amorphous carbon metals
have many applications as coatings in optical,
electronic, mechanical, and biomedical applications
[6-9]. Since the discovery of carbon nanotubes, there
has been a great deal of interest in synthesizing the
growth of directed nanotubes [10]. The reason for the
interest in nanotubes is due to their excellent physical
properties such as high mechanical strength, high
dimensional ratio, and good thermal conductivity
[11,12]. In recent years, there have been extensive
publications to prove the growth of both random and
homogeneous nanotubes [13-16]. However, for
applications where nanotubes act as electrical
conductors, the growth of directional carbon nanotubes
is preferred. Normally, nanotubes grow in a manner
such as chemical vapor deposition (CVD) on metal
catalyst particles or islands located on top of a
semiconductor or insulating substrate. However, for
many of the predicted programs, it is best to grow the
nanotubes directly on a conventional copper-like
substrate to provide good power. Since copper itself is
not a suitable catalyst for the growth of carbon
nanotubes, the technique discussed here uses nickel-
transfer metal as a catalyst in copper substrates.
Esconjauregu et al. have reported that among metals Ni,
Fe, Co, and their alloys act as the best catalyst for direct
growth of carbon nanotubes [17-19]. Nickel was
selected as a catalyst due to its superior properties for
achieving directional carbon nanotube growth [20-23].
CNT growth is difficult on bulk copper unless it is in
the form of nanoparticles or several layers of metal
catalysts are stored in it. In this work, the effect of
different Ni layers’ thickness was studied on optical
density, surface topography, and the fractal dimensions
of films.

2. EXPERIMENTAL DETAILS

More details of the sputtering deposition process were
given in references [3-5]. The scheme of co-deposition
by RF-Sputtering and RPECVD techniques is shown in
Figure 1. Cu-Ni NPs @ a-C: H with different
thicknesses of Ni overlayer is provided by a capacitance
coupled radio frequency plasma enhanced chemical
vapor deposition (RF-PECVD) system with a 13.56
MHz power supply. The reactor is composed of two
electrodes with different area sizes. The electrode
smaller was Cu and Ni targets at the first and the second
stages of deposition. Another electrode was placed in

the body of the stainless-steel chamber. All deposition
was performed at room temperature on this electrode
over the glass and silicon substrates. The chamber was
vacuumed to a base pressure of 10 mbar before to the
deposition then the pressure was increased to ambient
pressure by acetylene gas. The RF power 200 W and
initial gas pressure were at different pressures from 0.01
mbar to 0.05 mbar. The copper deposition time was 20
minutes. After the deposition of copper, the electrode
was changed to Ni, and sputtering was done for 2 min
with RF power of 250 W and acetylene initial pressure
of 0.025 mbar. To obtain chemical compounds and the
thickness of the prepared thin films, the RBS spectra
were obtained using a helium ion beam with energy of
about 2 MeV. The thickness of the films and the atomic
content of the films were obtained from RBS data by
SIMN-RA software simulation and the thicknesses of
films were kept constant and were measured from RBS
spectra. In order to study the surface topography of the
thin films and the average nanotube’s size atomic force
microscopy (AFM) analysis in the noncontact mode was
used. By using of a double beam UV-Vis spectrometer,
the optical densities of films were measured. The
Thermal Chemical Vapor Deposition (TCVD) system
includes a furnace, a quartz tube of 60 cm length and 40
mm inner diameter, a temperature controller with a
thermocouple. The LP gas (LPG) with a flow of 80
sccm and at 825 °C was applied to the reactor. The
composition of PLG was measured by a gas
chromatograph (Hewlett Packard, Palo Alto, CA, USA)
and it was a mixture of C3 (54 %), C4 (45 %), and C5
(1 %).

& l RF Power supply
as inlet " M
Cu target J %( %J‘ L~
Matching network
Plasma

Substract —f—— o

To Vacuum pumps

Figure 1. (Color online) The scheme of co-deposition by
RF-Sputtering and RPECVD setup [4]
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3. RESULTS AND DISCUSSION

To obtain the optical density of films Equation (1)
was used [24,25]:

Dopt = 2.303 A 1)

Here A is the absorbance of the films. Figure 2 shows
the optical density of the films with various thicknesses
of Ni layers. As it is clear the optical density for films is
constant between 1 and 3 eV, and then increases with a
relatively slow slope. The optical density of films
containing Ni with a thickness of about 5 nm has a
maximum value. However, the sizes of nanotubes show
very significant changes with photon energy for Ni
films with a layer thickness of 15 nm [26].

From RBS spectra (It has been reported in previous
works [27]) it is possible to find out Cu, Ni, C , and O
contents of the samples. In RBS spectra, steps at 1550
and 1700 KeV could be respectively due to O and Si
nuclei of the amorphous SiO; substrate. Peaks at 1400
KeV and in the range 1800 to 1900 KeV were attributed
to C, Cu, and Ni nuclei, respectively. The peak between
1800 and 1900 KeV is considered a convoluted peak.
Their results of SIMN-RA software simulation of RBS
spectra indicate that the Cu layer contains 40 % Cu, 55
% C, and 5 % O, and its thickness is about 100 nm.
This is common among all prepared samples. The
composition of Ni layers was obtained 80 % Ni, 10 %
C, and 10 % O, and the thicknesses of these over layers
for the samples with 2.7- and 10-min deposition were
obtained 5, 10, and 15 nm, respectively. It is clearly
observable that the intensity of RBS spectra was
increased by the increase of the thickness of Ni layers.

3 - B Cupure
® Snm Ni

10nm Ni

15nm Ni

hv (eV)

Figure 2. Optical density of films for Cu pure, Ni layer
thickness 5 nm, 10 nm, and 15 nm

The SEM images of films with and without Ni for
layers with 5, 10, and 15 nm thicknesses are shown in
Figure 3(a-d), respectively. As it is clear by adding Ni
the density of the CNTs is greatly enhanced.
Furthermore, the average diameter of the grown CNTs
depends on the Ni content and increases by increasing
Ni content. The average diameter of the grown CNTSs on
films for Ni layers of thickness 5, 10, and 15 nm Ni are
obtained about 10.3, 12.5, and 16.2 nm, respectively. As
it is clear from Fig. 3(d) which shows the SEM image of
films with 15 nm thickness, MWCNTSs are formed on
the films, shorter nanotubes are formed and the quality
and height of these nanotubes in the third sample are
higher than the other samples.

The surface morphology and the average nanoparticle
size of films were obtained by AFM in non-contact
mode and the results are shown in Figure 4. The
nanotubes lateral size of the thin films can be estimated
using AFM images. The variations of nanotubes lateral
sizes of films surfaces versus different the Ni layer
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Figure 3. SEM images of films for different Ni layer thickness
(a) Cu pure, (b) Ni-5 nm, (c) Ni-10 nm, and (d) Ni-15 nm

thicknesses for different deposited films, Cu pure layer,
Ni-5 nm, Ni-10 nm, and Ni-15 nm were about 12, 14.4,
13.2, and 19.7 nm for films, respectively (Figure 5). The
films deposited with a layer of Ni with a thickness of 15
nm have maximum nanotubes lateral size, however, Cu
pure layer has a minimum of nanotubes lateral size. The
AFM images show that the nanotubes synthesized on
the substrates, firstly, have a uniform distribution that is
distributed throughout the substrates, and secondly, at
the measuring scale, the mean diameter values of the
measured nanotubes also appear to be almost identical.
It was found that the size of nanotubes on films surfaces
was increased with the increasing of the Ni thickness of
the Ni layer from 5 nm, then it was decreased up to 10
nm and from 10 to 15 nm it was increased. The
nanotube’s size changes as Gaussian plots, which can

almost be due to little changes in the size of the
nanotubes with the change in thickness of the Ni layers.
The AFM images for similar substrates were reported
earlier [28]. By comparing SEM and AFM images we
find that both are compatible with each other. It can be
seen that in the pictures, CNTs have different diameters
and in general the average diameter of grown carbon
nanotubes increases with increasing thickness of nickel
layers.

a
‘

30nm
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Figure 4. AFM images of films for different Ni layer
thickness (a) Cu pure, (b) Ni-5 nm, (c) Ni-10 nm, and (d) Ni-
15 nm
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Figure 5. The variations of nanotubes lateral size of
nanoparticles on the surface of films for Cu pure, Ni-5 nm, Ni-
10 nm, and Ni-15 nm

Figure 6 (a-d) shows the variations in the height of the
thin films on the surface versus the x and z axes for
films without Ni thin layer and with layer contenting Ni
layer of thicknesses 5, 10, and 15 nm, respectively. The
scanning size on the surface of the films for the AFM
study was chosen as much as 1 pym X 1 pum (the
maximum scale value on the x-axis was as much as
1 pum). The height’s changes on the surface of the
scanned films show that the films have a topological
phase-change films. In the deposited films, the z values
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were about 13 nm for the thin layer contenting Ni
thickness layer 5 nm, Ni thickness layer 10 nm, Cu
pure, and about 17 nm for Ni thickness layer 15 nm.
These results show that the films are smooth in this state
and showed a second phase change. The films without
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Ni thin films have lower fluctuations, and the peaks
have a slower slope than other thin layers contenting Ni
thickness layer. The z variations versus x variations are
closely related to both Cu and Ni materials, which have
many peaks.
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Figure 6. Z-height variations of nanoparticles on the surface of films versus x-axis of the films for different Ni thickness layer (a) Cu

pure (b) Ni-5 nm, (c) Ni-10 nm, and (d) Ni-15 nm

The PSD spectra were extracted from the scanned
area and 30 nm obtained from AFM images of the films
as shown in Figure 4. It can be seen that all the PSD
points include a high spatial frequency region.
According to the Dynamic Scaling Theory (DST), the
power spectral densities (PSDs) analyses closely show
how the roughness varies with length scale. The AFM
images can be divided into pixels as a small square area
where the vectors h(xi) and h(yj) are the height at (xi,
yj) positions. Then, the one-dimensional average of the
power spectral densities (PSDs) is given as follows:

P (k)
e :

(FFT(h(x)" )y + (Z (FFT(h(y) )

i=1

@

Where FFT is the Fast Fourier Transform between the
real and reciprocal spaces.

