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The present study investigates the structural, magnetic, and electrical properties of non-stoichiometric
LaMn;«CuxO; (x=0, 0.025, 0.05, 0.075, and 0.125) ceramics. The results of X-ray diffraction refinement
indicated that all samples were crystallized in an orthorhombic structure and no apparent crystal structure
change was introduced by doping Cu up to x=0.125. The Ferromagnetic (FM) nature revealed by non-
stoichiometric LaMn;.,Cu,Oss was verified through the appearance of Paramagnetic-Ferromagnetic
(PM-FM) transition temperatures in AC magnetic susceptibility measurement of the samples. Due to the
coexistence of Antiferromagnetic (AFM) and FM phases, all samples contained Re-entrant Spin Glass
(RSG) and Cluster Spin Glass (CSG) states. The results showed that FM phase was comparable or even
dominant in the doped samples up to x=0.075; however, after doping, AFM phase overcame the FM
phase as a result of reduction of double exchange interaction. Temperature dependence of resistivity
measurement indicated that upon increasing the Cu-doping level, resistivity decreased, except for the
x=0.125 sample, and that metal-insulator transition at low temperatures was detected in the doped
samples. Furthermore, changing the magnetic phase in the case of x=0.125 sample from FM (in x=0.075)
to AFM dominant phase was accompanied by changing the transport parameters obtained from small
polaron hopping models.

https://doi.org/10.30501/acp.2021.233610.1044

1. INTRODUCTION

Doped manganites

RMnO3

K and the Mn®" ions are coupled through a Super-
Exchange (SE) interaction [4,5]. Besides the ABOs-type

(R=rare-earth) with perovskites, Manganese compounds of composition

perovskite structures and a variety of magnetic and
electrical behaviors have considerably attracted the
attention of a number of researchers due to their
remarkable coupling among freedom degrees of spin,
charge, and orbit [1]. Manganese compounds can be
applied in magnetic memory devices, Sensors,
refrigeration, medicine, biology, and photocatalytic
activities [1-3].

Among these compounds, stoichiometric LaMnOj3
(LMO-La*Mn3*0%3) is an A-type Antiferromagnetic
(AFM) insulator below the Néel temperature (T ) of 140

* Corresponding Author Email: ehsani@semnan.ac.ir (M. H. Ehsani)

AMNO; (Manganite) can be applied in magnetic memory
devices, sensors, refrigeration, medicine, biology, and
photocatalytic [4-6].

When a divalent A?* ion such as (A= Sr, Ca,) is
substituted for La®* in La1-«AxMnO3 (LAMO), the Mn3*/
Mn#* ratio changes. This mixed-valence of Mn ion allows
an electron to hop between them and produce a
Ferromagnetic (FM) Double-Exchange (DE) interaction,
which also promotes metallic electrical conduction with
different compositions, x, [6-8]. The complicated and
fascinating magnetic, electrical, and structural properties
of LAMO were attributed to strong coupling among spin,
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charge, orbital degrees of freedom, and lattice vibrations
which were mainly explained by DE, Jahn-Teller (JT)
distortion, and electron-phonon interactions. Besides the
DE mechanism describing the interaction of Mn®" and
Mn** neighboring ions, JT distortion and electron-
phonon interactions, phase separation, Griffiths phase,
charge, and orbital ordering and their competitions, small
polaron, and magnon correlated transport were employed
to explain different properties of manganites [4-13]. As a
result of a change in two effective parameters, i.e.,
Mn®/Mn** ratio and angle/width of Mn-O-Mn bonds, in
A-site doping, interesting magnetic and electrical
properties are observed [14-21].

In addition to this kind of doping, the Mn-site doping
with magnetic or nonmagnetic ions also offers numerous
attractive properties for manganites. Experimental
studies on B-site doping in stoichiometric polycrystalline
LaMn;xBxOs (LMBO) compound by magnetic cations
(B=Fe, Co, Ni, Cr, ...) and nonmagnetic cations (B=Zn,
Li, Ga, Ti, ...) have demonstrated different physical
properties, due to the concurrence of different valence
states of Mn ions and magnetic interaction between the
magnetic substituted ions and Mn ions [22-31]. De Lima
et al. [22] investigated the magnetic properties of
LaMni«FexOsis (0< x <I1) samples and detected some
signs of the occurrence of CG in the whole doping range
as well as appearance of FM phase and suppression of
ferromagnetism while x increased. Sun et al. [23] and
Ramos et al. [24] reported that Cr-doping in the LMO
samples introduced ferromagnetism and CG behavior.
Gong et al. [25] and Tong et al. [26] studied magnetic,
electrical, and magneto-transport properties of Zn-doped
LMO samples. Focusing on Jahn-Teller effects on FM
nature, PM-FM phase, MR behavior, and carrier
transport mechanism, they found that Zn-doping could
decrease the effects of Jahn-Teller distortion and
observed CG behavior. Shana et al. [27] observed an
RSG state for Ti-doped LMO samples. Hebert et al. [28]
reported the effects of Co, Ni, Zn, Li, and Ga-doping in
the LMO samples in detail and showed that establishment
of ferromagnetism and enhancement of conductivity in
all samples strongly depended on the valence of doping
ions and, consequently, the Mn3*/Mn** ratio.

Knizek et al. [29] studied the structural, electro-
magnetic, and catalytic characterization of the
LaMn,_Cu O, . (x=0, 0.05, 0.10, 0.25, 0.5, 0.75, 0.90

and 0.95) samples prepared by the solid-state reaction
method with different preparation procedures (slowly
cooled and quenched samples). Different properties of
those samples were reported.

This paper intended to obtain a comprehensive
experimental characterization of the intermediated doped
LaMn,_Cu O, - (x=0, 0.025, 0.05, 0.075, and 0.125)

samples prepared by a simple method, including novel
results of AC magnetic susceptibility and resistivity
Versus temperature measurements.
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2. EXPERIMENTAL PROCEDURE

The LaMn, Cu,0, . (x= 0. 0.025, 0.05, 0.075, and

0.125) samples were prepared through a simple synthesis
method which was based on grinding the acetate
precursors in the presence of citric acid [32]. The
synthesis process is briefly summarized in the following:
first, manganese acetate, lanthanum acetate, copper
acetate, and citric acid powders were mixed by an equal
molar ratio of total metal acetates to citric acid. Then, the
powders were ground for 2 h and the ground powders
were annealed in the air at 600°C for 6 h. Next, the
annealed powders were palletized under pressure of

10° N/cm” and sintered at 1200 °C for 6 h. The resistivity
measurements were carried out by the four-probe method
using a Leybold closed-cycle refrigerator. The AC
susceptibility measurements were performed using a
Lake Shore AC Susceptometer (Model 7000). Finally,
the X-Ray Diffraction (XRD) patterns of the samples
were taken on Philips XPERT X-ray diffractometer.

3. RESULTS AND DISCUSSION

3.1. STRUCTURAL PROPERTIES

Figure 1 shows XRD patterns for all samples. The
XRD data were analyzed by Rietveld refinement using
the FULLPROF program, the results of which are
collected in Table 1. A typical diagram for Rietveld
refinement analysis of x=0.025 sample is shown in
Figure 1(b), which is indicative of a good agreement
between the observed and calculated profiles. According
to this analysis, no trace of secondary phase was
detectable and the samples had an orthorhombic crystal
structure with Pbnm space group.

Based on the data collected in Table 1, in case the x
value changed from x=0 to 0.05 (first group), the unit cell
volumes of the samples would slightly increase;
however, these volumes decreased for x=0.075 and
x=0.125 samples (second group).

The obtained results for the first group was already
expected. Since the Cu ions with a stable form of Cu?*

[32, 33] have larger ionic radii (0.73 A) than the average
ionic radii of Mn (Mn’" = 0.65 A and Mn*" = 0.53 A)
[27], the substitution of cu® would systematically
increase the bond length, lattice parameters, and unit cell

volumes. However, the uncommon decreasing behavior
in the unit cell volume of x=0.075 and x=0.125 samples

suggests that some of the substituted Cu ions are in a cu®’
state with a radius of 0.54 A, which is smaller than that

of Mn®* and larger than that of Mn** [34]. Therefore, cu®

and Cu’" states may appear in these samples, suggesting
that the changes of the unite cell volume and lattice
parameters are not regular with Cu content.
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A similar  phenomenon  was observed in
(La,Ba)Cu1.xMnyOs and Lao.7Sro.3sMn1«xCuxO3
compounds, where Cu®* ions were substituted for the Mn
ions sites [35,36].

Intensity (a.u.)

%=0.025 ~—Heoieed

o J;L A

T T T T T T T T T 1
0 20 30 40 50 60 70 80 90 100 110

2 Theta(degree)

Figure 1. (a) XRD patterns for all samples, (b) Room
temperature XRD pattern (red symbol) and Rietveld profile
file (black line) for x=0.025 sample

TABLE 1. Lattice parameters (a and c), unit cell volume (V),
average crystallite size, and (D) grain size

Sample a b c \
Name A) A) A) GY)
x=0.00 5.521(3) 5.432(6) 7.847(2) 235.376(9)
x=0.025 5544(7) 5.397(1) 7.365(5)  235.513(1)
x=0.050 5.527(8)  5.450(6)  7.835(9) 235.673(2)
x=0.075 5557(1) 5.373(6) 7.839(7)  234.100(1)
x=0.125 5.538(3) 5.393(2)  7.833(6) 233.986(1)

3.2. MAGNETIC PROPERTIES

Figures 2- 4(a) show the real (y') and imaginary (")
parts of AC susceptibility for the samples that were
measured in the AC field of 10 Oe and frequencies of 40,
111, 333, 666, and 1000 Hz, respectively.

Two peaks in the curves of AC susceptibility of the
parent sample were observed upon decreasing the
temperature, as shown in Figure 2(a). The sharp peak
with a A-shaped character was also observed at lower
temperatures known as the Neel temperature, i.e., T, a

frequency-independent temperature repeatedly observed
for stoichiometric LMO samples between 100 and 140K
[4, 5]. The broad peak observed in AC magnetic
susceptibility curves might be related to Curie
temperature.

While the stoichiometric LMO has AFM nature, non-
stoichiometric LMO which easily adopts excess oxygen
shows a different magnetic phase diagram [32, 37]. In

fact, in the non-stoichiometric compound LaMnO,_

excess oxygen changes some of the Mn®* ions to Mn**
ions, thus leading to the charge imbalance in the lattice
and, consequently, FM-DE interactions between

Mn>'and Mn" ions. In the magnetic phase diagram of
LaMnO, ,, both FM insulator and FM clusters embedded

in an AFM matrix were observed depending on the
values of 6 [32, 37].

Therefore, the second peak observed in the curves of
AC magnetic susceptibility (Fig.2(a)) at higher
temperatures could be related to Curie temperature
transition (Tc~167K); accordingly, the parent sample
was considered non-stoichiometric LaMnO, ..

7.00x10* 4.0x10"

1'[cu.mfkg]
1 "(6u.m/kg)

m/kg)

2.0x10*

3.50x10™

x'(cu.mlkg)

% (cu

" 0.0
200 250 300 350

T(K)

T T
50 100 150

Figure 2. (a) Temperature dependence of left) y' and right) x"
for x=0 in a magnetic field of 10 Oe and frequencies of 40,
111, 333, 666, and 1000 Hz, (b) Temperature dependence of
left) ' and right) x" for x=0.025 in a magnetic field of 10 Oe
and frequencies of 40, 111, 333, 666, and 1000 Hz

Joy et al. compared the Curie temperatures of
LaMnO, , compound and regarded them as a function of

Mn** content from the related literature. They found that
the Curie temperature of non-stoichiometric LaMnO,

depended on the synthesis method or growth conditions
such as calcination/sintering temperatures and could
change from 60K to 280K [25]. A ccomparison of the
values of Curie temperature (Tc~167K) obtained from
the susceptibility magnetic measurement with those of
other reports [32] confirmed that 6<0.11 in the present
sample.

