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2. China West Normal University, Nanchong, Sichuan, 637002, China

ARTICLE INFO ABSTRACT

Graphene is a two-dimensional hexagonal monoatomic layer crystal
composed of carbon atoms, which exhibits the shape of a honeycomb and
plays an important role in the fields of optics and mechanics. It also has
the advantages of high specific surface area, strong chemical stability and
special planar structure. It is an ideal carrier for carrying various inorgan-
ic compounds and is suitable for the development of high performance
graphene-based inorganic nanocomposites.”! Based on this, the paper
introduces the characteristics of graphene, expounds the related content
of graphene-based inorganic nanocomposites, and studies the preparation
methods and properties of graphene-based inorganic nanocomposites.
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1. Introduction 2. The Properties of Graphene

t this stage, graphene has been applied to the 2.1 Mechanical Property
development of various fields such as chemis-

try, physics, and materials science. It mainly The structure of graphene material has certain special

characteristics, and it has many special properties. In
general, the carbon atoms constituting the graphene are
arranged according to a regular hexagon to form a hon-
eycomb structure. In the case where an external force is
applied to the graphene, the surface of the carbon atom
is deformed, and it is possible to adapt to the external
force without rearranging it, thereby ensuring the stability
of the graphene structure, so that the graphene exhibits
strong mechanical properties. At this stage, the graphene

uses a single layer of atomic thick graphene nanosheets
as a support surface to anchor functional nanomateri-
als. Graphene and functional nanomaterials together
constitute a new type of nanocomposites, which have
been applied in the fields of catalysis and optoelectron-
ics. Through related research, it has been found that
graphene and various inorganic nanomaterials are fused
into a composite material, which not only ensures the

characteristics of graphene and inorganic nanomaterials,
but also has new characteristics, and has been applied in
various devices.

*Corresponding Author:
Tingting Song,

material is the strongest in the known materials, its tensile
strength is 125GPa, the elastic modulus is 1.1TPa, and
the graphene strength is about 100 times that of the con-

China West Normal University, No. 1 Shida Road, Shunqing District, Nanchong, Sichuan, 637002, China;
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ventional one.” In addition, graphene film has both tough
properties and strong flexibility. The main performance is
that graphene can be bent and folded in any direction to
ensure that the crystal structure does not change.

2.2 Electrical Property

Graphene materials have a strong charge transport capa-
bility, and their transport process satisfies the description
of mass-free relativistic particles. Graphene is a zero-gap
two-dimensional semi-metal material with a valence band
and partial overlapping of electronic bands. At room tem-
perature, the charge transport process in graphene exhibits
an unconstrained parabolic electronic splitting relation-
ship. In addition, graphene also has a strong bipolar elec-
tric field effect. In the case of a high carrier concentration,
it is necessary to apply a normal voltage, and the electron
mobility in the room temperature will reach 10000cm’V'
's”, and the graphene suspension has a low-temperature
electron mobility close to 20000cm>V™'s™" at a carrier con-
centration of 5x10°cm™, which is a very rare type of semi-
conductor material.

2.3 Optical Property

The optical properties of graphene have certain unique-
ness. The light transmittance of the single-layer graphene
is 97.7% or more, but the light transmittance has no
relationship with the incident light wavelength, and ex-
hibits a linear relationship with the number of layers of
graphene. At the same time, graphene itself has nonlin-
ear saturable absorption characteristics, which has been
applied in the field of laser mode-locking technology.
It mainly outputs laser light by laser pulse width under
the action of graphene compression, which makes the
saturable absorber prepared by graphene favorable for
full-band mode-locking, and the optical properties of
graphene itself have been applied in the field of ultrafast
photonics."!

2.4 Thermal Property

At room temperature, the thermal conductivity of the
single-layer graphene dispersion is relatively high, about
5000Wm 'K, and the thermal conductivity of the sin-
gle-layer graphene in the silicon base is lower than that
of the graphene dispersion, which is about 600Wm 'K
However, the thermal conductivity of graphene in the
silicon base is continuously reduced, mainly because the
interface diffusibility of the silicon-based graphene is rel-
atively strong, resulting in the loss of phonons. Therefore,
the thermal conductivity of graphene is 2 times and 50
times higher than that of copper and silicon.

2 Distributed under creative commons license 4.0

3. Related Content Analysis of Graphene-
based Inorganic Nanocomposites

Graphene nanocomposites are materials formed by dis-
persing metal nanoparticles in graphene sheets. At this
stage, the focus of researchers on the study of graphene
nanocomposites is the application of functional nanopar-
ticles of silicon metal to modify graphene. In this way,
composite materials with better properties than met-
als can be obtained, the application value is relatively
high, the consumption of silicon metal can be reduced,
and the economic value is relatively high. At the same
time, graphene is a two-dimensional carbon nanomate-
rial, which provides more space for modifying various
materials, making graphene fully contact with related
materials.” In addition, Graphene has high chemical sta-
bility, optical and mechanical properties, and relatively
low production cost. It is suitable for the development
of high-performance composite materials. The effective
integration of graphene and inorganic nanomaterials will
become an important development trend in the future.
In the development of modern society, many inorganic
nanoparticles, such as metal materials, semiconductor
materials, topological insulator materials and graphene,
are effectively integrated, which constitutes a graphene-
based inorganic nanocomposite material, which has spe-
cial electrical properties, optical properties and catalytic
properties, and has been widely used in the fields of bio-
sensing, catalysis, optoelectronics, electrochemistry, and
sewage treatment.

4. The Preparation of Graphene-based Inor-
ganic Nanocomposites

4.1 Chemical Reduction Method

The chemical reduction method is a common method
for preparing graphene-based inorganic nanocompos-
ites, which mainly comprises graphene and metal into a
graphene oxide solution and a metal salt solution, on the
basis of the fusion of the two, a reducing agent is added,
and a graphene-based inorganic nanocomposite is pre-
pared by a redox method. There are many types of metal
oxides, and many different metals are effectively reduced
on the basis of the chemical reduction method. For exam-
ple, related scholars have applied a two-step chemical re-
duction method to prepare graphene/Ag nanocomposites.

4.2 Thermal Evaporation Method

The thermal evaporation method is also a commonly used
method for preparing graphene-based inorganic nano-
composites. The main feature of this method is that it is

DOI: https://doi.org/10.30564/jmmr.v2i1.802
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easy to operate, efficient, and does not require a lot of
cost. It is mainly based on the heating material, so that the
evaporation vaporization is deposited into the substrate.
For example, a person skilled in the art can apply a ther-
mal evaporation method to deposit Au nanoparticles on a
graphene surface. In the case where Au deposited in the
n-layer graphene acts on the base, the surface properties
of the graphene may be different, resulting in Au in the
thickness-dependent state of the n-layer grapheme, which
effectively identifies high-throughput, high spatial resolu-
tion graphene.

4.3 Electrochemical Deposition Method

The electrochemical deposition method has high prepa-
ration efficiency. This method can directly deposit metal
nanomaterials in the graphene matrix, which is environ-
mentally friendly and highly efficient. Relevant personnel
can use the electrochemical deposition method to dissolve
the graphene sheet into the plating solution, and add a
surfactant to form a Ni/graphene composite after stirring.
When the amount of graphene material added is 0.05g/L,
the elastic modulus of the Ni/graphene composite material
reaches 240GPa and the hardness reaches 4.6GPa, which
greatly enhances the strength of the material.”!

5. The Applications of Graphene and Its
Composites

5.1 The Application in Photoelectric Field

Graphene has the characteristics of large specific surface
area and high electrical conductivity. Graphene-based
nanocomposites will become ideal materials for superca-
pacitors. Graphene’s large m-electron system is suitable
for the fabrication of nonlinear optical materials with
excellent performance, and will be widely used in image
processing, optical switching, optical storage and other
fields. At the same time, graphene materials also have
great application advantages in solar cells. They mainly
apply graphene oxide on the surface of quartz. After ther-
mal reduction treatment, the transmittance in the range of
400 to 1800 nm is about 80%, therefore, graphene-based
nanocomposites will replace traditional silicon conductive
materials and exert great advantages.'”

5.2 The Application in Biomedical Field

Graphene material has the characteristics of large specific
surface area and good biocompatibility. It is an ideal drug
carrier and will be widely used in the field of biomedicine.
For example, using soluble graphene as a drug carrier, the
application of hydrogen bonding is beneficial to ensure

Distributed under creative commons license 4.0

the efficient loading of the antitumor drug doxorubicin in
graphene; nanographene has strong antibacterial proper-
ties, and its inhibition rate against Escherichia coli is over
90%, which will not cause toxicity to mammalian cells.

5.3 The Application in Catalytic and Energy Stor-
age Materials

In the development of modern society, many carbon
materials, such as graphite, activated carbon, carbon
nanotubes, etc., are the main carriers of the catalyst. Re-
lated studies have shown that the structure of the carbon
support is directly related to the basic properties of the
supported catalyst. Graphene has a regular two-dimen-
sional surface structure and is an ideal template-support-
ing catalyst. The composite obtained by the combination
of Pd nanoparticles and graphene oxide has high catalytic
activity. Moreover, the related art has designed a novel 3D
carbon material with adjustable pore size, which is called
a graphene column, which is fused with lithium atoms and
has a hydrogen storage capacity of 611wt%. Therefore,
graphene hydrogen storage materials will be widely used
in the field of energy storage.

5.4 The Application in DNA Detection

DNA is the basic unit that constitutes the biological func-
tion of the organism and maintains the normal function-
ing of various functions of the organism. The structural
changes, deletions and errors will change the genetic
information and trigger a series of diseases. In the devel-
opment of modern society, researchers are committed to
the research of DNA separation and detection technol-
ogy, which will become the focus of medical diagnosis,
drug development and bioengineering. Especially in the
process of disease prevention, diagnosis and treatment,
relevant personnel are paying more and more attention to
DNA base sequence analysis and base mutation detection.
Related studies have found that DNA detection methods
are mainly electrochemical methods, electrochemilumi-
nescence and fluorescence methods. Due to the relatively
strong photoelectric properties of graphene, researchers
have begun to study the application of graphene in the
field of DNA analysis. Related technical personnel fuse
DNA strands and composites, and follow the principle of
base-complementary matching and complementary DNA
strands to form a double-helical structure. The quenching
principle of graphene fluorescence by DNA strands is used
to measure the change of graphene fluorescence perfor-
mance before and after binding to complementary strands,
which measures complementary DNA strands, opening
the application of graphene in the field of DNA detection."”

DOI: https://doi.org/10.30564/jmmr.v2i1.802 3
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6. The Prospects for the Development of
Graphene Materials

In the development of modern society, researchers are
paying more and more attention to the study of graphene
and its composite materials. By using different methods
to prepare high-quality, large-area graphene materials,
on the basis of optimizing and perfecting the graphene
preparation process, the preparation of graphene materials
is reduced, and it is applied to the development of various
fields. Graphene materials have certain uniqueness. From
the production point of view, graphite is the raw materi-
al for the production of graphene, which has many raw
materials and low prices. Therefore, many countries have
established graphene technology research and develop-
ment centers, and tried to apply them to the development
of industry, technology, electronics and other fields. For
example, the European Commission has set up a special
research and development program for graphene as a “New
Future Flagship Technology Project”.

In addition, in the future development, graphene mate-
rials will be used in more fields, which require researchers
to increase the research of graphene preparation process.
At this stage, more and more methods for the preparation
of graphene will be widely applied to the development
of various fields. However, graphene industrialization re-
search is still in the initial stage of development, and the
application of many fields cannot reflect the performance
of graphene. Many researchers in the world are exploring
the application of “killer level”. In the future, there are
too many challenges in testing and certification. It is nec-
essary to continuously innovate in means and methods to
give full play to the function of graphene materials."