According to the dynamical scaling theory, the
relation P (k) and frequency k are given below for a
system with lateral size L [29]:

P (K) < k5 (3)

Here B is calculated from the slope of the log-log in
PSD spectra of high spatial frequency. The fractal
dimensions Dy of films are obtained by solving the
slope of the log-log graph [28]:
Dy=4+p/2 4)

Figsure 7 (a-d) show the variations of spectral density
with a spatial frequency of films for: (a) pure Cu and Ni
layers with thicknesses (b) 5 nm, (c) 10 nm, and (d) 15
nm. Especially in the high spatial frequency region, the
spectral compaction power of all films reflects the
inverse current power variations and indicates the
attendance of fractal components in outstanding
topographies. From these values, one can determine the
relative amounts of surface disorder at various distance
scales. As the thicknesses of Ni layers were increased,
the performance of the spectral compaction power
increases as a result of decreasing the size of the
nanotubes. The Ni layer with 15 nm thickness and the
pure Cu layers have maximum and minimum values of
the fractal dimensions, respectively.
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Figure 7. The variations of power spectral density of the films versus frequency k of films for different Ni layer thickness(a) Cu

pure, (b) Ni-5 nm, (¢) Ni-10 nm, and (d) Ni-15 nm

Figure 8 shows illustrate the variations of fractal
dimensions versus of Ni layer thickness. The fractal
dimensions of films for pure Cu films and Ni layers
with thicknesses 5, 10, and 15 nm were estimated to be
2.92, 2.98, 2.95, and 2.93 nm, respectively. Therefore,
the fractal dimensions of films increase with the
increase of the Ni thickness layer up to 5 nm, and then,
it was decreased over 5 nm.

Figure 9 shows the variations of bearing area of the
films in respect to Ni layer thickness for Ni layers of
thickness 5 nm, 10 nm, and 15 nm. The area shows the
tolerance for height. In fact, it indicates the amount of
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Figure 8. The variations of fractal dimensions of films for Cu

pure, Ni-5 nm, Ni-10 nm, and Ni-15 nm

vacuum, zero coverage (cavity, bottom curvature of the
diagram), monolayer (upper curvature of the diagram),
and isolation (between the cavity and monolayer) of the
layers. The films in Cu pure, Ni thickness layer 5 nm,
Ni thickness layer 10 nm have cavity coverage of less
than 5 % and layer content of about 90 % and 95 %
which are monolayer height. In the wvacuum, Ni
thickness layer is 15 nm, the coating is 10 %, and the
content of the film is about 90 %, 80 % of which is
isolated. Thickness did not have much effect on the

degree of isolation, so all four diagrams have similar
results.
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Figure 9. The bearing areas of films for Cu pure, Ni-5 nm,
Ni-10 nm, and Ni-15 nm
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4. CONCLUSION

In this article, we show that films have an important
effect on the growth of MWCNTSs based on Ni NPs
catalyst. The optical density of films with a layer of Ni
and thickness of 5 nm has the maximum value. The
optical density and the average diameters of the grown
CNTs increase with increasing Ni layer thickness. The
average diameter of CNTs of films with a 15 nm layer
of Ni is 17 nm. The AFM images show that the
nanotubes synthesized on the substrates both have a
uniform distribution and the mean diameter values of
the measured nanotubes also appear to be almost
identical. We found that the fractal dimensions of films
were decreased with the increase of the thickness of the
Ni layer. Thickness did not have much effect on the
degree of isolation, so all four diagrams have similar
results.
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Nowadays, Response Surface Methodology (RSM) is widely used for modelling and optimizing the
performance of manufacturing technologies. Obtaining the optimum process parameters based on powder
metallurgy methods is of great concern in manufacturing. In this paper, appropriate milling time for
fabrication of Cu/SiC nanocomposites was determined to maximize the densification and hardness of the
nanocomposite samples. The samples were prepared by high-energy planetary ball milling of the
powders and conventional uniaxial pressing and sintering method. Microstructural characterization was
carried out using scanning electron microscopy and optical microscopy, and the hardness of the samples
was measured through Vickers microhardness tester. The highest hardness of 170 HV and minimum
densification of 0.74 were obtained for the sample milled for 25 h. In addition, the effects of milling time
on the hardness and density of the sintered samples were evaluated using one-factor RSM. Polynomial
mathematical models were successfully developed to determine the relative density and microhardness of
the sintered samples. The analysis of variance confirmed that the suggested models could be satisfactorily
employed to predict the relative density and microhardness.
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1. INTRODUCTION

industrial applications that help overcome the
challenges of thermal management, electrical contact

Composites are increasingly used to improve the
performance of electrodes and heat exchangers [1-3]. In
the past few years, copper-based Metal-Matrix
Composites (MMCs) have received considerable
attention in the manufacturing sector. Several key
factors make copper-based metal matrix composites
essential materials including their low density,
improved fatigue resistance, high corrosion resistance,
and higher specific strength [4,5]. Among the copper-
based composites, Cu/SiC composites have numerous

materials in relays, contactors, switches, circuit breaks,
and electrical brushes in rotation or sliding devices in
the rapidly increasing power of advanced electronics.
Generally, SiC as a reinforcing agent can improve the
strength of the copper matrix [3]. Cu/SiC composites
combine the superior ductility and toughness of copper
with the high strength, modulus, and thermal
conductivity of SiC reinforcement. Different solid-state
and casting methods were used to produce Cu/SiC
composites. Mechanical milling and sintering is a
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method used for composite production that has been
extensively studied in the literature [2,3,6]. This method
is able to evenly distribute SiC micro/nanoparticles and
maintain the fine-grained structure of the matrix phase.
G. Celebi Efe et al. evaluated the effects of the particle
size and sintering temperature of SiC on the properties
of Cu/SiC composites [7,8]. They found that the
electrical conductivity of the composites containing SiC
with the particle size of five um was better than that of
Cu/SiC composites containing SiC with the particle size
of one um. M. R. Akbarpour et al. [3,9] studied the
effects of nano/micro SiC on the properties of Cu/SiC
composites and obtained improved mechanical
properties by adding optimum SiC vol. %. In addition,
application of the hybrid-sized (micro and nano) SiC
resulted in higher wear resistance, lower friction
coefficient, and more compressive strength than those of
micro composites. Some principles for Cu/SiC
composites were obtained based on the previous
researches [6,10,11]: (1) nanosize SiC particles were
more effective in strengthening than the microsized
ones; (2) coating of SiC with Ni, Cu, etc. would
improve the interfacial bonding between Cu and SiC,
hence improvement of its thermal, electrical, and
mechanical properties [12]; and (3) an optimum SiC
content was required to achieve physical/mechanical
properties [11]. Cost reduction during production and
operation is the main technological parameter to be
taken into account in the advancement of all materials.
One of the main parameters that affect the composite
properties and production costs is milling time. During
milling of Cu/SiC powder, the powder morphology and
hardness changed, thus affecting the composite
densification and properties [13]. Identification of the
relationships among the milling time variable,
densification, and  microhardness of  Cu/SiC
nanocomposites produced by high-energy ball milling
and conventional sintering process is of high
significance. In this study, copper metal reinforced with
SiC nanoparticles was mechanically milled at different
times. The milled samples were sintered and then, their
density and hardness were measured. The obtained
results were used to model the effect of milling time on
density and hardness of Cu/SiC nanocomposite based
on the RSM method.

2. MATERIALS AND METHODS

In this study, Cu and SiC nanoparticles were used to
fabricate Cu/SiC composites. The copper powder was
characterized by a purity of 99.7 % and particle size of
less than 20 pm (Merck Co., Germany). On the
contrary, the SiC nanoparticles had a purity of more
than 99 % and average particle size of 40 nm. Then, Cu
mixed with 4 vol. % SiC, and 0.5 wt. % stearic acid was
milled for 0, 1, 5, 10, 15, and 25 h under Ar atmosphere

at the BPR ratio of 10 and rotational speed of 300 RPM.
The stainless steel milling medium was used for
planetary milling. The powders were compressed into a
steel mould under uniaxial pressure of 800 MPa to
produce green compacts. The green compacts were
sintered at 900 °C for an hour under argon gas. The
sintered samples were ground by emery paper grades of
200-3000 and then, they were polished using alumina
suspension of 3 um and 1 um, respectively. The
samples were etched to reveal their microstructure. In
addition, 35 wt. % iron trichloride + 5 wt. %
hydrochloric acid + 60 wt. % water solution was used as
etchant in  copper-based nanocomposites. The
microstructure of the samples was evaluated by X-Ray
Diffraction (XRD) and Scanning Electron Microscopy
(SEM), and their density was measured by the
Archimedes method. Vickers microhardness of the
sintered samples was determined using the Olympus
micro-hardness tester (FM-700) under the load of 50 g
and dwell time of 15 s.

Response Surface Methodology (RSM) was also
utilized in the experimental design of many
metallurgical processes [14]. The current study
employed the one-factor design, a standard RSM
design, to optimize the milling time and achieve better
densification and high hardness in the nanostructured
Cu prepared by high-energy mechanical milling
method. To this end, Design-Expert 7.0 software was
used to produce the experimental layout and model the
empirical results.