Similar to the parent sample, two peaks were observed in
the patterns of AC magnetic susceptibility of other
samples as well. Figures 2(b)-4(a) show that Curie
temperatures T become sharper and increase with the Cu

content growth. The Cu?* substitution on Mn sites
produces the Mn** ions to maintain the electroneutrality
of the lattice. Accordingly, upon increasing the
Mn*/ Mn®* ratio, the local DE between Mn3* and Mn**
would be developed in the Mn®-O-Mn¥* AFM
background. Therefore, the peak corresponding to Curie
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temperature for x=0.025 to x=0.075 samples (Fig.3 (b))
became considerably sharper. In the case of x=0.075
sample, the proportion of DE within the framework of the
Mn3*-O-Mn** interaction overwhelmed the AFM SE
interactions of Mn®*-O-Mn?* and Cu?*-O-Cu?* networks.
However, as depicted in Figure 4(a), the pattern of AC
susceptibility indicates that while the proportion of DE
decreases with further doping of Cu in x=0.125 sample,
that of the Cu?-O-Cu* or Cu**-O-Cu®* AFM
interactions increases, thus decaying the macroscopic
ferromagnetism in this sample. The same behavior was
reported by Sun et al. in LaMn1.xCuxOs, but for x=0.3
sample [28]. Such difference was observed probably due
to the Mn*/Mn®* ratio in the crystal lattice of samples,
which strongly depended on the oxygen stoichiometry
[33].

Contrary to what is seen in Figure 2(a), for the first peak
at a lower temperature for the parent sample, all the
doped samples showed a frequency-dependent peak (T,).

T, shifted towards higher temperature by increasing the

frequency, thus confirming the coexistence and
competition between FM and AFM interactions and
favoring the formation of a spin/cluster glass states.
Similar behavior was also identified by substituting Mn
for Fe, Ti, Ga, Cr, and other cations in manganites [22,
38-40]. Such frequency-dependent behavior can be
normally related to the existence of Spin-Glass(SG) or
CG phases in these samples.

Based on the experimental data obtained from the
frequency dependence of freezing temperature, Ts, can be
expressed through the conventional Critical Slowing
Down (CSD) model [41, 42]:

f="f (%)“ (1)

where fy is in the range of 10 °-10%3s? for SG systems,
Tg is the RSG transition temperature, and T, is the

frequency-dependent freezing temperature, at which the
maximum relaxation time of the system corresponds to
the measured frequency. Parameter zv is a dynamic
critical exponent which shows the strength of interactions
and varies between 4 and 12 for SG systems.

The Ln-Ln plot of the external frequency (f) versus
reduced temperature, (Tr- Tg)/Tg, shows an excellent
linear dependence, as depicted in Fig. 4(b). The best-
fitting values are given in Table 2. The estimated values
for x=0.025 and x=0.05 samples were within the realm of
three-dimensional spin-glasses [43]. RSG behavior was
found in a variety of disordered magnetic materials, in
which there was a competition between SG ordering and
long-range FM ordering, i.e., in the systems with a
majority of FM couplings between the individual spins
and a sufficiently large number of AFM couplings, to
create substantial frustration. In case of a decrease in the
temperature, this system shows a transition from PM to

FM phases. Upon further reduction of the temperature,
typical SG behavior, commonly called RSG, is
observable. By substituting Cu for Mn, the density of the

holes (Mn4+) would increase and the DE interaction

would be improved. Any increase in the Mn* and FM
phase in AFM matrix would produce spin frustration and
cause the occurrence of RSG in x= 0.025 and x= 0.05
samples. In the case of x=0.075, Cu content was
sufficient to improve the long-range FM ordering with a
CG regime at low temperatures. Therefore, the values
given in Table 2 are out of the predicted values for the
SG system. Moreover, in the case of x=0.125, AFM
ordering is dominant and the estimated zv value is out of
the predicted values for SG systems.

1.0x10° T T T 1.8x10™
(@
g
B
g
£ 5
L} -
O =
% E
: 5.0x10% 4 i 9.0x10°3
3 A
2 =
=
v 666
« 1000
0.0 . , . 0.0
50 100 150 200 250 300 350

TK)

Figure 3. Temperature dependence of left) ' and right) " for
x=0.0.05 in a magnetic field of 10 Oe and frequencies of 40,
111, 333, 666, and 1000 Hz, (b) Temperature dependence of
left) y' and right) " for x=0.075 in a magnetic field of 10 Oe
and frequencies of 40, 111, 333, 666, and 1000 Hz

0.00030
0.0014 | (a)

x'(cu‘mlkg)
2 (cu.m/kg)

v 4 0.00015
0.0007 4

o
- '-"--

= f=1000H

. 40

<
333
666

0.0000 : . : - 0.00000
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Figure 4. Temperature dependence of left) ¥' and right) x" for
x=0.0.125 in a magnetic field of 10 Oe and frequencies of 40,
111, 333, 666, and 1000 Hz, (b) Ln-Ln plot of the reduced
temperature (T /Tg -1) versus frequency for all samples
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TABLE 2. Parameters obtained from analysis of the
experimental data using CSD model

Sample Te(K) Zv fo(s™) Ty (K)
x=0 164

x=0.025 176 6.88 ~ 10t 120
x=0.050 177 6.58 ~10° 114
x=0.075 178 3.01 ~107 93
x=0.125 140 2.00 ~10% 93

3.3. ELECTRICAL PROPERTIES

Electrical transport properties of the samples were
systematically studied. Figure 5 shows the temperature
dependence of resistivity for the samples.

8000 -

20
15
6000 - i
i 510
_ c
£ <
te 5
€ 4000
p—_
= 200 300
x=0
2000 . x=0.025
x=0.075
x=0.050
x=0.125
0- -
T T T T T T T T T T 1
0 50 100 150 200 250 300

T(K)

Figure 5. Temperature dependence of resistivity for the
samples p (Q.cm)

As observed, the parent sample (x=0) was an insulator
in the whole measuring temperature. Upon increasing the
doping level, the resistivity of all the samples would
decrease and the curves of the temperature dependence
of resistivity showed Metal-Insulator (MI) transition,
except for x=0.125 sample. The resistivity of x= 0.075
sample was almost the third order of magnitude smaller
than the x=0 sample. This kind of behavior can be
justified by the percolation model [39]. Of note, there
were an FM- DE interaction between Mn® and Mn**
neighboring ions and an AFM- SE interaction between
Mns* ions in the Perovskite manganites. While the FM
interaction caused metallic behavior, the AFM
interaction instigated insulating behavior. As mentioned
earlier, the parent compound LaMnO3z; was the AFM
insulator, in which doping of Cu ion in Mn ion site and
excess oxygen would lead to enhancement of the Mn**
ions ratio and consequently, the DE interaction and
ferromagnetism. Moreover, an increase in the Cu content

and excess oxygen would form FM clusters in the AFM
matrix. Therefore, short-range ordering in the clusters
would gradually increase to long-range ordering. For the
un-doped sample, due to the low degree levels of Mn**
ions, the FM clusters were separated and the volume of
the FM clusters did not reach the percolation threshold.
Therefore, the system exhibited a high-resistance and
insulating behavior. As temperature decreased in Cu-
doped samples to x=0.075 sample, the FM component
increased and a percolation channel was formed due to
the high levels of Mn** ions, hence a decrease in the
resistivity and occurrence of the Ml transition. In the case
of x=0.125 sample, the substituted Cu for Mn sites
formed an Mn®*-O-Cu?*/ Cu®*- Mn** bonds which could
create a potential barrier for charge carriers to hop.
Therefore, at this level of doping, the M1 transition would
disappear.

To investigate the transport mechanism that can
describe the temperature dependence of the resistivity of
samples, the resistivity data of samples in the
semiconducting region were selected and fitted by
common models, namely Mott's Variable-Range
Hopping (VRH) and Mott and Davis's Small Polaron
Hopping (SPH) models [44, 45].

In Mott's VRH model, the transport mechanism is
described as follows [46]:

T,
p= poexp(z)"* @

where To is Mott characteristic temperature which is
given by:

18
To = KpN(Ep)a? @)
where N (Eg) is the Density of States (DOS) near the
Fermi level, kg is Boltzmann's constant, and a parameter
is the localization length.
The mean hopping distance, Rn(T), and hopping energy,
En(T), can be obtained at a given temperature T, as
expressed in the following equations [47]:

Ru() = 2 aGHY @

1
En(T) = 7K TAT (5)

The present resistivity data were fitted using Mott's VRH
model to evaluate parameters po and To. Figure 6(a)
demonstrates the typical fitting analysis by comparing
the experimental data and the model for x=0 and 0.025
samples.
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Figure 6. (a) Plot of Ln(p) versus T9% at different
temperature regions (open symbols and lines represent the
experimental data and fitting result, respectively, x=0 and
x=0.025 samples (b) Plots of Ln (p/T) and Ln (p/T%2) versus
(2/T) for the sample x=0

The plot revealed a good correlation between the data
and model in different ranges of temperature, i.e.,
temperatures more than 135, 202, 217, 200, and 100K for
x=0, 0.025, 0.05, 0.075, and 0.125 samples, respectively,
suggesting the presence of two different valent
transition—metal elements (Mn and Cu) in lattice-affected
and electronic properties of a system due to the change in
hopping conditions for charge carrier and induced
distortion effects.

By considering the obtained values of T, from the fitted
results, N(Ef), Rn, and En were estimated at different
temperatures of 100, 150, and, 300K (see Table 3)
through taking the localization length of a= 4.5 A, as
reported for such materials [48].

TABLE 3. Values of N(EF), Rn, and Enat room temperature

13
sample R poem)  To  NEDEVIM) Rn(BAOOK) En(300K)

x10% (A) (meV)
x=0 0.99958 2.12x10%% 3.98x108 5.84 57.06 2185
x=0.025 0.99971 1.08x10%* 2.73x108 8.39 52.16 199.8
x=0.05 0.99936 1.2x10' 1.02x10° 22 40.75 156.12
x=0.075 0.9940 2.58x10*! 6.02x107 38 35.71 136.81
x=0.125 0.9963 1.66x10*% 1.52x10° 15 45.08 172.69

According to Table 3, by increasing the Cu-doping
level, the density of states at the Fermi level increases,
which corresponds to an increase in conductivity.
Therefore, substitution of Cu for Mn ion sites could
increase the Mn**/ Mn?* ratio and, in this condition, the
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charge carriers would better hop between the Mn® to
Mn* sites through DE mechanism. A decrease in the
hopping distance (Rn) and hopping energy (En) of charge
carrier obtained from the transport model confirmed the
improvement of hopping conditions and accordingly, in
the parent sample, eq electrons of Mn*® were more
localized and, in the doped samples, the effective DE
interaction between Mn*3-Mn** became stronger.

The data for x=0.125 sample obtained from fitting
showed a different behavior from those of other samples.
As expected from the magnetic data analysis, in this
sample, the formation of Mn®*-O-Cu?*/ Cu®*- Mn** bonds
decreased the connection channel and considerably
increased charge carrier hopping distance, thus
decreasing conductivity.

Another attempt was also made to confirm the nature
of hopping conduction and the strength of electron—
phonon interaction. The conduction mechanism for
manganites at high temperatures, T>0p/2 (0p is Debye's
temperature) was mainly due to the thermally activated
small polarons. The polaronic models are either adiabatic
or non-adiabatic approximations. In the adiabatic regime,
the nearest neighboring hopping of small polarons
(Holstein polarons) leads to mobility with a thermally
activated form, in which charge-carrier motion is faster
than lattice vibrations. In the non-adiabatic regime, it is
the opposite. According to these mechanisms, the
temperature dependence of resistivity (p) is expressed as
follows [48]:

Eq

p= paTexp(KBT) (adiabatic) (6)
Eq ) .
p= paT3/2exp(KBT) (non-adiabatic) )

where E,, p,, and Kg are activation energy, residual
resistivities, and Boltzman's constant, respectively.

