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1. Introduction

stainless steel is a material of great interest in
technological applications. The stability of the surface
oxide (i.e., passive film) formed on the stainless steel
depends mainly on the passivation time, temperature,
alloy composition and working environment. Previous
studies have shown that the passive film formed on a SS
exposed to aqueous solutions are Cr-enriched close to the
alloy, with hydroxide and water-containing compounds
concentrated in the outermost region of the film and
chromium oxide enrichment at the metal-film interface.
The ion bombardment technique as a surface modification
method presents some advantages over other techniques:
(i) high temperatures are not needed; (ii) the bulk material
remains unaffected after the implantation process; and
(iii) the surface to be modified can be tailored by
controlling the accelerating potential and the implantation
fluence. The aim of this work is the study of the argon
implantation fluence on the corrosion resistance behavior
of stainless-steel substrates.

2. Laboratory method

lon bombardment was performed on stainless steel
samples with the approximate areas of 1 cm? and
thicknesses of 1 mm. Before ion implantation, sample
surfaces were polished to a shiny finish by diamond paste
and then cleaned ultrasonically in Alcohol and acetone
bath, and at last, dried in an oven at 100 °C. The ion
implantation facility of Plasma Physics Research Center
of Science and Research Campus is used to bombard the
different samples. lon bombardment procedure was
performed by Argon ions of the energy of 30 keV at 3x10
17 jons/cm? to 1x10 8 ions/cm? fluences at ambient
temperature. The angle between the implanted ions and
sample surface was about 90. Study of the surface
topography and roughness has been performed by AFM
analysis in contact mode with scan area of 1 pm?2
Electrochemical corrosion tests of the modified surfaces
were done by potentiodynamic method using a
potentionstat model EG&G applied princton 273A. The
corrosion solution was 0.5 molar H,SO4. The potential,

that measured by saturated columel electrode (SCE) as a
reference electrode, scaned from -250 mV versus open
circuit potential (OCP) up to approximately +1000 mV
versus OCP at the scan rate of 1 mV/sec.

Table 1. Planting parameters for different samples

a|dwes
(;waysuor)
saxn|4
(s)awinL
(no3)ABiaug
a|dwes
alnyesadwa |

Sl 1x10'7 | 2300 30 380
S2 | 3x10Y7 | 1150 30 380
S3 | 5x10'7 | 600 30 380
S4 | 7x10Y7 | 920 30 380

3. Results and Discussion

Fig.1 shows the roughness variation with ion fluence.
According to these results, the general trend shows an
increase of the surface roughness with increase of ion
fluence. It may be due to the erosion and sputtering of the
surface by Ar ion bombardment which become more
important at elevated fluence. In Fig. 2 potentiodynamic
curves for unimplanted and ion implanted stainless steel
samples at different conditions are shown. In Fig.3 the
variation of corrosion current density with argon ion
fluence is illustrated. With increasing Ar ion fluence the
corrosion current density (icor) which is related to
corrosion rate, approximately decreases by 12 times and
then increases. In other words, the minimum corrosion
rate was achieved at 5x 10 Y7 ions/cm? fluence. It seems
that Ar ion implantation has two opposite effects in the
range of fluence used in our case. There is no evidence to
explain the decrease of the corrosion resistance by ion
fluence. It may be due to the formation of unstable phase
during the ion implantation. At high fluence in which the
roughness value variation is more important, the effect of
effective surface area should be taken account. At higher
fluence when the effective area of the samples that is in
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contact with the corrosion solutions increases and
becomes important, the net current measured by
potentiostat instrument and consequently the corrosion
current that extracts from potentiodynamic curve will be
increased too.
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Figure 1 Chart of steel surface roughness changes with
increasing ion current of ion bombardment
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Figure 2 Variation of corrosion current with argon ion
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Figure 3 Variation of corrosion potential versus argon ion
fluences.

4 - Conclusion

The corrosion potential and roughness curves obviously
indicate that corrosion potential variations caused by
argon ion bombardment are inversely proportional to
surface roughness. Corrosion current variations show an
optimal fluence at 5x107 ions/cm? in which the corrosion
resistivity is twelve times higher than unimpanted sample.
Regarding to the thirteen percent increase of corrosion
potential and twelve times decrease of corrosion current
at fluence of 5x10'7 ions/cm?, we can deduce that the best
resistance against corrosion can achieve at this fluence for
AISI 304 stainless steel by argon ion bombardment.
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Investigation of the Effect of ion Bombardment on the Corrosion Resistance of
Steel with Argon

Amir Hoshang Ramezani

Abstract The aim of this work is the study of the argon implantation on the corrosion resistance behavior of AlSI 304
stainless steel substrates. The effect of ion implantation dose on morphology and corrosion properties of AISI 304 SS
has been investigated.In this work, argon ions of 30 keV energy have been implanted into AISI 304 stainless steel at
different fluences ranging from 3 x 107to 10 x 1017Ar/cm2.The AFM analysis of implanted samples clearly shows
significant change in surface. In order to evaluate the effect of the ion bombardment on the corrosion behavior,
otentiodynamic tests were performed. The results show that the corrosion resistance of the samples strongly depends on
the implantation fluences.The Corrosion potential and roughness curves obviously indicate that corrosion Potential
variations caused by argon ion bombardment are inversely proportional to surface roughness. Corrosion current
variations show an optimal dose at 5 x 10'7ions/ cm? in which the corrosion resistivity is 12 times higher than un-
implanted sample.

Key Words: Argon, bombardment, Corrosion
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1. Introduction

Nowadays, the use of nano materials is widespread in
various industries due to their unique properties compared
to coarse materials. The known methods for producing
nano materials are: co-precipitation, mechanical alloying,
use of colloidal solutions, combustion and supercritical
water-based methods.

By increasing the temperature during the sintering
process, recovery, recrystallization and especially grain
growth are observed. The increasing concentration of
vacancies and the reduction of preventing barriers of the
movement of grain boundaries lead to grain growth. For
stopping the grain growth phenomenon, strategies should
be adopted to prevent the movement of grain boundaries.
One of these solutions is the use of fine sediment particles
or secondary phase particles. These particles prevent the
movement of dislocations or slow down their movement.
So, grain growth will be stopped or delayed at high
temperatures. In other words, the grain growth process
will not occur during annealing

In this study, TiO, has been used as the secondary
phase in NiTi alloy nanostructure powder. This oxide is a
thermally and chemically stable compound. From the
price point of view, it is considered a cheap oxide, which
has an acceptable abundance. The purpose of adding this
oxide is to prevent the growth of NiTi phase grains during
the sintering process.

2. Materials and Method

In this article, in order to investigate the effect of the
presence of TiO, on maintaining the nanostructure of
milled NiTi alloy, two samples were produced by
mechanical alloying method from nickel and titanium
elemental powder. One of the samples contains TiO- as
the raw material. The samples were ground in a planetary
mill with a speed of 250 rpm and a balls to powder ratio
of 30:1 in a controlled atmosphere. In order to reach the
same crystallite size for both samples, the milling time
was chosen for 36 hours for the sample without TiO; and
22 hours for the sample with TiO,.

Then the samples were pressed at 700 MPa and sintered
in a furnace with a temperature of 900°C. After milling
and sintering, XRD test was taken. The size of crystallites
was estimated by Williamson-Hall method. DSC test
(SETYS Evolution-175 model - SETARAM) was used to
check the energy released during the annealing process. In
order to simulate isothermal processes, the powder
samples were heated at the maximum speed of the
machine (100°C/min) to the test temperatures, and then
were heated at a rate of one degree per minute for 2500 s.

3. Results and Discussion

Figure 1 shows the XRD patterns of samples after milling.
As it is clear in the figure, NiTi peaks are clearly seen in
both samples. Therefore, the powders are pre-alloyed
before sintering. In this figure, the XRD of the samples
after sintering are also shown. As can be clearly seen in
both samples, the increase in the intensity of the peaks
while the positions of desired peaks do not change
indicates an increase in the size of the crystallites while
no phase change happened in the samples.

|

Figure 1- XRD results for milled and sintered samples.

Figure 2 a and b shows the DSC diagrams. The area
under each peak represents the energy released during
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heating. Therefore, the conversion fraction at a certain
time is proportional to the area under the peak at that time.
In Figure 2 ¢ and d, the changes of the transformed
fraction with time at different temperatures are shown. In
the graphs, it is clear that for both samples, the time to
complete the annealing process has decreased with the
increase of the test temperature.
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Figure 2- a and b: DSC diagrams for the milled samples (a
in the presence of TiOz, b: absence of TiO), ¢ and d: the
transformation fraction diagram based on time.

4- Conclusion

1 -Milled NiTi powder showed an increase in size from
the initial crystallite size of 198 nm to 987 nm after
annealing at 900 °C, but the crystallite size of NiTi
powder containing TiO2 changed from 191 nm to 461
nm.

2 -The activation energy of particle coarsening
transformation during sintering was 31.85 and 96.47
KJ for the sintered NiTi samples without and with
TiOy, respectively. Also, the nucleation energy
barriers were 93.9 and 75.7 KJ, respectively. The grain
growth activation energy was calculated as 13.4 and
14.4 KJ, respectively.

3- The values of a (nucleation type representative) and ¢
(growth control method) for NiTi and NiTi along with
TiO, were estimated as 0.9, 0.5 and 058, 1,
respectively. These values indicated the reduction of
the nucleation rate during annealing for both samples.
The grain growth in the sample without TiO; is
controlled by diffusion while for the sample
containing TiOy, grain boundary movement controls
the growth.
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Investigation on the presence of titanium oxide particles effect in preventing the growth of
NiTi granules in the sintering process

Hadi Nasiri Morteza Golmohammadi

Abstract Grain growth during sintering of nanomaterial is one of the main drawback is this process. Since the
nanomaterials maintain their unique performance as long as their size dos not exceed a specific size range, various
strategies, including the addition of oxide particles, are adopted to prevent this phenomenon and to slow down grain
growth. In this research, titanium oxide particles were used to prevent the growth of NiTi nanostructured alloy grains
during sintering operations due to their suitable thermal stability with amount of 10 wt.%. The effect of titanium oxide
particles was investigated by X-ray diffraction (XRD) and differential scanning calorimetry (DSC) analyses. For this
purpose, two groups of samples including with and without presence of titanium oxide were prepared and studied. The
results of kinetic analysis on both sample groups showed that grain growth occurred after the process, in the presence of
this oxide, up to twice the initial size and before sintering. But the growth rate in the absence of titanium oxide increased
up to five times. The reason for this is the amount of activation energy required for grain growth. This energy was 31.85
kJ in the sample without titanium oxide and 47.96 kJ in the sample with the presence of 10% of this oxide. Also, based on
DSC data, the barrier energy were calculated as 9.93 and 7.75 kJ, and the grain growth activation energy were calculated
as 13.4 and 14.4 kJ, for the samples with out and with titanium oxide respectively.