7. Conclusion

In summary, graphene material structure has certain pe-
culiarity, its electrical properties, physical properties,
thermal properties are relatively good, and the preparation
of graphene is rich in raw materials, low cost, suitable for
optoelectronics, multi-phase reminder, biomedicine and
other fields. In the development of the new era, the soci-
ety has paid more and more attention to the research of
graphene composite materials, but there are still a series

4 Distributed under creative commons license 4.0

of problems. Relevant personnel need to actively solve the
problem of large-scale preparation of graphene and devel-
opment of graphene composites to ensure the application
of graphene is more extensive.
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1. Introduction

erious water demand caused by population growth,

urbanization and industrialization have been in

the world "". Many countries are seeking reuse of
waste waters for meeting their national water requirement
¥ Sewage-fed aquaculture is a unique system and has
manifold advantages in developing countries acting as a
major source of nutrients for crop farming and aquacul-
ture, economical for sustainable production and helps to
combat environmental pollution ”. In the urban swage
wastewater is mixed with industrial wastewater. Even if
sewage water is treated, its use in aquaculture has some
health disadvantages because of its toxic chemicals and
microbiological pollution. Especially, heavy metals are
potentially harmful to most organisms at some level of

*Corresponding Author:
Aslihan Katip,

In this study, the usage wastewater from secondary treatment in feeding
fishes of Carassius gibelio species and suitability of the fishes for human
food were evaluated. The metals (Ag, Al, As and B) in treated effluent
and skeleton, skin, eyes and brain tissues of fishes were examined sea-
sonally. It was found that treated effluent was not suitable for irrigation
and aquaculture in terms of Al according to the Turkish standard values.
According to annual averages the size order of Ag and B concentrations
were skeleton> skin> eyes>brain and skeleton> skin>brain>eye respec-
tively. Also, skin>brain>eyes>skeleton was for As and Al. TF (Transfer
Factor) values of all metals examined were determined as >1 in the four
tissues and the metals caused bioaccumulation because of treated effluent.
Concentrations in muscles were found 7 to 6227 times higher than in
water. The size order of TF and BCF (Bio-concentration Factor) values
in skin and eye tissue were the same and it was Ag>Al>As>B. It was
Ag>Al>As>B in skeleton, AI>As>Ag>B in brain. HQ (Hazard Quotient)
of Al in all tissues had carcinogenic risk level.

M Most of the metals are ab-

exposure and absorption
sorbed into the body through respiration, digestion and
skin. Metals could be found in high concentrations in the
skeleton and skin tissues and can cross the brain wall ™ *
7' Brain tissues accumulated more heavy metal than edible
muscle tissues.

The aims of this study were to evaluate the suitability
of treated wastewater-fed fishes to health risk for human
food consumption in terms of the metals of Ag, Al, As
and B. This study may contribute valuable information
for evaluating potential health risks of wastewater reuse
as aquaculture feeding water were exist. This study was
important to see the accumulation of metals in fish tissues
due to feed with wastewater and the level of their cancer
risks.

Bursa Uludag University, Faculty of Engineering, Department of Environmental Engineering, 16059, Bursa, Turkey;

Email: aballi@uludag.edu.tr
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2. Material and Methods
2.1 Experimental Studies

In this study Carassius gibelio type fish grown in waste-
water-fed ponds were caught seasonally and Ag, Al, As
and B concentrations in skeleton, skin, eye and brain tis-
sues were determined.

The fish ponds were fed with the effluent of East
Wastewater Treatment Plant of Bursa City has the ad-
vanced biological treatment (five-stage Bardenpho). The
volumetric flow is 240000 m’/day for the year 2017 .

12 fish samples of Carassius gibelio specie were
catched along the same year (2011-2012, 3 samples per
season) from the fish breeding pool after last clarifier.
The fishes were taken to laboratory in the polyethylene
caps and their sizes were recorded. The fishes were cut
from its backing with the help of stainless steel knife and
muscle, liver, and gill tissues were removed. These tis-
sues were then homogenized and 0.5 g (wet weight) were
weighed and placed in constantly weighed petri dishes
to dry for 24 hours in drying oven. Afterward, the tissue
samples fixed to dry weight placed in to temperature and
pressure-compensated HP500 Teflon caps. 7 ml nitric
acid (HNO,) and 1 ml hydrogen peroxide (H,0,) were
added as reagents and the samples were digested by using
CEM Mars 5 Model microwave instrument . Microwave
decomposition operations were programmed as a 3-phase
process. The device operated at 5 psi (1 psi=6.89 kPa) for
1 minute in the Ist stage, at 25 psi for 5 minutes in the
2nd stage and at 120 psi for 60 minutes in the 3rd stage
19 After the samples were cooled to room temperature
and the samples were diluted to 50 ml by using ultra-pure
water. Blanks and European standard reference materials
(ERMBB422) were included in each digestion batch to
verify the accuracy of the calibration and standardization
method, and all analyses were done in duplicate.

The water samples were taken by using with Aquacell
P2-COMPACT portable composite sampler then they
were transferred to the dark polyethylene (PE) bottles
washed with HNO, and deionized water """ All the sam-
ples were taken monthly along 1 year from January 2011
to 2012 in order to see the seasonal changes. Water sam-
ples were filtered through a Millipore filter paper with pre-
weighed 0.45 um pore-size. The filtered water samples
were acidified with 0.2% (v/v) concentrated nitric acid as
the precipitation samples and kept in glass bottles cleaned
with detergent, water, nitric acid and Milli-Q water re-
spectively !'”. Heavy metals and trace elements in water
and fish tissues were determined using the VISTA-MPX
model of the VARIAN brand ICP-OES device.

6 Distributed under creative commons license 4.0

2.2 Metal Bioaccumulations and Assessment of
Health Risk

The transfer and bio-concentration factors were calculat-
ed in order to determine metal bioaccumulation in fish
tissues. The transfer factor in fish tissues from the aquatic
ecosystem, which include water and sediments, was cal-
culated according to Rashed (2001) "% as follows:

TF = Mtissue (mg/kg dry Welght)/ Msedimem or water (mg/L) (1)

And also bio-concentration factor as follows™":

BCF = M, (mg/kg wet weight)/ M,...(mg/L)  (2)

Where, M, is the metal concentration in fish tissue;
M, giment» Metal concentration in sediment. The concentra-
tions in TF sediments were not used in this study because
only the effect of water was examined.

BCF is based on water only exposures (lab data). BCF
and TF are inversely related to exposure concentrations.
BCF >1000 and TF >1 have been used to signify hazard
in many national regulatory schemes. However hazard
and potential for chronic effects cannot be just evaluated
by magnitude of BCF Y. TF, BCF and standard concen-
tration values should be evaluated together. BCF has dif-
ferent values for each metal ",

The risk for human health as a result of eating Caras-
sius gibelio was evaluated by calculating estimated daily

intake (EDI) using the following equation "> "%

*
EDJ - Cfish* Dfish
BW 3)

Where Cg,= the average trace element concentration in
fish muscle (ug/g dry weight), D;,= the global average
daily fish consumption (g/day) which was only 1.7 g/day
for Turkey "', and BW= average body weight (kg).

US-EPA risk analysis, considering an adult average
body weight of 70 kg "*. The Hazard quotient (HQ) was
calculated by dividing the estimated daily intake (EDI) by
the established RfD (reference dose) to assess the health
risk from fish consumption. There would be no obvious
risk if the HQ were less than 1 /"*).

3. Results and Discussion

Metal (Ag, Al, As and B) concentrations in skeleton,
skin, eye and brain tissues of Carassius gibelio species
were determined in summer and winter. In skeleton and
brain tissues, summer concentrations of Ag and As were
higher than winter values. Winter concentrations of Al
and B were higher than summer values in these tissues. In
winter Ag, Al and As concentrations of eye tissues higher
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than winter values but B concentrations of eye in winter
higher than summer values. In skin tissues, winter con-
centrations of As, Al and B higher than summer, also Ag
in summer higher than winter concentrations. The concen-
trations in the skeleton and brain showed similar seasonal
changes.The seasonal metal concentrations in skeleton,
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skin, eye and brain tissues were shown in Figure 1.

Concentrations (mg/kg dw)

ki
I
o

)

]
o

Ey!

(

Concentrations (mg/kg dw)
e

)

[y
(=]
o

(Skeleton

Concentrations (mg/kg dw)
(Skin)

160
140

=
8]
o

SR - B e]
o O O O

Ag

[=]

U N
o o o o

=N W
o O o

o

B Summer
B Winter

Al

As B

Trace metals

B Summer
B Winter

Now W
un o u;

[
o w

Al

As B

Trace metals

B Summer
B Winter

-

Concentrations (mg/kg dw)

Ag Al As B
Trace metals

Figure 1. The seasonal metal concentrations in skeleton,
skin, eye and brain tissues

According to annual averages the size order of Ag
and B concentrations were skeleton> skin> eye>brain
and skeleton> skin>brain>eye respectively. Also
skin>brain>eye>skeleton was for As and Al. Higher con-
centrations were found in skeletal and skin tissue. Higher
concentrations in skeletal and skin tissue were found than
the other tissues. It was determined that metal accumu-
lation was found in nervous system.In different studies,
B concentrations in fish head were higher than muscle,
liver and gill " It was determined that Cd concentration
in skeleton was higher than skin, muscle and gill tissues
and Ni concentrations in skeleton, brain and skin tissues
were found close to each other ', Adebayo, et. al., 2017
was found that Zn, Pb and Fe in brain higher than eye °.
Cd, Pb, Cu, Zn and Mn in skeleton were higher than skin
concentrations . Yin, et. al., 2018 was studied with 8
different fish species and metal concentrations in internal
organs were determined higher than edible muscle tissue
) The annual averages of the metal concentrations in
the tissues were given in Table 1.

According to the Turkish food codex annual averages
of As concentration in all tissue were above the standard
value ™. National and international standard concentra-

Ag Al As B tion values of other metals are not exist for fishes. There
Trace metals are daily intake doses of these metals "> ', For this rea-
Table 1. Annual average of the metal concentrations in the tissues
Skeleton (mg/kg) Skin (mg/kg) Eye (mg/kg) Brain (mg/kg)
Metals
Wet weight Dry wight Wet weight Dry wight Wet weight Dry wight Wet weight Dry wight
As ]0.042454+0.0078 | 0.0604+0.011 | 0.07975+ 0.010 | 0.3065+ 0.0415 | 0.02015+ 0.015 | 0.077+ 0.061 | 0.05255+ 0.025 | 0.2625+ 0.129
B 7.732854+6.697 | 11.0465+ 9.567 1.889+ 0.642 7.265+ 2.469 0.687+ 0.305 | 2.642+1.173 1.317£ 0.987 | 6.585+4.935
Al 7.872+2.683 11.245+3.833 | 15.3605+ 3.926 | 59.078+ 15.102 | 7.3635+0.566 | 28.321+2.179 | 9.075+3.914 | 45.375+19.57
Ag 56.66+ 45.254 | 80.9545+ 64.649 | 15.0825+ 0.505 | 58.009+ 1.944 | 1.0585+1.023 | 4.0705+3.936 | 0.16+=0.044 0.8+0.22
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son, health risk was determined by calculating the values
of the hazard quotient, transfer and bio-concentration fac-
tors.

Annual mean of Ag, Al, As and B concentrations of
treated effluent water were 0.013, 0.3383, 0.0033 and
0.3393 mg/L respectively. TF (Transfer Factor) values
of all metals examined were observed as >1 in the four
tissues and the metals caused bioaccumulation because
of treated effluent. Concentrations in muscles were found
7 to 6227 times higher than in water. Size order of TF
and BCF (Bio-concentration Factor) values in skin and
eye tissue were the same and Ag>Al>As>B. They were
Ag>Al>As>B in skeleton and AI>As>Ag>B in brain. HQ
(Hazard Quotient) of Al in all tissues had carcinogenic
risk level. Because Ag, As and Al except than Boron are
not essential elements '” excess of this element’s concen-
trations caused toxic effect for fishes and humans. Calcu-
lated hazard quotient, transfer and bio-concentration fac-
tors were given in Table 2. Although treated wastewater
was used in aquaculture and irrigation in many countries >
21t was observed that Bursa urban wastewater cannot
be used for aquaculture.