3. RESULTS AND DISCUSSION

3.1. Microstructural Characterization

Figure 1 represents the Cu/SiC powder morphology
after milling at different time durations. The powder
morphology changed as the milling proceeded, as
reported in the literature [3,11,15]. As seen, the powder
particles became finer and slightly flaky in terms of
quality after one hour milling. However, more flake-like
particles were formed at the milling times of 5 and 10 h.
The flakes fractured with enhanced work hardening at
higher milling durations, hence the number of flaky
particles decreased. As expected, the samples milled for
1 and 25 h had the smallest particle sizes. The
morphological changes in the powder of metals and
metal matrix composites during milling were reported in
previous studies [10]. The powder milled for 25 h was
characterized by semi-spherical morphology. Milling
the composite powder also resulted in a homogeneous
dispersion of nano-reinforcements. Figure 2 illustrates
the elemental distribution maps for Si, C, and Cu and
indicates the dispersion level of SiC nanoparticles in a
composite particle after five hour of milling. Finally, we
succeeded in obtaining homogenous dispersion of SiC
nanoparticles.
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Figure 2. Elemental distribution map on a Cu/SiC nanocomposite particle

Figure 3 represents the optical microscope images of
the bulk samples prepared by milling at different times
and sintering processes. As observed, milling duration
affected the grain size and shape of the bulk samples.
The sample milled for an hour with deformed particles
exhibited larger bimodal and relatively equiaxed grains.
On the contrary, the sample milled for five hours with

&2.e8ik 15 . dum

C

flake-shape particles was characterized by elongated
and fine grains. Longer duration of milling (e.g. 25 h)
resulted in very fine and equiaxed grains, as shown in
Figure 3c. Therefore, it can be concluded that milling
time affects the final microstructure and grain
morphology of the sintered samples.
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Figure 3. Optical images showing the microstructure of the composite samples prepared after milling for: (a) 1h, (b) 5h, and 25 h

3.2. Model Development

The current research employed one-factor response
surface approach to plan the experimentation study. A
total of 15 experiments were performed on Cu/SiC
composite considering one input parameter (milling
time). Table 1 lists the input parameter design factors
and their values. The experimental layout and
mathematical modelling of the experimental results
were obtained using Design-Expert 7.0 software.

The regression models for all different experiments
are all significant terms. In addition, Box Cox plots
were used to select the correct power law
transformation. Most of the data transformations can be
described through the power function y'=y*, where A is
the powder of responses (y). If the standard deviation
associated with the observation is proportional to the
mean raised to the & power, transforming the
observation by the power gives a scale satisfying the
equal variance requirement of the statistical model.

The lowest point on the Box Cox plot represents the
value of lambda. Figure 4 shows the Box Cox plots for
these two responses. the lambda value 3 refers to the

lowest point on the plots. Both actual and theoretical
relationships were developed among models and
process parameters, as illustrated in Egs. (1-2). The
regression models were obtained with A-Milling time.
The response surface for all the models were
constructed which seemed reasonable.

The normal probability plots of the responses are
shown in Figs. 5 (a) and (b). As observed in this figure,
the trend of residuals follows a normal distribution, the
points of which conform a straight line expect some
scatterings even with normal data. Figs. 5 (¢) and (d)
display the observed actual response values versus the
predicted ones in terms of microhardness and relative
density. According to these figures, it can be stated that
the models can agreeably predict the microhardness and
relative density of the sintered Cu/SiC nanocomposite at
a function of milling time.

Figure 6 shows the data points and model as well as
the observed residuals versus the milling time with a
normal distribution. In this figure, the residuals seem to
be randomly scattered with a normal distribution.

TABLE 1. One-factor design matrix with the collected data

Std Run Factor 1 A:Time, h Response 1 Microhardness, HV Response 2 Relative density
10 1 25 168.4 0.747
1 2 1 143 0.945
4 3 10 147.3 0.846
13 4 15 158.8 0.759
6 5 25 170.6 0.749
12 6 1 1475 0.935
8 7 5 144.8 0.912
11 8 5 140.6 0.908
15 9 10 149.5 0.865
14 10 25 1735 0.76
2 11 1 145.3 0.953
3 12 15 156.9 0.76
7 13 5 143.9 0.921
5 14 10 150 0.856
9 15 15 159.6 0.749
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Construction of a regression model for microhardness
and relative density of as-sintered samples reuires
consideration of the effect of milling time which is
given in Equations (1) and (2):

Hv3 = 3622608.57 + 1038971.65 A - 368602.19 A% (1)

R3=0.523-0.229 A + 0.118 A2 @)

Tables 2 and 3 present Analysis of Variance
(ANOVA) that helps obtain the microhardness and
relative density (R) of the nanocomposite. In the case of
the microhardness property of the nanocomposite given
in Table 2, the following remarks can be made:

» The Model F-value of 111.97 is indicative of the
significance of this model. There is only a 0.01 %
chance of the occurrence of a "Model F-Value"
this large due to noise.

» Values of "Prob > F" less than 0.0500 imply the
significance of the model terms, i.e., both A and
AZ,

» "Lack of Fit F-value" of 5.33 indicates that lack
of fit is significant. There is only a 2.65 % chance
of the occurrence of "Lack of Fit F-value" this
large due to noise.

» The "Pred R-Squared" of 0.9169 is in reasonable
agreement with the "Adj R-Squared" of 0.9407.

» "Adeq Precision" measures the signal-to-noise
ratio. The ratio greater than 4 is desirable, and the
ratio equal to 24.012 is an adequate signal. This
model can be used to navigate the design space.

The major findings of the Table 3 are summarized in
the following:

The Model F-value of 104.33 implies that the model
is significant. There is only a 0.01 % chance that a
"Model F-Value" this large could occur due to noise.

Values of "Prob > F" less than 0.0500 are indicative
of the significance of the model terms, i.e., A and A2.

The "Lack of Fit F-value" of 33.00 implies that Lack
of Fit is significant. There is only a 0.01 % chance that a
"Lack of Fit F-value" this large could occur due to
noise.
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The "Pred R-Squared" of 0.9197 is in reasonable

agreement with the "Adj R-Squared" of 0.9366.

"Adeq Precision" measures the signal-to-noise ratio.
The ratio greater than 4 is desirable, and that equal to

23.170 is the adequate signal. This model can be used to
navigate the design space.

TABLE 2. ANOVA for microhardness of nanostructured Cu-4 vol. % SiC

Source Sum of Squares df Mean Square F Value p-value Prob > F
Model 8.39E+12 2 4,19E+12 111.9707 <0.0001 significant
A"t\i/'r:g”g 7.83E+12 1 7.83E+12 208.9811 < 0.0001
AN2 3.73E+11 1 3.73E+11 9.960634 0.0083
Residual 4.49E+11 12 3.74E+10
Lack of Fit 2.32E+11 2 1.16E+11 5.331375 0.0265 significant
Pure Error 2.17E+11 10 2.17E+10
Cor Total 8.83E+12 14
Std. Dev. 193507.4 R-Squared 0.94914
Mean 3653624 Adj R-Squared 0.940663
CV.% 5.296314 Pred R-Squared 0.91688
PRESS 7.34E+11 Adeq Precision 24.0116
TABLE 3. ANOVA for as-sintered relative density of Cu/SiC powder milled for different times
Source Sum of Squares df Mean Square F Value p-value Prob > F
Model 0.408613 2 0.204307 104.3275 < 0.0001 significant
A"t\i/'r:('e'”g 0.381079 1 0.381079 194.5047 <0.0001
AR2 0.038391 1 0.038391 19.60384 0.0008
Residual 0.0235 12 0.001958
Lack of Fit 0.020408 2 0.010204 33.00037 < 0.0001 significant
Pure Error 0.003092 10 0.000309
Cor Total 0.432113 14
Std. Dev. 0.044253 R-Squared 0.945616
Mean 0.617838 Adj R-Squared 0.936553
CV.% 7.162545 Pred R-Squared 0.919746
PRESS 0.034679 Adeq Precision 23.17038

4. CONCLUSION

In this research, Cu/SiC powder was milled at

different times and consolidated through conventional
sintering method. In addition, the hardness and density
of the sintered composite compacts were determined.
Then, one-factor response surface approach was taken
into account to model the effects of milling time on the
composite features. The results from ANOVA analysis
revealed that with a cube transformation, both
microhardness and relative density had a polynomial

relationship with the milling time. Of note, there was
good agreement between the predicted results and
measured values.
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The current study aims to analyze the thermal and residual stress distributions in both duplex and
functionally-graded thermal barrier coatings (TBCs) of yttria-stabilized zirconia (YSZ) and gadolinium
zirconate (GZ) during a realistic heating regime. To this end, finite element model was employed to model
the effects of thermal loading on the thermomechanical response and stress distribution. In addition, three
different YSZ-based TBC systems, one duplex, and two FG-TBCs were fabricated using the APS method.
The coatings were characterized based on SEM/EDS, map analysis, and XRD. The residual stress, elastic
modulus, microhardness, and fracture toughness of the coatings were determined using nanoindentation
method. The obtained results revealed that the microstructure, porosity, and chemical composition changed
gradually due to the functionally-graded coating. Examination of the surface of the samples after the
application of thermal shock showed that the separation of the layers occurred more frequently in the cases
of two-layer coatings than in the graded ones. The contours of the heat flux and nodal temperatures
confirmed that most of the damaging thermal residual stresses were concentrated in the ceramic top coat,
thus resulting in less damage and life-shortening of the substrate. The magnitude of the residual stress in
the FG-TBC was lower than that in the duplex TBC, and the stress distribution was more uniform, hence
improvement in the performance and extention of the life of the thermal barrier system. According to the
findings, the YSZ-based TBC outperformed the gadolinium zirconate-based TBC in terms of thermal shock
resistance and residual stress.

d https://doi.org/10.30501/ACP.2022.322563.1078

1. INTRODUCTION

Tolerance of higher temperatures in different parts of
internal combustion engines has always been an
important concern in aerospace and turbine industries.

Thermal Barrier Coatings (TBCs) are regarded as
important elements in the durability of hot section
components. They function as the insulating components
such as turbine blades, combustor cans, ducting and
nozzle guide vanes operating at elevated temperature. In
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addition, they make an increase in the operating
temperature of gas turbines possible [1-5].

The typical TBC is composed of three layers namely
Bond Coat (BC), Top Coat (TC), and Thermally Grown
Oxide (TGO). The BC is made of MCrAlY (with
M=Ni and/or Co), and the TC often consists of a thermal
barrier layer based on Yttria-Stabilized Zirconia (YSZ)
[1-3]. At high temperatures, oxygen is transferred from
the TC to the BC through micro cracks and
interconnected pinholes within the TC. During the
operation, aluminum in the BC diffuses and reacts with
oxygen from the combustion gases. As a result, an
oxidized scale of alumina (Al;Os) is formed on the BC
called the TGO layer which is primarily related to the
oxidation of the BC. The major disadvantages of YSZ are
the limited operational temperature resulting from the
phase transformation, sintering induced volume
shrinkage, and low corrosion resistance. To overcome
these drawbacks, the necessity of searching for new
alternative materials is highlighted more than ever
[1,6-8]. Zirconate-based TBCs are expected to be
appropriate candidates for future applications in
high-temperature components due to their low thermal
conductivity, high stability, and high sintering resistance
at high temperatures [1,8]. Gadolinium Zirconate
(Gd2Zr,07 or GZ) is another candidate material that is a
new and promising alternative ceramic coating material
to YSZ that enjoys several major advantages such as
higher thermal stability at elevated temperatures and
lower thermal conductivity (1.3 W/mK-t at 1100 °C), and
better hot corrosion resistance than those of YSZ
(1.8 W/mK-* at 1100 °C), thus potentially allowing better
thermal insulation [9,10].