Conduction can occur in either adiabatic or non-
adiabatic models. Therefore, through Equations (6) and
(7), the Ln (p/T) and Ln (p/T%2) versus (1/T) plot was
separately drawn for the samples. Figure 7 shows the
typically related plots for x=0 and 0.05. Within all
temperature ranges of measurements, Debye's
temperature for the samples was estimated from the plots
of Ln (p/T) and Ln (p/T*?) versus (1000/T). The value of
Op/2 was considered to be the deviation point from
linearity in the low-temperature region [49-53]. The
obtained values of Op were calculated as 430, 442,
432,400, and 310K for x=0, 0.025, 0.050, 0.075, and
0.125 samples, respectively, which were close to the
previously reported values for similar compounds [52,
53].
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Figure 7. Plots of Ln (p/T) and Ln (p/T%?) versus (1/T) for the
sample x=0. 05 (b) Plots of experimental data of the sample
x=0 (with adiabatic small polaron hopping (ASPH) and non-
adiabatic small polaron hopping (NASPH) models

The data of the high temperature just above Debye's
temperatures (0p/2) were selected to study the transport
regime and fitted by adiabatic and non-adiabatic models.
Figure 8 shows the related plots for x=0 and x=0.05. The
obtained parameters are given in Table 4. As observed in
the data collected in Table 4, the linear correlation
coefficients, R?, for the samples were very close to 1 and
were almost the same for both models. Therefore, it was
difficult to identify the nature of the hopping mechanism
in this temperature range by this analysis.

In order to find how the carriers hop, i.e., adiabatic or
non-adiabatic hopping, in this temperature range, the
necessary conditions for wusing either of these
mechanisms should be checked. Holstein's relation can
help distinguish the kind of hopping mechanism [49]. It
can be suggested that J (polaron bandwidth) can be
treated as a perturbation in the corresponding
Schrddinger equation. According to Holstein's condition,
J should satisfy the inequality J>¢ for adiabatic hopping
and J<¢ for non-adiabatic hopping conduction, where ¢
is:

_ 2KBTEq\% hvi1/2
B = CEEi(D) (8)
Moreover, the condition for small-polaron formation is
J<E./3 [49]; otherwise, there will be large polarons.
The value of J can be estimated by approximating the
equation for high-temperature jump site [51, 52]:

J = 0.67}11;,,,1(%)1/4 ©)

In this evaluation, vpn was estimated to be about 10
Hz from the relation hvph=ks0p (see Table 4) and T=200
and 300 K. Since J<¢ and J<E./3 for all the samples, it

can be concluded that the nan-adiabatic small polaron
hopping model was responsible for conduction in all
samples in this temperature range.

3.50 3.75 4.00 4.25 4.50 4.75
T T T T
-4.0 =4-7.0
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=
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Figure 8. Plots of experimental data of the sample x=0.05
(with adiabatic small polaron hopping (ASPH) and non-
adiabatic small polaron hopping (NASPH) models

It is interesting to estimate a few important relevant
physical parameters for compounds. The values for
small-polaron coupling (yp), which is a measure of
electron-phonon interaction in these manganites, can be
evaluated from the following relation:

Yp=2Ea/hvpn [54,55].

In addition, the polaron mass (mp) and rigid lattice
effective mass (m") in the manganites were related by the
following equation [54]:

n? *
my, = (Snz ]ap) exp(yp) = m" exp(yp) (10)

The calculated values for y, and me/m”*= exp (y) are
collected in Table 4 that shows a drecrease in the y, and
me/m” values for the doped samples. If the value of yp is
greater than 4, there are strong electron—phonon (e-ph)
interaction in the system; otherwise, the interactions are
weak [51, 54].

According to Table 4, the values of the present samples
were found to be more than 4, thus confirmeing the strong
e-ph interactions in the compounds and ensuring the
formation of polarons. Moreover, as the Cu concentration
increased, the strengh of the e-ph coupling constant
systematically decreased, which resulted in the creation
of the Mn** inos in the doped samples and improvement
of DE interaction. The reduction of e-ph coupling
stopped in the case of x=0.125 sample. Analysis of the
transport properties of the samples showed that distortion
of the unit cell causing the JT effect decreased and this
effect was suddenly weakened in x=0.125 sample, which
could be closely correlated to structural and magnetic
analyses.
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TABLE 4. Some important estimated parameters related to ADSPH and NADSPH models

0 ADSPH-Model NADSPH-Model ¢(meV) J (meV)

D -13

Sample «® <10 R Ep(mev) R Ep(mev) At At At At o MM

T=200K T=300K T=200K T=300K

x=0 430 0.84 0.9975 220 0.9974 231 23.32 25.8 19.29 21.34 119 1473
x=0.025 442 0.92 0.99911 199 0.99912 210 23.79 26.31 20.94 23.16 104 342
x=0.050 432 0.90 0.99983 159 0.99982 170 22.24 24.6 20.57 22.76 8.5 5.0
x=0.075 400 0.83 0.9981 138 0.9984 149 20.66 22.85 19.41 21.47 8.0 30
x=0.125 310 0.64 0.99989 146 0.99981 155 18.45 2041 16.01 17.74 11 59.8

4. CONCLUSION REFERENCES

In this paper, the effect of Cu doping on
LaMn,_ Cu O, . (x= 0-0.125) manganite material was

investigated. The results of powder X-ray diffraction
indicated that the samples were single-phased and
crystallized in an orthorhombic structure with Pbnm
space group. Enhancement in the unit cell volumes of
the doped samples to x=0.050 was systematical.
However, after the maximum of 7.5% substitution of
Cu, a decrease in the unit cell volumes was observed.
Any uncommon decrease in the unit cell volume of
x=0.075 and x=0.125 samples could be a result of the
appearance of Cu ions as Cu®* state in this sample. The
PM-FM transition temperature, T , increased when the

Cu content increased. RSG state accompanied by FM
transition existed in x= 0.025 and x= 0.05 samples. By

substituting Cu for Mn, the density of the holes (Mn4+)
increased and the DE interaction was improved. An
increase in the DE interaction and FM phase in AFM
matrix produced spin frustration and RSG in x= 0.025
and x= 0.05 samples. In the x=0.075 sample, the FM
ordering was observed and the magnetic data analysis
based on the critical slowing model confirmed the CS
state in this sample. After 7.5% doping in the Mn site by
Cu, the AFM phase overcame the FM phase due to the
reduction of DE interaction. Investigation of the
electrical behavior based on VRH and polaronic
transport models was performed according to the
structural and magnetic measurement analyses.
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Recently, Metal Organic Frameworks (MOFs) have been widely applied due to their high energy storage
capacitance, customizable pore sizes, and open metal sites; however, their application in the form of
electrode materials has been restricted due to their poor electrical conductivity. The present study reports
the fast synthesis of MIL-53(Fe) and Pd/MIL-53(Fe) using the solvothermal method. To assess the
electrochemical potential of materials and better understand the role of palladium in the presence of
MOF, the electrodes of materials were constructed and electrochemical performances of both samples

Metal Organic Framework

Keywords: were investigated based on cyclic voltammetry in 6 M KOH electrolyte. Due to the existence of Pd in
redox reaction and larger surface area, the Pd/MIL-53(Fe) showed greater electrochemical efficiency
Decoration and higher specific capacitance than MIL-53(Fe). The obtained results also indicated that designing

MOF via decoration of noble metal nanoparticle (MOF/noble metal) would find potential applications

Capacitance
Electrochemistry
Nanoparticle

in the field of supercapacitors and catalysis.
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1. INTRODUCTION

Over the past two decades, owing to their unique
characteristics, Metal Organic Frameworks (MOFs) have
drawn a great deal of attention in a variety of applications
[1]. They have been widely used due to their capability
to take in chemical and structural modifications through
different metals, bridging ligands, and synthesis methods
[2,3] and to offer considerable flexibility for tuning
topologies, sizes, and pore structures [4-6]. These
characteristics ensure their promising candidacy for
applications such as gas storage and separations [8],
catalyst [9], drug delivery and imaging [10], and
conversion and energy storage devices such as fuel cells,
batteries, and supercapacitors [11]. However, shuffled
orientations are regarded as the main obstacle for these
compounds [12]. They have relatively low electrical
conductivity owing to the insulating characteristic of the

* Corresponding Author Email: 2m.alborzi@gmail.com (M. Moradi)

organic linkers and poor overlap between m and d orbitals
of the metal ions [13], limiting the effective application
of built-in redox centers, hence low power density and
capacitance [14,15].

Noble metal-based materials are regarded as ideal
additives of electrode materials due to their enhanced
chemical and thermal stability of the electrode materials.
Moreover, they make feasible the movement of electrons
from the electrode/electrolyte interface to the current
collectors. Noble metal particles increase the capacitance
of the electrical double layer by supplying wider
electrochemically active surface areas for adsorption of
ions. These metals commonly include a group of
platinum (palladium, ruthenium, platinum, iridium,
rhodium, osmium), gold, and silver [16]. However, their
combination with other sustainable and cheap materials
is considered one of the most desirable ways of
maximizing material properties and usage due to their
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scarcity and high cost [17-22]. The preparation of
Pd@MOF-5 (1 wt. % Pd) was described by a solution of
[Pd(acac)] in CHCl; and subsequent thermal
hydrogenolysis of  the intermediate = material
[Pd(acac):]x@MOF-5 (x 144 0.074). The authors did not
provide information on the sizes of the Pd particles and
distribution over the matrix [23]. In another study, Haruta
et al. reported AU@MOFs (1-2 wt. percent au) and
catalytic characteristics of liquid-phase aerobic alcohol
oxidation [24].

In this research, the process of loading Pd nanoparticles
on MIL-53(Fe) was carried out by facial hydrothermal
method at room temperature. The electrochemical test of
cyclic voltammetry on the fabricated electrode with
synthesized materials was done the results of which
showed improvement in the electrochemical
performance of Pd/MIL-53(Fe), mainly due to an
increase in the wettability and the specific surface area of
MOF by Pd nanoparticles.

2. EXPERIMENTAL PROCEDURE

2.1. Materials

Iron chloride hexahydrate (FeCls-6H,0),
N,N-dimethylformamide (DMF), terephthalic acid
(1,4-BDC),  hydrofluoric  acid  48%, sodium
tetrachloropalladate (I1), 98% (NazPdCls), and sodium
tetrahydridoborate, >98% (NaBH4) were used without
further purification. All chemicals used in this study were
of commercially available analytical grade.

2.2, Synthesis of MIL-53(Fe)

MIL-53(Fe) was synthesized through the following
procedure. First, FeCls. 6HO (10 mmol, 2.7 @),
N,N-dimethylformamide (DMF) (50 mL), aqueous HF
(10 mmol, 0.2 g), and 1,4-benzenedicarboxylic acid
(H-.BDC) (10 mmol, 1.66 g) were mixed and stirred for
30 min; then, the mixture was placed in a Teflon-lined
steel autoclave. The mixture was heated in a preheated
fan oven at 150 °C for three days. Followed by cooling
the autoclave to room temperature, MIL-53(Fe)[DMF]
powder was recovered by filtration and washed with
MeOH to obtain MIL-53(Fe)[MeOH]. MIL-53(Fe) was
eventually achieved after MIL-53(Fe) [MeOH] had been
washed with water and dried in air overnight [20].