Key Words: Grain Growth, TiO,, NiTi, DSC.
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1- Introduction

Ferritic-Martensitic dual-phase steels are widely used in
car manufacturing industries because of the attractive
mechanical properties such as significant tensile strength
and good formability. It is clear that the mechanical
properties of these steels are dependent on the
microstructural characteristics like the fraction of
different phases and the dislocation density of each phase
that are both affected by the thermomechanical history.
One of the main thermomechanical treatments applied on
the mentioned steel to form the dual phase microstructure
is inter-critical annealing (I1A) and subsequent quenching.
The aim of the current work is to investigate the effect of
the IA temperature of the JIS-SAPH440 steel on its tensile
characteristics like the tensile strength and the strain rate
sensitivity of flow stress (SRS).

2- Materials and Methods

JIS-SPAH440 steel is received in form of a cold-rolled
sheet and after cutting, it is subjected to normalizing at
900 °C for 20 min. Then, the normalized pieces are
subjected to IA at different temperatures of 750 °C, 770
°C, and 790 °C. Afterwards, the tension test at room
temperature is applied using two different strain rates.
Also, the microstructure evolution of different pieces is
studied using optical microscopy, scanning electron
microscopy (SEM), and X-ray diffraction examination.
The Williamson-Hall method is applied to evaluate the
dislocation density (p) of the ferrite phase of specimens.

3- Results and Discussion

As shown in Fig. 1, the increase of the 1A temperature
from 750 °C to 790 °C causes an increase of the martensite
fraction from 31% to 45%. This increase of the annealing
temperature also increases the dislocation density of the
ferrite phase from 5x10% to 1.54x10%, As shown in Fig.
2, the alloy tensile strength increases while its SRS
decreases as results of the applied increase of the
annealing temperature. Table 1 compares the results of the

* Manuscript received: , Revised, , Accepted,.

tension test and microstructural studies of different
specimens.

Considering the microstructure of the specimens, one can
propose a mixture rule to model the strength of the
specimens as below:

or = fror + fuon 1)
The strength of martesite (o,,) can be evaluated using its
hardness while the strength of ferrite (or) can be
evaluated considering its dislocation density as below:

Op = aGb\/Z 2)
Results of this model and the experimental strength of the
specimens are compared in Table 2. Also, the decrease of
the SRS is attributed to the increase of the dislocation
density of the specimens which increase the number of
mobile dislocations.

4- Conclusions

The increase of the 1A temperature of the JIS-SAPH440
increases its strength. This effect is attributed to the
increase of the martensite fraction and the dislocation
density of the ferrite phase in the alloy. The increase of
the 1A temperature also decreases the SRS of the alloy
attributed to the increase of the dislocation density of the
ferrite.

Table 1. Comparison of a microstructural characteristics
and mechanical properties of the normalized and the inter-
critically annealed specimens.
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Normalized 0 8.87E14 0 0.0084

750 31 5E15 336 0.017
770 38 9.61E15 337 0.0026
790 45 1.54E16 347 0.00037
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Table 2. Comparison of the tensile strength evaluated using Eqgs. 1-2 with the tension test results.
All strength are in MPa

IA Temperature | Martensite Ferrite Evaluated Tensile Experimental
(°C) Strength Strength Strength Tensile Strength
750 1164 645 806 803
770 1168 919 1010 973
790 1211 1160 1180 1088
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Figure. 2 Tension test results of (a) normalized and intercritically annealed at (b) 750 °C, (c) 770 °C and (d) 790 °C
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Effect of Inter-critical Annealing Temperature on the Tensile Behavior of JIS-SAPH440 Steel*

Mehran Salehifar Mohammad Hassan Farshidi Mohammad Mazinani

Abstract Ferritic-Martensitic dual-phase steels are widely used in car manufacturing industries because of their attractive mechanical
properties like significant tensile strength and good formability. It is clear that the mechanical properties of these steels are dependent
on their microstructural characteristics like the fraction of different phases and the dislocation density of each phase, and these
characteristics are affected by the thermomechanical history. The aim of this work is to investigate the effect of the microstructure of
the Ferritic-Martensitic SAPH440 steel on its tensile behavior like the tensile strength and the strain rate sensitivity of flow stress. For
this purpose, the steel is subjected to inter-critical annealing at different temperatures between 750 °C to 790 °C and then, it is subjected
to the tension test at room temperature using two different strain rates. Also, the microstructure evolutions of this steel are studied using
optical microscopy, scanning electron microscopy, and X-ray diffraction. Results show that the increase of the intercritical annealing
temperature from 750 °C to 790 °C causes an increase of the martensite fraction from 31% to 45% and the increase of dislocation
density of ferrite from 5x10% to 1.54x10%6, These variations cause the increase of the tensile strength from 800 MPa to 1100 MPa
while the strain rate sensitivity of the flow stress decreases to a negligible amount.

Keywords: Dual-phase steel, Ferritic-Martensitic, Tensile behavior, Dislocation density, Martensite fraction.
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1- Introduction

Commonly used energetic materials are based on
monomolecular compounds, such as TNT, RDX, HMX,
CL-20, etc. The maximum heat of combustion of such
materials is generally limited by the enthalpy of formation
of their reaction products, CO; and H,O upon complete
oxidation. Recent developments in materials processing
and characterization resulted in the discovery of a new
type of reactive materials containing nano-scaled metal
components. The well-known high oxidation energies of
metallic fuels can now be released very rapidly because
of the very high reactive interface areas in such metal-
based reactive nanomaterials. Consequently, these
materials are currently being examined for an entire range
of applications. Recently, the studies have been focused
on the use of Reactive Materials (RM) and Reactive
Material Structures (RMS) for military purposes. Alloys
based on the intermetallic compound of nickel and
aluminum (e.g., NiAl and Ni3Al) possess an ideal
combination of mechanical and physical properties that
make them attractive candidates for many high-
temperature applications in aviation, automotive, and
nuclear power engineering. These properties include a
high melting point, high strength-to-weight ratio, low
density, and high thermal conductivity. Besides, the Ni-
Al system has an additional advantage of existence of
large differences in the heats of reaction of its various
intermetallic compounds (e.g., NiAI3, Ni2AlI3, NiAl, and
Ni3Al). The development trend of reactive materials is to
increase the strength, density, reaction energy and to
control the insensitivity of reactive materials. Greater
strength can ensure the structural reliability and improves
penetrating performance when used as warheads. Greater
density can increase the kinetic energy in the process of

penetrating target and therefore leads to a further
improvement of penetrating performance. Greater
reaction energy can play a contributing factor to the
lethality enhancement of warheads. Greater insensitivity
can improve the safety during transport and store.

2- Experimental

In this study, the Al-Ni (with 2:1, 1:1 and 1:3 molar ratios)
composites were fabricated first by high energy ball
milling of Al (spherical, 20 um, purity: 99.9%) and Ni
carbonyl (spherical, 10 um, purity: 99.8%) powders. The
sample codes and molar ratio of powders are shown in
Table 1. Also, Fig. 1 shows FESEM images of Al and Ni
powders. The ball-to-powder mass ratio was
approximately 20:1. The raw powders were mixed for 6 h
at 430 r/min in argon to avoid mechanical alloying. To
distinguish this process from mechanical alloying that is
mostly generated by high-energy ball milling, the
blending process is referred to as mechanical mixing in
the work. 2 wt.% of stearic acid was added into the
mixtures to prevent cold welding. For mechanical test
samples, the mixed powders were pressed at 1400 MPa
for approximately 10 min, followed by sintered at argon
atmosphere. Briefly, the oven temperature was ramp up to
400 °C with a rate of approximately 10 °C/h. The pressed
specimens were held at 400 °C for 1 h. The specimens
were further cooled to ambient temperature with an
average cooling rate of 10 °C/h. For thermal test samples,
the mixed powders were pressed at 500 MPa for
approximately 5 min.

The microstructure of the composites was determined
by X-ray diffraction (XRD, PW 1730, Philips) with Cu Ka
radiation (1.54060 A) and Field Emission scanning
electron microscopy (FESEM, TESCAN MIRA3)
augmented with energy-disperse spectroscopy (EDS).
Thermal analysis was accomplished through thermo
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gravimetric and differential scanning calorimetry
(TGeDSC) (STAS504, Jupiter, NETZSCH). The samples
(approximately 10 mg) were heated to 800 °C at a heating
rate of 10 K/min in a high-purity argon atmosphere (40
mL/min). Dynamic compressive tests were performed
using compression test (at the strain rate of 0.6 mm/min)
and Split-Hopkinson Pressure Bar (equipped with 14.5
mm diameter steel bar at the strain rate of 103 s?) at least
three samples were tested repeatedly.

1500 x 20 pm

Figure 1 FESEM images of a) Al and b) Ni powders.

Table 1. Sample code and molar ratio of powder.

molar ratio
Sample code -
Al Ni

1 2 1

2 1 1

3 1 3

3-Results and Discussion

Figures 2 to 4 show the FESEM images of the Al-Ni
powders with ratios of 2:1 (sample 1), 1:1 (sample 2) and
1:3 (sample 3) with two different magnifications
respectively. Ni particles that are brittle are crushed and
turned into smaller particles due to impact. Also, these
particles change the shape of Al plastic. Therefore, as the
molar ratio of Ni increases, Al particles becomes finer and
penetration of Ni particles improves.