Some problems may arise in the case of
plasma-sprayed TBC such as spallation caused by the
TGOs with different thickness values and morphologies
as well as cracking in long-term services due to their poor
bond strength and high residual stresses. Functionally
Graded Thermal Barrier Coatings (FG-TBCs) with a
gradual compositional variation from the TCto the BC
were proposed to overcome these limitations. The
microstructural grading of FG-TBCs could help reduce
the mismatch in thermomechanical properties. In
addition, using FG-TBCs may improve other properties
such as adhesion, corrosion, and oxidation [4,5,11].

Evaluating and measuring the residual stresses is of
high importance in industry in determining the lifetime
of the components. The measurement techniques for
residual stress in the coatings can be divided into two
groups of destructive and non-destructive methods. The
non-destructive methods measure some parameters that
are related to the stress. X-ray or neutron diffraction are
referred to as the non-destructive methods, and the hole-
drilling and layer removal method are regarded as the
destructive ones. Nanoindentation is an indentation
method for testing the hardness and other related
mechanical properties of materials. It is also used to

estimate the residual stress in thin films and coatings
[12-15].

According to the literature, several experimental,
analytical, and numerical studies have been conducted on
the residual stress, crack evolution, failure mechanism,
splatting impact, TGO and layer thickness, and thermal
shock resistance of the TBCs [7,8,16-20]. For instance,
Z. Valefi and M. Saremi [7] evaluated the effects of
plasma spray parameters, atomizing gas, and substrate
preheat temperature on the microstructure and phase
composition of YSZ coatings produced through the SPPS
process. According to their findings, upon increasing the
power of plasma, using hydrogen as the precursor
atomizing gas, and increasing the substrate preheat
temperature, the amount of non-pyrolyzed precursor in
the coatings would decrease [7]. S. M. Yunus et al. [17]
compared the thermal resistance of a the plasma sprayed
multilayer (GZ/YSZ) TBC with that of the single-layer
YSZ coating and found that the single-layer YSZ system
performed 12 % better than the multilayer TBC system at
1250 °C [17]. N. Nayebpashaee et al. [19] simulated the
residual stress distribution and fracture mode of the TBCs
based on the micromechanical approach FE with and
without considering the presence of two-phase TGO.
Their obtained results showed acceptable agreement
between the simulated and experimental failure and crack
growth modes. J. Song et al. [21] evaluated the effect of
the non-uniform growth of the TGO on the stress
evolution and interfacial crack initiation using the finite
element method. They concluded that the non-uniform
growth of the TGO would increase the magnitude of the
residual stress in the TC layers, thus leading to early
initiation of interfacial cracks [21].

The current study aimed to investigate the thermal and
residual stress distribution in duplex TBC and
functionally graded YSZ and GZ-TBCs during a realistic
heating regime including heating, operating time, and
final cooling. Despite the common applications of
functionally graded strategies in surface engineering,
very few studies have been conducted on the numerical
aspects of functionally graded TBCs with novel zirconate
(GZ) composition as the top ceramic layer TBCs in the
literature. In addition, limited studies have focused on the
thermal shock behavior of the TBC containing GZ as the
TC so far.

2. MATERIALS AND METHODS

Yitria Zirconate-based TBC is usually applied in
experimental studies. The used powders for bond and top
coats were prepared according to the instructions given
in Table 1. Prior to spraying, the starting powders were
heat-treated at 100 °C for two hours to remove moisture.
To obtain better substrate roughness and a clean surface,
the Inconel (substrate) was blasted with silicon carbide
particles with a mesh count of 25 in. at the optimum
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pressure of four bars, followed by smooth grinding,
degreasing, and acid pickling. Table 2 lists the plasma
spray parameters used for TBC coating. X-Ray
Diffraction (XRD) analysis was carried out to evaluate
the materials formed on the top surface of the coating and
characterize the coating surface after cooling the sprayed
sample using a Siemens D 500 instrument. A thermal
cycle was taken into account at the dwell time of 300
seconds and temperature of 1300 °C to perform the

thermal shock. The samples were heated to the target
temperature of 1300 °C in an electric furnace with air and
then cooled to 25 °C using an air blast unit.

The thermal shocks with the oxidation time (cause of
TGO formation) were repeated 45 times. Finally, to
reveal the microstructure of the multiple shocked
coatings in SEM studies, the samples were mounted,
ground, and polished. The coating componenets were
identified using OM, SEM/EDS, and mapping analysis.

TABLE 1. Specifications of powders used in plasma spraying

Layer Composition Powder Morphology Size (um)
Top coat ZrO2-8 wt % Y203 Metco 204 —NS Spherical 40-75
Bond coat Ni-22Cr-10Al-1Y AMDRY 962 Spherical 11-106

TABLE 2. Operating parameter of plasma spraying Inconel 738 used in this research

Parameter Unit YSz 25 NiCrAlY + 50 NiCrAlY + 75 NiCrAlY + NiCrAlY
(metco204Ns) 75YSZ 50 YSZ 25YSZ (Amdry962)
Arc current intensity A 500 500 500 450 450
Voltage \ 55 55 55 50 50
Carrier gas flow rate *
(Argon) SCFH 80 80 80 85 85
Carrier gas flow rate SCFH 15 15 15 15 15
(Hydrogen)
Powder carrier gas flow rate SCFH 30 30 30 30 30
(Argon)
Powder feed rate Ib/hr 25 20 20 15 15
Spray distance cm 8 8 10 10 12
Injection diameter mm 2 2 2 2 2
Cooling circulation system - water water water water water

*Standard Cubic Feet per Hour

2.1. Evaluation of Residual Stress by Nano
Indentation Method

In this study, the residual stress was measured through
nanoindentation method as well as indentation fracture
technique. When using this technique to indent the
surface of a brittle material with moderate force, it often
produces a permanent impression with radially aligned
cracks at the corner of the indent [12,22]. In order to
calculate the residual stress, first, the mechanical
properties of the coating such as Young's modulus,
microhardness, and fracture toughness should be
calculated. The calculation method is based on the
methods presented in the previous study [23].

According to the load-depth curve, the hardness H and
reduced modulus Er are defined by Equations 1 and 2
[23]:

Pmax
M= @
_ V7 S
=% Ta @

where Pmax is the maximum load, A. the contact area,
S= dP/dh the contact stiffness at initial unloading, and

b a constant that depends on the geometry of the indenter.
The reduced modulus E; is defined through Equation (3)
[23] as:

1 1-9%  1-92
Er Ej + Es (3)

where E and E; are the elastic modului of the specimen
and indenter, respectively, and v and v; are the Poisson’s
ratios of the specimen and indenter, respectively [23].
The Poisson's ratios of the TBC and diamond indenter are
0.2 and 0.07, respectively, and the valse of E; for the
diamond is 1141 GPa [24].

For Berkovich diamond indenter, we have A, =
24.49 h? ~ 24.5 h2 where h; is the contact depth. Hence,

. . Pmax
Equation (1) will be as H = 22502

When a Vickers indenter is penetrated into the interface
of two different materials, the fracture toughness for the
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coating/BC interface is evaluated using Equation (4)
[23]:

Kic= 6 (5)1/2 C3L/z (4)

where 6 is the geometric factor and 6=0.015 for a
Vickers indenter, and c= (cit+cp+cs3)/3 is the average
length of three radial cracks with the lengths of ¢4, ¢,, and
cs [23].

When applying the TBC containing stress and
nanoindentation perpendicular to the cross-section of the
TC layer in accordance with Figure 1, the fracture
toughness is measured through Equation (5) [23]:

— !
} Top Coat

Indenter

Top [Bond
Coat |[Coat

Bond Coat

]
|
|
|

Figure 1. Schematics of Berkovich indentation perpendicular
to the top coat of multiple-shocked coating

1

E 2 P 2 1

KIC:S(ﬁ)i c3_/2+ \/—1__[0'C /2 (5)
Then, the ratio P/c%? can be obtained as [23]:

P (K _ 29\ Y

7= () + ()< ©)

1
where x; = S(E/H)_/Z. Equation (6) is regarded as a
; 112 _ 20 Kic
function of ¢ where ( ﬁxi) and (Xi) denote the
slope and intercept of Equation (6), respectively [23]. To

obtain a better linear equation, a series of indentation
tests should be carried out.

2.2, Performing Nano Indentation Test

A Triboscope system (Histron Inc. USA) was used to
measure the stress in the nanoindentation method. A
Berkovich diamond indenter was used for performing
nanoindentation experiments. A device equipped with
Atomic Force Microscopy (AFM) (NanoScope E, Digital
Instruments, USA) was also used to examine the surface
topography of the specimens. The values of the loading
rate, pause time, and unloading rate were 5 mNs?, 5 s,
and 5 mNs, respectively. At room temperature, a series
of forces ranging from 500 pN to 10,000 pN in

increments of 1,000 uN were perpendicularly applied to
the cross-section of the top layer of the multi-shocked
TBC considering the YSZ. The length of the cracks was
calculated using the image processing toolbox of the
MATLAB software.

2.3. Finite Element Analysis

This section primarily aims to determine the
temperature and stress distribution in the TBC. To this
end, a simulation of TBC was performed using ABAQUS
software. In addition, a two-dimensional finite element
model was employed to numerically simulate the
temperature distribution and consequent induced residual
stress in the TBC. The schematic illustration of the
studied area in the TBC system used in the hot section of
the gas turbines is given in Figure 2.

Figure 2. TBC calculation domain

As graphically shown in Figure 3, the duplex TBC
system consists of both metallic and ceramic layers
including an Inconel 738 substrate, a NiCoCrAlY sliding
layer (BC), and GZ (YSZ) as a Top Layer (TC). The
selected functionally graded TBC system used in this
study is made of the following layers: an Inconel 738
substrate, a NiCoCrAlY bond (BC), 50 % BC + 50 % GZ
(YSZ), and GZ (YSZ) as the top coat (Figure 3).