2.3. Synthesis of Pd/MIL-53(Fe)

All the reagents were used without further purification.
In this study, 10 mg of Na,PdCl, was dissolved in 10 ml
of deionized water to form a clear solution, which was
subsequently poured into 10 mL of deionized water
containing 200 mg of MIL-53(Fe). After thorough
mixing, the resulting solution was stirred for 17 h at room
temperature. Finally, 2.5 mg NaBH. dissolved in 5 ml

deionized water was added to the previous mixture and
stirred for 3 h. The as-obtained precipitates were then
centrifuged and washed with ethanol and water for
several times and dried at 70 °C for 24 h.

2.4. Materials characterization

X-Ray  Diffraction  (XRD,  Philips  X'pert
diffractometer possessing Co Ka radiation, A = 1.78 A)
was employed to explore the crystal phase of the
materials at 40 kV and 30 mA with a 0.04 °s® step size.
A pore size and surface area analyzer (Phschina, PHS
1020) were also used to extract the nitrogen
adsorption/desorption isotherms at 77 K. Brunauer-
Emmett-Teller (BET) theory was employed to determine
the primarily specific surface area. The pore size and size
distribution of the materials were calculated by the
Barrett-Joyner-Halenda (BJH) method. Field Emission
Scanning Electron Microscopy (FE-SEM, EDS, Tescan
Mira3 Model) and Transmission Electron Microscopy
(TEM, Philips EM208S) were employed to characterize
materials morphology and chemical composition.

2.5. Electrochemical measurement

Electrochemical studies including Cyclic Voltammetry
(CV) and Galvanostatic Charge-Discharge (GCD) were
conducted at room temperature using an Origaflex
Potentiostat/Galvanostat (OGF 500). The
electrochemical measurements were conducted on a
three-electrode system in 6 M KOH solution using a
saturated calomel and Pt plate as reference and counter
electrodes, respectively. In order to prepare working
electrode, MIL-53(Fe) and Pd/MIL-53(Fe) were mixed
with carbon black and Poly Vinylidine Difluoride
(PVDF) at a mass ratio of 75:20:5 in NMP (N-Methyl-2-
pyrrolidone) solution. Then, the mixture was
homogenized by ultrasonication. After that, resultant
slurry was sprayed on a nickel foam substratum with a
mass load of ~1 mg/cm?. The prepared electrodes were
dried at 60 °C.

3. RESULTS AND DISCUSSION

The crystal structure of the as-prepared pure MIL-
53(Fe) and Pd/MIL-53(Fe) composites is examined with
X-ray diffraction (Fig. 1a). The characteristic peaks are
at20 = 10.53, 12.83, 14.61, 20.25, 21.41, 29.47, which
confirm the well synthesis of MIL-53(Fe) due to being
similar to those reported for standard MIL-53(Fe) [25].
The XRD pattern of Pd/MIL-53(Fe) shows that following
the entrance of palladium to the system, the crystal
structure of MIL-53(Fe) remains unchanged and peaks at
20 of 14.61, 21.41, 29.47 decrease in intensity, thus
attributing to loading of Pd nanoparticle on the MOF. N,
adsorption—desorption isotherms of MIL-53(Fe) and
Pd/MIL-53(Fe) (Fig. 1b) were employed to apply BET
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theory for the determination of their specific surface area.
MIL-53(Fe) and Pd/MIL-53(Fe) specific surface areas
were found to be 12.8 and 16.4 m?(g, respectively,
showing an increase in the specific surface area of MIL-
53(Fe) in the presence of palladium.
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Figure 1. (a) XRD patterns of MIL-53(Fe) and Pd/MIL-
53(Fe) and (b) BET isotherms and BJH (inset) of MIL-
53(Fe) and Pd/MIL-53(Fe)

As seen in Fig. 1b, the adsorption and desorption
branches of MIL-53(Fe) specify the presence of slit-like
pores between sheets by sloping and covering a fairly
wide range of P/PO underlying the type-11 isotherm with
type-H3 hysteresis. The adsorption and desorption
branches of Pd/MIL-53(Fe) are parallel and almost
vertical corresponding to a hysteresis of type H1, which
arises from a material with normal, even pores without
interconnecting channels. These findings are in good
agreement with the SEM image, demonstrating partly
sheets and partly agglomerated particles. In Fig. 1b
(inset), the BJH pore size distribution analysis reveals
that these two samples have a generally meso-porous
structure and only a limited number of pores with a size
of less than 1 nm are present. Morphological analyses of
as-synthesized materials are performed. Figs. 2a and 2b

show SEM images of MIL-53(Fe) and Pd/MIL-53(Fe)
composite.

(a) MIL-53(Fe) (b) PA/MIL-53(Fe)
— &

~a

%

> \ ':‘f_‘r

Figure 2. SEM image of (a) MIL-53(Fe), (b) Pd/MIL-
53(Fe), and (c) TEM image of Pd/MIL-53(Fe)

As shown in Figs. 2a and 2b, the morphology of both
samples is composed of partly sheets, agglomerated
nanoparticle, and leaf-like structure with a dimension of
200 nm to 2 um. For investigating the presence of
palladium nanoparticles, the TEM analysis is employed
in Figure 2c. According to the nanoparticles of Pd with a
size under 20 nm, the MIL-53(Fe) was well decorated.
The EDS spectrum of both samples is given in Figs. 3a
and 3b.

Figure 3a confirms the XRD analysis and well
synthesis of MOFs by elemental analysis. The presence
of ClI beside other elements in Pd/MIL-53(Fe) in Fig. 3b
might be attributed to the precursor of palladium. The
atomic percentage of each element is given in Figures 3a
and b. Another characterization was utilized to confirm
the TEM image and presence of Pd in Pd/MIL-53(Fe).
Atomic absorption spectroscopy confirms the 0.3 % of
Pd in Pd/MIL-53(Fe).

The electrochemical performance of as-prepared MIL-
53(Fe) and Pd/MIL-53(Fe) was employed to investigate
the capacitive behavior of electrode materials with three-
electrode cells using CV measurement in 6M KOH
solution at room temperature. Fig. 4a and 4b represents
the CV curves of MIL-53(Fe) and Pd/MIL-53(Fe) at
different scan rates (in the range of 10-200 mV/s) in the
—1to 0 V potential window.
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Figure 4. CV curve of (a) MIL-53(Fe) and (b) Pd/MIL-53(Fe) electrodes at different scan rate; (c) CV curve of MIL-53(Fe) and
Pd/MIL-53(Fe) electrodes at a scan rate of 50 mV/s; (c) Specific capacitance of electrode materials at different scan rate from 10 to

200 mV/s
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In the CV curves, both EDLC and Faradaic redox
reactions control the capacitance characteristics.
Contribution of EDLC can be inferred in the potential
between -1 and -0.6 V from the curve of the CV with a
partly rectangular structure. Furthermore, by increasing
the scan rate, the cathodic peak shifted to negative
potentials and the anodic peak shifted to positive
potentials, which confirms that the redox processes take
place easier in the nanocomposite samples. The
characteristic of the reversible faradic conversion is
Fe**/Fe?* in MIL-53(Fe) and Pd/Pd®* - Fe3*/Fe? in
Pd/MIL-53(Fe). Fig. 4c shows comparative CV curves
for MIL-53(Fe) and Pd/MIL-53(Fe) composite
electrodes at a scan rate of 50mV/s. CV curve of bare
MIL-53(Fe) electrode is much narrower than the
composite electrode. Higher capacitance of the
composite electrode than MIL-53(Fe) electrode indicates
the influence of palladium in composite with its redox
reaction on electrochemical performance of MIL-53(Fe).
Finally, the specific capacity of both samples according
to Equation (1) was calculated and the plot of their
specific capacity against scan rate is depicted in Figure
4d. The specific capacitance of the electrode was
calculated from the CV curves according to following
Equations [5]:

Ve 1av
ve [0 X (Vo = Vo) Xxm)]

Cs = 1)

where [ IdV denotes the integrated area under the CV
plot loop, Cs represents the specific capacitance (F/g), v
corresponds to the scan rate (mV/s), (Va— Vc) shows the
potential window (V), and m is the mass of active
material. The Pd/MIL-53(Fe) has a specific capacity of
20.88 in 10 mV/s which is close to twice the value of
MIL-53(Fe).

Galvanostatic Charge-Discharge (GCD)
measurements were carried out at current densities of 0.5
AJ/g in order to assess the electrochemical performance
and capacitance behavior of both electrodes. Figure 5a
shows the comparison of GCD curves of MIL-53(Fe) and
Pd/MIL-53(Fe) in the potential window between -1 and
0V at current densities of 0.5 A/g. GCD curves possessed
the platforms, showing that the capacitance is mostly
governed by EDLC behavior of both samples by steep
slope in the discharge section.

In addition, Pd/MIL-53(Fe) has a couple platform that
can be related to the pseudocapacitive property that
appears with the presence of palladium in composite as
reflected in CV curves. The specific capacitance is also
calculated through the following equation [5]:
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Figure 5. (a) The comparison GCDs curves of MIL-53(Fe)
and Pd/MIL-53(Fe) electrodes at current density of 0.5 A/g;
(b) Impedance Nyquist plots at open circuit potential and the
Electrical parameters of equivalent circuit

The specific capacity values of 10.1 and 19.9 F/g were
achieved for MIL-53(Fe) and Pd/MIL-53(Fe),
respectively. Also, the relation between capacitance of
both electrodes and different current densities is reported
in Fig. 6.

Electrochemical Impedance Spectroscopy (EIS) was
employed to study the characteristic frequency response
of MIL-53(Fe) and Pd/MIL-53(Fe) to investigate the
interfacial kinetics of the electrochemical system. Figure
5b shows the Nyquist plots observed in the frequency
range of 0.01 Hz to 100 kHz for samples with fitting
circuit and widening semicircle area. The equivalent
series resistance (Rs) values for MIL-53(Fe) and
Pd/MIL-53(Fe) electrodes were determined at about 1.51
and 1.39 Q. The diameter of the semicircle was related to
the resistance of the charge transfer (Rct) and Pd/MIL-
53(Fe) exhibited lower R¢ than MIL-53(Fe), which could
be due to the good performance of its electron transport.
Other values of the EIS fitting parameters are given in
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Figure 5b. Pd/MIL-53(Fe) with a higher specific surface
and higher conductivity of Pd nanoparticles improved the
MOF efficiency by facilitating the diffusion of
electrolytes and accelerating the transport of electrons.

The presence of palladium improved the
electrochemical efficiency of bare MOFs by increasing
the specific surface area and it yielded a larger number of
active sites within the pores for quick electrochemical
reactions. Also, it promoted the ions or electrons transfer
at the electrolyte-electrode interface. Moreover, the
presence of Pd in the redox reaction improved the
capacitance behavior of the electrode.
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Figure 6. Relation of capacitance with current density

4. Conclusion

In summary, a simple strategy was used for the
preparation and design of Pd/MIL-53(Fe) at room
temperature. The TEM and Atomic absorption
spectroscopy confirmed the loading of nanoparticle of Pd
on the MOF. The electrochemical properties strongly
depend on the CV cycles. The resulting Pd/MIL-53(Fe)
demonstrated improved electrochemical efficiency
compared to the bare MOF of MIL-53(Fe) by improving
the specific surface area and further redox sites by joining
palladium to redox reaction and doubling the specific
capacity to 20.88 F/g. This work emphasizes the
importance of optimizing the development and design of
new materials such as MOFs.
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An improved Fluoride lon Cleaning (FIC) process required for removing all oxide layers by a molten
mixture of alkaline fluoride salts under sub-atmospheric pressure was developed and applied to oxide
layers on the cracks formed on the surface of Inconel 738-LC samples. This method is directly
characterized by filling up the cracks with a molten mixture of alkaline fluoride salts (LiF-NaF-KF)
overheated under sub-atmospheric pressure and subsequently, by injecting hot hydrogen gas into the
process chamber. The effect of cleaning time on the microstructure of the finished surface was studied
in time durations up to 120 min in intervals of 30 min using cross-sectional micrographs and elemental
distribution maps. In accordance with the amount of mass loss and microstructural studies during the
cleaning process, the optimum cleaning time was suggested to be 90-120 min. Perquisite microstructural
outcome shows that in the suggested cleaning condition, all oxide scales in the cracks would be removed
without any extra damage to the gamma prime depleted layer, which is a necessary layer for preventing
sample oxidation before repair. In this regard, subsequent brazing operations need an oxide-free surface.