Figure. 2 FESEM images showing surface morphological of
2Al: Ni

20 um

Figure. 3 FESEM images showing surface morphological of
Al: Ni
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Figure. 4 FESEM images showing surface morphological of
Al:3Ni

The results of DTA test for samples 1 to 3 are shown
in Figure 5. In sample 1, there are two exothermic peaks
at the temperature of 585 °C and 630 °C. According to Al-
Ni phase diagram, the first peak is related to the formation
of AI3Ni and the second peak is related to the formation
of AI3Ni2; because with the increase in the temperature
and phase penetration after the formation of the AI3Ni
phase, the thermodynamic conditions for the formation of
the phase richer in Ni are provided. In sample 2, there is
an exothermic peak around 615°C, which shows the
formation of AINi. In sample 3, there are two overlapping
exothermic peaks around 615 °C and 640 °C (Figure 5-C).
According to Al-Ni phase diagram, the first peak is related
to the formation of AINi and the second peak is related to
the formation of AINi3; Because with the increase of the
temperature and phase penetration after the formation of
AINi phase with the presence of some remaining Ni in the
structure, thermodynamic conditions are provided for the
formation of a phase richer in Ni.

exothermics peak

DTA (uV)

_f:\wﬁ\

0 200 400 600 800
Temperature (C)

exothermic peak

DTA (uV)
L =

[

0 200 400 600 800
Temperature (C)

-1 exothermic peaks

:j 7

DTA (V)

400 600 800
Temperature (C)

Figure. 5 DTA diagram of samples a) 1, b) 2 and c¢) 3.

The results of the ignition test are shown in Table 2.
The maximum temperature of the reaction shows that two
Al-Ni samples with molar ratios of 2Al: Ni and Al:Ni
release a lot of energy compared to the other sample,
which is due to the presence of more Al in these two
samples; But comparing samples 1 and 2, more heat is
released in the reaction with final product of AINi.

Table 2. The results of the ignition test

Sample code 1 2 3

Temperature of Start reaction (°C) | 223 210 | 190
778 870 | 730

Maximum temperature (°C)

ignition
duration (s) 166 | 3.16 | 5.53
Velocity (mm/s) 18.07 | 14.42 | 5.42

Figures 6 and 7 respectively show the stress-strain
curve obtained from the Hopkinson test and the
compressive strength obtained from the pressure and
Hopkinson tests of the composites prepared with different
percentages of Al-Ni. In both compressive and Hopkinson
tests, the lowest strength is related to sample 1 (2Al: Ni)
and the highest strength is related to sample 2 (Al: Ni).
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Figure 6. Stress-Strain diagram of SHPB test for samples
with different molar ratio of Al-Ni.

PAPressure
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300.0 274.9

Compressive strength (MPa)

Number of Sample

Figure 7. Compressive strength of compression and SHPB
test for samples with different molar ratio of Al-Ni.

4- Conclusion

In this study, the effect of the different molar ratio of

constituent particles on the microstructure, thermal

and mechanical properties of Al-Ni composites were
investigated. The results are as follows:

1- FESEM images showed the creation of a more
uniform and fine-grained structure with the
increase of Ni particles of the resulting composite
in the mechanical milling.

2- In the ignition test, due to the AINi product, the
highest value of the heat released was related to a
sample with 1:1 Al: Ni molar ratio.

3- In the compression and Hopkinson tests, the
highest values of compressive strength were
208.7 and 309.7 MPa respectively, which belong
toa 1:1 Al: Ni molar ratio.

4- The results showed that the compressive strength
increased by changing the strain rate from 0.01
st (in the compression test) to 1000 s? (in the
Hopkinson test).
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Experimental Investigation Thermal and Mechanical Behavior of Ni/Al Reactive Composites
Synthesized by Mechanical Alloying

Ali Alizadeh’ Mehdi Abdollahi Azghan”

Abstract Reactive composites are a new group of composite materials consisting of two or more metal materials that
can not ignite or explode in the environment but can release a lot of energy due to shock and severe impact loads. This
study aimed to investigate the effect of the ratio of constituent particles on the microstructure and thermal and mechanical
properties of the Al-Ni composite. For this purpose, the Al-Ni compound with 2:1, 1:1 and 3:1 molar ratios was milled
and mixed. Then the samples were cold pressed and sintered at 400 “C under argon atmosphere for one hour. The
microstructure of samples was analyzed by microstructure field emission scanning electron microscopy (FESEM) and
XRD. For the investigation of thermal and mechanical properties, DTA and ignition tests and compression and Hopkinson
tests were used respectively. In the ignition test, due to the AINi product, the highest value of heat released was related
to a sample with 1:1 Al:Ni molar ratio. In the compression and Hopkinson tests, the highest values of compressive strength
were 208.7 and 309.7 Mpa respectively, which belong to a 1:1 Al:Ni molar ratio. Also, the results showed that the
compressive strength increased by changing the strain rate from 0.01 s (in the pressure test) to 1000 s™* (in the Hopkinson
test).

Key Words: Reactive composites, Compressive properties, Thermal properties, Mechanical alloying.
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1.Introduction

The demand for fabricating bone-healing materials is
increasing. However, the creation of the most similar
structure to the bone with appropriate mechanical,
physical, and biological characteristics is challenging.
Bone is a natural nanocomposite containing collagen and
hydroxyapatite as the matrix and the reinforcement parts
of the bone composite, respectively. The presence of the
interconnected porous structure in the range of 200-600
nm is necessary for cell activities. The present research
aims to fabricate and characterize the gelatin-calcium
phosphate composite scaffolds which have promising
roles in bone tissue engineering applications. In this
regard, the reinforcing bioglass particles (SCP) in the
Si0,-Ca0-P,0s5 system were synthesized by the sol-gel
method. The reinforcing synthesized particles were
subjected to heat treatment at 1100 °C to create the
crystalline calcium phosphate phases in the chemical
composition of the reinforcing particles. Composite
scaffolds were fabricated by conventional solvent casting
and freeze-drying method using gelatin as the organic
matrix and heat-treated bioglasses (glass-ceramics) as the
reinforcing phase. Finally, a non-polymeric silica
coverage was applied on the surface of the produced
scaffolds to improve the mechanical and biological
properties of the scaffolds. Besides, the bioactivity
behavior of the mentioned composite scaffolds has been
investigated in the simulated body fluid (SBF). The
cytocompatibility of the covered gelatin/ calcium
phosphate composite scaffolds was investigated when
they are incubated with dental pulp stem cells.

2.Materials and Methods

Tetraethyl orthosilicate (TEQOS), calcium nitrate
tetrahydrate, and triethyl phosphate (TEP) were used as
precursors of SiO,, CaO, and P,0s, respectively. Nitric

acid (65%, HNOs) and ammonia (NH4OH) were used as
the catalyst during the sol-gel synthesis process in
64Si0,—28Ca0-8P,0s ternary system. Food grade gelatin
was used for the fabrication of the composite scaffolds.
The prepared particles then were heat-treated at 1100°C.
Then, the scaffolds were fabricated via solvent casting
and freeze-drying methods. The DTA/TG, FTIR, and
AFM analyzes of the as-synthesized particles (SCP) were
performed to study the physical behavior of the particles.
FESEM analysis, three-point flexural test, Resazurin Red
Assay, and immersing the scaffolds in SBF media were
also carried out to study the physical, biological, and
mechanical behavior of the scaffolds.

3.Results and Discussion
Fig.1 shows the thermogravimetric and differential
thermal (DTA/TG) results of the as-synthesized SCP
particles. The first endothermic peak at the range of 50—
200 °C could be attributed to the volatilization of residual
water and ethanol. The exothermic peak around 250-300
oC could be related to the condensation process. The TGA
results also showed a drop in weight of the SCP samples
at 250-300 -C corresponding to the removal of H>O. An
exothermic peak right after the condensation process,
starting at 300 °C, corresponds to the removal of nitrate
groups. There is also an exothermic peak around 800 °C
which could be attributed to the phase crystallization.
The XRD graph of the SCP particles heat-treated at
1100 °C is depicted in Fig.2. The formation of calcium
phosphate and calcium silicate phases was consistent in
the SCP particles. According to the mentioned graph, the
crystallization of Cas(PO4)2 and Ca,SiO. phases occurred
based on ICCD 00-009-0348 and 1CCDO01-077-0420,
respectively.
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Figure 1. The DTA-TG graph of the SCP particles.
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Figure 2. The XRD graph of the SCP particles.

The AFM images of the surface of the SCP particles were
depicted in Fig.3. The roughness of the particles was
17.32nm which could be efficient in the mechanical
interlockings between the SCP particles and the gelatin
matrix in the composite.

According to the flexural test of the composite scaffolds,
the final strength of the scaffolds was 15 MPa which was
closed to the natural bone. The presence of silica coverage
was a beneficial parameter for improving the mechanical
properties of the scaffolds. Fig.4 illustrates the FESEM
images of the composite scaffolds before and after cell
culture with interconnected pores. In addition, Resazurin

Red Assay confirmed the viability of 78% of stem cells
on the scaffolds after 5 days of seeding. Immersion of the
scaffolds in the simulated body fluid (SBF) caused the
controlled release of the Ca®*, Si**, and PO4* ions (Fig.5).

Figure 4. FESEM images of the composite scaffolds
(a)before and (b)after cell culture.
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Figure 5. lon release profiles as a function of time
immersion in SBF media for composite scaffolds.