Table 2. Calculated hazard quotient, transfer and bio-con-
centration factors

USEPA Skeleton Skin Eye Brin
(1999)

Meta) yep | RO wr | B | B wer | B0 | B
Whg| kel 'L sk | o [THLAD) P | ke | WO (TR L e | W |THuD] L ke | o
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B | - 2 |2 ow | - | o |5 {om] - | 7 [ 2 Joose]| - | v |5 |ow] -
A | 76 Joos| 3 | 2 [ oo [wosn0| i | 45 |1 [5136] 85 | o1 |06 |24 | 134 | 26 | 11 [#od
~ 5 | e | 5w | 1966 | 0395 | # | 160 | 1405 [0281] 35 | si | ows [0019] 6 | 12| 0019|000y

4. Conclusions

This study showed that wastewater treated with ad-
vanced purification may not be appropriate with regard to
aquaculture for metal parameters. It was determined that
Ag, Al, As and B caused the bioaccumulation in skele-
ton, skin, eye and brain tissues in this study. TF and BCF
(Bio-concentration Factor) values in skin and eye tissue
showed a similar trend and Al in all tissues had carcino-
genic risk level. These results were important to see the
levels of metal accumulation in fish tissues and to show
that the usage of treated urban wastewater for aquaculture
could be harmful.

In the future bioaccumulations of different micro-pol-
lutants in varied fish species must be research. Also, there
are no guideline values or provisional limits for metal in-
take (g/day/body weight), the results obtained in this study
could be used to derive such guideline values. However,
this needs to be further examined in future studies. Reuse

8 Distributed under creative commons license 4.0

of wastewater will become more important in the future
due to water scarcity.
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1. Introduction

uperalloys are used since several decades in in-
dustry aeronautics (notably as turbine disks and
blades), power generation (such as burners and
hottest parts of turbines) and industries involving pro-

cesses working at elevated temperature (e.g. tools for
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High temperature applications such as turbine blades for aeronautics or
molten glass-shaping tools require the use of refractory metallic materi-
als. Among the later ones, cast superalloys based on some transition met-
als and reinforced by MC carbides stay in good place and their metallurgy
merits to be well known. This work consists in a general exploration of
the as-cast microstructures which can be obtained after solidification
and solid state cooling down to ambient temperature for a wide series of
alloys for which the base element and the MC-former element both vary.
For fixed contents in chromium and carbon contents, the compositions
of a total of nineteen alloys were considered. These alloys are based on
Ni, Co, Fe or Nb and the M content was each time chosen to favor the
appearance of TiC, TaC, NbC, HfC or ZrC, as single carbide in a given
alloy. After elaboration, metallographic samples were observed by elec-
tron microscopy to investigate the obtained microstructures. The obtained
results show first that the MC carbides were in many cases successfully
obtained at the expense of other possible carbides (for all Co-based alloys
for example) but there are also several exceptions (notably for some Ni-
based alloys). Second, the obtained monocarbides have a eutectic origin
and they are script-liked shaped. However they are here too some excep-
tions, as the rare HfC obtained in a Nb-base). In general, the results ob-
tained in this work show that the principle of dendritic matrix combined
with MC carbides with a script-like morphology is not necessarily ob-
tained: the nature of the {base element, MC-former element} combination
governs the microstructure of the alloy in its as-cast state for these partic-
ular compositions in chromium and carbon. In some cases other carbides
may appear and the microstructures may be even of another type.

shaping molten glasses) ). During the past decades their
usage became more and more expanded because of the
increase in efficiency demand . The initial superal-
loys were elaborated by classical foundry processes ™
but new elaboration routes for these high performance
refractory metallic materials appeared. These ones are
more (Powder Metallurgy ™, single crystalline solidi-
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fication '*” ... ) or less (additive manufacturing *” ...)
classic. Although their elaboration techniques are rather
old """ foundry processes leading to polycrystalline
and equiaxed microstructures still possess high interest
for obtaining highly performant superalloys for appli-
cations at high temperature. Indeed, some chemical
compositions and the resulting microstructures lead to
very high melting start temperature (over 1300°C), high
level of strength of the matrix (austenitic, dendritic),
efficient strengthening of the matrix (solid solution and/
or precipitation hardening) and strong particles useful
for the interdendritic cohesion (e.g. script-like eutec-
tic carbides). An important example may be given by
an equiaxed chromium-containing cobalt-based alloy
owning a dendritic matrix and taking benefit from inter-
dendritic carbides closely imbricated with the periphery
of the dendrites. Such an alloy possesses a continuous
austenitic matrix with good hardness and high intrinsic
mechanical resistance, moreover able to efficiently drive
chromium toward the oxidation front to combat hot
corrosion. Its interdendritic cohesion is favored by the
script-like shape of the TaC carbides interlocking neigh-
bor dendrites. The Mar-M 509 superalloy (commercial
alloy from Martin-Marietta) globally corresponds to
this description "'"! despite the simultaneous presence
of chromium carbides and TaC carbides (microstructure
type similar to the one of the alloy showed in Figure 1).
Another industrial alloy "%, despite the presence of nick-
el added to better stabilize the austenitic crystal structure
of the matrix, corresponds more to this microstructural
principle which led to remarkable performances at high
temperatures under mechanical stresses and chemical
aggressiveness.

The interest for MC carbides in alloys devoted for
uses in severe conditions thus exists from several de-
cades but this type of carbides is nowadays still consid-
ered for several types of alloys synthesized from various
ways (sintering, solidification, coatings deposit...), ion
cobalt-based "', iron-based ", nickel-based "*'” and
even High Entropy Alloys "*). However alloy design
involving MC carbides is rarely based on the exclusive
presence of MC in the microstructure in which other car-
bides and other strengthening particles are present too.
Obtaining in an alloy carbides which are only of the MC
type is possible by correctly rating the contents in M and
C. For instance tantalum monocarbides were success-
fully obtained as the single carbide present in one of the
industrial alloys cited just above. This was successfully
achieved thanks to both a good atomic correspondence
between C and Ta and to the high thermodynamic sta-
bility of TaC in a cobalt-chromium environment. One

Distributed under creative commons license 4.0

can logically imagine that this {%, M=%, C} condition
may lead to the same results in other bases, for example
involving nickel, iron... Other monocarbides-former el-
ements such as Ti or Nb for example, which are stronger
carbide-former elements than chromium "*, may be also
considered. Thanks to their very high stability at ele-
vated temperatures °” one can expect exceptional high
temperature properties in some cases, as this was already
observed recently with the association of a polycrystal-
line dendritic Ni(Cr) matrix with eutectic HfC carbides:
a matrix efficiently resisting hot oxidation/corrosion and
morphologically highly stable script-like HfC interden-
dritic skeleton allowing high creep-resistance *'".

To check this, a study was initiated for several {M,
M’} combinations, the M base element being Co, Ni Fe
and Nb and the M’ monocarbide-former element being
Ti, Ta, Nb, Hf or Zr. Several recent results %>
gathered and new alloy elaborations and microstructure
characterizations were carried out to complete a collec-
tion based on 0.4-0.5 wt.%C and containing the corre-
sponding M atomic contents for a molar {M=C} equiva-
lence. A series of about twenty different alloys were thus
obtained and taken into account in this study devoted
to a metallurgical principle which is until today not yet
recognized as competitor for g/g single crystalline super-
alloys despite its really great potential for applications
gathering mechanically and chemically severe conditions
of work for the used metallic pieces.

were

Imbricated
matrix dendrnites

Script-like eutectic Acicular sutectic chromium

carbides
4

monocarbides

Figure 1. Microstructure of a Co(bal.)-9Ni-28Cr-1C-6Ta
alloy

Note: It contains simultaneously some undesirable carbides (acicular
eutectic chromium carbides) and the wished type of carbides: script-
like eutectic MC carbides.

2. Methodology
2.1 Elaboration of the Alloys

All the alloys were issued from the mixing of initially
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pure elements. Thus, small parts of pure Co, Ni, Fe, Nb,
Cr, C (graphite), Ti, Ta, Hf and Zr (purity > 99.9 wt.%,
graphite: 100%) were provided by Alfa Aesar and Al-
drich. They were weighed with accuracy to obtain final
charges with the following contents:

(1)25<Cr<35wt.% and 0.4 <C<0.5wt.%

(2) Ti, Ta, Nb, Hf and Zr: weight fractions chosen to
have the same molar content as C (approximately: Ti
close to 2 wt.%, Ta and Hf each close to 7.5 wt.%, Nb
close to 4 wt.%, Zr close to 3wt.%)

(3) Co, Ni, Fe and Nb (if base element): balance

(4) Ingots masses: 40g for the Ni-based, Co-based and
Fe-based alloys; 10g for the Nb-based alloys

The mixed elements corresponding to a final alloy
were all placed together in a metallic crucible present
in a high frequency induction furnace (CELES, France;
power: 50kW). This copper-made crucible was continu-
ously cooled by circulating water at ambient temperature
during the elaboration steps.

After the introduction of the mix of pure elements, a
silica tube was placed around the crucible and closed to
allow the evacuation of the present air, by pumping it.
The crucible and silica tube were surrounded by a cop-
per coil (water—cooled too) through which an alternative
current will circulate. The frequency of this alternative
current was between 100 and 150 kHz, and the applied
voltage was between 4 and 5kV, this depending on the
alloy. After 3 cycles made of pumping until 5 x 10” bars
followed by filling by pure Argon, the inside obtained
atmosphere was considered as being of pure Ar, with a
pressure rated at about 400 mbars.

Heating led to the melting of the charges made of pure
elements and the obtained liquid alloy was maintained at
the highest reached temperature during several minutes
to achieve total chemical homogeneity. During the cool-
ing, operated by decreasing the input power/voltage, the
alloys started solidifying, and later cooled in solid state.
After about 20 to 30 minutes after the end of isothermal
stage in the liquid state, the obtained ingots were again
at room temperature. They were then extracted from the
crucible (Figure 2).

12 Distributed under creative commons license 4.0

Licquid alloy
obtained by
melting pure
elements
together
One of the
obtained
ingots

Figure 2. Illustration of the elaboration of the alloys for
the study (high frequency induction melting and solidifi-
cation in a cooled copper crucible)

2.2 Metallographic Characterization and Hard-
ness Measurements

Each ingot was first cut using a metallographic saw. This
allowed extracting a part of alloy which was embedded
in a cold resin + hardener mixture (ESCIL, France). After
total stiffening of the embedding resin the obtained sam-
ples were extracted from their plastic molds. They were
ground by using first #120 or #240-grade SiC papers, then
finished by #1200 or #2400-grade papers. Polishing was
carried out using a textile disk enriched with 1 um hard
particles.

The obtained mirror-like samples were put, one by one,
in the chamber of a Scanning Electron Microscope, model
JSM-6010LA (JEOL, Japan). Their microstructures were
observed in Back Scattered Electrons mode (acceleration
voltage: 20kV), at different magnification ratings. Energy
Dispersive Spectrometry was used to control the obtained
chemical compositions by full frame analysis. Addition-
ally, spot analyses were performed on the visible particles
to try identifying them and to specify the chemical com-
position of the matrix. X-ray diffraction was also carried
out for most of the studied alloys. This was done using a
Philips X-Pert Pro diffractometer.

The metallographic samples were also subjected to
indentation tests to assess the hardness of all alloys. This
was carried out using a Testwell Wolpert indentation ma-
chine, according to the Vickers method. The applied loads
were adjusted to the apparent hardness of the alloys: 10kg
for the less hard ones and 30kg for the hardest ones. In the
cases where possible fracture may happen because of crit-
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ical lack of toughness 10kg was preferred at the expense
of 30kg for some of the hardest alloys.

3. Results

3.1 Machinability and Hardness

The first observation concerns the cutting of the ingots.
Cutting was rather easy for the Ni-based and Fe-based al-
loys. In an opposite way this was more difficult for the co-
balt-based alloys. The highest difficulties of cutting were
met for the niobium-based alloys: long time of cutting al-
though the size of these ingots were small, intensive heat-
ing of the ingot and the cutting tool... This was obviously
in relation with hardness. The indentation tests showed
that this is the matrix nature which governs the room tem-
perature hardness of these alloys, more than the type of
carbide. About 200 Hv was found for all the nickel-based
alloys and iron-based alloys, against around 350 Hv for all
the cobalt-based alloys, and around 900 Hv for all the nio-
bium-based alloys. These three levels of hardness globally
correspond to the three difficulty levels of cutting.