Superalloy
Cracks

https://doi.org/10.30501/ACP.2021.251522.1046

1. INTRODUCTION

Nickel-based superalloys are known for their
mechanical strength and high corrosion resistance at high
temperatures which would cause fatigue micro-cracks
[1,2]. On the contrary, the relatively high-temperature
oxidation resistance of these superalloys is due to the
formation of dense oxides of Cr.0Os, TiO,, Al;Os, and
NiCr204 spinel [3,4]. To reuse these superalloys, it is
necessary to perform an expansive process of removing
oxide films formed on the surface, especially those
created in the micro-cracks.

Fluoride compounds are widely used as chemical
agents for removing ceramic oxide layers due to their
high chemical reactivity and electronegativity [5]. There

* Corresponding Author Email: eshr56@gmail.com (M. J. Eshraghi)

are three common types of Fluoride lon Cleaning (FIC)
methods for removing the oxide films: (i) chrome
fluoride-based systems such as CrFs and NH4F + Cr; (ii)
fluorocarbon-based systems such as PTFE; and (iii)
mixed gas systems such as HF and H, [6-8]. In 1991, Kim
et al. [9] proposed a variation of the FIC process in which
cleaning was performed at sub-atmospheric pressure by
injecting HF gas into the process chamber. They showed
that upon reducing the chamber pressure to sub-
atmospheric levels before HF injection, deep penetration
of the reductant gases into the cracks would increase that
results in the oxide film removal. In 2006, Miglietti et al.
[10] used the thermal decomposition of Poly Tetra Fluoro
Ethylene (PTFE) grease in the atmosphere in order to
clean the superalloy oxides. They detected concentrated
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oxygen in the specimen surface after the cleaning
process. According to their study, the gas-based method
enjoys several benefits including precise process
controllability and risk assessment with regard to
hazardous HF gas; however, its disadvantages such as
process complexity and high instrument costs give
industries and researchers the incentive to look for safer
and less expensive methods.

Therefore, the development of the promoted methods
with less complexity and hazards than gas-based methods
for removing oxides from the narrow cracks is still
desirable. The proposed method in this research
comprises a combination of processes for both solid- and
gas-based methods. To this end, the present study
proposes a new method by implementing the following
three stages: (i) filling up the cracks with alkaline fluoride
salts after the cleaning process in a clean environment,
(ii) heating up the process in a clean chamber in sub-
atmospheric pressure up to the melting point of alkaline
fluoride salts, and (iii) injecting hydrogen at atmospheric
pressure. The proposed method for cleaning cracks in this
study is a combination of pressure reduction and molten
fluorine salt in addition to hydrogen injection in the
chamber during the process. Among the advantages of
such a method are the safety and environmentally
friendliness of alkaline fluoride salts in comparison to HF
gas used in the usual FIC process. Reducing the
temperature during the process is also beneficial since
high temperature would cause damage to the gamma
prime depletion layer and structural disorder [11].
Therefore, using salts at a low melting point facilitates
the remaining alloy composition and phases during the
process that is done in reducing the atmosphere. In order
to achieve a low melting point, low viscosity, and low
volatility salts, the ternary systems of alkaline fluoride
salts were taken. According to the literature [12-14], the
eutectic mixture of three fluoride salts (29.3 % LiF-11.6
% NaF- 59.1 % KF (wt. %)) at a melting point of 454°C
was chosen, being well suited for the temperature range
for the proposed desired method.

The novlty of this research lies in its usage of a less
hazardous solid fluoride source used in the vacuum
chamber. As mentioned earlier, performing the process
with a reduced pressure could improve the penetration of
the molten fluorine salt into the cracks and help remove
oxides in the depth of cracks. In addition, introducing
hydrogen which is a reducing agent and acts as an
activator for fluorine salt to produce hydrogen fluoride
gas at the local positions is another key factor associated
with the proposed method. To the best of the authors’
knowledge, there has been no report on injecting
hydrogen gas to a vacuum chamber to simultaneously
perform the FIC process via molten fluoride salts.
Another benefit of this method is that using fluoride salts
on the local oxide scales leaves other parts unattacked.
However, the flow of hydrogen in the chamber removes
the reaction byproducts and allows newly generated

hydrogen fluoride to act on the remaining oxide. As
mentioned earlier, the FIC process was completed in
Stage (iii) and for optimization, the experimental
condition in Stages (i) and (ii) was fixed; however, the
effects of soaking time in Stage (iii) on removing oxides
from the cracks were systematically investigated using
cross-sectional micrographs and elemental distribution
maps.

2. MATERIALS AND METHODS

2.1. Sample and Crack Preparation

The chemical composition of the selected alloy (IN-
738LC) is reported in Table 1. Specimens were prepared
in a plate with dimensions of 10 mm x 10 mm x 4 mm.
Microcracks were formed by an NC wire Electro-
Discharge Machining (EDM). The surfaces of the
samples were polished using 600 up to 2000 grades of
SiC paper and subsequently, sonicated in acetone for 15
minutes to clean the surface from SiC polishing
contamination. According to our previous study on
oxidation kinetics [14], the oxidation at 950 °C over 160
hours does not tend to form an oxide layer with a much
higher thickness on top of Ni-based superalloy.
Therefore, the oxide layers were formed by holding
samples at 950 °C in the ambient atmosphere for 160
hours.

TABLE 1. Chemical composition of superalloy used in this
study

Elemental Ni Cr Co Ti Al
wt. % Base 15 9.5 3.6 35
Elemental w Mo Ta Nb C
wt. % 3.2 1.7 15 1.0 0.1

2.2. Cleaning procedure

The cleaning procedure begins in Stage (i) in which the
samples are embedded in a 4g mixture of alkaline
fluoride salts as a chemical reactant. This salt comprises
LiF (Merck No.: 232-152, purity > 99.99 %), NaF (Merck
No.: 231-667-8, purity > 99.5 %), and KF (Merck No.:
232-151-5, purity > 99.0 %) at ratios of 29.3, 11.6, and
59.1 (wt. %), respectively. This ratio has been chosen as
FLiNaK for its low melting temperature [15].

Stage (ii) begins by inserting the sample in the reactor
and reducing the pressure of the reactor to 3x10- mbar,
while simultaneously increasing the reactor temperature
up to 500 °C. In this stage, the alkaline salt is melted and
encapsulated in the sample and it fills the cracks. While
the reactor is enriched by F- atoms during heat treatment,
there is high affinity to other elements that could be
formed [16]. Finally, heat treatment continues upon
increasing the reactor temperature up to 950 °C and
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increasing the reactor pressure up to the atmosphere by
injecting hydrogen gas. After finishing the dedicated
thermo-chemical regime, the furnace is cooled down to
room temperature in a hydrogen atmosphere.

To investigate the effectiveness of the aforementioned
procedure in the quality of surface and crack cleaning,
samples were analyzed after 30, 90, 60, and 120 min of
heat treatment. The samples removed from the furnace
were immersed in 0.5 M sulfuric acid for 20 min to wash
out the reaction products and by-products from the
cracks. The parameters used in Stages (ii) and (iii) are
presented in Table 2.

TABLE 2. Time schedule cleaning cycle

Stage Temeerature Heaoting _Rate Tir_ne
(0 (°C.hh) (min)

(ii) 25-500 600 475

(iii) 500-700 150 80

(iii) 700-950 300 30

(iii) 950 - 30,60,90,120

2.3. Characterization

The mass change of the samples after cleaning was
measured using a high-precision balance with the
accuracy of = 0.01 milligrams at 23 £+ 2 °C. The cross-
section of the sample was electrolytically polished with a
12 mL H3POy4, 47 ml H,SO4, and 16ml CrO; solution by
applying 3V polarization for 3 s [14]. The phases formed
on the surface were analyzed before and after oxidation
by X-ray diffractometry (Siemens Model; D500 using
Cu-ka radiation). X pert HighScore Plus software (2.2b)
was used to identify these phases. The concentration
profiles across the cracks before and after cleaning
procedures were examined by Energy Dispersive X-ray
Spectrometry (EDS) using spot scan mode in FESEM
(model T-scan by 15 kV accelerating voltage). To study
the micrographs ImageJ, 1.38x NIH USA was employed.

3. RESULTS AND DISCUSSION

3.1. Characterization of oxide film

Figure 1 presents the X-ray diffraction patterns of
samples before and after oxidation at 950 °C for 160 h.
The XRD pattern of the oxidized sample shows that in
the oxide layers, not only single oxide phases such as
Al,O3 (standard JCPDS card 00-004-0875) Cr;03
(standard JCPDS card 00-038-1479) and a small amount
of TiO; (standard JCPDS card 01-072-1148) were
formed, but also complex oxides such as NiAl;O.
(standard JCPDS card 00-010-0339) and NiCr,04
(standard JCPDS card 00-023-1271) were presented [14].
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Figure 1. X-ray diffraction patterns of IN-738LC (a) before
and (b) after oxidation in air at 950°C for 160 h

Figure 2 shows the microstructural and elemental maps
of a typical crack in a sample oxidized at 950 °C for 160
h. The fine dot-like feature at the interior depth is
attributed to the gamma prime phase [17,18]. This
morphology is different in the region near the surface due
to the rearrangement of alloy elements during oxidation.
The decomposition of gamma prime occurred due to the
outward diffusion of Ti and Al to the surface and their
reaction with oxygen to form selective oxidation.
Furthermore, elemental maps indicate migration of Al,
Cr, and Ti alloy elements from different depths and
concentrations in the region near the surface. Each
element concentrated at a specific distance from the
surface can be observed in the regular formation of oxide
components during oxidation.

According to the overlay elemental map analysis of the
layers, the outer layer mainly consists of TiO2, Al,Os, and
small amount of NiO, and the inner layer is composed of
Cr,03. However, NiCr,O4 spinel phase is formed
between the outer and inner layers, i.e., the middle layer.
Al maps with EDS analysis confirm the formation of
Al,O3 as the innermost layer because of the higher
tendency of aluminum to react with oxygen rather than
other elements of the alloy [19, 20].

A relatively thick area is also located between the
substrate and internal layers attributed to the gamma
prime depleted zone. By extending the oxidation time,
elements such as Ni, Cr, and Ti would continue to
migrate from these regions to the outer layer to form
oxide compounds.

3.2. Cleaning the oxide from the surface of the
crack

Figure 3 shows the cross-section micrographs from the
cracks of the oxidized samples obtained by an optical
microscope and the samples were cleaned for 90 min in
the modified FIC process. According to this micrograph,
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degradation of the base alloy. Therefore, calculation of
the mass loss of the sample during the cleaning process
and cross-sectional imaging of surface area play
significant roles in determining the optimum duration of
the FIC process.