4. Conclusion

In the present research, gelatin-calcium phosphate
composite scaffolds were fabricated via freeze-drying
methods. The SCP particles were synthesized via a sol-gel
route in 64Si0,-28Ca0-8P,0s (mol%) system. Applying
the silica coverage on the composite scaffolds improved
the final mechanical strength to 15 MPa which was
comparable with the flexural strength of the natural bone.
Resazurin Red Assay confirmed the viability of 78% of
stem cells on the scaffolds after 5 days of seeding. In
addition, degradation studies of the composite scaffolds in
SBF media revealed that ion release occurred after 7 and
21 days of immersing the scaffolds in SBF. According to
the obtained results, the gelatin-calcium phosphate
composite scaffolds can play an important role in bone
tissue engineering applications.
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Gelatin-Calcium Phosphate Composite Scaffold: From Fabrication to Mechanical and
Biological Properties Investigation

Faezeh Darvishian Haghighi  Sahar Moaveni  Sahar Mollazadeh Beidokhti  Samaneh Sahebian Saghi  Zahra Tayarani Najaran

Abstract The fabrication of the most similar structure to the bone with appropriate mechanical, physical, and biological
characteristics is challenging. The main aim of the present research is to design, fabricate, and characterize the gelatin-
calcium phosphate composite scaffolds. First, calcium phosphate particles (SCP) were synthesized through the sol-gel
process. Accordingly, the prepared particles were synthesized via the sol-gel route and heat-treated at 1100 °C Then, the
gelatin-calcium phosphate composite scaffolds were fabricated through solvent casting and freeze-drying methods.
According to the pycnometer and particle size (PSA) analyses, the density and the particle size of the SCP particles were
4.06 g/cm® and 3745 nm, respectively. Based on the XRD and DTA-TG results of the particles, crystallization of the
calcium phosphate phases has been started at 800 °C The functional groups of the particles have been also studied through
FTIR analysis. The roughness of the particles was 17.32nm based on the AFM microscopy results. According to the three-
point flexural test, the final strength of the scaffolds was 15 MPa. Field emission scanning electron microscopy (FESEM)
showed that the scaffolds have had completely porous structure with interconnected pores. Resazurin Red Assay
confirmed the viability of 78% of stem cells on the scaffolds after 5 days of seeding. Immersion of the scaffolds in the
simulated body fluid (SBF) caused the controlled release of the Ca?*, Si**, and PO,* ions. Altogether, the gelatin-calcium
phosphate composite scaffolds have a promising role in tissue engineering applications.

Key Words: Bone Scaffold, Gelatin, Calcium phosphate, Stem Cell Culture, Mechanical and Biological Properties.

L2l e VEVAN Y OT Bl G0l sVEr /80 Wlie il b ®

Ol g w3 b o1 Blge 5 (g5, Mie wdige (5,55 (g gmils (V)

Ol gt (S 0 ke o5 (3lusls glad > gl S5 ()

Email: mollazadeh.b@um.ac.ir Ol g s b o805 slge 5 (g5s ke pwdige 05,8 bkl (gt sk 5 (F)
Olnl cdgtn o ps 3 o821 3l0 5 (6355 pikign 03,8 Lokl (£)

Ol e (S ke o8 (gl o 5 (5583 05,5 sl (0)

00


https://jmme.um.ac.ir/
https://doi.org/10.22067/jmme.2022.71323.1019

e b cle )8 1 S Slid= Y o geelS slacas o

01

5 Sl W s ek ) eslisl &S Sl S5 LG
o 5 ol gl 5 AS e axlse IGe L) e Dl Gl
— o5 el o K 5 0330 blS (gdge 3 5 o0
oS 4 YYMPa ;g (sl plSomial b 15 l] e 55
5P oKl 1] s S wp nlsn b olKas 51 eslind
1S WCINE RIS SIS PIVI S P PYCINE P 4 OV
<=L<>,:w\ (¥ iy Jlesl b b bl | o3
sy e o i 4 VWAKPA 4£0kPA 5l Cels (o L
r&:ﬁw\:‘ De iy 55 O 5 5L 3 [12] sl odew s
R LN S\ S U S SR W P VNGO RS
5l [13] Ws S 5,18 Y/EOMPa L il s 1y 0kl S5
4585 85l slaains Sl eslaad b lanl e
Al gdman Ol o) S 4 Gl gl
Std 3 SSe Sy Gl G g8 A e
-l olg solis ¢K>r:..,;| Oy A5 S andllae Gl
s VEMPa g s Y5 5 Ologiar Lsddosls iy sla
[14] cleds 4155 AMPa

DBl s sl sla s g&tﬂj’}'lw
maw gla o sl eslanad ale 4 iy (gla Sgy sl eslitad b
wx S1cles S Ll 35 Ca w0 1y (0L ax g gl
sl (Gt x5 WS 4 gl glacanls el
S o el 1y i sy geslal s Sl Lol 5 g kL
=05 e galasl Ll 51l Sl fols J gams (6 3legols bl
oS b e gla By 5 &S Sy o 4 on
S sl D a4 Ol5 e S DS adal 5 ole s
(ol ple s S o il ud 5 Sl ey w58 5 Ol Pl w
ol Sl s b s s a8 Gla i) Soleang
S5 e ke Gl 55— e S s 25 5 POl —esl
S e T 5l B0 Glacins KIS e elige 5

—oY sl ol ol ass 5l Gua
o3l 5o (Plowil dgl 3 i (g SGS @ oS Sl
S a0 sk s el ke b e (S
ssled Sy Soop pedew Sl dlesl 50 s ) S
OR 5 sbgosls dax S 8 Sl ey s
5 S (SO gl pbaasiie kel el Sl

L}JJ‘P L;La&\ic\.mi,a e g okdsl el J.alS sl

LR V-7

ORI s 4 Ol S sl 4 Sl G e
Slacaal Wlgaad Ol & M 5 o3yl e
ol o sk 4 1] clanl ol obslas 5 55
Lo slge lmeslel 5 b (6l (ol SIS (B
Ol el L wlo s (sb_u‘l Ol gl C3l wdige (40 2
4 ol LTS sk 5 OIS Jols e 5 el 5L
oSy 5 30 Olgie 4 ST b s eedS Dlind 3 O
ol a2 s 2] Ail e aiey 5B Olge 4 OIS ks
Gl eagdons 5o Dl Sl s ena Gl L sl
Aol e Ol Col amsiie p Sesle ee=Yeepm
ol Ol gl ($5lad dsde 5 hest pSomial pioeen
Aib o 0/00—+/AGPay Vo= YeMPa L ol 5 S S 0L
slae b s sl bl 5l als 5 3 csls [34]
I5] il o lan S (SLa0l il 5 g calylS
O S5 3l ealinad Ol gl oiiS 5 3l 3o a5 aa)llas
S g3lge sl Ol o 1 pailas s3T5 0505 Y8
Sl e e OLEs 4, 80 sdusewnl Lltle g3lusl gl
S s ol olg plomal ol Sl (ol e
Dlalad 0 g0 )yl shaas sdzme (ol oo 4 5lo 00 gdos
[6] Libpe JBdus pie 5 O 5
lisl gaCs gl o ade sleas 2 gladle s
Sorl o oy 055008 Gyl Sl eslinal 5 ctla ol
36 ol St (ol T s 153l = s
S a5 o3 S ales badshe DadedS|y 5 A, 2SS
Sl 6,884 5 el [7] as o Sas il =S
ssbeds [8] Lib oo Coanl Hljlns COL g 53 edisly
Sl e boa )l SO ol (RS sl Sl e
03 F55 wispl [B] AL slme 3L exsdss Lowlis
— bl S s il Sl e b Glay s pelS
—eSU S dr s Ol oSl S asda O3S
Gl ey 5els [9] 550 o edalive SISV ol / 055V
(b glaca by Jols esme sla IS5 s 50 Y
JB Olaal bl sl 5 Mg i 5 SUILE
Sl gl LK 5 ol U [2] Llesliz!
VeomHmM oIl es pdome 53 Sam L1y S lind — 5V
[10] ws 8 A5 sl b 5 5 UL po g Sleslimal LY e

’f"‘wijw‘fﬂjwdlw

o s Siba ikign &2



ov bt Gl [a = i Olrlio ilows = il 031 oens = iglro poens = dd= 0Ll 555 0351

sla sty Ol Sl 55 mb'c) sbele oles U
Sole 4 oddol ey a3 asdplal (ST 5 s 50
O 5l s K AVC los b Sis s 55, S
O35 e sl 5 plil Oy Osla Lo D)3 il 5l =
b s 4 S 5153 058 05 g s Aty (Sl s €532
e 3 ol Sllas V14 e"C gles L3 )V CIMIN s
Slles Gsai e 55 3 S s Gl oS 5o
o o e ol S 5o 2 SOy Osla Lo 551~
53 30V ey Sland S Slps S by s A S S
OF 53 3 g g0 Sl S (sl b 23 81 3 glaied S
Sl 35S G 5o D3 Ol les s 5l 5 Lsd Bl

2y (S shr
C;M‘.?.‘JS —o¥5 sl il

3B s Ao T sl SlaudendS- 5V gl )l
by elS ol sk 4 sl Sl pualed sdiSCy 58
Ol (S V5 5l e 5 s A ealizal Mol ) b )
(Jd A e s el 2 L;Lam.am“ls O3 g 058
Jas os5 SaS w355V V5 dsloms Il s 8 esliz
A3 S 4 = 00°C L b essdoue y3 — N
SaSL 4o aw Joob= Jsloe aids Yoo 208 51
sV IS sl asliror Jley Ll o b s O el I

A gl JT Sl Yo Ol
Sl o Py deons W Ced Sulesy b e
03300 laee Slos 55 5 B 55 J sl 4 SCP Sl
Aoldl 5o iz 3l L sl a4 fols b s s
5l b sad el A SdS 1 e 03 S5 Dl 050
mon ol LT 55 s 5 ol B O
ety 5 sl KaSl Ty el G S 5
SLgal 035351 L Adesjon Lo (slas 5o Colups Bl
SaS @ iselS Gdised e L3I B! e G
S s sy 5 e S psab st Jeol Ju 0555 oJ il
¥ Bl 308 S e s e Dl 4 lad sl Culg s
0> el YE 5 Jame SVAC glos L 5 b 4 b ped sl
Gl T8 Sde 0 b ged oled ol s . 0d S (e of