In order to obtain accurate results, appropriate thermal
and mechanical boundary conditions should be
considered. The thermal cycling applied at the highest
level of the thermal barrier is shown in Figure 4. The
heating cycle under study involves heating from 25 °C to
1300 °C in 30 seconds. In the second stage, it sustains
temperature of 1300 °C for 200 seconds and in the third
stage, it is cooled down from 1300 °C to 25 °C in 30
seconds.

In order to provide a suitable boundary condition for
the bottom surface of the substrate, a thermal flux was
used on this surface. To apply this thermal flux, the heat
transfer coefficient (h) was assumed to be 25 W/m?.K
[25].

As illustrated in Figure 5, in order to satisfy the
mechanical boundary conditions, the point of the TBC
system should be kept constant. In addition, the degree of
freedom of the movement of all nodes located on the
vertical surface of the TBC system should be closed in a
horizontal direction to create symmetrical boundary
conditions. On the contrary, the degree of freedom of
their movement in the vertical direction should be kept
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open. these thermal and mechanical properties of different
Considering the dependence of the thermal and layers of TBC [26-28]. In order to validate the proposed
mechanical properties of the material on temperature, we model in this study, a comparison was made between the
gave the properties of different layers of TBC at different simulation and experimental results obtained from the
temperatures to the software as the inputs. Table 3 lists nanoindentation method.
100 pm) 100 % GZ (YS2)
300um 100 % GZ (YS2) 200 ym| 100 % GZ (YSZ)

100 ym 25%BC+75%GZ (YSZ)

100 pm| 50%BC+50% GZ (YSZ) 100 pm 50%BC+50% GZ (YSZ)

200 100 % BG 100 % BC 100 pm 76%BC+25% GZ (YSZ)
Hr 200 um
100 pm 100 % BC
Substrate Substrate Substrate
2 mm 2mm| 2mm

Figure 3. Schematic view of (a) duplex and functionally graded (b,c) coating designs
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Figure 4. Thermal cycle applied at the highest level of thermal  Figure 5. Assigning mechanical boundary conditions
barrier coating

TABLE 3. Thermal and mechanical properties of different layers of the thermal barrier coating [26—28]

Material properties Temperature TGO Top Coat Top Coat Bo_nd Coat Substrate
(K) Al,04 YSZ GZ NiCrAlY Hastelloy-X
276 380 210 175 225 201
E 673 338 205 170.8 186 180
(GPa) 1073 - 181 150.8 147 150
1473 312 162 135 134 141
276
(KgF/)m3) 1607733 3978 5400 6320 7320 8220
1473
276
673
v 1073 0.27 0.2 0.2 0.3 0.32
1473
276 5.1 9.1 8.9 11.6 13.4
o 673 - 10.58 9.04 14 14.2
(x108.K?Y 1073 - 11.13 10.08 16 15.6
1473 9.8 8.5 10.9 20.8 15.8
276 500 344 501 442
Co 673 857 576 430 592 514
(J.(kg.K)™h 1073 637 456 781 668
1473 650 460 764 831
276 1.06 111 43 104
K 673 5.2 0.8 0.77 6.4 18.6
(W/m.°C) 1073 ' 0.65 0.61 10.2 23.8

1473 0.62 0.58 11.3 27.4
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3. RESULTS AND DISCUSSION

Figure 6a shows the optical microscopy images of the
structure of YSZ-based duplex TBC composed of three
sections: substrate, bond coat, and top coat. The
transparent areas represent the metal phases, dark gray
areas the ceramic phases, and black areas the pores in the
coating. The BC shown in a lighter color is a layered
structure consisting of splats approximately parallel to
the substrate surface. This microstructure is one of the
main features of plasma spray coatings. As observed in
Figure 6a,the interface between the layers of the TC and
bond coats in the duplex TBC is clearly distinguished.
Figure 6b shows the optical microscopy images of the
structure of YSZ-based functionally graded TBC.
According to this figure, the coating is characterized by
a layered structure, and each layer contains micro cracks
and pores that appear in black color. From the BC to the
TC layer of the FG-TBC, the portion of NiCrAlY in the
layers gradually changes. This gradient distribution of
layers in the FG-TBC leads to the reduction of residual
stresses caused by different CTEs between the metal and
ceramic phases.

X-Ray Diffraction (XRD) analysis was carried out to
distinguish between the phases of the initial (feedstock)
powder and as-sprayed TC layer for Yittria stabilized
Zirconia-based TBC, the results of which are shown in
Figure 7. As observed in Figure 7a, the feedstock powder
contains zirconium dioxide (ZrO;) with the dominant
structure of tetragonal phase in the form of partially
stabilized zirconia and stabilized (non-transformable)
zirconia and lower amount of cubic and monoclinic
phases. As shown in Figure 7b, plasma spraying causes a

Top Coat

Bond Coat

Substrate

SEMHV: 20.00 kV WO: 13,68 mm
View field: 8668 pm  Del: BSE 200 pm
SEMMAG: 250 x Date(midy): 0702/18

VEGAW TESCAN

fran Und. Scl. Tech

significant reduction in the intensity of monoclinic phase.
The as-sprayed coating is mostly composed of tetragonal
phase with only traces of the monoclinic phase, and the
amount of the cubic phase decreases in terms of the
feedstock.

According to the equilibrium phase diagram of
zirconia-yitria, the stable zirconia phase at room
temperature contains 8 % of the weight of zirconia in the
tetragonal phase. The non-transformable (stable)
tetragonal phase is the main phase of plasma-sprayed
zirconia which is formed as a result of rapid cooling of
the whipped molten particles on the surface. In plasma
spraying, a high proportion of Y,03 (8 % by weight) in
YSZ increases the phase temperature stability of the
tetragonal ZrO, after cooling. Plasma spraying as a rapid
process often leads to the formation of transformable
(semi-stable) phases in the coating. In plasma sprayed
TBCs, rapid cooling leads to the formation of a
transformable (semi-stable) tetragonal phase (t') instead
of a non-transformable (stable) tetragonal phase (t). In
other words, rapid cooling during thermal spraying
preserves the yttrium distribution of the primary powder
in the tetragonal phase, thus leading to preservation of the
transformable (semi-stable) tetragonal phase at room
temperature. When the YSZ coating is semi-stable, and
its chemical composition is the same as that of the more
stable phase at higher temperatures, the chemical
composition of the material will be mixed at room
temperature rather than just the tetragonal phase
predicted at room temperature. The resulting phases will
be cubic and tetragonal [29,30].

Top Coat

Graded Layer

- |Bond Coat

Substrate

SEM HV: 20.00 kv WO: 13.98 mm
View fleld: 8668 pm  Del: BSE

VEGAW YESCA':

SEM MAG: 250 x Date(nvisy): 0702118
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Figure 6. SEM images of the structure of (a) duplex coating and (b) functionally graded Yttria stabilized Zirconia based thermal barrier

coating
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Figure 7. X-Ray Diffraction (XRD) analysis of a) the feedstock powder of YSZ-based top coat and b) as sprayed topcoat

Thermal spraying forms semi-stable compounds
sensitive to the spray parameters. Even if the samples are
coated with spray parameters that are as similar as
possible (same source power, similar spray distance,
etc.), the differences in the properties of the initial
powder should be ignored. These changes in the
properties of the initial powder result in different
microstructures (porosity and pore properties) in the
generated coatings. Therefore, the coatings differ in their
properties, hence different phases of the sprayed coating
[29,31,32].

High amount of cubic and monoclonal phases, instead
of the tetragonal phase, is undesirable due to their lower
mechanical properties. When cooled down to room
temperature, the tetragonal phase is transformed into the
monoclonal phase. This transformation is accompanied
by an increase in the volume, hence creation of
significant stress and possibly nucleation and crack
growth within the TBC that would reduce the lifecycle of
the coating [29-31].

As reported, the removal and depletion of yttrium (Y)
from YSZ during operation and its exposure to high
temperatures (above 1200 °C) and thermal cycling would
form a monoclinic phase upon cooling to room
temperature. As a result, the monoclinic phase is fromed
based on the Y-depleted tetragonal phase during cooling.
According to the findings, the higher the concentration of
stabilizing elements in the tetragonal zirconia, the lower
the proportion of formed monoclinic phase [29,32].

Normally, it is expected that no peak is found for
monoclinic zirconia (m-ZrOy) in the YSZ layer after
spraying. However, in this study, XRD analysis
confirmed the presence of small a amount of monoclinic
phase in the TBC immediately after deposition (in the
sprayed state), in addition to the presence of dominant
non-transformable  (stable)  tetragonal  (t-ZrOy),
convertible tetragonal (semi-stable) (t'-ZrOy), and cubic

phases. Apparantly, according to the spraying conditions
in this study, all of the monoclinic phases in the YSZ
powder cannot be removed. However, plasma spraying
caused a significant reduction in the monoclonal phase in
the primary powder.

Figure 8 depicts the SEM structure of duplex YSZ
based-coating with map analysis of the elements.
According to dot mapping of the elements, while Cr, Ni,
and Al are mostly concentrated in the lower BC layer, Zr
and Y are concentrated only in upper TC layer.

Figure 9 illustrates the SEM images of the structure of
YSZ based-functionally graded coating as well as map
analyses of elements. Dot mappings confirms that
although Cr, Ni, and Al are mainly concentrated in lower
BC layer, they are also present in the upper graded layers,
hence a gradual change can be observed in Ni, Cr, and Al
elements from the bond to top coats. In addition, a slight
gradual distribution of Zr and Y from the top to the bond
coats was observed. The results of SEM analysis revealed
that microstructure, porosity, and chemical composition
changed gradually through the functionally graded
coating.