3.2 Results of X-ray Diffraction Runs and of the
Global Composition EDS Measurements

The most often, the peaks really visible in the XRD dif-
fractograms concern the matrixes of the alloys. All the
nickel-based alloys own a Face Centered Cubic (FCC)
matrix. The matrixes of the cobalt-based alloys are gener-
ally composed of a mix of a FCC part and of a Hexagonal
Compact part. The ones of the iron-based alloys were
all Body Centered Cubic, (BCC). Concerning the niobi-
um-base alloys, they were composed of two major phases:
a Nb-based BCC phase and a Cr,Nb phase with two crys-
talline structures (BCC and Hexagonal). In contrast, the
diffraction peaks corresponding to the carbides were very
small by comparison with matrixes, because of their low
volume fractions. If this was possible in some cases (e.g.
cobalt-based alloys, Figure 3), this was sometimes impos-
sible to specify the presence of some carbides by this way
(e.g. niobium-based alloys, Figure 4).

The full frame Energy Dispersion Spectrometry anal-
yses allowed to verify that the targeted chemical compo-
sitions of alloys were all well respected. However, this
concerns only the elements heavy enough, as is to say all
of them except carbon.

3.3 SEM/BSE Microstructure Observations for
the Ni-based Alloys

The as-cast state microstructures of the five nickel-based
alloys are illustrated in Figure 5. Two successful MC for-
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Figure 3. Three examples of XRD diffractograms allow-

ing the identification of the carbides present (cobalt-based

alloys with M=Ta (top), Nb (middle) and Hf (bottom) for
forming MC carbides)

mations were observed (left column): HfC in the Ni-25Cr-
0.5C-5.6Hf alloy, and ZrC in the Ni-25Cr-0.5C-3.8Zr one.
In both cases these carbides are the single carbide present,
with the required location (interdendritic) and morpholo-
gy (script-like mixed with the periphery of the dendrites).
Other MC carbides were also obtained in two other cases
but not as the single carbide phase present: TaC (respec-
tively NbC) get along with chromium carbides (dark/
black carbides) in the Ni-25Cr-0.4C-6Ta (resp. Ni-25Cr-
0.5C-3.9Nb) alloy. The last nickel-based alloy (the one
containing Ti) does not contain any TiC carbides but only
chromium carbides.
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Figure 4. Three examples of XRD diffractograms from
which the identification of the carbides present is not pos-
sible (niobium-based alloys with M=Ti (top), Hf (middle)

and Zr (bottom) for forming MC carbides)

3.4 SEM/BSE Microstructure Observations for
the Co-based Alloys

As illustrated by the micrographs presented in Figure 6,
a cobalt-chromium base is particularly suitable to obtain
MC carbides as single carbide phase present. In addition
the wished morphologies and locations for the MC car-
bides were successfully obtained. Black script-like eutec-
tic TiC carbide well precipitated during the solidification
end of the Co-25Cr-0.5C-2Ti alloy. Similar results were
obviously obtained for the bright TaC, NbC, HfC and ZrC
carbides respectively in the Co-25Cr-0.4C-7.5Ta, Co-
25Cr-0.5C-3.9Nb, Co-25Cr-0.5-7.4Hf and Co-25Cr-0.5C-

14 Distributed under creative commons license 4.0
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Figure 5. As-cast microstructures obtained for the Ni-
based alloys with the different MC-former elements;
SEM/BSE micrographs

Co-based alloys
with different MCformer M elements

25pm

Figure 6. As-cast microstructures obtained for the Co-
based alloys with the different MC-former elements;
SEM/BSE micrographs

3.8Zr alloys. However one must note that some rare and
small chromium carbides appeared in some cases while
the origin of the obtained MC carbides was not exclusive-
ly eutectic for some of these alloys. Notably, the Co-25Cr-
0.5C-7.4Hf, which is rich in script-like eutectic HfC car-
bides, also contains some dispersed blocky HfC carbides,
not specifically located in the interdendritic spaces. The
later ones can be suspected to have appeared at the early
stage of solidification, as a pre-eutectic carbide phase.
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3.5 SEM/BSE Microstructure Observations for
the Fe-based Alloys

The as-cast microstructures of the iron-based alloys are
presented in Figure 7. Obtaining MC carbides in their as-
cast microstructures was generally successful but not as
systematic as for the cobalt-based alloys. First TiC car-
bides were not the single carbide present in the Fe-25Cr-
0.5C-2Ti alloy since many chromium carbides appeared
too. For the alloys containing exclusively — or at least
mainly — MC carbides, the script-like shape was really ob-
tained only for the Fe-30Cr-0.4C-6Ta alloy (eutectic TaC)
and for the Fe-25Cr-0.5C-3.9Nb alloy (NbC). The HfC
and the ZrC obtained in the Fe-25Cr-0.5C-5.6Hf alloy and
the Fe-25Cr-0.5C-3.8Zr one, respectively, are more dis-
continuous. They are made of elongated particles without
apparent contact between them.

Fe-based alloys
with different MC-former M elements

25 pm

Figure 7. As-cast microstructures obtained for the Fe-
based alloys with the different MC-former elements;
SEM/BSE micrographs

3.6 SEM/BSE Microstructure Observations for
the Nb-based Alloys

The niobium-based alloys behaved totally differently to
the previous alloys families (Figure 8). The microstruc-
tures of three of them (Nb-33Cr-0.4C-1.6Ti, Nb-30Cr-
0.4C-5.9Ta and Nb-33Cr-0.4C-2.9Zr) are characterized
by the presence of dendrites of BCC Nb-based matrix and
of a seemingly eutectic interdendritic compound made of
BCC Nb-phase and Cr,Nb Laves phase. No carbides seem
existing in these alloys but the presence of some rare black

Distributed under creative commons license 4.0

particles must be noticed even if it is impossible to specify
them taking into account their extremely small size. The
Nb-33Cr-0.4C-5.8Hf alloy seems to be a little different
from these three alloys since it contains less pre-eutectic
BCC Nb-phase (which is maybe no dendritic) and more
{BCC Nb-phase & Cr,Nb}—made eutectic compound. MC
carbides are obviously present in this later alloy, but with
totally different morphology and location if compared to
the alloys of the three other families. Here HfC are round
and small, and seem systematically attached to the Nb-
phase globules, or inside them.

Nb-based alloys
with differant MC-former M slements

25 pm
Figure 8. As-cast microstructures obtained for the Nb-
based alloys with the different MC-former elements;
SEM/BSE micrographs

4. Discussion

MC are among the most thermodynamically stable car-
bides "”. They are known to precipitate at solidification
or during solid state isothermal stages at high tempera-
ture in some superalloys containing MC-former elements
and carbon with adequate contents, at the expense of
other types of possible carbides. For instance, the pres-
ence of C in atomic excess by comparison with Ta leads
to significant precipitation of eutectic TaC in the cast
cobalt-based Mar-M 509 superalloy ', while another co-
balt-based superalloy used in industry "' is strengthened
by an interdendritic carbide network made of exclusively
TaC thanks to the atomic equivalence between Ta and
C in its chemical composition. The predominance of
different MC carbides by the same choice of M and C
atomic contents was rather recently explored in the case
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of cobalt-chromium alloys “”. This allowed verifying
that MC carbides form at the expense of all other types
of carbides in such base.

This result was found again here with the five
studied chromium-containing alloys based on cobalt.
However one can see with the present work that results
are much more contrasted with the three other alloys
systems. The iron-chromium alloys effectively contain
principally MC carbides when M is Ta, Nb, Hf or Zr,
but with morphologies not strictly similar to the TaC
ones (i.e. script-like) in cobalt-chromium alloys. It is
not sure that the resulting of mechanical strengthen-
ing at high temperature can be of a level as high as
for cobalt alloys. Furthermore, the ferritic structure of
the matrix of these iron-based alloys is mechanically
weak at high temperature, due to its low crystalline
compactness. Concerning the nickel-based alloys, TiC,
TaC and NbC meet the concurrence of chromium car-
bides, with as result a co-existence of MC and Cr,C,
in the microstructure, and even a total absence of MC
in some cases (i.e. for Ti). In such case the M element
stays with rather high content in solid solution in the
matrix, and even all the M atoms can be stocked in the
matrix when no MC formed. This was verified here, for
example for Ti in the nickel-chromium alloy by EDS
spot analyses. Even when MC formed as single carbide
for a chemical composition designed to respect the mo-
lar equivalence between M and C, a significant part of
M may be present in solid solution in the matrix. This
was the case here for instance for tantalum in the Co-
25Cr-0.5C-7.4Ta in which the matrix contained almost
2 wt.% of the 7.4wt.% of Ta of the alloy. In this later
case carbon atoms were automatically present in solid
solution in the matrix of this alloy. In contrast, Hf was
never present in solid solution in the matrix of the al-
loys, regardless of the base element among Ni, Co and
Fe. In contrast, as for Ta, Ti and Zr, Hf was present in
significant quantity (several wt.%) in the Nb-phase and
in the Cr,Nb phase.

If cobalt played here a particular role by allowing
the systematic formation of the wished MC carbides
exclusively, hafnium acted itself as a constant MC-for-
mer element since it was always present in the alloys of
this work containing Hf. The molar equivalence of Hf
and C led to the formation of carbides made of exclu-
sively HfC in the Ni-based, Co-based and Fe-based al-
loys, while HfC was the only MC carbide to form with
a visible presence in niobium-chromium alloys. Unfor-
tunately no strengthening effect can be awaited from
these small and round HfC particles formed in this Nb-
33Cr-0.4C-5.8Hf alloy for high temperature uses.
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The benefit of the script-like shape of MC carbides
for the creep resistance at elevated temperature was
demonstrated less "> > or more " recently, by com-
parison between the deformation rates of alloys with a
rather high fraction of MC carbides and alloys of the
same compositions and tested in the same conditions
with less such MC carbides or with chromium carbides

instead.

5. Conclusion

The formation of MC carbides during the solidification of
M-{25 to 35}Cr-{0.4 to 0.5}C-M’ alloys (M’: monocar-
bide-former element) is thus obviously more complex that
the previous observations — limited to cobalt-chromium
systems — allowed to think . Chromium carbides may
be unexpectedly thermodynamically favored in some
cases and when MC successfully forms, this is not neces-
sarily with the morphology which is the most favorable to
high mechanical resistance at elevated temperature (TaC
in Fe-30Cr alloys, *”). The potentially best combinations
for such objective are nickel-chromium with HfC and
cobalt-chromium with any of the MC considered here.
Although being an alloy system globally favorable to MC
formation iron-chromium alloys risk to be handicapped
by the intrinsic weakness of the ferritic structure of their
matrixes. Regarding the niobium alloys, this is more the
lack of ductility and of toughness ™"
their use rather than the failure of precipitation of MC car-
bides during solidification.

This overview of all these as-cast microstructures
which has allowed a preliminary exploration of the as-cast
microstructures for a wide range of {M’(Cr) x MC-former
element}- systems, must be now followed by thorough in-
vestigations for understanding the intrinsic differences of
behavior between these metallurgical systems which lead
to so evident microstructure differences between the dif-
ferent families for a given type of MC-former element and
inside a given family for different MC-former elements.
First results are currently available but numerous other
phenomena remain to be explained.

which would obstruct
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1. Introduction

he cracks of the components often been occurred

in the aerospace industry under high temperature

corrosion and strain environments so that the in-
dustrial loss and casualty "™, In the early 1960s, Kammer
et al. ¥ separated weld cracks into two categories: hot
cracking and cold cracking. When cracks occurred near
the solidification temperature, they were called hot cracks.
Also, Hemsworth et al. ™ classified high-temperature weld
cracks for both single-and multipass welds. The two main
categories were segregation cracking (including solidifi-
cation and liquation cracking) and ductility-dip cracking.
Other studies have suggested cracks have resulted from

*Corresponding Author:
Chih-Chun Hsieh,

el-base superalloys was discussed using the Spot Varestraint test. The
fillers of 52 and 82 were added into nickel-base superalloys via a gas
tungsten arc welding (GTAW).Experimental results showed that the hot
cracking sensitivity of the nickel-base superalloys with filler at high tem-
perature was lower than that without filler. The hot cracking sensitivity
had a slight effect when the filler 82 was added. The total length of crack
was increased, the liquid-solid (L-S) two-phase range is higher so that
the hot cracking susceptibility will be raised. The morphologies of cracks
included the intergranular crack in the molten pool, molten pool of solid-
ification cracking, heat-affected zone of intergranular cracks, and trans-
granular crack in the heat-affected zone.

high temperatures during reheating in multipass welding,
repair welding, or postweld annealing; all of these are
known as reheat cracking. Hot cracking in welding ap-
plications or experiments appears in stainless steels, Al
alloys, superalloys, carbon steels, alloy steels, Ti alloys,
and Cu alloys. Hot cracking occurs in the base material’s
heat-affected zone (HAZ) or in the weld itself. The failure
mode is intergranular.