238 )1 3-00°C gles ;5> FD-10VJde plysp b 53

.w\gm&)\;}gommﬁaw;wﬁobsu&}@

GkS gy 9 3l ge
4d gl 5 4o

w3k 0 lasl ol s eslatal 5y 5 sland blge aen
-r.,.is O3 e jshie 4 sy edss aglp sl eslanad
;| 64Si0,- 28Ca0- 8P,0s ;L4 éuw 35 SCP wlaus
moslital jaud 5 wdS (ks LSt g5l plaesle
Gy mls cxle (3 olg leeslel 1w s S
b Seloil ST, V3 31 el L ol cods— 55
(V) dsdr 53 WIS 0l Sld ol Ls 4, Sa 4l sl

slodol

B R 53 Al D13 4 skea 5L se sl olpe ) s
SiO2- CaO- P20s

oalaiul ;,J.& ;Sj...:: rLr ‘;l‘l—:&-:\.:l J}Ajﬁ osle CL;
) ‘_}::\ 1,5
SiO2 esbe e | Merck CsH2004Si
s 5,551
Ol i S
Ca0 el iy | Merck | Ca(NO3)2.4H20 ;
wller
P20s osbe i | Merck CeH1504P Sland Ll 5
pH _zals Merck HNOs S !
I~ ISk C2HsOH (147 J bl
PH a3l | Jlesl NH.OH S ol

SCP S Sl 15 (65513
b o 5 Ji e Paoa Sladalds Sl T
31 eslizad U (Jge Asys)  64%SI0,-28%Ca0-8%P;0s
S5W suse sla e [15] Al (soslp eddal slaesls iy
d g STy el glateas 5 eslel (5 S ihe glaesbe iy
asden JES1y plnil gl s IS Laes glos L3 )
Sl IS Ol e a0 S il 55 5 0355 Sl I 5L 5
Sl b blon 51 g 3 ealind Sy 4 Odeioy S
A Ll sl sla e & pdS 08T wio TEP , TEOS
Aol V) PH L 0085 5 o515 Aol 3 6535 5 skaeay
L IS Laen glos 55 555 V8 Do 4 Jool I e

s 5 sln ki 25

’f"‘w;)L«J‘ffﬂ_}wJ@



e b cle )8 1 S Slid= Y o geelS slacas o

OA

CaSd e Sl S S ol Gla s 2
by et 09031 51 o el lid = 55 glac
VP 1450J4 LEO - Germany 2o, b S s S
) DB e osBe 4 prames Al Ladd s
e ls &y 5le 5 Resazurin Red Assay 56T 51 e s
S Sy poinds Adesliad Jie 016 she 3l sbad ke L
S e s el ladghe B8 WS, 5 clS
ol €Oz 518 07, (5= 5TV'C (sles L 5 5L 555152 DMEM
f 13 o A ool oy 5Ll s sl Sl
s L 2l PBS (6 5 st Jshome 3 5 Vo7 J il SaS
Yl o 555 S 0353 oS s ol Slacals OF 51
V) ob e b Sk O sl o 00 vl s a2l
O el 0 e 0 5 Al ae; s (552 Jske
A Sl OF 5l 38 S 5L
gl ls 5 Jame GlYE Gy b 5l il S a s s S
Ao 3 Ld (S LSSl 005 55 0 Obes e
Sl s p ek Glad s Ao s s Baa b L6
51 osbte pd .S eslixe] Resazurin Red Assay JUi
Goop ST Ky i, 5l e Ol Sle o30S
sde il gl » Microplate — Reader oziws 1 daca s
Sl Todme 55 sk S8 51 e oA eslizul Cod
L3 S5 e 3550 FESEM sy o Jans 55 ol
S sl Bl W, e 2 sk 4 iaees
Sde 3 (SBF) 0y sddsiluand Jske L T & slne
Joloes s oslizal 55, YV 5V O O wcsle ¥ laole
NaHCO3z NaCl (slaesle iy IMuil I eddsl s,luledl
o1 > Na;SOs 4 CaCl; MgCl..6H,0 K,HPO,s KCl
L alie SBF Jgos Sg lckle as oslel oy a0
Lo o «J s (g5lwoslel 31 ool Ll 05 slendl
5okl b 0555 55, YY) SV O wsle ¥ Sl w
S s S I3 YVOC sl L i LSOl s
(ICP) Wl stsii glodly 5JUT o S slaoley c2dS
b sddysles SBF Jyhoes ($5,, o5 XRD 3T 35 5
Sl ula, Ol gy A (‘l>.=3‘ C)ls 50 9 Cnsls
S35k Ol 5o 5 Jslos 0553 aud 5 S (o
el sl IUT 53 el ol Slaal (o ls (5555

(SCP) SlibondS ©l53 phaasito

S o T edS Sl 3 Sl Sl
Kaws buwyg TG Sil> awwiis o s DTA
(TG/DTA)Thermogravimetric/Differential Thermal
Sz 55 3BT el Pyris DiamonJae Analyzer
W 'C gl B 5 Y+ "C/min FA L elis,sl b SCP
Shohs gl by S s jsken s S bl
Fourier Transform Infrared Spectroscopy (FTIR) J-:SL;T
AVATAR 370 FT-IR J.s Thermo Nicolet oK L 5
O S e Ol S Jle &S Doy AL eslanl
ol o g 0l it o B eslly Ly e e 03le ol e
XRD Sl 55 il g3 50T s S 515 5o 3 Osle s
05 okl sk ol s sk 4 50 (X-ray diffraction)

Olaseia L PHILIPS PW1730 o&iws bw s SCP ol
S5 o oshie 4 A3plnil 20= 10-800) 5 A=1/540598°
oKz b (AFM) a3l (55,8 o sKns Se Sl o 3 i
Oeexs A eslazd Full plus Jow Atomic Force Microscope
oKy Lo s (PSA) 3 o3l pans 5JUT Ll 3 03100
-¢k>,u'l Vasco3 J.. Particle Size Analyzer-CORDOUAN
53 <=)§~,~\>\~ml 53 &gl 3l g e QS ol (gl
~plel T 5 w55 s Ol AT g 0 sas> T ()
o S g el Ol U fendly g iy romes S
(ZP) G Jowlts s olKivs 5 538 2068, oSaws v
3 Il SCP il s ancdls s Hokie 40 .3 S oy
o= e sl 4 e S 3 2 Ol Osls 2
e Sl 5B (ome 5o Sy i Js 00 3
5o o daly Sl eslial Lol e s esls 13
& 5 B Jemily ol&ws 1 dd (S0 310 3 anadls lid
ookl s S eslizal Sd odan 5U (g S eIl shite
0l Lo 5 Jlasl b5 odd w55 ol 0853 dals il 3

A3 S 6,83l SCP 3 cladﬁ 34290 5L

Sland oS — 55 Syl pbaasiis
SANTAM olSas baw s abaiam tast plSoutul (el
YMM/MIN S e by e o VO U ol s o8asT 55 sl
Mrk}u‘ SSG0 A L ixExYVYmm? sl b e ls ¢l 2

!&Mwi,@ifjijdu

Slge s dJDij:d g “‘;’J“:’



0q Olowd o 15 = s Ol o =55y 631D ecs = _islan recs = jiim Ol 5,5 o 5705

A2 P-OH (gleos 5 55 5 d Dl sloes S oS15 6585 5l
[16]
Q‘J;.:;r:..JS )‘ oalaul JS‘ BEl S ol c.p\) Ot
st 5 BB e (S ST sl Ol e oller
A S5 iy aS &S 0les .l sl 5l b 4 50 O 20
)L.:P-Lw DL L;%Lol OV\JLQ.:.;L’ .)‘}A J’iLW ]:J 9 LAC)\]::; C}J}
L}){Sl}: Cﬁ)}(&(@@d{v‘d})ﬂd@\ bbLAJﬁ
esﬁ00~°c db;muw))\&}ljdjéébbﬁ&él}&
)‘b}‘u' BE 66'}}; J;Lﬁ 6)(.,\44‘5 ol q}jﬁlﬂ)b}b)} rJ,?-
celdan)llas C?-‘JA rL«J ul)\ﬁ L;“J’ el odalice J;G 4;}&.;
SO 1 5 Aol ST Sl ST 5 oy ¢ 555 51 g

Gged 93 sl Bl S gledity b ACosles 5 5V

lods ST S5k
30
297°C
v s21°c
410
A
300°C 20

[=9 " —_~
5 sisc 13 &
2 3 0 $
B >
& @
; 2
it 825°C 40 £
B H X 5
] o 5
8 i 450 2
"IN
- -60
Y, =
1 =
97°C o sl
T T T T T -80
0 200 400 600 800 1000

Temperature (€)
SCP 1,3 DTA-TG )l = T jlages ¥ K2

Sl el skl (1) 05 55 SCP 3 FTIR 3JUT s
oYr—tor cm?t 3 Ll slaas 45S5 s ali S
4 5 OSSO 5 SIHO-SI iex bl L bl
claas wil s O-P-O laes S S (I I8ST il
O lize L[5S L bl dlg e AY+-VYeem? s sdlietalie
s mes 3L BO) 03 ) lgsaS! 3 Si-O-Si
L SI-O iis L blue QA -AY» oMt ossdee 55 55 40

e,y plaasie 5 cole ol SSLd Hlsse
k;v.n‘ cJ..AT (\)‘_}gﬂ).} ))S..«\A

Ll 2l
Silaad )3 09381 Jekxe (g5l oolel | Sliwd )3 59 3
oY Jolme 4 s’ oY ] J5 J gy 4 el
B Js! Jlxy o 55l |[ oala by Jles!
Pl ) 2oy e Jusl { I P33, BT ES

Slibeds- N3

o g s
SCP UM‘.M.\S Oy gbaasis

= 5 old ol SCP 13 (55, » DTATG 5l >~ ST
b cledel (V) IS5 53 SCP ilyb g, » LS LT
o)l sdalie LB SL S sy S g5 Il 5 (s
(sl o aa Yo TC B 00 63 gdoms 55 o 5alS L oS a e
T 55 S Do weddodr Ol psp w by
T 5B 0o St e LS ol S5 O
Ol Gbd s il Lletile 3L jltle 3 5 30
Bl 5l O s g0 gisn Ve "C sl 58 sles el
SI—O0—Si sl J; b ploard ssb 4 a8 55 Jbtle 5o 5 5
358 o il Sltla 56 5V0 slabes 53 el gy sl
Sl el o digad 53 0 2 S 0/YOMY 5u Lol (gl
[15]