In order to carry out finite element analysis, a mesh
sensitivity analysis was taken into account to determine
the number of required elements in a model, thus
ensuring that the analysis results were not affected by
changing the mesh size The mesh sensivity is determined
based on Figure 10 which shows the temperature change
as a function of element size. Figure 11 shows the contour
of the stress distribution S,, (in Pascal) for Gadolinium
Zirconate-based TBC containing two-layer (duplex)
thermal barrier, three-layer functionally graded thermal
barrier, and five-layer functionally graded TBCs.
According to Figure 11a, the maximum tensile stress and
compressive stress in the duplex GZ-based TBC are
about 19.42 MPa and 18.09 MPa, respectively. As
observed in Figure 11b, the maximum tensile stress in the
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GZ-based three-layer functionally graded TBC is
reduced to 11.37 MPa. The gradual change in the thermal
expansion coefficients of the FGM layers leads to better
adhesion among the layers and lower stress
concentration. As shown in Figure 11c, the maximum
tensile stress in the GZ-based five-layer functionally
graded TBC is 8.53 MPa, which is the least one compared
to the maximum stress level in the two-layer thermal
barrier and three-layer functionally graded TBCs. The
simulation results of the stress distribution in the duplex
and functionally graded GZ based TBC were in good
agreement with those reported in the literature
[18,29,30]. In the functionally graded TBC, the less

43

difference between thermal expansions of layers would
improve the adhesive bonding of ceramic/metal
interface, thus avoiding later stress concentration and
lessening the risk of crack initiation and propagation
[11,33,34]. The maximum tensile stress in the three-layer
functionally graded TBC was reduced by 41 %,
compared to that of the two-layer TBC. In addition, the
maximum tensile stress in the five-layer functionally
graded TBC was reduced by 25 %, compared to that of
the three-layer functionally graded TBC. This shows the
effect of using functionally graded TBCs on both residual
stress reduction and coating lifetime extension.
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Figure 8. SEM image of the structure of YSZ/NiCrAlY coating with map analyses of elements
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Figure 9. SEM image of the structure of Yttria stabilized Zirconia based functionally graded coating with map analyses of elements
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Figure 11. Stress distribution contours S22 (in Pascal) in Gadolinium Zirconate based thermal barrier coating a) duplex, b) three-layer

FG-TBC, and c) five-layer FG-TBC

Figure 12 shows the contour of the stress distribution
S22 (in Pascal) for Yttria stabilized Zirconia-based TBC:
duplex (YSZ/NiCrAlY), a three-layer FG-TBC (YSZ/ 50
%YSZ + 50 %NiCrAlY/NiCrAlY) and a five-layer FG-
TBC (YSZ/ 75 %YSZ + 25 %NiCrAlY/ 50 %YSZ + 50
%NICrAlY/ 25 %YSZ + 75 %NiCrAlY/ NiCrAlY).
Given that the thermal expansion of the BC is greater
than that of the ceramic layer, compressive strength is
observed in peak regions and tensile strength in valleys.
In addition, a slow transition can be observed while
approaching from the peak to the valley. The simulation
results revealed that after the thermal shock, the average
values of the maximum stress are 29 MPa for the duplex
TBC (interface of TC / bond coat), 3.15 MPa for the
three-layer FG-TBC system (interface of 50 % NiCrAlY
-50 %YSZ/ YSZ), and 1.8 MPa for the five-layer FG-
TBC system (interface of 25 % NiCrAlY- 75 % YSZ /
YSZ). Of note, the stress distribution in the five-layer
FG-TBC system is uniform which affects the
performance and longevity of the thermal barrier system.
The reason for this phenomenon is that the coefficient of
the thermal expansion changed gradually throughout the
five-layer functionally graded coating.

A comparison of Figures 11 and 12 confirms the higher
amount of the residual stress in the Gadolinium
zirconate-based TBC than that in the Yitria zirconate-
based TBC. In Table 3, ag; < aysy < Qnicraly |
therefore, the difference in the thermal expansion
coefficients of GZ and NiCrAlY is greater than that of
YSZ and NiCrAlY, thus resulting in higher stress
concentration.

As observed in Figure 13, the temperature distribution
contours for the Gadolinium Zirconate-based TBC are
shown in the following froms: two-layer (duplex) TBC,
three-layer FG-TBC, and five-layer FG-TBC. The
temperature difference between the TC surface and

substrate in a three-layer TBC is 35 °C which is lower
than that of two-layer (duplex) TBC, i.e., 62 °C. The
three-layer functionally graded TBC has a 43 % lower
insulating value than that of the two-layer TBC, and the
five-layer functionally graded TBC has a 17 % lower
insulating value than that of the three-layer functionally
graded TBC mainly because the thickness of the TC of
FG-TBCs is less than that of duplex TBCs. To provide
thermal insulation, the layers near the surface (high
temperature side) of FG-TBC should be ceramic rich.
The composition gradually changes along the TBC
thickness, from the ceramic-rich near the surface to the
metal-rich near the coating-metallic substrate interface.
The layers near the interface are metal-rich, thus having
higher fracture toughness [33,34].

Figure 14 shows the temperature distribution contours
of the two-layer, three-layer, and five-layer functionally
graded Yttria stabilized Zirconia-based TBCs. The
simulation results revealed that the temperature dropped
by 102 °C along the duplex TBC. Thermal insulation was
found to be reduced by 30 % in the functionally graded
YSZ/NiCrAlY coatings, compared to duplex coatings. It
was previously reported that the insulation value of
FGTBCs was lower than that of conventional duplex
YSZ TBCs with the same total coating thickness and
YSZ porosity.The five-layer FG-TBC performs even
worse than its three-layer counterpart due to a thinner
YSZ top layer [35]. As observed in Figure 14, heat is
primarily concentrated in the upper section of the coating
system, and the substrate is protected from thermal
damages. In other words, heat transfer is limited to the
heat resistive ceramic parts while the BC and substrate
experience lower temperatures, thus allowing for higher
working temperatures. TBC protects the substrate from
thermal load and keeps it at relatively lower


https://doi.org/10.30501/ACP.2022.322563.1078

46 N. Nayebpashaee et al. / Advanced Ceramics Progress: Vol. 7, No. 4, (Autumn 2021) 36-51

(Avg: 75%)
+1.7430407
.l ee0)

¥ ¥ i
RRORRE] ) KPR
L. & B
SRS SREON]
SRES SERE
FRE REKE
SRR SREK)
a0y RV
5 R
N
(b) (<)

Figure 12. Stress distribution contours S22 (in Pascal) in Yittria Zirconate base thermal barrier coating a) duplex, b) three-layer
FG-TBC, and c) five-layer FG-TBC
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Figure 13. Temperature distribution contours in Gadolinium Zirconate based: a) two layer thermal barrier coating, b) three-layer
functionally graded thermal barrier coating, and c) five-layer functionally graded thermal barrier coating

temperatures, thus resulting in an improved fatigue life,
increased lifetime, and lower maintenance costs.

A comparison of Figures 13 and 14 revealed that the
YSZ system exhibited better thermal insulation ability
than GZ system. In addition, GZ had lower thermal
conductivity (1.3 W/mK-! at 1100 °C) than that of YSZ
(1.8 W/mK™* at 1100 °C). Consequently, it can be
anticipated that GZ can provide better thermal insulation
to the metallic substrate than YSZ. However, temperature
reduction in the GZ system was even lower than that in
the YSZ system. At 1500 °C, the YSZ system
outperformed the GZ system approximately 39 %.
According to the reports, the YSZ layer is characterized
by more porosity than the GZ layer. YSZ also contains
higher porosity content than that of GZ that can be

justified by the lower melting temperature of GZ
(2570 °C) than that of YSZ (2700 °C). Therefore, the GZ
splats undergo a greater degree of melting temprature
than that of YSZ, thus resulting in a relatively denser
coating for GZ than that for YSZ. The dependence of the
porosity of heat conductivity of coatings was taken into
account to explain the lower thermal reduction of
Gadolinium Zirconate-base TBC than that of the YSZ
system [36,37].

Through an indentation fracture mechanics approach,
the micro hardness, fracture toughness, and residual
stress of the multiple-shocked TBC were evaluated.
Figure 15 illustrates the load-displacement curve for the
maximum force of 9000 pN.
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Figure 14. Temperature distribution contours in Yttria stabilized Zirconia based a) two layer thermal barrier coating, b) three-layer
functionally graded thermal barrier coating, and c) five-layer functionally graded thermal barrier coating
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Figure 15. Load—displacement curve of the stressed three-layer YSZ-based FG-TBC under the maximum load of 9000 pN in the
direction perpendicular to the cross-sectional area of the top coat

Figure 16. AFM images of impression by Berkovich indenter on the cross-section of the top coat layer of the stressed 3-layer YSZ-
based FG-TBC under the maximum load of 8000 uN
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Figure 16 depicts the AFM images of a Berkovich
indenter impression on a stressed FG-TBC under the
maximum load of 8000 N.

The relationship between the load and displacement
from the initial unloading was used to calculate the
Young's modulus, as shown in Equations (1)-(3). The
values of the calculated hardness and Young's modulus
in the TC are reported in Table 4. The size of the radial
cracks was determined using image processing software.

N. Nayebpashaee et al. / Advanced Ceramics Progress: Vol. 7, No. 4, (Autumn 2021) 36-51

Two parameters P/C2 and C%5 were then calculated using
the mean length of radial cracks. The results are reported
in Table 5 according to which, the diagram of P/C!® was
plotted in terms of C%5 (Figure 17). As mentioned earlier

in Figure 17, (— \;‘;) and (ﬁ) denote the slope and

1
intercept of Equation (6), respectively. The calculation
results of the Xi, Kic, and residual stress are reported in

Table 6, Table 7, and Table 8, respectively.