Some harmful secondary phase (Such as: ¢ phase, p
phase, and Laves phase) can be precipitated in nickel
alloys if the chemical composition cannot be controlled
during the heat treatment. These precipitate phases can
decrease the fracture strength and ductility and then cause

the cracks *.
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In this study, the hot cracking susceptibilityin different
nickel alloys of 800H, 825, 800H-52, 800H-82, 825-52,
and 825-82 was investigated using the GTAW welding. A
series of equipment was used to discuss the crack mech-
anism, such as the Varestraint test, optical microscope
(OM), scanning electron microscope (SEM), X-ray dif-
fractometer (XRD), and differential scanning calorimetry
(DSC). The solidus temperature (Ts) and liquidus tem-
perature (T;) can be measured via the Differential Ther-
mal Analysis and calculate the solidus-liquidus difference
value (AT). The AT index was used to evaluate the hot
cracking susceptibility in this study.

2. Experimental Procedures

The 800H and 825 nickel-base superalloys were welded
using the gas tungsten arc welding (GTAW). The welding
was performed with Nickel filler metals of 82 and 52 and
welded on 800H and 825 Nickel alloys. The spot weld-
ing was carried out and hot cracking was estimated using
the Spot Varestraint machine (see Figure 1). The welded
samples were used to observe the microstructures, compo-
sition, macrostructures, average amount, average length,
and maximum length.

The Incoloy 800H and Incoloy 825 were used for the
experimental substrates and specimen size was 200 mm
x 50 mm x 5 mm. The Incoloy 82 (#82) and Incoloy 52
(#52) were selected for the filler metals and their diame-
ters were 1.2 mm. The detailed composition was listed in
Table 1. The groove types can be divided into the grooved
and not grooved specimen. The grooved sample was a sin-
gle V-Groove with 90° and a distance between an oblique
angle and bottom was 1 mm. The same positions were
taken for the welded sample with filler and without filler.
The top and bottom parts were ground to 1 mm and final
sample thickness was 3 mm. The best welding parameters
of the filler welding and Spot Varestraint test were deter-
mined as shown in Tables 2 and 3.

The relationship between applied strain and crack
length were discussed by Varestraint test and evaluate the
hot cracking susceptibility "' The crack in the HAZ and
fusion zone (FZ) was estimated using the SOB (Spot on
Bead) test "> The Argon welding gun moved from left
to center during test and the mold block of specific curva-
tureradius is under the sample.

Both ends of the specimen were extruded via an oil
pressure arm and then the center points of specimen were
bent. Hence, the surface of specimen formed a strain (g),
as indicated as Equation 1:

e(%)=t/2/R (1)

20 Distributed under creative commons license 4.0

where &: The strain in the surface
t: The thickness of specimen
R: The curvature radius of the mold block

The relationship between the amount of crack and the
crack length were observed using the Stereo binocular mi-
croscope after Spot Varestraint test.

The composition in the matrix and welds was analyzed
using the Spark discharge spectrometer. Five measured
points were taken in smooth sample surface. Finally, an
average value was calculated.

For the Spot Varestraint specimen, the observation
regions had three parts of center, solidified zone, HAZ in
order to analysis the hot cracking susceptibility. The spec-
imen were divided into 20 portions were observed using
the Stereo binocular microscope.

Three observed directions of can be divided into the
normal direction (ND), tangential direction (TD), and
welding direction (WD) in the welds (see Figure 2), and
cut the rolled samples into a suitable size using a precision
cutting machine. And then mounted by molding epoxy,
then ground using #100~#200 SiC papers and polished
with 0.05 um ALO, powder paste. The Aqua regia plus
Glycerin was used as an etchant for 60 seconds. Finally,
the samples of the substrate and welds were observed
using the optical microscope (ZEISS Axioskop 2 MAT,
OM).

An X-ray diffractometer (Siemens D5000, XRD) with
Cu Ko radiation was utilized to analyze the effect of pre-
cipitates on hot crack in the substrate and welds at a scan-
ning rate of 2°/min and a 26 value from 20° to 100°.

The relationship between precipitates of hot crack and
filler were discussed using a Field Emission Scanning
Electron Microscope (JSM-6700F JEOL, FESEM). The
elemental analysis of the TiN or other precipitates were
performed by using an Energy Dispersive Spectrometer
(EDS).

Hardness of the substrate, HAZ, and welds were mea-
sured by a Vickers hardness tester with a 300 g load for 10
seconds at a quarter plane from the specimen surface.

The 800H, 825, 800H-52 (with #52 filler), 800H-82
(with #82 filler), 825-52 (with #52 filler), and 825-82 (with
82 filler)were sampled within 100 mg and analyzed theth-
ermal reactions using the Differential Thermal Analysis
(STA PT 1600 Linseis, DTA). The experimental tempera-
ture range is between 1273K(1000°C) and 1773K(1500°C)
with a heating rate of 275K (2°C)/min. The solidus tem-
perature (Ts), liquidus temperature (T,), solidus-liquidus
coexistent zone(AT) can be measured via the DTA. Above
indexes can be used to evaluate the hot cracking suscepti-
bility.
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3. Results and Discussion
3.1 Microstructural Observation

Figure 3 showed the metallographic microstructures in the
matrixes of the 800H and 825 alloys. Two alloys indicat-
ed different equiaxed grains and theirs growth direction
had no fixed direction. From the EDS analysis, the inner
grains and polygonal particles were identified as the TiN
precipitates. The 800H and 825 are the Fe and Ni solution
strengthening nickel alloys and had many annealing twins.
The microstructures exhibited bigger grains in 800H al-
loys than that in 825 alloys. Therefore, it showed bigger
TiN precipitates in 800H alloys. The cooling time can
affect the grain size at the final step of the solution treat-
ment. The grains had enough time to nucleate and grow
under a sufficient cooling time. The big size TiN grains
will be formed.

Figures 4-6 showed the metallographic microstructures
of the ND, TD, and WD of the welds in 800H-52 filler,
800H-82 filler, 825-52 filler, and 825-82 filler, respective-
ly. The results indicated that no TiN precipitate existed in
the welds of four nickel alloys. This is because that the
high cooling rate leads to high temperature gradient so
that the columnar and dendritic structures are formed.

Microstructure development of four alloys fillers
(800H-52, 800H-82, 825-52, and 825-82) from a fusion
boundary to a center was planar —columnar dendrite —
equiaxed dendrite. The difference of these microstructures
is from the temperature gradient. The temperature loss in
fusion boundary is lower than that in the center so that
the microstructure in fusion boundary indicated the planer
structure. Furthermore, the cooling rate is higher in the
center than that in other regions so that the microstructure
showed the equiaxed grains.

3.2 X-ray Diffraction Analysis

Figure 7 showed the XRD results of the welds in 800H,
825, 800H-82, and 825-82 alloys. Results indicated that
the Ni-Cr-Fe phase was found in these alloys. This phase
was identified as a FCC y-phase. However, no second
phase was examined from diffraction patterns, e.g. M,;C,,
o phase, or other low melting point phase. This is because
that the grain size of the carbides or other precipitates was
small so that XRD cannot detect them.

3.3 Micro hardness Analysis

Figure 8 showed the Vickers hardness on the surface of
the 800H, 825, 800H-52, 800H-82, 825-52, and 825-82.
The hardness in 800H alloy was lower than that in 825
alloy. The 800H and 825 alloys are the Fe and Ni solution
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strengthening alloys. In general, two alloys should indi-
cate a similar hardness value. However, the grain size in
825 alloys was smaller than that in 800H alloys from the
microstructural observation attributed to an effect of grain
refinement strengthening. According to the EDS results,
lots of the TiN precipitates were found in the surface of
alloys.

3.4 Thermal Analysis

Figure 9 showed the exothermic curves of the 800H,
825, 52 alloy filler, 82 alloy filler, 800H-52, 800H-82,
825-52, and 825-82. The liquidus temperatures (T,) in
800H, 800H-52, 800H-82, 825, 825-52, 825-82, 52 fill-
er, and 82 filler were 1709K(1436°C), 1676K(1403°C),
1651K(1378°C), 1654K(1381°C), 1671K(1398°C),
1637K(1364°C), 1669K(1396°C), and 1561K(1288°C),
respectively. The temperature difference of residual liquid
during the solidification can be represented as an index of
the AT (T, — Ty). The T, and Ty are the liquidus tempera-
ture and solidus temperature. When the value of the AT
is higher, residual liquid will be kept a long time at high
temperature and then lose the strength of grain boundaries
during coolingshrinkage. Consequently, the hot cracking
will happen. No phase transformation was detected from
the thermal analysis and then thesingle stabilizey-phase
was found in the nickel alloys from the XRD analysis.
Table 4 showed the thermal analysis results of the nickel
alloys. These AT values can be used to predict the hot
cracking susceptibility in the nickel alloys. The order of
hot cracking susceptibility of the nickel alloys was (a):
800H>800H-52>800H-82; (b): 825-52>825-82>825.

3.5 The Crack Analysis

Fig 10 showed the macrostructure observation of the
cracks in 800H, 825, 800H-52, 800H-82, 825-52, and
825-82 alloys. The crack observation was performed using
the spot welding via a Spot Varestraint test. The critical
strain of experimental samples can be increased rapidly
after the spot welding and it can equalize the critical strain
and crack strain. Then, the crack will be expanded along
the fusion boundary. The distribution of the cracks can
be divided into four regions of the center zone (CZ), FZ,
partial melted zone (PMZ), and HAZ, as shown in Figure
11. The arc shear stress occurs during the welding and the
surface tension exists in the center of the FZ because the
center zone is close to the welding gun. The concavesh-
rinkage can be observed in the center zone and longer and
deeper cracks can be formed in this region. However, the
dendritic microstructures were found in the FZ. The resid-
ual liquids can backfill the cracks during the solidification
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so that this region has no obvious macro-crack. The PMZ
is the closest region of the fusion boundary. This region
indicated the semi-fused liquid and the poor liquidity and
a little residual liquid under high temperature. Conse-
quently, it cannot backfill the cracks in the PMZ.

The cracks can be divided into two parts of (a) dendrit-
ic solidification crack in center zone and (b) low ductility
crack in HAZ, as shown in Figure 12. The temperature
difference of solid and liquid was small during solidifi-
cation in welding pool and in center zone so that backfill
of the residual liquid was not enough. Therefore, the
solidification crack can occur during cooling because of
shrinkage. The liquation film will be formed in the grain
boundary if the low melting point phase precipitates in the
dendrite and the HAZ. Hence, the liquation film crack will
be occurred. In this study, no low melting point phases at
high temperature were detected from the DTA analytical
results. The formation mechanism of the cracks should be
a low ductility crack. When a liquid is solidified into a sol-
id during the solidification, the low ductility in the HAZ
and high strain during thermal expansion and contraction
will lead to the intergranular crack.

3.6 The Amounts of Cracks

The average amounts of cracks were shown in Figure 13.
The amount measurement of crack can divide into three
regions of the center zone, FZ, HAZ plus PMZ (HAZ+P-
MZ). The crack length of the center zone in 800H alloy
was the longest and obvious. However, the crack length
of the crack of the center zone in 825-82 alloy was the
shortest and unobvious. The order of crack amount in the
center zone was 800H>800H-52>800H-82 and 825>825-
82>825-52. However, that in the FZ was 800H>800H-
52>800H-82 and 825>825-82>825-52. Furthermore, that
in the HAZ+PMZ was 800H>800H-52>800H-82 and
825>825-52>825-82. From the amount of cracks and
thermal analyses, the results of the crack amount and the
AT value in the HAZ+PMZ indicated the same tendency.
When the AT value increases, the amount of cracks will
be increased.

3.7 Total Length of the Cracks

Figure 14 showed the total length of the cracks in the nick-
el alloys of the center zone, PMZ+HAZ, and FZ. The total
crack length (TCL) can be used to examine the hot crack-
ing susceptibility. Generally, the amounts of the cracks
were higher; the total length of the cracks was longer.
The order of total length of the cracks in the center zone
was 800H>800H-82>800H-52 and 825-82>825>825-
52. On the other hand, that in the FZ was 800H>800H-
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82>800H-52 and 825-82>825-52>825. Besides, that in the
HAZ+PMZ was 800H>800H-52>800H-82 and 825>825-
52>825-82. The total length of the crack in 800H alloy
was the longest of the all nickel alloys so that the AT value
was highest in 800H alloy. Consequently, the hot cracking
susceptibilityin 800H was more evident.