Outer Layer
Middle Layer
Intcrnal Layer | 5

v' Free layer

" Depletion Layer

Ni

—— 10 um

A0 Wpm — NioCraial Figure 3. Optical micrographs of (a) sample oxidized for
160 h and (b) sample oxidized and cleaned for 90 min by
Figure 2. Elemental distribution map of a typical crack in a modified FIC process

sample oxidized at 950 °C for 160 h

the alkaline fluoride salts were removed from the crack After removing the oxide films from the surface, the
surface after completion of stage (iii) of the FIC process. total mass of the sample is expected to be reduced.
The obtained results showed that alkaline salt could be Figure 4 shows the mass loss per surface area of
melted, encapsulated in the microcracks during the Stage IN738 LC during the FIC cleaning process or
(i), and then, the cleaning condition would suffice to different durations of 30, 60, 90, and 120 min.
gasify the alkaline fluoride salts during the Stage (iii). A According to the mass grain duration and 160 h of
distinct white layer observed in both samples shows the oxidation [14] as well as Figure 4, the amount of mass
gamma prime depleted area; however, there is a major !oss_, mt_:reased upon increase in 'Fhe process duration,
difference between the locations of this layer in the indicating t_he removal of oxide fll_ms from the surface
cleaned and oxidized samples. Although the gamma and corrosion of the subs_trate. Since the_ molten salt
prime depleted area for the oxidized sample is placed would possibly diffuse into the metallic area and
under the oxidized region, as shown in Figure 2, for the degrade alloy elements (Al, Ti) causing damage to the
cleaned sample, it is located on the surface. The 90 min base superalloy, it is necessary to study the cross-
FIC process can clean the oxide films and retain a sectional image of cleaned samples at various
metallic surface without any ceramic phases. However, cleaning times to determine the optimum progress of
applying the process for increased duration may expose the process.

the sample to more attacks which would result in
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Figure 4. Mass loss per surface area of IN738 LC during
FIC cleaning process at 950 °C

The cross-sectional images of a cleaned crack
presented in Figure 5 provide significant information on
morphology changes during the cleaning process. Figure
5a shows a backscattered electron micrograph of the
sample cleaned by the FIC process for 30 min. According
to this figure, the FIC process for 30 minutes was not
enough to completely remove oxide films; therefore,
Cr,03 and Al,Os rich layers corresponding to the middle
and internal layers still remained on the surface.
According to Figure 5b, increasing the cleaning time to
60 minutes would remove most of the Cr,0Os layers. In
addition, the number of the dark spots corresponding to
Al;05 in the internal layer was reduced to indicate the
ability of the salts to diffuse into the sub-layer and clean
some of the oxide layers. Most of oxide layers on the
surface sample were removed by the process after about
90 minutes with a retaining gamma prime depleted area
on top of the samples under the oxide layer (Figure 5c),
implying that during the cleaning of the oxides, Ti and Al
diffuse outward from the volume into the surface and
finally react with the HF, thus deepening the gamma
prime depleted area. This depletion promotes the removal
of such strong oxide formers near the surface that could
boost prevention of oxidation at a stage between cleaning
and repairing [21], thus increasing the bonding strength
during the repairing process. Increasing the cleaning
process up to 120 min would not only remove the entire
oxide layer but also clean the gamma prime depleted area
(Figure 5d), mainly due to the fact that in the absence of
the oxide layer, depleted gamma prime could easily react
with salt. It can be concluded that the optimum condition
for recovering the samples typically oxidized at 950 °C
for 160 h could be performed at 950 °C by soaking in H»
gas in a time period of 90 to 120 min.

As discussed earlier, at the final stage of the FIC
process, the alloying elements may diffuse outward and
react with HF, and this behavior gains significance while
recognizing the optimum conditions for obtaining the
desired surface. According to results, in the process of
cleaning the samples for 90 minutes by the modified FIC

process, the elemental depletion was likely to occur.
Figure 6 shows the elemental distribution maps for Ni,
Al, Ti, Cr, and O within the region near the surface of the
crack cleaned by 90 minutes in the modified FIC process.
The elemental map also depicts a uniform distribution for
Cr, Al, and Ni.

Figure 5. Cross-sectional SEM micrographs of typical crack
cleaned by FIC process at 950 °C at different times: (a) 30, (b)
60, (c) 90, and (d) 120 min

3.3. Mechanism

The mechanism for the mentioned cleaning procedure,
which is a combination of several methods, could be
described as follows: In the second stage, fluoride salts
reacted with oxide films on the surface at 500 °C [22].
The salts indirectly reacted with oxide films step by step.
In the beginning, Alkaline salts reacted with the
remaining H.O in a pack of salts to form the HF, as
shown in the following [23]:

LiFg) + H,0,, = Li,0, + 6LiF(, @)

Then, HF reacted, as shown in Eq. 2, with oxide film
to form volatile fluoride elements (e.g. for Al,O3). The
main residues of HF and surface metal oxides reacted are
AlFs (g), CrFs (s), TiFs (g), and H.O (g) [24]. The
resultant H,O may react again with the remainig salts to
form more HF reducer agents [25,26].

6HF ) + Al,03) = 2ALF;¢,) + H,0, @

Reducing the reactor pressure to sub-atmospheric
pressure would make Eq. 1 accelerate in accordance with
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the Levine’s principle [27]. Therefore, this stage should
be performed at a pressure reduced to approximately 1 to
3x10° mbar. Furthermore, sub-atmospheric pressures
forced the gaseous products out of the cracks and were
replaced by new HF gas [28]. Therefore, from the
thermodynamic point of view, the cleaning process
would be accomplished at Stage (ii), in contrast to the
Kinetic view, suggesting that the cleaning reaction of
each oxide could be completed at different times [29].
Stage (iii); To complete the cleaning reactions, H2 gas
was injected into the reactor until the reactor pressure
would reach 1013 mbar. The temperature of the reactor
was simultaneously increased up to 950 °C. The injected
H> gas reacted with the remaining alkaline salts and
volatile fluoride element to form an HF cleaning agent,
as shown in the following reactions [30]:

3 = 4
/> H,, * AlFs) = Alg) + 3HF G 4

The produced HF gas induced and accelerated the
Reaction (2), especially for Cr,Os; and TiO2 [26].
Prolonged heating time would result in the reaction of
oxides with HF, thus converting them to their volatile
fluorides and evaporating the volatile fluorides. In
addition, prolonged heating would result in the diffusion
of metal alloy elements outwards and surface depletion
by HF reactions with strong oxide formers drawn onto
the surface by diffusion.

4. CONCLUSION

The process of the modified fluoride ion cleaning using
FLiNaK  (29.3%LiF-11.6%NaF-59.1%KF (wt. %))
alkaline salt in sub-atmospheric pressures was
investigated in this study in order to effectively remove
oxides on the artificial cracks of oxidized Inconel
samples. In the modified process, FLiNak was directly
plugged into the cracks in the powder form before
processing. This method was a combination of methods,
i.e.,, pressure reduction and molten fluorine salt in
addition to hydrogen injection in the chamber during the
process. The study of the effect of FIC process duration
from 30 to 120 minutes at 30-minute intervals showed
that the cleaning conditions set as 950 °C, 90-120 min
under H; gas were suitable for removing all oxide films,
even from the cracks without causing any damage to the
base alloy. Increasing the process time to more than 90
minutes would result in corrosion of the base superalloy.
The results of the analysis revealed that in an optimum
cleaning condition, all oxide films were removed from
the surface of the cracks and also, alloy elemental

depleted area was not observed on the final surface. No
evidence on the inter-granular attack was observed.

Figure 6. Elemental distribution maps of Ni, Cr, O, Ti, and Al
within the region near the surface of a crack cleaned by 90 min
FIC process
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In the present study, AZ31 magnesium alloy was bonded to 7075 aluminum alloy at different temperatures
(393, 402, 412, and 421 °C) and diffrent holding times (25, 60, and 120 min) through diffusion bonding.
Moreover, axial loads of 12, 29, 38, and 80 MPa accompanied by vacuum condition were employed during
the bonding. The experimental and numerical results of the successful joints confirmed the existence of
different reactive layers in diffusion zones and formation of the predicted intermetallic compounds.
Findings showed that by applying a pressure of 29 MPa at different temperatures of 402, 412, and 421 °C,
Interfacial Transition Zone (ITZ) with thicknesses of 21.26, 21.96, and 22.60 pum, respectively, was formed.
Further, the maximum amount of the bond strength (30 MPa), resulting from the proper coalescence of
metal surfaces, was obtained at 402 °C. Although the hardness of ITZ was found to be greater than that of
the base metals, it could increase even more mainly as a result of an increase in the bonding temperature.
Moreover, the results of simulation, using DEFORM-3D software, indicated that the 1TZ had different
mechanical properties from base metals and that by analyzing the effective stress, the Mg alloy specimen
was more deformed than Al alloy during the joining process.

https://doi.org/10.30501/ACP.2021.257290.1051

1. INTRODUCTION

It is in the earth crust that one can aboundantly find
aluminum and magnesium. In this regard, magnesium
(Mg) and aluminum (Al) alloys, in view of their great
advantages, namely machinability, good damping
properties, low density, dimensional stability, and low
cost, attracted great attention in the academic research
and industrial applications [1, 2]. Structural components
made from Mg and Al alloys are significant industrial
materials empolyed in the aerospace and transportation.

Diffusion welding is a solid-state welding process
resulting from the application of heat and pressure. In this
respect, solid-state diffusion and coalescence
phenomenon usually occur in a controlled atmosphere
with sufficient time. The process temperature usually
ranges from the melting temperatures of 0.5 to 0.8 and
accordingly, little plastic deformation occurs during the

* Corresponding Author Email: ali_manafi2005@yahoo.com (S. Manafi)

process [2]. Due to the formation of fewer unwanted
phases in the welding zone, this welding method is of
considerable significance compared to traditional
welding methods [3, 4]. Some fusion welding defects
such as cracking, segregation, and distortion can be
avoided using diffusion bonding technology [5]. The
most significant effect of the process on designing and
manufacturing the industrial parts is clearly observed due
to its ability of bonding both similar and dissimilar
materials [6].

Welding of dissimilar materials, such as Mg and Al
alloys, would result in reducing the wieght and achieving
high efficiency in terms of production by substituting Mg
and Al alloys for steels [7]. Nevertheless, in order to
easily join the alloys, the diffusion bonding process can
be employed to make a suitable and strong bonding
among them [8, 9].
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A limited number of research studies have been
conducted on modeling the diffusion welding process so
far. For instance, Samanta, et al. [10] studied the
atomistic simulation of diffusion bonding of dissimilar
materials (Al/Cu). In this respect, a numerical approach
was proposed in which molecular dynamics were
combined with hierarchical calculations to predict the
thickness of the diffusion layer. In another study, thermal
analysis of copper-aluminum welding was performed
using the finite element approach. It was stated that the
thermal expansion created during the process would
cause thermal residual stress in the joint area [11]. In
another attempt, the thermal residual stress in the welding
zone was investigated during Al/Mg diffusion bonding,
the results of which revealed that the residual stress
droped sharply just a short distance from the bonding
interface [12].

Generally, a great deal of recent attention has been
drawn to the direct application of the diffusion welding
process of dissimilar materials, in which an interlayer
was not employed, the plastic deformation was
minimized, and joint strength increased [13]. Although
7075 aluminum alloy is widely used in advanced
industries, less effort has been made to investigate the Al
7075/MgAZz31 diffusion welding in the literature. The
simulation of the diffusion welding process can be used
as a convenient solution to better understand the process
at a lower cost and less time. To this end, the present
study aimed to investigate the bonding of 7075 aluminum
and AZ31 magnesium alloys using the diffusion welding
process at adequate presure, temperature, and holding
time in the absence of an interlayer. Moreover, the
microstructural and mechanical properties were utilized
to investigate the property of the joint. In the following,
Al7075/MgAZ31 diffusion welding simulation is
developed and discussed. This study can be further
referred to as an experimental reference and simulation
for dissimilar AlI7075/MgAZ31 welding.

2. EXPERIMENTAL PROCEDURES

Square-shaped specimens (13mm x 13mm) with a
thickness of 5 mm were machined from magnesium
(AZ31B) and aluminum (AA7075T6) alloys. Chemical
analysis of raw materials is presented in Table 1.