$laes 3 b 5D (V) (2S1y Gk s ssues > e o
L e S5 (SIOH

Si(OC2H5)4 + 4H,0 —VSi(OH)4 + 4C,HsOH ")

Bl S oty G (b s 5 PH SR L 5o 51

JJF&QF‘UT}W 44.4‘}154.19-]»)30.)‘.‘1&&13

&U&LAJJ:JJQJJ\}J& d}fw\)ésﬁjﬁi))'}uiﬁls

Sse s i a pikige

1E) ‘w;)w‘fijJL«r



e b cle )8 1 S Slid= Y o geelS slacas o

SI-O- iiS o by Ve~ e sae [17] das o )
[20] cl o sla il s Si

ssbiea SCP 3 (65,2 XRD (g5 5JUT -imen
22 ol Slles Sl e sl o sddobl (el s
<3 XRD 5T Sl ses sl plmil VV0e °C (sles
S das o Ol bl el sl (8) S 3 Slidds
ST wsed s SlSllwnendS 5 Dlind ol sla3l ks
oot Jga 3 b OlSChowpendS (sla3 YO=Y 7 s o
& 5 4 Lag(POs)2 Jse 2 L Sl oS CasSiOs
ICSD 00-009-0348 ; ICSD 00-016-0406 slac,S sbuul
KaS 4 YO=YY" s o) she Slind S 5l Llanl 4l
ICSD 00-009- 5 ICSD 01-086-1585 slac,lS L plulis
olpls 5l plolivd S Wis e S5 o 0348
CACH ARSI YO=yY° ,5 ..:L Ca(POs), 5 Caz(PO4),
Ceulaly L5 ICSD 01-077-0420 &,lS L 5 Ca2SiO4
(s 0dd S5 sl S o jled b Gillae Slind e dS slagls
s iaen Cosledd ke 50 YOO 5 YO=YET s
by oo Al o wlie lasl H5kd sdasOlid o5 2
wly 3l ol sdalie LG YO=£1"5 YO=YV ° YO =Yo®
5 ICSD 00-009-0348 (slacs ;IS L sdish i glaals
esledo opl 5 SLis ICSD 01-086-1585

SSas G MSSI 23l w5 (NBO) 05k e (slal5ens)
OM s eddedalie glaals il e P-O-P la il
O3 SO3mS) Oslal mis L blas 50 VY=Yt
DS (IS 2l 4 5 s el glas J=1s s (BO)
L blae VETs mMT s 540 e s (ol P-O7 S (slaes S
by \eem?t s 5 el SL S slaes S sla il
035k 55 e GLALL Lol ST 53 OH IS0 50 Slalas )|
Glaes S L blas Llg e TEOYALCMT - pe sue
oezmen . LSLPOH 5 SIOH Slal i L 5 oI L S 5508
5o Ol e oS Slad laey S ladil &S 54l e 58
CM™ 5o 3de 03 5dma )3 ol glail b occanl 5 gdes
SCP o3 FTIR lsges [17] auil blus VYeo—g0s?
O 7 50 e 53 oS s o OLES 53 (F) e 5o sl sl 2
oS [18] dws o 5 SIEO Wgm L e Sl £V
Germen Bl e Blsl 0T emT - g e 55 55 P-O )l
CM™ 750 348 & by o POST (laos S 55 P-O et 535
eiS Aviemt 5 vyiem? T dlasl 55 [19] dib . el
35 0 0dos (BO) 03 Ly o051 55 Si-O-Si 5 O35 lize
-S1zil 4 5 (NBO) 03 s b g0 5mS1 L SI-O j2iS [17]
CM = 3o 348 4 b g o 55 P-O-P (b il )l S o1&
P-O oS sl 55 4Wem?t # e se s il e 421

=
< NN
845 A
T T T T I T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™!)

SCP Slivdeds I3 FTIR SJUT 5l 008 ¥ IS

,f',‘wijw‘faﬂjwdlw

o s Siba ikign &2



W ubbu‘_,;//;é /JAJ _v‘i"” ué«’[a o —u,:>uL:.z aJ‘/j)fdJ—’:«f —L;fjb.a/pr.w —L;é.;} Jéwi:uj: af‘fU

# Calcium Phosphate
+ Calcium Silicate

* Si0,

Intensity (a.u.)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

20 (degree)

SCP livdnds i3 (36 LT £ IS

S SCP i nlS Sl b 5 son @

(0) US55 w0 4 ARM il (65 58 5Ky S o 55
ML ol edisl S5 o (65 b ooy Gk el okal
S Ll 2t Bl S e e e Wl sl VYR
w22 VS ek s b SO e B (55l 5 ol
PSS g s S Gz BB s
A3l e 5l s 525 5 SCP B3 mlaw AFM

C)b.) 6}[}- C;...u.)b <_$'»’~L€" fK}ﬁ.w‘ASJJJ‘_SA)w‘ g)'l‘fl""

ol 5 5elS Sl (ldlls b il o slas SCP
LS 3 o LS il SIS 50 s b g o
" /ss.os nm Sl o2 LS s ol ks ol 5B g3 ) sl
Dol 6l ol slaely 3l S 2ia b 53 558 L]
Wl S als sy adiS o5l 5 age) B Ole bls
-— 3 B s el oS a 58 5L s 5 b 3
SRIB 5 it 03seieal e e ol
G ol Sy 58 5 ey LS (SO gle 48
5 lelis APM Sy S by 8 SCP o3 e

() wan 36 4 D3 Jladl s e kel Ll e el (5 Sl
CAFM) ol 5,8 o sSns Son b 35 ol 4 ol [Ss =% fm‘ ol S i b fm‘ Ssg oY)
SCP Q‘)sf‘k"dgfé‘;ﬁ:}s (y);@bbcla.w(uﬂ\) [21] b dfi)yls Cs yls

o s syl pobige 4 Ve it Sylod g 5 oo Sl



e b cle )8 1 S Slid= Y o geelS slacas o

ay

CJG“ SIFESEM 5 S Lo 55 (6015 5 2 5o o
Aas a0l dhaban iast Osa3l 5l ey Cansls S
gl Dl oS V5 el 3 Joidsins SIS (gl L
Ll g o sl pl s g A Ol o g Sl ol
(S Ry dhox Sl Jhe Gl dled gl ol GO
R (g =) S A8l b Sl (SaS1 5 2SS
OLLS ) B8, e 31 8 1 Sl Jdsts sl
e L 0808 sl s g eday Sl i sl Aad
S8 5550 5l e pomen Sl 0l Jasiin IG5 O,
odisly ladsbu sl 5 Cels Ss 3k slad e
(-1 S8 cl sdaline LB casls slaeylms (55,
S das o 0L ks SULS Gl 1y edlinl S ls gl
o3 S jasiie IS5 3 G s ol p gl d ke ) sl
VAJ. ; ya> Resazurin Red Assay Ul mls cpoeas ool
Ol 53 35 50 Dl i J515 55 5 o> S 1 003 Jshos
SS ,\:;_U
S35 Od ey phaasie sy 55 &S S50k
St Jshomn 3 dSOlind= 55 Glacals s
on 250 o mlay bl esls,l 3 (SBF) O el
PO ,Si* Ca?* slad s iula, lases (V) IS5, )13
OLES Jlsses S anglin s o OLAS Cilises slalle 5o 1,
o 53 YV B ol o8l Olej Jiol3il S das
5 oo Gl CBIE LAl 5 ndS 0 clle L1
SEYeeppm ks ol Sl oS S8 0k ol ol i
@ .3,05 345 SBF e s lanl 53 POsY 5 Ca®* slao s
shdoly Slacmls 5504 b Slas gl S s
CBIS L Ol Jlhie 5 ol G5 ,e PO gy SBF Jghows s
05,5 L alin ok, 50 SI* el g .l 4Bl ialS Ol
Sl Ll LS ol s e Ol s 5l Sl
slas b e Jeme 55, V) GBS Sl e s SISk
4SS I S sy n SUGSIe slao g
S0 ERCIEXCNNS S S PEER PN VN JCh (PP WP

[21] el ol sy Sl

O3 b Jewily 5 O3 o3Il catedls s 51 s

A6 55 5 SCP s Sipd ol corlid ndS Slins
il o el lao 5 eddy 585 lazssls ol ol O
Bl Ol eend 23 U5 Joily (el e e
Fute D3 U5 Jeily 4 pa Al e 042 los 55 4y 5
sy el S T e 5 Odgles 5 4 3 Lles il
@ cla.ﬂ S b8l s b slal a8 L 3 b 5
gl S 2l el Rl Sl S (o
omamad Caslodal (V) s 53 3 b5 Leily 5 o310
;;;UJ‘L‘. §59 e Wer'C sles s Sl oldes rl>.u.|
53 eddolml ladgn 5 sl glagk Ol Al
i 2alS s e Gyl Sl 4 Cand O3 b
s SI-0-Si slatise il 53l 5 LelSU 5 aSs o o
w33 S o sl é\;;@&\ﬁ\jﬁl&wu oeals
S5 atadls Rl bl oS1 5 5l (S0 o le

SCP reelS Dlid D3 U Jomsly 5 o3l cazedls Y J s

(MV) 6 sl (@lcm3) axsls

=WV Yvto £/

(nm) <,3 o3l

QMNJS —osYs Gl slaasis
ol el (%) sl 53 Cyls (SO [, ) =
abaiian et O ge3l b addisl sl (SO 5185 i
wrg RB GNP e e i dlesl s OLE
o b desle )3 S yls st e 5 (SO oS
2 ek Ol et Sl piamen sl ol LS
26 Pl 5l el SoolS V=Y eMPa o5 5
3 ensdome ol 53 bl ass 53 eddatle Glade s
Cgemn ol Eags age slasslies 5 (S8 5, S
b b $ 25 o S S S 0les ramen [22] 554 s
e SCP b e (65 sl LS AFM Sy S
3 SEe e Ll (NS L Bl sl 5