The crack analyses indicated the same tendency of the
hot cracking susceptibility (800H>800H-52>800H-82;
825>825-52>825-82) in the HAZ+PMZ of the all nickel
alloys. The hot cracking susceptibility was the highest in
the 800H and 825 alloys without filler addition. However,
the hot cracking susceptibility can be decreased with filler
addition. Because the AT value in the 800H alloy was high
so that the hot cracking susceptibility was more obvious.
Although the AT value in the 825 alloys was smaller than
that in the 800H alloys, the hot cracking susceptibility in
the 825 alloys was higher than that in the containing filler
nickel alloys. Above results were because of following
two reasons: (a) The grain size in matrix; (2) The den-
drite in the surroundings of the welds during welding. For
a bigger grain, the intergrain is easy to slip under high
temperature strain and then the cracks grow ecasily, as
shown in Figure 15(a). For a smaller grain, the intergrain
is difficult to slip under high temperature strain and the
growth of the cracks was retarded, as shown in Figure
15(b). However, many dendritic structures in the welds
with filler suppressed the mobility of the dendrite arms
and then the propagation of the cracks became difficult,
as indicated in Figure 15(c). Therefore, the hot cracking
susceptibility in the 825 alloys with 52 and 82 fillers can
be decreased because of the interaction between dendrite
arms.

3.8 Microstructures in the Surface of the Cracks

Figures 16-17 showed the microstructural distribution of
the Varestraint test. Figures 16(a) and 17(a) were micro-
structures of the HAZ and had some annealing twins and
smaller black points of the TiN precipitates in the grained
structures. However, the microstructures indicated a pla-
nar growth if the filler was added into the matrix. Figures
16(b) and 17(b) were microstructures of the partial melted
zone (PMZ) and the microstructures were similar to the
FZ. This region was a like-planar growth and every plan-
ewas different direction growths. Figures 16(c) and 17(c)
showed the microstructures of the FZ and this region ex-
hibited a dendritic growth. It closed to the center area and
had an obvious temperature gradient so that the dendritic
growth was observed. Figures 16(d) and 17(d) were mi-
crostructures of the center zone and the microstructures
were the equiaxed structures under high temperature dif-
ference.
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Figure 18 showed the metallographic observation of
the crack in the nickel alloys and Figure 19 indicated the
schematic diagram of different crack modes. Figure 19(a)
was a crack in the FZ and high temperature difference
led to the dendritic growth. The residual liquid does not
backfill the crack completely so that the crack expanded
along the two sides of dendrites. The residual liquid will
be concentrate on the dendrites. Hence, the cracks were
formed in above region under a critical deformation of
the Varestraint test. Figure 19(b) showed the transgranular
crack in the HAZ. The matrix without filler addition was
located in this region. It does not form a weak region for
residual liquid in the dendrites and grains so that the trans-
granular crack can be occurred directly. Figure 19(c) was
a crack with filler addition and the cracks were expanded
in this area along the dendritic boundaries. The boundar-
ies of different directions were weak so that the dendritic
boundaries were beneficial region to form the cracks. Fig-
ure 19(d) exhibited the cracks for a planar growth in the
partial FZ. The orientation in the partial zones was very
random and the strength in the grains was low so that the
cracks were formed easily along the grain boundaries.

Figure 20 showed the SEI and BEI micrographsin the
starting and terminal points of the cracks of 800H-52 al-
loys. The observed result is the same as Figure 19(d) and
the starting point of the crack was formed along the grain
boundaries of different directions. The terminal point of
the crack was similar to the Figure 19(b). No residual
liquid can expand the cracks so the growth mode of crack
was a transgranular crack. The compositional results were
indicated in Table 5. Figure 20(a) indicated that the com-
position in the starting point issimilar to that in the grains.
Furthermore, lots of the TiN precipitates in the cracks of
the terminal point HAZ. Figure 20(b) showed that the BEI
micrograph for a starting point and a terminal point of the
cracks. There were no harmful precipitates for cracks in
the starting point and terminal point. Hence, the formation

el-basesuperalloys of 800H and 825during welding was
800H>800H-52>800H-82 and 825>825-52>825-82, re-
spectively. The hot cracking susceptibility in the 825-82
alloy was the poorest of the all nickel alloys.

(2) When the 52 and the 82 fillers were added into the
800H and 825 alloys, the AT value will be decreased. The
order of theAT value in nickel alloys was 800H>800H-
52>800H-82 and825-52>825-82>825, respectively.

(3) The solidification crack expanded along the grain
boundaries or orientation grains and the growth mode of
crack is the transgranular crack in the HAZ.
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Supplements

Table 2. Welding parameters of filler welding

Torch speed 120mm/min
Voltage 14v
Current 180A

Wire speed 193cm/min

Table 3. Welding parameters of Spot Varestraint test

Voltage 17.6V
Current 122A
Augmented Straint Range 5%
Under the push interval 0.1s
Welding time 3s

Table 4. Thermal analysis results of nickel alloys

of the cracks had no relationship with the Al phase, Ti T, (degres) T(degroe) AT(degreo)
phase, B phase, P phase, S phase, y’ phase, Laves phase, SO0 14364 14149 o1s
and carbide whether fillers addition or not 800H and 825.
825 1381.0 1377.7 33
4. Conclusions Filler 82 1288.1 1284.6 3.5
Filler 52 1396.4 1392.3 4.1
(1) The order of hot cracking susceptibility in nick-
Table 1. Chemical composition of experimental materials
Ni C Fe cr Cu Mo Co w Mn Al Nb Ti Si
800H 31.24 0.102 45.94 19.89 0.020 0.304 0.023 0.642 1.07 0.447 0.093 0.385 0.177
825 40.19 0.025 31.51 20.80 2.775 3.442 0.000 0.102 0.583 0.090 0.118 0.526 0.204
#82 73.40 0.05 0.61 19.95 - - - 2.88 - 0.40 0.09
#52 58.50 0.03 9.60 28.90 - - - 0.26 0.57 0.55 0.24
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800H-52 1402.8 1399.6 32
800H-82 1377.9 1375.1 2.8
825-52 1397.7 1390.9 6.8
825-82 1363.9 1359.5 4.4

Table 5. EDS analysis of surrounding the cracks

Element (wt%)
Point

Cr Fe Ni Ti N
a 24.42 28.33 47.25 - -
b 24.34 26.91 48.76 - -
c 12.36 44.11 44.09 - -
d - - - 36.53 63.47

Fixture

Stop
/ Block

L]
Force

Figure 1. Spot Varestraint test apparatus

ND|
AN
W
Y% /o
WIT
Figure 2. Definition of regions for microstructural obser-

vation

Figure 3. Metallographic microstructures of nickel-base-
superalloys

Note: (a) 800H (b) 825 with an etchant of the Aqua regia plus Glycerin
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Figure 4. Microstructures of nickel-basesuperalloys in
normal direction (ND)

Note: (a) 800H-52 (b) 800H-82 (c) 825-52 (d) 825-82 with an etchant of
the Aqua regia plus Glyce

B N |
Figure 5. Microstructures of nickel-basesuperalloys in
tangent direction (TD)

K]

o

Note: (a) 800H-52 (b) 800H-82 (c) 825-52 (d) 825-82 with an etchant of
the Aqua regia plus Glycerin

e
_ A TIPS i N 7 .
Figure 6. Microstructures of nickel-basesuperalloys in

welding direction (WD)

Note: (a) 800H-52 (b) 800H-82 (c) 825-52 (d) 825-82 with an etchant of
the Aqua regia plus Glycerin
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Intensity (CPS)

Figure 7. XRD diffraction pattern of nickel-base superal-

Hardness (HV)

Figure 8. Vickers hardness of nickel-basesuperalloys

4000
+ »-NiCrFe
3500
3 @11
.
30004 (111) 220
) @ @2)
S0 182582 * "
o0 | 82552
SO0H-82
15004
800H-52 ﬁ
1000
85 A
5004
800H
20 4‘0 6‘0 8‘0 100
20 (degree)

loys

4 6
Distence (mm)

oo

() Incoloy 800H
)
£ 1706K
T 0]
<
=
[a]
638 1709K
-10 T T T
1350 1375 1400 1425 1450
Temperature (K) +2713—~
(b) Incoloy 825
1654K

20
e
£
3
<
= 04
[a]

1651K 655K
-20 T T T
1350 1375 1400 1425 1450
Temperature (K) 273 —

Distributed under creative commons license 4.0

DTA (uV/mg)

DTA (LV/mg)

DTA (uV/mg)

DTA (uV/mg)

20
(c) Inconel 52
1668.7K.
10
04
1668.5K  1669.4K
-10 T T T
1350 1375 1400 1425 1450
Temperature (K) 23—~
20
(d) Inconel 82
1560.6K
154
104
54
0
1557.6K 1561.1K
54
-10 T T T
1250 1275 1300 1325 1350
Temperature (K) 23—
10
(e) 16752 Incoloy 800H-52
54
04
5
1672.6K
-10
-15 T T
1350 1375 1400 1425
Temperature (K) 23—~
15
® L650.6K. Incoloy 800H-82
10
54
04
5
1648.1K  1650.9K
-10
-15 T T
1350 1375 1400 1425
Temperature (K) 23—

DOL: https://doi.org/10.30564/jmmr.v2i1.958

25



Journal of Metallic Material Research | Volume 02 | Issue 01 | April 2019

oy 825-
Incoloy 825-52
5. 1669.6K
g o
Z
<
g 54 16639K /| |1670.7
-104
-15 T T
1350 1375 1400 1425
Temperature (K) 23—
20
) Incoloy 825-82
1636.5K
Z
5
1632.5K 1636.9K
1325 1350 1375 1400
Temperature (K) "

Figure 9. DTA thermal analysis of nickel-basesuperalloys

Note: (a) 800H (b) 825 (c) 52 filler (d) 82 filler (c) S00H-52 (f) 800H-82
(2) 825-52 (f) 825-82

Figure 10. Macrostructures of cracks after Spot Vare-
straint test
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Bending Center Li

Center zone

Figure 11. Schematic diagram showing the welding zones
after Spot Varestraint test

Figure 15. Microstructural development of cracks in nick-
el-base superalloys

Liguation crack or
Ductility-dip crack

1

Solidification crack

Figure 12. Schematic diagram showing the crack growth
and crack mode in nickel-base superalloys
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45
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20

Amount of Cracks (No.)