TABLE 1. Chemical composition of base metals (wt. %)

Alloy Type Al Zn Mn Cr Cu Fe Ti Si Mg

AZ31 317 11 02 0.03 0.004 0.15 Bal.

Al 7075 Bal. 56 0.15 02 15 045 0.03 015 26

In this respect, to generate the surface roughness,
sandpaper number 600# for magnesium and number

1500# for aluminum was used. To remove the impurity
before testing the surface, the samples were
ultrasonically cleaned in an acetone bath for 15 minutes.
Then, the process continued through ethanol 96 and then,
the samples were dryed using the flow of warm air.
Moreover, an induction furnace (10 °C/min) was utilized
to heat up the specimens to the degree of the bonding
temperature; to this end, the required pressure was
simultaneously used. Accordingly, Hot Press KHP-200
furnace with the ability to create 1x10 torr vacuum was
used (Figure 1). The maximum applied temperature was
1700 °C, and the dimensions of the chamber were
200x200x150 mm?3. This furnace allows pressure and
temperature to be simultaneously applied while creating
a vacuum in the chamber. Pressure was applied by 2
hydraulic jaws embedded inside th chamber. The
diameter of the upper jaw, made of hot working steel
H13, of the press was 100 mm. Moreover, in order not to
increase the temperature of the jaws to more than 100 °C,
a cooling system was installed inside them. However, the
minimum force that the press could apply was 500 kg.
The furnace heating system was equipped with graphite
elements, covered with a layer of compressed graphite
fibers to prevent heat loss inside the furnace. Due to the
significant effect of the temperature on both process and
obtained results, the accuracy of the actual temperature
shown by the furnace indicator was verified and
calibrated using a reference thermometer (TES-1306
thermometer with K-Type thermocouple input with the
acuarcy of *3 °C). In case the lower bonding
temperature was taken, no bonding between Mg and Al
alloys occured due to the inadequate temperature that
caused atom difussion. Of note, a decrease in the bonding
presure was caused by high bonding temperature released
from melting the Mg alloy. Therefore, selecting the
appropriate process temperature is of significance, which
is usually selected in the eutectic temperature range [8].
The proper conducted bonding times were 60 and 120
min. In case of the applied low pressure, an insufficient
contact was established between the roughness of the
surfaces of the samples. As a result, the chance of
diffusion would be reduced. Moreover, in the presence of
high pressure, the plastic deformation of the samples
would occur. According to the results and experimental
findings, the operational 29 MPa pressure was selected,
yielding the best welding results. As the bonding was
completed and just before its removal from the chamber,
the samples were cooled down. A Scanning Electron
Microscope (SEM) equipped with EDS/EPMA and
VEGA//TESCAN-LMU was employed to study the
microstructure and chemical analysis of the welding
diffusion layer. It was placed in a solution containing 1/4
ml acetic acid (CH3COOH), 0.6 g picric acid
(CsH3N307), 10 ml ethanol (C2HO), and distilled water
(H20), in which the magnesium side was immersed for
15 s, thus being etched. However, Keller’s solution was
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used for etching the aluminum side. Moreover, ASTM:
D1002-10 standard was used to perform shear strength
test. Samples with the cross-sectional area of 10x10 mm?
were cut by wirecut machine. Figure 2 shows the fixture
used for shearing experiments. It is made of cold-rolled
steel (S.P.K. 110) with hardness of 700 HV (HRC 60).
Further, SANTAM STM-50 apparatus with the loading
rate of 0.5 mm/min was utilized to apply the shearing
force.

Figure 2. Fixture designed for shearing test

Microhardness tests were performed by Vickers tester
with an applied load of 50 g and a load duration of 20 s
at intervals of 50 um perpendicular to the joint. The
hardness of Al 7075-T6 and Mg AZ31-0 base metals was
130 and 48 HV, respectively.

3. RESULTS AND DISSCUSSION

Different specific results were obtained for welds
performed at different temperatures, times, and
pressures. However, the specimens welded in
inappropriate conditions did not make full bonding.

Figures 3 (a-b) show that the welds performed at 38 MPa
pressure and 120 min holding time and those at 80 MPa
pressure and 25 min holding time, respectively, at the
constant temperaturee of 393 °C, cannot make a complete
joint. The Mg side was largely deformed due to the higher
melting point and greater strength of Al. Furthermore, as
observed in Figure 1c, due to the insufficient pressure and
holding time, welding did not occur and diffusion zone
was not formed. Accordingly, increasing the temperature
up to 402, 412, and 421 °C and selecting the appropriate
holding time (60 min) and pressure (29 MPa) would raise
the possibility of diffusion of atoms and full bonding
(Figure 4). The rsults from previous studies showed that
the surface roughness of the contact area was an effective
factor in the bonding process [14-18]. Since the surfaces
are not smooth, an initial contact is witnessed between
the aspirities of surfaces.

©

Figure 3. Unsuccessful welding with their welding
conditions, a) T=393 °C, HT=120 min, P=38 MPa; b) T=393
°C, HT=25min, P=80 MPa; and ¢) T=402 °C, HT=30 min,
P=12 MPa

(b)

Figure 4. Successful welding with their welding conditions,
a) T=402 °C, HT=60 min, P=29 MPa; b) T=412 °C, HT=60
min, P=29 MPa; and c) T=421 °C, HT=60 min, P=29 MPa
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Then, an increase was observed in the contact surface
of the two pieces brought about by plastic deformation
and slip of roughness. Of note, at various temperatures,
deformation increments and diffusion phenomenon can
lead to elimination of boundaries in the interface. Finally,
the filled interspaces can be observed [15]. Process
temperature affects the diffusion of atoms and
consequently, influences the structure of the bonding
zone. Therefore, can be regarded as an effective
parameter in the welding process [19, 20]. Moreover, in
diffusions between two dissimilar materials, atoms with
a higher diffusion coefficient diffuse faster than those
with a lower diffusion coefficient [21]. The diffusion
coefficients of aluminum and magnesium are equal to
1.89x101? and 2.29x10'? m?s, respectively [9].
Therefore, more atoms diffuse across the Mg side to the
Al side. This causes an imbalance in the diffusion flux
and, as a result, creats voides in the bonding area. These
voides, created due to the differences in the diffusion
coefficient of the dissimilar materials are called
Kirkendall voides, frequently referred to in the studies
conducted by previous researchers [19, 21]. In a majority
of the research papers investigating the dissimilar
diffusion bonding, the existence of these voids was
proved in the magnesium side [22]. However, in this
study, Kirkendall voids were not observed through
examining SEM images of the bonding zone. The
difference in the diffusion coefficient of the two
dissimilar materials is known as an influential parameter
in the formation of the Kirkendall void, which itself
depends on time and temperature. Generally, it can be
concluded that the greater the difference in the diffusion
coefficient, the greater the probability of the formation of
Kirkendall void. Figure 5 shows the three distinct regions
at the joints, performed at 402°C and 421 °C for holding
time of 60 minutes. These three regions are Mg transition
region (zone A), middle diffusion region (zone B), and
Al transition region (zone C), respectively. The thickness
of the ITZ was 21.26 um at 402 °C, 21.96 um at 412 °C,
and 22.60 um at 421 °C, respectively. It can be concluded
that only a 19 °C increase in the temperature would lead
to a 6 increase in the thickness of the ITZ. When the
temperature increased, more atoms would be diffused
across the interface. Hence the ITZ layer would be more
thickened (Figure 6).

All samples were examined through area and linear
EDS analysis. Furthermore, with the help of binary Al-
Mg phase diagram, an attempt was made to determine the
phases formed in the welding area (Figure 7 [23]). Figure
8 shows the linear EDS analysis of layers A, B, and C of
the ITZ layer of the welded specimen at 402 °C. By
examining the concentration of the elements, through
both EDS analysis (Table 2) and Al-Mg binary phase
diagram, it can be concluded that the layer formed on the
magnesium side (layer A) comprises Al12Mg@i7 (y). This
phase has a BCC crystal structure with the hardness
of 4.35 nHV [14]. The middle diffusion layer is a
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Figure 5. SEM image of interface bonding at P=29MPa,
HT=60Min and a)T=402°C, b) T=421°C
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Figure 6. Effect of welding temperature on ITZ thickness
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combination of phases y and p (AlsMg.), and the value
for phase B on the aluminum side is greater than that on
the other side. The B phase with FCC structure has the
hardness of 4.4 nHV [14]. In case the diffusion welding
is at its starting point, Mg and Al atoms start diffusing
into the contact layer. In the next step, Al and Mg atoms
diffuse into different zones and their values increase in
the bonded layer. Then, a reaction occurs between them
and a combination layer consisting of Al and Mg is
formed. Further, as the temperature increases, the Al in
Mg/MgAl interface begins to diffuse to the Mg side, the
reaction 17Mg+12Al—Mgi7Al12 occurs. and Mgi7Als2 is
formed. As mentioned earlier, the amount of Mg in the
MgAI/Al interface layer increases; and as a resutl of its
diffusion through the Al side, the reaction
2Mg+3Al—AlsMg, occurs and the Mg.Al; phase is
formed. Finally, as the process continues, there is no
change in the phases and only the thickness of the ITZ
layer gradually increases [9, 24]. In case of more heating,
eutectic reactions Al;2Mgi7 + Mg — L and AlsMg; + Al
— L occur at eutectic temperature 437 °C and 450 °C,
respectively. Diffusion welding is a solid-state bonding
process in which the weld metal is not usually melted. To
reveal the liquid formation, micrographic images can be
employed to detect dendritic structures, indicating the
solidification microstructure [25]. Since the operating
temperatures are lower than the eutectic temperature, the
liquation does not occur at the bonding zone and the
intermetallic layers formed at the joint interface can be
attributed to solid-state inter-diffusion of Al and Mg
during diffusion bonding. It should be noted that further
melting should be avoided; otherwise, it would reduce
the applied pressure during the diffusion welding and
then, the metal with low melting temperature would be
deformed.

In the solid state processes, the formation rate of the
intermetallic compunds is affacted by the rate of
diffusion, which also depends on parameters such as
process temperature, grain size, and other metallurgical
characteristics. To form these phases, the two sides first
diffuse each other and, then, a supersaturated solid
solution is formed.

As the amount of elements in the solution increases,
nucleation begins and intermetallic phases are formed.
Then, these compounds grow longitudinally along the
bonding line. In the next step, the next intermetallic
compounds are formed and grown. It can be concluded
that the compounds with the highest amount of an
element and higher diffusion coefficient would nucleate
first. Therefore, y-Al12Mgs7 is formed first [14]. In this
process, the Mg diffusion activation energy in Al is lower
than Al in Mg, hence Mg diffuses faster. Since the y-
Al12Mga7 phase is rich in Mg, it is formed earlier than the
B-AlsMg. phase [9].

As Figure 9 illustrates, in the case of examining the
diffusion element map obtained from the EDS analyses,
the presence of Zn is observed in the intermetallic

bonding. Furthermore, investigation of elemental maps
clarifies that the Zn diffusion area in the welding joint is
massed in the Al side of the joints (Figure 10). The Zn
distribution also reveals an accumulated precipitate zone
at the AIlsMg, aluminum alloy interface. The
extraordinary growth of the Zn concentration in this zone
was already expected due to the diffusion of Al in the
intermetallic compounds; consequently, the formation of
MgZn; precipitates occurs.
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Figure 7. Binary Al-Mg phase diagram [23]
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Figure 8. EDS line scan across the bonding interface as
indicated by line for the specimen welded at 402 °C, P=29
MPa, and HT=60 min

TABLE 2. Basic elemental percentage in different joint zones
of Figure 4b according to point analysis

Mg Al Zn Cu
(wt. %0) (wt. %0) (wt. %) (wt. %0)
A 53.76 46.13 - -
B 36.79 60.00 3.21
C 22.41 73.73 211 1.75
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Figure 9. Element map obtained from the EDS analyses for the
specimen diffusion welded at 421 °C for 60 min
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Figure 10. EDS line scan for Zn element across the bonding
interface as indicated by line for the specimen welded at 421
°C, P=29 MPa and HT=60 min

Micro-hardness experiment was applied to investigate
the hardness characteristics of the joint zone. The Vickers
hardness on the Mg side is approximately equal to 40 HV,
which increases sharply in the interface zone and then, is
reduced to 60 HV on the Al side (Figure 11). Of note,
increasing the temperature would lead to an increase in
the microhardness in the reaction zone; however, it has
no significant effect on the microhardness of base metals.
In this sense, the maximum hardness in the interface
reaches 90 HV and 70 HV at process temperatures of 421
°C and 402 °C, respectively. Accordingly, reduction in
the amount of brittle intermetallic component formation
at lower temperatures should be taken into account. Due
to the presence of a-phase, the hardness of the reaction
layer at 402 °C approaches the hardness of the aluminum
base metal.