S o Cmsls ol <=L§>=:M\ ERWIPESER

’f"‘wijw‘fﬂjwdlw

o s Siba ikign &2



v ubbuu-"/,:-é /JAJ —v.d:.« uéﬁ}[a wlaww —u,.}.l:.z u‘/j)bfaw —L,‘JLu/pw _Lf‘:‘b Jéwfgj‘)A ojfU

Sl o dS= 55 ol (555 s et O3l mls Ysder

wote 55 | (MPR) ast Jsie

v/ 0 YYYLY

Sl odS = Y5 s

e Ol

sk 2 31y (5 5 ke S 51 U8 () el i 55 o ls ¢ b g0 FESEM Sy S lias 1 JS02

804/

60 -

Ion Congcentration (ppm)

40 4

204/ 0

Ca®'

Immersion Time (day)

Ol LPOS 5 Si* Ca?* slany clle ol vV S

o 5 5y o pkige 4 i

1E) ‘M;‘)w‘fij’du



e b cle )8 1 S Slid= Y o geelS slacas o

¢

Gl S Sl VOMPa 5 S Lo SO 05a5T b sl
Sl ol il e b Ol e il
SEREY) c}a.ﬂ Ol o Dl IS S 58 )3
Bl Ormer Ssde Sepls Joslhe g Sl 4
S ol Ol bowls g, ol sadshe Sk, ) 2

S Ao
—U“JY} LgLACMM:J‘J u"Liw"‘:"‘ 9 ool cjwb- J:"A‘ﬁfn BE
-0l fb"';‘ Sy g s Dl aylp SaS a Ql.a..,..er.\..ls
Syse 3 0dd Gosl S5 Lbss 4 64SIO,- 28Ca0- 8P;0s

s Sy s der Sl e Gl O e s Gl s s S5 e e sl il

DTA-TGA 5 XRD (b ;LT Lo 5 3 Sl 53 el

PSes S L f LS e 55 res A edalis
Sl GR35 2 LS WYY IM Ll ARM

—J:JYJ 6&@)\) C)‘;ﬂ)— J}'—‘Jﬂj}o)\ﬁs ‘5}))4;;}1"“
mand el 5o Canssls Onlayl 8 5l s ul.amer,”w.JS

A - . . . P - . 3-
L;Lx.ek_a-nmi) oMJQL.M; aS S o‘Ja.A W{)‘J )\ PO4 9 u‘iL@"fg . ‘5}’-6-’ .”... 53 5 Sk s )Lel.:d_)/\:;\gﬁ

RV PR BGSOWR K S 25 e Caslod aadiaw e dyﬂ L;b Sl

&'

1. Kanhed, S., Awasthi, S., Goel, S., Pandey, A., Sharma, R., Upadhyaya, R., Balani, K., "Porosity distribution affecting
mechanical and biological behaviour of hydroxyapatite bioceramic composites”, Ceraimcs International. Vol. 43,
pp. 10442-10449, (2017).

2. Kuttappan, S., Mathew, D., Nair, M. B., "Biomimetic composite scaffolds containing bioceramics and
collagen/gelatin for bone tissue engineering - A mini review", International Journal of Biological Macromole. Vol.
93, pp. 1390-1401, (2016).

3. M. Rizwan, M. Hamdi, W.J. Basirun, K. Kondoh, J. Umeda, Low pressure spark plasma sintered hydroxyapatite and
Bioglass® composite scaffolds for bone tissue repair, Ceramics International, Vol. 44, pp. 23052-23062, (2018).

4. Kaur, G., Kumar, V., Baino, F., Mauro, J. C., Pickrell, G., Evans, I., Bretcanu, O., "(Mechanical properties of
bioactive glasses, ceramics, glass-ceramics and composites: State-of-the-art review and future challenges”, Material
Science and engineering C, pp. 109895, (2019).

5. Fayyazbakhsh, F., Solati-Hashjin, M., Keshtkar, A., Shokrgozar, M. A., Dehghan, M. M., Larijani, B., "Novel layered
double hydroxides-hydroxyapatite/gelatin bone tissue engineering scaffolds: Fabrication, characterization, and in
vivo study"”, Material Science and engineering C. Vol. 76, pp. 701-714, (2017).

6. Palmero, P., "Ceramic-Polymer Nanocomposites for Bone-Tissue Regeneration", Journal of Nanocomposites for
Musculoskeletal Tissue Regeneration, Elsevier Ltd, pp. 331-367 (2016).

7. Fayyazbakhsh, F., Solati-Hashjin, M., Shokrgozar, M. A., Bonakdar, S., Ganji, Y., Mirjordavi, N., Ghavimi, S. A,,
Khashayar, P., "Biological Evaluation of a Novel Tissue Engineering Scaffold of Layered Double Hydroxides
(LDHs)", Key Engineering Materials, pp. 493-494, 902, (2011).

8. Huh, J. T, Lee, J. U., Kim, W. J., Yeo, M., Kim, G. H., "Preparation and characterization of gelatin/a-TCP/SF
biocomposite scaffold for bone tissue regeneration”, International Journal of Biological Macromolcules. Vol. 110,

pp. 488-496, (2018).

’2:"4,,«;/‘@;‘74_}«#],_,.«;/& "{}"’dej‘}/b;;""wq;j“b



o

ubﬁu&% //.b/v —Jl:.v ‘Jé‘}[‘ﬂ o _;;}J;d aJ/j}'tde _4_;’}[*"/""‘“ —Jd}d}- Jé«:‘:{jjé oj'j[ﬁ'

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

Feng, S., He, F., Ye, J., "Hierarchically porous structure, mechanical strength and cell biological behaviors of calcium
phosphate composite scaffolds prepared by combination of extrusion and porogen burnout technique and enhanced
by gelatin”, Material Science and Engineering C,. Vol. 82, pp. 217-224, (2018).

Bakhtiari, L., Reza, H., Mohamad, S., Ali, M., "Investigation of biphasic calcium phosphate / gelatin nanocomposite
scaffolds as a bone tissue engineering", Ceramics International, Vol. 36, pp. 2421-2426, (2010).

Narbat, M. K., Orang, F., Hashtjin, M. S., Goudarzi, A., "Fabrication of Porous Hydroxyapatite-Gelatin Composite
Scaffolds for Bone Tissue Engineering”, Iranian Biomedical Journal, Vol. 10, No.4, Pp. 215-223, (2006).

Luo, Yi and Wang, Zhendong and Jin, Shaoging and Zhang, Bin and Sun, Hongmin and Yuan, Xiachong and Yang,
Weimin, "Synthesis and crystal growth mechanism of ZSM-22 zeolite nanosheets", Journal of CrystEngComm, Vol.
18, Issue. 30, pp. 5611-5615 (2016).

Ghorbani, F., Nojehdehian, H., Zamanian, A., "Physicochemical and mechanical properties of freeze cast
hydroxyapatite-gelatin scaffolds with dexamethasone loaded PLGA microspheres for hard tissue engineering
applications”, Material Science and Engineering C. Vol. 69, pp. 208-220, (2016).

Azadeh Motealleh, Siamak Eqtesadi, Fidel Hugo Perera, Antonia Pajares, Fernando Guiberteau, Pedro Miranda,
Understanding the role of dip-coating process parameters in the mechanical performance of polymer-coated bioglass
robocast scaffolds, Journal of the Mechanical Behavior of Biomedical Materials, Vol. 64, pp. 253-261, (2016).

M., Catauro, A. Dell’Era, S., Vecchio Ciprioti, "Synthesis, structural, spectroscopic and thermoanalytical study of
sol-gel derived SiO,-CaO-P,0s gel and ceramic materials™, Thermochimica Acta. Vol. 625, Pp. 20-27, (2016).
Taherkhani, S., Moztarzadeh, F., Mozafari, M., Lot, N., "Sol — gel synthesis and characterization of unexpected rod-
like crystal fi bers based on", Vol. 358, pp. 342-348, (2012).

Abdelghany, A.M., EIBatal, H.A., Okasha, A. et al. Compatibility and Bone Bonding Efficiency of Gamma Irradiated
Hench’s Bioglass. Journal of Silicon, Vol. 10, pp. 1533-1541, (2018).

Nabian, N., Jahanshahi, M., Mahmood, S., "Synthesis of nano-bioactive glass — ceramic powders and its in vitro
bioactivity study in bovine serum albumin protein”, Journal of Molecular Structure, Vol. 998, pp. 37-41, (2011).
Faure, J., Drevet, R., Lemelle, A., Ben Jaber, N., Tara, A., El Btaouri, H., Benhayoune, H., "A new sol — gel synthesis
of 45S5 bioactive glass using an organic acid as catalyst Preparation of Powder Gel", Material science and
engineering C, Vol. 47, pp. 407412, (2015).

Rubio, F., Rubio, J., Oteo, J. L., A FT-IR Study of the Hydrolysis of Tetraethylorthosilicate (TEOS), Journal of
Spectroscopy Letters, Vol. 31, pp. 199-219, (1998).

Darvishian Haghighi, F., Mollazadeh Beidokhti, S., Tayarani Najaran, Z., Sahebian Saghi, S., "Highly improved
biological and mechanical features of bioglass-ceramic/ gelatin composite scaffolds using a novel silica coverage”,
Ceramics International, Vol. 47, Issue 10, Part A, pp.14048-14061, (2021).