800H  800H-52  800H-82 825 825-52 825-82
Nickel-Base Superalloys

Figure 13. Amount of cracks in nickel-base superalloys

[ Center zone
2 1 PMZ+HHAZ
22 [ Fusion zone

Total cracks length (mm)

800H  800H-52  800H-82 825 825-52 825-82
Nickel-Base Superalloys

Figure 14. Total cracks length in nickel-base superalloys
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@)
(b)
Figure 16. Microstructures of Spot Varestraint test in
different regions
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Figure 17. Schematic diagram showing the microstruc-
tures in different regions after Spot Varestraint test

)

(e)

28 Distributed under creative commons license 4.0 DOI: https://doi.org/10.30564/jmmr.v2i1.958



Journal of Metallic Material Research | Volume 02 | Issue 01 | April 2019

Figure 18. Metallographic micrographs of cracks in nick-
el-base superalloys

Note: (a) 800H, (b) 825, (c) 800H-52, (d) 825-52, (¢) SO0H-82, () 825-
82

(a)
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(b)

Figure 20. SEM micrographs in surrounding cracks (a)
starting point, (b) terminal point
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1. Introduction

ifferent geochemical interaction processes occur

between the host rock and vein in the Glojeh

polymetallic deposit. By consideration of the
variables interaction effects (IE) can improve the accuracy
of processing or modeling . Hence, the quadratic terms
(X?) and the first order interaction (XixXj) of variables
were constructed with the aim of examining the relation-
ship between geochemical variables. Stepwise regression
analysis (RA) and analysis of variance (ANOVA) can be
applied to determine the interactions between elements
(%7 the dispersion pattern and elemental associations in
mineralization using some geochemical concepts. Back-
ward Elimination (BE) is one of the Stepwise Regression
methods. Stepwise regression serves to reduce the model

*Corresponding Author:
Farshad Darabi-Golestan,

The criterion-base iterative stepwise Backward Elimination (BE) method
was used to predict Au according to the main variables (Ag, Cu, Pb, and
Zn). The optimization process of the quadratic polynomial model are
carried out on different trenches. Whereas, Pb and Zn with AgxZn and
PbxZn are significant to determine the lateral dispersion of Au. It means
Zn is the predominant element in near surface zone. Therefore, it point
out that the polymetallic (Au-Ag-Cu-Pb-Zn) high-sulfidation hydrother-
mal veins may be related to a porphyry deposit at depth. Laterally, 2D
surface contour maps using kriging confirms all the results of the disper-
sion pattern of elements at Glojeh.

by using the strategy to eliminate the predictors which do
not contribute to model accuracy, according to reach the
specific accuracy.The quadratic polynomial model (QPM)
considered as a full model to elucidate the relationship
between variables. BE procedure is just a one procedure
within the Stepwise regression where the starting model
is actually a full model (model with all possible predic-
tors) and then algorithm sequentially removes the worst
one predictor while its accuracy is improving according
to one criteria. Accordingly, some criteria including dif-
ferent criteria (R”, R* adjusted[adj.], R* predicted[pred.]),
PRESS, and F-ratio were used more frequently **°\. The
BE modeling applied according to p-values (or laterally
t-test) and related confidence levels "> ', The convergent
trend of R’, R*(adj.), R*(pred.) accompanied by increases
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of F-value, and decreases of PRESS (Prediction Error
Sum of Squares) indicate more accurate optimization %,
The model with the lowest PRESS may be desirable, if
the prediction is the objective of using this method.All the
parameter and variables contributed at the full model with
the lowest significant (p-value and t-value). According
step by step process of elimination of parameters the mod-
el accuracy have been optimized. Besides, the full model
has the lowest criteria for prediction (R*(pred.)) new ob-
servation. During elimination of insignificant predictors
the model is optimized gradually.

In this study, the authors have tried to estimate and
identify the Au dispersion by associated elements for all
trench samples in veins and host rock. The research was
conducted with three aims: (a) to recognize the horizontal
relationship between variables, statistically and spatially
(b) determine an indicator model, (¢) and decrease the
cost of Au analysis. The relationship between variables is
conducted based on examination of drillholes and trenches
to determine zonality in polymetallic veins, shear zones,
and host rocks, while the results have been validated ac-
cording to R*(pred.). The approach is furnished by the BE
procedure on iterative RA and ANOVA by definition of IE
of elements to improve the overall performance of zonal
modeling. Based on BE, gradually all the insignificant
predictors were eliminated. Therefore, all the predictors
with different presence (the main elements (Xi),quadratic
terms (X°), and the first order interaction (XixXj)) may
be related to the object element (it is Au at here). Au vari-
ation and dispersion is investigated by first and second
order and interactions of other elements which are benefit
to determine the elemental zoning sequence.

2. Geological Setting

The Glojeh district is located in the central part of the
Tarom- Hashtjin Metallogenic Province (THMP), which
is one of Iran’s major metallogenic provinces. Structural-
ly, this subduction-related continental margin arc extends
from a merging between the western Alborz magmatic
belt and Urmieh-Dokhtar zone . The rocks along the
THMP are considered equivalent to the Karaj formation.
They are different from those in central Alborz in terms of
the lithology and chemical composition because the lava
flows do not consist only of volcani-clastic rocks along
this axis, and their compositions are more basic """ ",
Many intrusive bodies in the area have been injected into
Eocene volcani-clastic assemblages, so these bodies are
post-Eocene (most likely Oligocene) in age. One charac-
teristic of the Oligocene intrusive bodies is the creation of
alteration areoles in Eocene volcani-clastics, and a lot of
epithermal Au-Cu-Pb-Zn mineralization have been gen-
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erally occurred due to hydrothermal reactions "'* ', The
Glojeh district is mainly covered by rhyodacite, lithic tuff,
and andesite basalts """\

3. Materials and Methods

3.1 Exploration Drilling

Tuff, rhyolite, and andesite, tuff- rhyolite and rhyodac-
ite, tuff-rhyolite, and rhyodacite to latite are the host rocks
of the TR1, TR2, and TR3, respectively, while TR4, TRS,
and TR6 were excavated in rhyodacite to latite rocks.
The sample numbers of trenches TR7 and TRS are only 8
and 6 samples, respectively (Table 1). It is not enough to
modeling and they were examined for 2D surface contour
maps.The trenches TR4 and TRS were excavated in rhyo-
lite to rhyodacite with interbedded tuff and ignimbrite and
have been covered by silicified alteration (Figure 1 and
Table 1).
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Figure 1. Location and geological map of the Glojeh
deposit, including the main trenches

3.2 Backward Elimination

The interaction effect (IE; e.g. X* and XixXj) of variables
(Ag, Cu, Pb, and Zn) were defined considering different
interaction processes between meteoric water and mag-
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Table 1. Specifications of the trenches from TRO to TR8 (ppb was used for all the concentration measurements)

Trench | Length Alteration Host rock Samples Vein sam- |Average A!.l concen-| Maximum 1.&u con- Minimum fAu
ples tration centration concentration
TRO | 96 ; Rhyodacite to 43 3 103.9 2980 2.1
latite
TRI 155 Hematite- Limonite | U1 20d Rhyo- 39 13 1080 6760 32
dacite
TRz | 136 | Silicic, Hematite+Argillic | |0 Rhyolite, 62 5 568 4370 42
Rhyodacite
Tuff, Rhyolite,
TR3 130 | Silicic, Hematite+Argillic | Rhyodacite to 60 23 1570 12900 49
latite
TR4 103 Silicic, Hematite Rhy‘l’iai‘f;te to 71 20 2180 21400 30
TRS | 103 |Silicic, Hematite+Argillic Rhy‘l’i‘i’f;e o 76 38 2275 19450 27
TR6 | 155 Silicic, Limonitic Rhycl’:t?f;te to 36 10 480 3540 45
TR7 15 Silicic Rhyodacite 8 1 507.6 3440 34
TRS 14.5 | Silicic And week Argillic Tuff 6 1 141.7 730 8.4

matic fluids as well as host rock and vein in the polyme-
tallic Glojeh deposit. These mathematical interaction re-
vealed by geochemical properties of elements in different
lithology and level of mineralization, considering to the
level of definition of interaction effects. Therefore, IE play
an important role for geochemical exploration and mineral
deposition studies, especially in polymetallic hydrother-
mal ore deposits "> ', Raudenbush and Liu ", Diggle "
and Leon and Heo "' have argued for the use of main and
IE of variables in their studies, which lead to improve the
accuracy of processing or modeling. In this study, RA and
ANOVA were done within BE process. The QPM that is
constructed in the first step of BE modeling is given by:

Y =X, +to, X, , +BX° ++f X  +x X X, 4+t X, X +&
e)
where o, B and y are the coefficients, and X, is vari-
able. The modeling is restricted to the main effects (vari-
able X;; Ag, Cu, Pb, and Zn), quadratic terms (covariates
X2 Ag’, Cu®, Pb’, Zn%), and the first order interaction
(covariates X;xX;; AgxCu, AgxPb, AgxZn, CuxPb,
CuxZn, PbxZn) of variables ™. The coefficient, standard
error (SE), t-value (°°¢1°°2%¢ 1Y and p-value (indicate
significance of all variables and covariates) associated
with each predictor that contribute in the model were cal-
culated from RA " *). Accordingly, at RA the parameter
R’ indicates how well the model fits the data and tends
to increase as additional predictors added in the model.
In order to overcome this effect, the parameter R*(adj.)
which could compare the two linear models with their
complexity is utilized. R*(pred.) was used with ease to
compare how well the two model predicts responses for
new observations that were not included in model estima-
tion based on leave-one-out cross validation ",
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The ANOVA analysis parameters are shown in Table 2.
The F-ratio and R can be obtained as follows (n is equal
to the total number of observations in the analysis):

B . _SSR/p — MSR
F —ratio = / SSE/(VI —p-1 - %\JSE (2)

2 _SSR
SST (3

Table 2. The ANOVA analysis parameters

Source.of Varia- Sum of Degrees of Sl;/{f::;s F ratio
tion Squares (SS) | freedom (df) (MS)
Regression SSR p MSR | MSR/MSE
Error SSE (n-p-1) MSE
Total SST (n-1)

4. Results: Trenches Investigation

Overall, 401 trench samples were included in this study.
They were collected from trench TRO to TR8 where to-
tally 907.5 meters were excavated. The BE approach has
been applied on TR2 and explained in detail. At the first
step, the QPM was set to be:
Au=1.13-0.874g+0.29Cu—0.38Pb+1.35Zn
—0.124gxCu+0.444g x Pb—0.50A4Ag x Zn+0.47Cu

xPb+0.26Cux Zn—0.289Pbx Zn +0.254g> — 0.319Cu>
~0.252Pb* +0.128Zn’
)

Accordingly, all the t-test values (accompanied with
p-values) of predictors (14 ones) were calculated to
determine significant and insignificant predictors. The
results of RA and ANOVA are summarized in the Table
3 for different steps and insignificant predictors are de-
termined according to highest p-values. The AgxCu and
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Pb (p-values equal to 0.952 and 0.861, respectively) are
removed at the 1* step, because the majority of predic-
tion error that causes uncertainty in the model has been
related to these predictors. The eliminating process (BE)
was carried out by removing the least useful variables
according to partial F ratio, R”, R*(adj.), and R*(pred.) cri-
teria. The R and R*(pred.) in this step equal 85.50 % and
15.36 %, respectively. When there is a high R*, while the
R’(pred.) is low, it indicates that the model cannot give
very good performance for predicting new observations.
This implies that a lot of predictors create huge errors in

modeling. Therefore, the model must be optimized by re-
moving the special predictors that create the highest error
(AgxCu and Pb at first step; Table 3 and Figure 2). At the
second step, a new model is generated, while AgxCu and
Pb have been deleted, and R(pred.) increased to 48.08%
when R’ has no significant changes (Figure 2 and Figure
3). An increase of R*(pred.) accompanied by partial F-test
value indicates improvement in the modeling **. Subse-
quently, Cu, CuxZn, AgxPb, AgxZn, Pb’, Zn’, threshold
value, Cu’, Ag, and Ag” were eliminated, and Reduced
QPM (RQPM) was constructed with three predictors (df

Table 3. Regression analyses and ANOVA for BMA of TR2 in Glojeh deposit

step criteria value Source DF SS MS F P Predictor P-value
S 0.515 Regression 14 23.467 1.676 6.33 0.001 AgxCu 0.952
R’ 85.50% | Residual Error 15 3.972 0.265 Pb 0.861
1 R’(adj.) 72.00% Total 29 27.438
PRESS 23.224
R*(pred.) 15.36%
S 0.484 Regression 12 23.458 1.955 8.35 0 Cu 0.885
R’ 85.50% Residual Error 17 3.981 0.234 CuxZn 0.746
2 R’(adj.) 75.30% Total 29 27.438
PRESS 14.246
R’(pred.) 48.08%
S 0.459 Regression 10 23.427 2.343 11.1 0 AgxPb 0.868
R’ 85.40% Residual Error 19 4.011 0.211 AgxZn 0.719
3 R’(adj.) 77.70% Total 29 27.438
PRESS 11.659
R’(pred.) 57.51%
S 0.439 Regression 8 23.399 2.925 15.21 0 Pb"2 0.69
R’ 85.30% | Residual Error 21 4.040 0.192 Zn"2 0.54
4 R’(adj.) 79.70% Total 29 27.438
PRESS 9.035
R*(pred.) 67.07%
S 0.428 Regression 6 23.220 3.870 21.1 0 Constant 0.199
R’ 84.60% | Residual Error | 23 4218 0.183 Cu”2 0.155
5 R’(adj.) 80.60% Total 29 27.438
PRESS 7.933
R’(pred.) 71.09%
S 0.450 Regression 5 389.874 77.975 384.45 0 Ag 0.724
6 PRESS 7.033 Residual Error 25 5.071 0.203 Agh2 0.894
Total 30 394.945
S 0.435 Regression 3 389.84 129.95 687.29 0 PbxZn 0.001
7 PRESS 6.062 Residual Error 27 5.1 0.19
Total 30 394.94
S 0.528 Regression 2 387.13 193.56 693.13 0
8 PRESS 9.051 Residual Error 28 7.82 0.28
Total 30 394.94