TABLE 4. Hardness and Young’s modulus values for the top coat of stressed 3-layer YSZ- based FG-TBC

P Er Ei V; Y E H
5000 178.6 1141 0.07 0.25 195.35 12.65
6000 185.8 1141 0.07 0.25 204.6 13.93
7000 211.6 1141 0.07 0.25 238.8 18.38
7500 190.5 1141 0.07 0.25 210.71 15.85
8000 1115 1141 0.07 0.25 114.77 10.48
9000 211.7 1141 0.07 0.25 238.93 15.22

TABLE 5. The results of the calculation of the P/C1-5and C%%and the mean length of the radial cracks
P(UN) C1(um) Cz(um) C3(um)  Capg(pm)  Cayg(M) P/CY5(N/m15)*105  C%5(mO5)
5000 0.33 0.33 0.29 0.32 3.16E-07 28.15 0.00056
6000 0.38 0.38 0.42 0.39 3.93E-07 24.35 0.00063
7000 0.46 0.44 0.43 0.44 4.43E-07 23.74 0.00067
7500 0.54 0.53 0.55 0.54 5.40E-07 18.90 0.00073
8000 0.55 0.55 0.63 0.58 5.76E-07 18.30 0.00075
9000 0.54 0.58 0.62 0.58 5.80E-07 20.38 0.00076
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Figure 17. Relationships of P/C15 versus C%5when indented on the top coating surface

TABLE 6. Results of the calculation of the Xi

[ Eavg(GPa)

H,yg(GPa)

E/H Xi

0.016 200.53

14.42 13.91 0.059

TABLE 7. Results of the calculation of the residual stress of stressed 3-layer YSZ- based FG-TBC

Slope

o (Pa)

o (MPa)

46287

100861-

0.100861-
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TABLE 8. Results of the calculation of the fracture toughness of the stressed three-layer YSZ- based FG-TBC

Eavg Havg KIC
E/H X Intercept
“ (GPa) (GPa) P (MPa.m"2)
0.016 200.53 14.42 13.91 0.059 53.933 3.18
As validation or model evaluation, the stresses of the layers occurred more frequently in the two-layer

obtained from the nanoindentation method and
simulation are presented in Table 9. The presented
simulation is acceptable based on the low difference in
the obtained results. The results from the stress
measurement through nanoindentation method indicated
that the designed method could measure the stress along
the coating depth without damaging the sample.

TABLE 9. Comparison of the nanoindentation and simulation
results of the stressed three-layer YSZ- based FG-TBC

Error Oxx Oxx
percent (Simulation) (Nanoindentation)
-0.098 -0.100861
284 (MPa) (MPa)

4. CONCLUSION

The current study aimed to investigate the thermal and
residual stress distribution in the duplex and functionally
graded Thermal Barrier Coatings (TBCs) of yttria-
stabilized zirconia (YSZ) and gadolinium zirconate (GZ)
during a realistic heating regime that includes heating,
operating time, and final cooling. For this purpose, a
finite element model was employed to model the effects
of thermal loading on the thermomechanical response
and stress distribution. In addition, three different YSZ-
based TBC systems, one duplex, and two FG -TBCs,
were fabricated using the APS method. The residual
stress, elastic modulus, microhardness, and fracture
toughness of the coating were determined using the
nanoindentation stress measurement method. The FGM
strategy reduced the stress values in the coating more
significantly than the conventional coating. Small
differences in the thermal expansion would improve the
adhesive bond between different ceramic/metal
interfaces and reduce the risk of crack initiation and
propagation. According to the findings, the level of
residual stress in the functionally graded TBC was lower
than that in the duplex TBC, and the stress distribution
was more uniform, hence performance improvement and
longevity expansion of the thermal barrier system. The
results also indicated that most of the damage and heat
fluxes were concentrated and accumulates in the ceramic
face layers, hence less damage and shortened substrate
life. Examination of the surface of the specimens after the
application of thermal shock revealed that the separation

TBCs than in the graded coatings. The results of stress
measurement through the nanoindentation method
showed that the developed stress measurement method
could measure stress along the coating depth without
damaging the specimen. It was also found that the TBC
based on yttria-stabilized zirconia was slightly better than
the that based on GZ in terms of thermal shock resistance
and residual stress.
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The main objective of this study is to assess the structure and mechanical properties of amorphous
aluminum phosphate (AIPO,) ceramic specimens prepared through Spark Plasma Sintering (SPS) method.
To this end, AIPO, powder was synthesized through sol-gel process and consolidated by SPS at the
sintering temperature range of 800-1300 °C. Ceramic specimens were characterized by X-Ray Diffraction
(XRD) and Scanning Electron Microscopy (SEM) analyses. Bulk density of the samples was measured
using Archimedes’ principle. In addition, hardness and indentation fracture toughness of the samples were
determined to identify the mechanical properties. The results from XRD analysis, SEM images, and density
measurement revealed that the sintered sample was characterized by an amorphous structure with the
porosity of ~ 3 % and relative density of 97 % after SPS at 1000 °C for 15 min. Increasing the temperature
to 1300 °C made the amorphous AIPO, crystallized. The fracture toughness was obtained to be
5.75 MPa.m¥2 under this sintering condition. Crack deflection around porosities was identified as the main
toughening mechanism involved.

d https://doi.org/10.30501/ACP.2022.326779.1081

1. INTRODUCTION

conductivity make them excellent candidates to be
applied in aerospace industries that are also highly

High-Temperature Ceramic (HTC) materials mainly
including high melting metal oxides, carbides, nitrides,
and their composites are commonly used in a wide range
of industrial applications such as metallurgy, cement,
glass, aerospace, and energy [1]. HTCs are primarily
applied owing to their thermal and thermo-mechanical
properties. A number of studies have been and are still
being conducted worldwide to find a novel class of HTCs
characterized by preferential properties and develop the
next generation of such materials. Some of their unique
properties such as lightweight and low thermal

demanded, thus yielding many superior and promising
results [2].

Aluminum phosphate (AIPOy) is a well-known ceramic
material for its high melting point (1800 °C), high
hardness (~ 1000 HV), low density (2.1-2.6 g.cm™), low
electrical and thermal conductivities, and good corrosion
and oxidation resistance at high-temperatures. This
ceramic material can be widely used in the form of thin
films, thick coatings, or bulk specimens in many
applications, namely composites, catalysts, refractories,
waterproof concrete, and phosphate-bonded ceramic
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refractories, hence it can be regarded as one of the
promising HTC materials [3].

Spark Plasma Sintering (SPS), also known as a rapid
sintering method as well as a novel technique for
synthesizing high-quality ceramic specimens, makes it
feasible to maintain the intrinsic properties of powders in
their fully dense products. Compared to conventional
sintering methods such as Hot Pressing (HP) and Hot
Isostatic Pressing (HIP), SPS process offers many
advantages including easy operation, accurate control of
sintering energy, high sintering speed followed by low
grain growth, high reproducibility, safety, and reliability
to name a few [4,5]. However, given the limitations of
phase transformation, there are some restrictions in
sintering the amorphous phases. Given that long sintering
processes and high sintering temperatures may encourage
crystallization, SPS process could be the right choice.
Moreover, SPS makes it possible to obtain the maximum
density at temperatures of at least 200 °C lower than
those of HP or HIP [6]. For instance, Zhang et al. [7]
fabricated transparent SiO; glass based on SPS at 900—
1400 °C and reported the value of 98.5 % for the relative
density of SiO, bodies at 1100 °C. They also employed
Pressureless Sintering (PS) method to fabricate SiO;
bodies for comparison and concluded that SPS was more
effective than PS in terms of the depression of
crystallization. SPS has also been used as a promising
method to control the alumina microstructure by
preventing the excessive grain growth during sintering
due to the short holding times of only a few minutes. The
main advantage of SPS was its ability to achieve
densification without allowing excessive grain growth
[8]. It can been used for sintering transparent ceramics,
as discussed in a study by Apak et al. on the transparent
polycrystalline alumina with optical properties identical
to that of sapphire and Kanbur for transparent Aluminum
OxyNitride (AION) [9].

To the best of the authors” knowledge, no studies have
been conducted on the fabrication of amorphous
aluminum phosphate specimens using the SPS technique.
In this regard, the present study primarily attempted to
synthesize an amorphous AIPO4 ceramic body based on
SPS method and consider different process parameters to
access desirable mechanical properties while preserving
the initial amorphous structure.

2. MATERIALS AND METHODS

2.1. Amorphous AIPO4+ Powder Synthesis
Amorphous aluminum phosphate powder was
synthesized through the sol-gel method, as explained in
our previous report [10]. Table 1 gives the detailed
characteristics of the precursors used to synthesize the
starting powder. Aluminum nitrate nonahydrate and
phosphorus pentoxide were separately dissolved in
ethanol to achieve a clear solution with the molar ratio of

Al/P:1.75/1. These two solutions were mixed together
under agitation condition for two hours and let age at
ambient temperature for 24 h. The prepared gel was dried
in an oven at 150 °C in air to complete the dehydration
process and get a voluminous and fluffy gel. The dried
gel was calcined in an electrical furnace (Nobertherm
N7/H, Germany) in air at 500 °C for 30 min to strengthen
the gel structure and obtain the final powder product.

TABLE 1. Precursors used for synthesizing amorphous AIPO4
powder

Chemical Purity
formula Company (%)

AI(NO3)3.9H:0 PENTA 985

Composition

Aluminum Nitrate

Nonahydrate

Phosphorus

Pentoxide P20s PENTA 99.5
Ethanol C2HsOH PENTA  99.9

2.2. Spark Plasma Sintering

The prepared powder was sintered using SPS apparatus
(SPS-20T-10, Easy Fashion, China) in a vacuum
atmosphere considering the parameters listed in Table 2.
The powder was poured into a die with the inner diameter
of 15 mm and covered with graphite paper. The heating
and cooling rate of 100 °C.min"* and DC current pulse of
200/40:ms on/ms off were used for all samples. The
graphite contaminations remaining from graphite foils on
the sintered samples were eliminated using SiC
sandpaper grinding wheel and polished using alumina
slurry to 0.50 pum. In addition, X-Ray Diffractometer
(XRD, Philips X'pert) was employed to carry out phase
composition analysis of both starting powders and
sintered specimens based on Cu Ko radiation (A=1.54 A,
40 kV, 30 mA) over the 26 range of 10°-80°.
Microstructural characterization was carried out on the
polished surfaces of the sintered samples using Scanning
Electron Microscopy (SEM, Philips XL30). The porosity
of the specimens was assessed by ImageJ software.