Darvishian Haghighi, F., Mollazadeh Beidokhti, S., Sahebian Saghi, S., Tayarani Najaran, Z., "Effect of
manufacturing route on microstructure and mechanical properties of calcium phosphate/gelatin-starch composite

scaffold", Journal of Metallurgical engineering, Vol. 22, Issue. 2, pp. 84-95, (2019), (In Persion).

lse s si ke plige &l TE) it o s g oo Sl



e U Cotle )8 Sl el D= 5 Y] 2 pelS (Sla sl "

’f:’ﬂ.wa“)[«.ﬁ‘faijdlw "{}"J(ﬁ‘j.}_}jk"gf""l“("’d;j“:"



Journal of Metallurgical and Materials Engineering, 33, 3, 2022. (67-82)

D

LV
O;Giﬁ#b
Ferdowsi

University of
Mashhad

Journal of Metallurgical and Materials
Engineering

Page Journal: https://jmme.um.ac.ir

Anodic Dissolution of Used Nickel-Base Superalloy U-500 in Sulfate Media for Recycling of

Ni, Co and Cr~
Research Article

Seyyed Reza Bagherzadeh Ghazit, Mehdi Ojaghi-Ilkhchi?, Ahad Samadi®

DOI: 10.22067/jmme.2022.77146.1056

1- Introduction
Superalloys contain the significant amounts of valuable
elements such as Ni, Co and Cr. Thus, the scrap superalloy
parts can be considered as a source for recovery of these
metals. Hydrometallurgical processes are considered as
the effective methods to recovery some of such valuable
elements from superalloys. These processes involve
leaching in sulfate and chloride media as well as anodic
dissolution. Naghashian and Halali showed that the
dissolution amount increases with increasing the
electrolyte concentration in anodic dissolution of Inconel
617 superalloy in diluted aqua regia solution as well as
H>SO, and HCI solution. They also revealed that the
dissolution of Ni increases by increasing the voltage and
electrolyte stirring. Palant et al. investigated the effect of
the type of electric current on the anodic dissolution of Ni-
based superalloy ZhS-32 in H,SO. or HNOj3 solutions.
Ni-based superalloy U-500 contains noteworthy
amounts of some precious elements such as Ni, Co and
Cr. In this article, the effect of sulfuric acid concentration,
voltage, temperature, electrolyte stirring and the anode-
cathode distance (ACD) on the anodic dissolution
behavior of Ni, Co and Cr in the scrap U-500 was
investigated.

2- Experimental

Samples of a scrap turbine blade of U-500 superalloy and
316 stainless steel sheets were placed respectively, as
anode and cathode in the sulfuric acid solution (as the
electrolyte) with different concentrations. After adjusting
the stirring speed of the electrolyte, some different
voltages were applied between the anode and cathode for
25 minutes. At the end of each experiment, the anode
weight loss was measured and the anodic slime was
separated from the electrolyte by settling. Then the
dissolution percentages of Ni, Co, and Cr in the solution
were calculated using the corresponding concentrations
obtained from the results of atomic absorption analysis.
The weight of the anodic slime was measured after
washing and drying the favoured sample. Also, the mass
of the dissolved superalloy was determined from the
weight difference between the anodic slime and loss of the

anode. In each experiment, anodic current efficiency (n),
average anodic current density (j) in A/cm? anode
dissolution rate (r) in g/Ahcm? and energy consumption
for dissolution of one gram of alloy (Q) in Wh/g was
calculated. After determining the optimal conditions of
anodic dissolution, the precise chemical composition of
the anodic slime and the solution was determined by the
inductively coupled plasma (ICP) technique, then the
distribution of elements between the ectrolyte and anodic
slime was calculated based on mass balance. Finally, the
phase of the anodic slime was determined by X-ray
diffraction (XRD).

3- Results and Discussion

The effect of electrolyte concentration on anodic dissolution
To investigate the effect of electrolyte concentration,
anodic dissolution experiments were performed using
different concentrations of sulfuric acid as the electrolyte
for 25 minutes at initial temperature of 40°C and 4 V
constant DC voltage, the stirring speed of 300 rpm and
constant ACD of 3 cm. According to Fig.1-a, it can be
seen that the efficiency of the anodic current increases by
increasing the concentration of sulfuric acid. This
behavior can be attributed to the increase in H*
concentration thus higher conductivity of the electrolyte.
On the other hand, the highest dissolution rate is also
obtained at a sulfuric acid concentration of 125 g/L.
Therefore, it seems that for electroleaching of U-500
superalloy, the acid concentration of 125 g/L is the
optimal value. Fig. 1-b illustrates that the dissolution
percentage of Cr is lower than that of Ni and Co in
electrolyte concentrations of 125 and 150 g/L. This
behavior can be related to the different distribution of
these elements in various microstructural phases of U-500
superalloy. Since the selective dissolution was impossible
in the studied concentrations, electrolysis at a
concentration of 125 g/L has been led to the maximum
dissolution of 75.1, 84.3 and 66.7 percentages for Ni, Co
and Cr, respectively.

The effect of applied voltage on anodic dissolution
To investigate the effect of applied DC voltage on the
electroleaching  process, the anodic dissolution
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experiments were performed for 25 minutes under three
different voltages of 3, 4, and 5 V in sulfuric acid
concentration of 125 g/L, stirring speed of 300 rpm, and
ACD of 3 cm. According to Fig. 2 the anodic current
efficiency has decreased from 90.8% to 75.9% by
increasing voltage from 4 to 5 V, and the energy
consumption per dissolution of one gram superalloy has
reached to its lowest value at 4 V. So, it can be concluded
that the anodic dissolution of U-500 superalloy by
applying a voltage of 4 V leads to a better result in terms
of current efficiency, dissolution rate and energy
consumption.
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Fig. 1. Variations of anodic current efficiency and anode
dissolution rate (a), and dissolution percentage of Ni, Co and Cr in
U-500 superalloy (b) vs. concentration of sulfuric acid.
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Fig. 2. Variations of anodic current efficiency and energy
consumption vs. applied voltage.

The effect of stirring on anodic dissolution

To investigate the effect of stirring on the anodic
dissolution of U-500 superalloy, the dissolution
experiments were carried out for 25 minutes in sulfuric
acid concentration of 125 g/L, voltage 4 V and ACD of 3
cm at three different stirring speeds of 0, 300, 600 rpm.
Fig. 3 shows that the efficiency of the anodic current has
increased by increasing the stirring speed of the
electrolyte from zero to 300 rpm, then has decreased by
increasing the stirring speed to 600 rpm. Also, the energy
consumption per dissolution of one gram superalloy has
reached to its lowest value at the electrolyte stirring speed
of 300 rpm. Therefore, the electrolyte stirring speed of
300 rpm causes the highest anodic dissolution rate for U-
500 superalloy.

The effect of anode-cathode distance on anodic dissolution

In order to investigate ACD on the anodic dissolution of
the superalloy U-500, dissolution experiments were
carried out for 25 minutes in sulfuric acid concentration
of 125 g/L, voltage 4 V, stirring speed of 300 rpm and
three different ACDs (2, 3 and 4 cm). According to Fig.

4, almost the same result has been obtained at ACD of 3
and 4 cm in terms of anodic current efficiency and
dissolution rate. For optimal use of the space of the
electrolysis cell, ACD of 3 cm may be considered as the
optimal distance for the anodic dissolution of U-500
superalloy.
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Fig. 3. Variations of the anodic current efficiency and energy
consumption vs. stirring speed of electrolyte.
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Fig. 4. Variations of anodic current efficiency and anode
dissolution rate vs. anode-cathode distance

The distribution of elements between solution and anodic slime
After dissolution experiment in optimal conditions, the
distribution of elements between the obtained solution
and anodic slime was determined based on the mass
balance as shown in Table 1. It can be seen that Ni, Co,
Cr, Mo and Fe mainly enter into the solution and Al and
Ti mainly appear in the anodic slime. This could be due
to the different distribution of elements in the various
microstructural phases thus their different dissolution
behavior and corrosion resistance in the anodic
dissolution of U-500 superalloy.

Table 1. Distribution of elements (wt %) in U-500 superalloy
between the resulting solution and anodic slime
Element Ni Co Cr Al Mo Fe Ti
Solution | 60.3 | 87.4 | 86.3 | 43.1 | 81.3 | 92.7 | 17.95

Anodic | 51 57 | 971 | 305 | 60.94 | 88 | 403 | 64.09
Slime

Characterization of anodic slime

The analysis of X-ray diffraction pattern of the obtained
anodic slime revealed vy’ (Nis(Al, Ti)) particles as the
major constituent phase inaddition a little amonunts of
Cr23Cs and TiC carbides.

4- Conclusion

The anodic dissolution of the scrap U-500 superalloy in
sulfuric acid electrolyte was investigated under different
conditions. The main results are as follows: 1- The highest
dissolution rate and anodic current density were obtained
at a sulfuric acid concentration of 125 g/L. 2- The effect
of applied DC voltage is much more significant in
compared to other affecting factors, so that the dissolution
rate increased significantly by increasing the voltage from
3to 4 V. 3- The optimal conditions for the electroleaching
of U-500 superalloy in sulfuric acid electrolyte were
determined as 125 g/L, 4 V, 300 rpm and 3 cm for the acid
concentration, applied voltage, stirring speed, and anode-
cathode distance, respectively.
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Anodic Dissolution of Used Nickel-Base Superalloy U-500 in Sulfate Media for Recycling of
Ni, Co and Cr

S. R. Bagherzadeh Ghazi M. Ojaghi-llkhchi A. Samadi

Abstract U-500 is a nickel-based superalloy which has significant amounts of some precious elements such as cobalt
and chromium. Due to the economic and strategic value of these metals, their recovery from the used superalloys is of
great importance. Hydrometallurgy is an economical and effective method for recovering these valuable metals from
the superalloy scraps. So in this investigation, the dissolution behavior of nickel, cobalt and chromium elements from
the used U-500 superalloy in the electro leaching process as well as the effect of different process parameters (such as:
sulfuric acid concentration, applied voltage, process temperature, stirring and cathode-anode distance) on the
dissolution of these elements are studied in details. The results show clearly that by increasing the concentration of
sulfuric acid in the electrolyte, the applied voltage, and temperature, as well as decreasing the cathode-anode distance,
the anodic dissolution of the superalloy U-500 is improved. Electrolyte stirring has no significant effect on increasing
the anodic dissolution of the superalloy. The optimum conditions for the anodic dissolution of superalloy U-500 in
sulfuric acid electrolyte was determined as acid concentration of 125 g/L, applied voltage of 4 V, stirring speed of 300
rpm, and cathode-anode distance of 3 cm without temperature control (starting with ambient temperature as the initial
temperature ). Under these conditions, about 75% nickel, 84% cobalt and 67% chromium were anodically dissolved
during 25 minutes.

Key Words: Recycling, U-500 superalloy, Hydrometallurgy, Anodic dissolution, Nickel, Cobalt, Chromium.
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