Distributed under creative commons license 4.0

DOI: https://doi.org/10.30564/jmmr.v2i1.1001

33



Journal of Metallic Material Research | Volume 02 | Issue 01 | April 2019

equals to 3 at the 7" step) for 30 samples (total df). It is
noteworthy that the R%s reduced a little from 85.5% at
QPM to 84.6% at RQPM. It could reveal that R”is not an
appropriate criterion to improve modeling performance,
individually. In the 8th step, it is clear that if PbxZn is
eliminated, the PRESS and S criteria increase and it is
not in order to model optimization. The removal of insig-
nificant predictors cause changes in the t-values of other
predictors. Therefore, at TR2, the Zn, CuxPb and PbxZn
predictors with t-values equal to 10.27, 4.53, and 3.79 are
the most important predictors for Au modeling (Table 3
on 7" step, Table 4). An improvement in modeling was
achieved according to convergent trends through seven
steps for R*, R’(adj.), and R*(pred.) accompanied by in-
creases in R*(pred.) ***”. After the 6" step due to elimina-
tion of the threshold value MINITAB software unable to
calculateR*(adj.) and R*(pred.), therefore the decrease in
PRESS and increase in F value indicate the improvement
in modeling (Table 4, Figure 2). Finally, through BE pro-

cedure the R*(pred.) is increased from 15.36% in QPM to
71.09% in RQPM, which indicates the ability to predict
Au for new samples. It was satisfied only by the genetic
relationship between Ag, Cu, Pb, and Zn elements, since
many factors are involved in mineralization. The RQPM
for TR2 was introduced by the following equation:

Au=Zn +0.181 CuxPb - 0.183 PbxZn  (5)

According to the significant predictors that contributed
in RQPM for TR1, TR2, TR3, and TR6, Pb and Zn were
the main predictors, and PbxZn was the significant in-
teraction for Au modeling. In these trenches, Ag and the
threshold value unusually show high dependency with
each other in the process of elimination (Table 4), because
the threshold value at step 5 has the largest p-value equal
0.199 but when it was eliminated the p-value of Ag and
Ag’ show sudden increases.

Table 4. The order of elimination insignificant predictors using BE stepwise regression to create RQPM for each trenches

TR1 TR2 TR3
Predictor P-value t-value Predictor P-value t-value Predictor P-value t-value
Ag 0.963 AgxCu 0.952 Constant 0.909
PbxZn 091 Pb 0.861 Ag 0.863
Constant 0.837 Cu 0.885 AgxPb 0.747
CuxZn 0.883 CuxZn 0.746 Cu2 0.681
insignificant predic- Cu 0.472 AgxPb 0.868 CuxPb 0.502
;;r:et‘};:rtafl(‘)‘;ltﬁsg Agh2 0.441 Ag~Zn 0.719 Zn2 0.548
tion steps AgxCu 0.658 Pb"2 0.69 Cu 0.336
AgxPb 0.551 Zn™2 0.54 CuxZn 0.416
Pb™2 0.853 Constant 0.199 Pb*2 0 438
w2 | oe cwr | o om0 | e |
Zn 0.17 Ag 0.724 PbxZn 0.002 3.34
Ag™2 0.894 Agh2 0.005 2.9
significant predic- AgxZn 0.003 3.18 AgxCu 0.034 2.17
tors that contributed
in RQPM CuxPb 0 4.43 CuxPb 0 4.53 Zn 0.052 1.99
Cu2 0 4.03 PbxZn 0.001 3.79 AgxZn 0.113 1.61
TR4 TRS TR6
Predictor P-value t-value Predictor P-value t-value Predictor P-value t-value
Ag"2 0.518 AgxPb 0.856 Zn 0.998
insignificant predic- Pb*2 0.568 Ag2 0.889 Pb"2 0.938
;;r:etvhjrta‘l:l:;fr‘ss: Cu 0.001 3.79 Ag 0.836 AgxZn 0.92
tion steps Pb™2 0.885 AgxPb 0.807
Ag 0.007 2.86 AgxCu 0.862 Ag2 0.874
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AgxZn 0.009 2.79 Zn 0.49 CuxZn 0.824
AgxPb 0.017 2.52 Pb 0.43 CuxPb 0.756
Zn 0.014 2.6 Cu 0.28 Cu 0.608
L . PbxZn 0.023 2.38 Cu™2 0.395 Constant 0.336
significant predic-
tors that contributed Cu™2 0.036 2.18 Constant 0 14.27 Ag 0.163
in RQPM

Constant 0.099 1.7 AgxZn 0 6.16 Cu2 0.321

CuxPb 0.2 1.31 CuxPb 0.113 1.61 PbxZn 0 432

CuxZn 0.236 1.21 PbxZn 0.14 1.49 Zn"2 0.001 3.83

AgxCu 0.275 1.11 CuxZn 0.265 1.12 AgxCu 0.033 223

Note: The highlighted ones indicates the importance of Pb, Zn, and PbxZn predictors in the RQPM for all trenches after several steps of optimization.
The order of elimination insignificant predictors is showed by p-values (a level), and t-values indicates the importance of the predictors in the RQPM.
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Figure 2. The differences between the t-test and F-test for
optimizing model in TR2
Note: The F-test, R, and R*(pred.) consider the linear relationship
between Au and set of predictors which participate in modeling,
while t value and p-values were calculated with the TDIST function
using calculated t-values and the df for probability density function;
TDIST(t, df, 2 tails)=P-value . It reveals that selecting a different predictor and
model is complicated and with BE process might be facilitated by using
controlling t-test and the F-tests.
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Figure 3. Optimization trend of the stepwise regression
of BE using different R's (R*, R’[adj.], R[pred.]), PRESS
and F-ratio criteria for TR2Discussion

Throughout this paper, the lateral geochemical disper-
sion pattern of Ag, Cu, Pb, and Zn are discussed consid-
ering their interactions at all trenches. We also propose an
iterative model selection approach from QPM to RQPM,
based on the main, quadratic terms and the interaction
effects of elements. By applying interaction effects, dif-
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ferent geochemical properties of elements have been
considered using the BE procedure. Besides, the main
elements and interactions are recognized in all trenches.
After 8 steps of optimization and removing insignificant
predictors at the TR2, R*(pred.) increased from 15 % to
more than 71 %. Accordingly, Zn and PbxZn were deter-
mined as the highest important element and interaction for
Au modeling, respectively. This result is confirmed by the
trends of other criteria (R°, R’[adj.], PRESS and F-ratio).
The same process was applied for the other trenches (TR1,
TR3, TR4, TRS, TR6) to interpret the lateral geochemical
dispersion pattern of elements, respectively.

Based on the RQPM of trench TR2, it reveals that Zn,
CuxPb and PbxZn were determined as the main predic-
tors for Au (Table 4). Therefore, Zn and Pb are the most
important predictors that show the same lateral dispersion
(resulted from TR2 modeling) at the Glojeh deposit.

The results from Table 3 and Table 4 are clearly indi-
cated in Table 5. The significant predictors contributing in
RQPM for all trenches (Table 4) are depicted according
to the t-values in the Figure 2.Accordingly,Pb and Zn are
the main elements, and PbxZn is the main interaction
which has the same geochemical dispersion pattern with
Au within TR1, TR2, TR3, and TR6 (Table 5). Besides,
the t-value from regular RQPM models for TR1, TR2,
TR3 and TR6 indicates the strong effects of Pb and Zn.
Whereas, TR4 and TRS which are excavated in the high-
grade zone contain mineralized quartz veins, veinlets and
brecciated zones emphasizing that Cu and Pb are import-
ant elements for Au modeling. The most other important
predictors is threshold value (the constant) that was de-
rived from a lot of veinlets and brecciated zones at these
trenches. All the step-by-step BE process of the trenches
revealed that Pb and Zn accompanied with their interac-
tion (PbxZn) have the same geochemical dispersion pat-
tern and lateral variation with Au.

In order to identify Au, Ag, Cu, Pb, and Zn relation-
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ships with vein, veinlet, and brecciated zones and to better
understand of their distribution in the region, preparation
of a surface contour maps can aidin interpretation of re-
sults. The 2D contour maps were obtained based on trench
data, a geological map, and scattered data from veins and
veinlets using kriging technique. The parameters used to
interpolate the map were the Gaussian for semivariogram
model with output cell size (Lag size) equals 5 meters,
search radius fixed in 10 meter distance and 3 is the
minimum number of points were the kriging parameters
used to create these maps. This method is the best linear
unbiased estimator with the lowest estimation variance
5391 The possibility of occurrence of errors due to the
lack of adequate information from the area is possible in
this method to interpolation some cells. The highly Au
concentrated samples have spread between TR2 and TR6,
where the highest anomalous samples appears around
TR4 and TRS (Figure 4A). Also, ore-bearing major veins
and veinlets trend are nearly east-westward (see Figure 1),
while it was evident in the kriging surface variation of Au
concentration (Figure 4A). The observed surface anoma-
lies for Au show similar trend and largely overlap on Pb
and Zn concentrated samples (Figure 4A, 4B, and 4C).

Table 5. The results of BE to recognize significant and
insignificant predictors for trench

threshold s1gn1ﬁcath significant inter- |insignificant pre-
trench value clements in actions in RQPM dictors
u RQPM
TR1, Tr2,
TR3 and - Pb, Zn PbxZn Ag, C, AgxCu
TR6
Theand | ok Cu,Pb | Agx<Zn,PbxZn| Ag, Pb’

Zn and Pb show the same variation of the concentra-
tion at deeper zones and Zn is highly enriched in super-
ficial horizons . On the other hand, these finding can
be approved using BE modeling results. Mehrabi, Siani,
Goldfarb, Azizi, Ganerod and Marsh "indicated that Au
is certainly mineralized in the epithermal brecciated zones
in late stages of magmatic fluids and afterward directly
precipitated in associated meteoric water, whereas Cu
is precipitated in early and middle stages and magmatic
fluids have a greater role in mineralization. Therefore,
the Glojeh deposit may be associated with a porphyry
mineralization at depth.In order to the evaluation of the
Au concentration by optimization process of the quadratic
polynomial model, Cu, Pb and Zn are well separated later-
ally.
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Figure 4. The 2D Glojeh surface contour map of Au (A);
Pb (B); and Zn (C)

5. Conclusion

By constructing interaction effects of elements the rela-
tionship between variables could be distinguished, too
much better. Where in environmental and mining science
(certainly in mineralization) all the elements acts related
and they must considered simultaneously, hence applica-
tion of elemental interactions could ease to accurate mod-
eling. Accordingly, model reduction process is handled
until the main predictors recognized. This method could
applied in different multivariable studies. In the presented
study it was conducted to recognize the horizontal rela-
tionship (lateral dispersion or elemental zoning) between
variables, statistically and spatially, determine an indicator
model and decrease the cost of Au analysis. Iterative BE
based on RA and ANOVA for 6 trenches (782 meter) in-
dicates that optimized model consisting of interaction ef-
fects can reveal the lateral dispersion pattern of predictors.
All the RQPMs were confirmed by the trends of R*, R*(-
adj.), R’(pred.) and F-ratio criteria. By investigating and
modeling trenches, it was found that Pb and Zn are the
main elements and PbxZn is an interacted predictor to de-
termine linear productivity or lateral dispersion of Au. But
in TR4 and TRS5 trenches which located on veins/veinlets,
brecciated zones, and silicic alteration, the threshold is
significant parameter.

The present study indicates that by incorporation of in-
teraction effects and application of regression analysis and
the BE procedure method could easily explain the disper-
sion and variation of Au and associated elements. Some
of the results from the BE based on iterative stepwise re-
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gression revealed that lateral dispersion of elements were
overlapped and confirmed with 2D surface contour maps
using a kriging technique. A distinct vertical zonation
which appeared by a transition zone in depth may indi-
cate a porphyry deposits at the depth. In addition, lateral
geochemical dispersion pattern for Au determined using
Zn>CuxPb>PbxZn predictors.
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