TABLE 2. Parameters for sintering of amorphous AIPO4
powder by SPS

Sample Number Temperature Holding Time Pressure

(°C) (min) (MPa)
1 800 30 50
2 900 20 50
3 1000 15 50
4 1300 10 50

2.3. Bulk and Relative Density Measurement

Bulk density (p», g.cm™) was measured in distilled
water based on the ASTM B962-17 standard test method
using Archimedes’ principle and Equation (1) [11]:

—AXPw (1)

Pb = 5=¢
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where A is the mass of the test piece in air (g), pw the
density of water (g.cm?®), B the mass of the oil-
impregnated test piece (g), and C the mass of the oil-
impregnated test specimen in water with the mass of the
specimen support tared (g). Finally, the relative density
was measure using the ratio of the bulk density to the
theoretical density.

2.4. Hardness and Fracture Toughness Evaluation

Hardness was also measured using a hardness testing
machine (OTTO WOLPERT-WERKE GMBH,
Germany) by Vickers indenter under a static load of
15 kg and at a dwell time of 10 s. The measurement was
repeated five times to calculate the average value of the
Vickers hardness (Hy) through Equation (2):

f
Hy =1.85 @)

where f is the load (kg), and d the average value of the
two diagonals (mm).

Indentation fracture toughness was calculated from the
length of the crack formed around the corners of
indentations using the same hardness testing machine at
a load of 20 kg. Fracture toughness (Kic, MPa.m*?) was
then calculated using both Equation (3) and Figure 1
[12]:

Kic =0.203 Hy a? () 7/ 3)

where Hy is the Vickers hardness (MPa), ¢ the half length
of the crack (m), and a the half length of the impression
diagonal (m), as shown in Figure 1.

3. RESULTS AND DISCUSSION

The XRD patterns of aluminum phosphate powder
calcined at 500 °C for 30 min accompanied with the spark
plasma sintered specimens at different temperatures are
illustrated in Figure 2. The results of the phase analysis
of the powder confirmed the amorphous structure of
AIPO, synthesized by the sol-gel process. The specimen

amorphous structure. Sintering at 1300 °C for 10 min
clearly transformed the structure from amorphous to
crystalline by appearance of Al,Oz and AIPO,4 peaks.

1

Figure 1. Schematic representation of crack generated by
Vickers indenter

d — T=1300 °C, t=10 min, P=50 MPa
—— T=1000 °C, t=15 min, P=50 MPa

AlPO4 powder (500°C, 30 min)

0 Al203

* AIPO4

Intensity (a.u.)

2 Theta (°)

Figure 2. XRD patterns of AIPO4 powder and spark plasma
sintered specimens at different temperatures

Figure 3 depicts the SEM image and EDS analysis of
AIPO,4 powder after annealing at 500 °C for 30 min. As
observed in this figure, the average particle size of the
powder used for the SPS process was less than 10 pm.
Furthermore, the EDS analysis of AIPOs powder
confirmed the presence of Al, P, and O elements in the
powder structure.

Al
4.59K]|

408K

3.57K]|

3.06K| o

2.55K]

2.04K]
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Figure 3. SEM image and EDS analysis of AIPO4 powder after annealing at 500 °C for 30 min
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Figure 4 shows the SEM images of the spark plasma
sintered specimens processed under pressure of 50 MPa
at different temperatures and different holding times. As
shown in Figure 4a and Figure 4b, the temperatures of
800 °C and 900 °C were not sufficient to make dense
AIPO4specimens. As a result, some irregular particles are
observed in these images that are stuck together.

According to Figure 4c, the consolidation process was
completed upon increasing the sintering temperature to
1000 °C. However, a fully dense and porosity-free
specimen was not formed. As shown in Figure 4d, further
increase in the temperature to 1300 °C did not help
reduce porosities.

Figure 4. SEM images of spark plasma sintered specimens under pressure of 50 MPa at (a) 800 °C for 30 min, (b) 900 °C for 20 min,

(c) 1000 °C for 15 min, and (d) 1300 °C for 10 min

Figure 5 presents the image analysis results using
ImageJ software, and Table 3 shows the porosity values
of 3 % and 1.5 % with the average porosity sizes of 3 um
and 2 pm for the samples sintered at 1000 °C for 15 min
(Figures 5a and 5b) and 1300 °C for 10 min (Figures 5¢
and 5d), respectively. Table 3 also indicates that the
values of the relative density of the samples sintered at
1000 °C for 15 min and 1300 °C for 10 min were 97 %
and 98.5 %, respectively. Of note, a theoretical density of
2.2 g.cm was used for calculating the relative density.
While increasing the sintering temperature to 1300 °C
produced a slightly more compact specimen than that
produced at 1000 °C, the microstructure of the sintered
sample at 1300 °C did not exhibit significant changes
compared to the one sintered at 1000 °C (see Figure 5).
However, the structure transition from amorphous to
crystalline occurred at temperatures over 1000 °C
according to the XRD patterns presented in Figure 2. In
this respect, the sample sintered at 1000 °C for 15 min
was selected for the next measurement mechanical
properties.

Figure 6 presents the diagonal of the Vickers
indentation for the sintered specimen at 1000 °C for
15 min under a load of 15 kg at the dwell time of 10 s.
The value of the Vickers hardness (Hv) was calculated as
2104 MPa based on Equation (2).

Figure 7 shows the indentation crack propagation path
in the specimen sintered at 1000 °C for 15 min. The
fracture toughness of this sample was calculated as
5.75 MPa.m*? based on Equation (3) which can be a
significant amount among the monolithic ceramic
compacts. As observed in Figure 7b, the crack deflection
around the micropores was the dominant toughening
mechanism involved. Crack deflection accompanied with
a significant stress relaxation at the tip of the crack near
porosities suppressed the crack propagation and
enhanced the fracture toughness [13]. The idea that lies
behind all toughening mechanisms in monolithic
ceramics is to increase the energy required for crack
propagation [14]. Accordingly, four main toughening
mechanisms were introduced: crack deflection [15],
crack bridging [16], crack branching [17], and
microcracking [18]. Porous ceramics exhibit several
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advantages, in particular, lower thermal conductivity and higher fracture toughness [19-21] than those of their
strong thermal shock resistance, lighter weight, and dense counterparts.

Smoum et -

-

e

—
200 ym

Figure 5. Porosity analysis by ImageJ software for SEM images of the spark plasma sintered specimens at the pressure of 50 MPa and
(a,b) 1000 °C for 15 min and (c,d) 1300 °C for 10 min

TABLE 3. Porosity, bulk, and relative density of the sintered specimens based on the SPS process

sample number Porosity  Porosity size  Bulk density  Relative density

(%) (km) (g.cm?) (%)
3 3 1543 2.1 97.0
4 15 12+2 22 98.5

Figure 6. Vickers indentation at a load of 15 kg and a dwell time of 10 s


https://doi.org/10.30501/ACP.2022.326779.1081

F. S. Sayyedan et al. / Advanced Ceramics Progress: Vol. 7, No. 4, (Autumn 2021) 52-58 57

Figure 7. (a) Vickers indentation at a load of 20 kg and a dwell time of 10 s and (b) Crack propagation path demonstrating the

toughening mechanism of crack deflection

Ghahremani et al. [22] evaluated the effects of the SPS
parameters including the sintering temperature, applied
pressure, and dwell time on the mechanical properties of
the densified mullite specimens. They concluded that an
increase in the applied pressure and dwell time would
increase the density of the mullite. They reported the
temperature of 1700 °C, dwell time of 15 min, and
applied pressure of 20 MPa as the optimum parameters
to obtain a relative density of 99 % and fracture
toughness of 2.8 MPa.m2, In addition, the maximum
fracture toughness of 4 MPa.m%? was obtained while
decreasing the relative density to 95.5 %. They declared
that in fully-dense compacts, the crack was propagated in
a straight-line path. On the contrary, in the case of porous
compacts, the crack moved through a non-straight route
due to the crack tip deflection at the pores which required
more energy to propagate.

Lu et al. [23] fabricated porous SizN4 ceramics by die
pressing at 1800-1900 °C for four hours and
subsequently, gel casting and gas-pressure sintering were
performed to obtain high-porosity SisN. specimens.
Their results showed that the sample with 37 % porosity
was characterized by a higher fracture toughness value
(3.53 MPa.m'?) than that with 32 % porosity
(2.11 MPa.m*?), They attributed this behavior to the role
of pores as the crack arresters and suggested a scenario to
elaborate the toughening mechanism. They declared that
followed by encountering a crack to a pore, the crack
would be constrained to alter its path or stop at the pore.
In this situation, the cracks propagated over a shorter
distance, and they would be arrested by the pores, thus
resulting in an increase in the crack resistance against
growth in high porous ceramics.

Crack deflection and bridging could also occur around
grain boundaries in polycrystalline materials and second-
phase particles in composite specimens [13]. He et al.
[24] studied the mechanical properties of nano-grain
SiO; glass prepared through SPS process. A relative

density of above 90 % was obtained in the sintering
temperature range of 1300-1550 °C. The SiO; specimen
exhibited the highest hardness and fracture toughness of
14.2 GPa and 5.4 MPa.m? at the optimum sintering
temperature of 1450 °C, respectively. They concluded
that the microstructure with nano-grain SiO; glass was
responsible for crack deflection and high Kic value.
G. M. Asmelash et al. [25] evaluated the fracture
toughness of Al,0s-SiO>-ZrO, composite materials
prepared by PS. The fracture toughness of the composite
containing 75 wt. % Al,03-10 wt. % SiO,—15 wt. % ZrO;
was reported to be 2.39 MPa.m%2, They realized that
reinforcement particles (SiO2+ZrO;) in the alumina
matrix played a key role in toughening, considering three
toughening mechanisms namely crack deflection, crack
bridging, and microcracks.

4. CONCLUSION

AIPO,4 ceramic specimens were fabricated through SPS
process at the sintering temperature range of
800-1300 °C. In addition, the microstructure and
mechanical properties including hardness and fracture
toughness were characterized in this study. The obtained
results revealed that the temperatures below 1000 °C
were not sufficient to reach a dense specimen, while
sintering at temperatures above 1000 °C clearly
transformed the amorphous structure into the crystalline
state. The sample sintered at 1000 °C for 15 min retained
its initial amorphous structure with the relative density of
97 % and porosity of 3 %. The fracture toughness for this
sample was 5.75 MPa.m*? which could be a considerable
value compared to those reported for other monolithic
ceramics. Microstructural examination of the cracked
surface revealed that crack deflection around micropores
was the main toughening mechanism involved.
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