-200 -150 -100 -50 0 50 100 150 200
Across the bonding line (um)

Figure 11. Effect of temperature on microhardness across the
bonding line

Figure 12 shows the changes in the shear strength of
welded specimens at different process temperatures. The
results showed that the maximum shear stress was equal
to 30 MPa at the temperature of 402 °C. In addition, at
421 °C, it reached 20 MPa. At 402 °C, the plastic
deformation of the surface roughness would result in
better contact of the surfaces, thus reducing the
brittleness due to the formation of intermetallic phases
[26]. Therefore, the bond shear strength would be
considerably improved. On the contarary, by increasing
the temperature to 421 °C, the amount of brittle
compounds would basically increase and accordingly,
the positive effect of better contact of surfaces at high
temperatures would be eliminated, thus reducing the
shear strength [26].

In order to simulate and investigate the effect of
process parameters, diffusion welding of 7075 aluminum
alloy and AZ31 magnesium alloy was simulated using
Deform-3D FEM software. DEFORM-3D is capable of
simulating three-dimensional material flow during the
forming processes without the cost and delay of shop
trials. To this end, the tetrahedral mesh type with 0.7 mm
element size opted for the meshing process, and the area
near to the bonding would yiled a quite fine mesh with an
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element size of 0.3 mm. Furthermore, the friction
coefficient was chosen to be 0.25, as suggested by
DEFORM-3D software for diffusion welding process
(Figure 13).

35 H
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-

—

25 A

20' 1T
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10 A

shearing stress (MPa)

5 -

0 1
402 412 421

Temperature °C
Figure 12. Effect of temperature on the welding shear strength

Bonding Interface

Figure 13. The initial billet meshed finite element model

Table 3 reported the thermo-mechanical properties of
the used material in this study which was taken from
ASTM Standards. Since the diffusion welding process is
a thermo-mechanical process, the Young’s module of the
materials changes during the process. Table 4 reports the
amounts of Young’s module of 7075 aluminum alloy and
AZ31 magnesium alloy at different temperatures.

TABLE 3. Mechanical and thermal properties used in this
research

Thermal Heat Thermal
Conductivity Capacity E xpansion
(W/mK) (J/g°C) (m/m°C)

AI7075 0.33 130 0.960 23x10°®
AZ31 0.35 96 1.020 25x10%¢

Poisson

Parameters Ratio

TABLE 4. Young’s module variations of MgAZ31 and Al7075
at different temperatures

Young’s modulus (GPa)

Temperature (°C)

MgAZ31 Al7075
100 38 68
150 32 65
200 29.8 63
250 28.9 59
450 25.9 48

The required data in this study were extracted from the
experimental studies previously conducted by other
researchers [27, 28]. In the next step, the extracted data
of the plastic behavior (flow stress curve) of 7075
aluminum alloy and AZ31 magnesium alloy in different
strain rates and temperatures were entered in DEFORM-
3D software.

The effective von Mises stress was employed to
determine whether or not the sample would yield the
desired result during the complex loading. In this case, it
can also be called the effective stress. The effective stress
distribution in the deformed sample is inhomogeneous
and varies based on the process temperature. The amount
of effective stress close to the core of the AZ31
magnesium specimen was maximum. The highest
effective stresses were 9.1, 8.8, and 7.5. MPa for
temperatures at 421, 412, and 402 °C, respectively. Of
note, the value for the effective stress in the 7075
aluminum, compare to the AZ31 magnesium specimen,
was quite low, mainly due to the fact that Young’s
module of AZ31 magnesium between 402 to 421 °C was
approximately two times lower than that of 7075
aluminum.

Given that the point tracing approach was employed as
shown in the sectional view (Figure 13), the variation of
the effective stress of 7075 aluminum and AZ31
magnesium was recored. The value for the effective
stress according to the distance from the bonding
interface in both materials was measured and reported in
Figure 14. As observed, during the diffusion welding
process, by increasing the temperature, the effective
stress would gain higher values and the amount of the
effective stress of AZ31 magnesium would be
remarkably larger than that of 7075 aluminum. The
change of effective stress across the 7075 aluminum
specimen is illustrated in Figure 14a. In case the distance
from the bonding interface increased, the effective stress
would significantlly decrease. Moreover, Figure 14b
depicts the effective stress across the bonding interface
on the AZ31 magnesium side. In a distance almost equal
to 0.5 mm from the bonding interface, the graph
incrementally increased and then, by increasing the
distance from the bonding interface, the effective stress
would gradually decrease. Diffusion of Al atoms into Mg
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would change the frictional force in the interface layer
and cause an increase and decrease in effective stress,
respectively. Therefore, changes in the range and amount
of effective stress can be used as an indicator for
diffusion monitoring of atoms in the welding process. As
the intensity of these changes increased, more diffusion
would occur and the thickness of the interface layer
would be greater.
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Figure 14. Effective stress according to distance from the
bonding interface a- Al ; b- Mg

An experiment was performed to validate the
simulation results. The diffusion welding experiment was
performed at the temperature of 402 °C. The forming
force was simulated during the welding process. Figure
15 shows a comparison between the welding force and
hydraulic press arm stroke for the simulated and trial
results. The results indicated a good agreement between
the experimental results and the simulation. However, at

the beginning and end of arm stroke, significant
differences were observed between the simulated and
experimental results. By considering the load—stroke
curve, the amount of press tonnage used fot performing
the diffusion welding process can be determined.
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Figure 15. Comparison between the simulated and
experimental load of diffusion welding process at T=402 °C

4. CONCLUSION

The present study aimed to investigate the diffusion
bonding of 7075 aluminum and AZ31 magnesium alloys.
To this end, the effect of different conditions such as
temperature, holding time, and applied pressure during
the welding process was evaluated. The results from
experiments and simulations indicated that:

e Due to the insufficient temperature, pressure, and
holding time for the diffusion, the bonding performed
at 38 MPa and 120 min as well as at 80 MPa and 25
min could not make a full bonding (while the process
temperature was kept constant at 393 °C). However,
by applying the pressure, temperature, and holding
time equal to 12 MPa, 402 °C, and 30 min,
respectively, a complete connection was not obtained
and in most areas, proper diffusion did not occur.

e As the temperature increased from 402 °C to 421 °C,
more atoms diffused, resulting in a 6 increase in the
thickness of the ITZ layer.

e A careful examination of the weld microstructure
revealed that the formed layer from the magnesium
side toward the aluminum side was composed of y
(Al12Mg17), a mixture of y and B (AlsMgy), and a
mixture of y and B with higher weight percent of f,
respectively.

e On the Al side of the joints, Zn in the weld interface
was denser. The significant increase in the Zn
concentration in this region was due to the diffusion
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of aluminum into the intermetallic phases as well as
the formation of MgZn, precipitates.

e The shear strength of joints performed at 402 °C and
421 °C was 30 MPa and 20 MPa, respectively,
indicating the considerable effect of increasing the
process temperature on the formation of more
intermetallic compounds, thus reducing the shear
strength. In addition, due to the formation of more
brittle phases at high temperatures, the hardness of the
ITZ increased by increasing the temperature. In this
regard, the maximum hardness of 90 HV was
obtained during the experiments caried out at 421 °C.

e The results derived by FEM simulation were in good
agreement with the experimental trials. By recording
the effective stress, important information about the
thermo-mechanical affected zone and thickness of the
interface layer can be obatined. In other words,
through the effective stress simulation, significant
measures were taken in monitoring the diffusion
welding process.
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diffraction analysis, scanning electron microscopy, and microhardness test were used to analyze the phase
characterization, microstructure, and mechanical properties of the Al-4% TiC nanocomposite. At first, the
milling speed, milling time, and ball to powder weight ratio were considered as the input data, and the
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microhardness results showed that the Al-4% TiC nanocomposite was formed with a maximum
microhardness of 271 HV. Furthermore, a proper model was proposed and the results indicated that there
was a good agreement between the experimental and predicted microhardness.
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1. INTRODUCTION

Composite materials have been known as superior
materials for more than thirty years. In this regard, the
application of composite materials has been continuously
growing; therefore, many requirements in the various
industries, including the space industry, reactor
manufacturing, construction, and transportation, cannot
be satisfied by the conventional materials and need to
change the properties of the materials extensively [1].
Among the composites, Particle-reinforced metal matrix
composites (MMCs) are attractive and well-known
materials in which hard and brittle particle
reinforcements, usually ceramic, are introduced into a
ductile metallic matrix [2]. A further improvement of
mechanical properties can be achieved by decreasing the
grain size to the nanometer scale [3]. Adding
reinforcement particles to the aluminum alloys matrix,
produces so-called nanocomposites, which is promising
approach in order to enhance mechanical properties of
the aluminum alloys [1]. These nanocomposites are

* Corresponding Author Email: javadaraste68@gmail.com (J. Arasteh)

considered a group of materials with excellent properties
such as high strength to weight ratio, low coefficient of
thermal expansion, and good wear resistance [4, 5]. Al-
based composites are mostly made by distributing the
ceramic particles, including SiC, Al,Os, TiB2, or AIWC
in the Al matrix [6-9]. Aluminum has excellent properties
such as lightweight and ease of machining [10]. AI-TiC
composites are one of the most important Al matrix
composites with better mechanical properties than the
pure Al Titanium carbide is the appropriate
reinforcement due to the high wear resistance, low
thermal expansion coefficient, suitable plasticity, and
good wettability to improve the properties of Al-based
composites [11].

Al matrix composite production techniques in the
solid-state such as mechanical milling and sintering
process, have received much attention due to differences
in the melting point of Al and ceramic particles [7, 12-
14]. One of the most exciting advantages of mechanical
milling is producing nanocrystalline structures [15]. The
scientific  research  community  highly  values
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nanocrystalline materials due to their high hardness
strength and better physical, mechanical and chemical
properties compared to coarse-grained materials [16].
Besides, simple equipment of milling process [17], no
requirement to the high temperatures [18], and uniform
dispersion of reinforcement phase particles in the matrix
[19] were included to benefits from the mechanical
milling technique. The studies have shown that the
properties of the composites produced by mechanical
milling are influenced by the microstructure, crystallite
size, and morphology so that, these factors are affected
by the milling conditions [20, 21]. For examlpe, Azimi
and et al. synthesized Al7075-TiC nanocomposite by MA
followed by hot pressing. Microstructure of obtained
powders was characterized in different milling time.
Furthermore, the influence of fabrication parameters
including milling time, hot pressing temperature and
pressure was evaluated on the mechanical properties.
Improved sintering and mechanical properties was
achieved by increasing hot pressing temperature and
pressure; while rising temperature over 400 °C resulted
in reduced hardness due to severe grain growth during
hot pressing. More interestingly, influence of milling
time on the mechanical properties is strongly depended
on the hot pressing pressure value. Furthermore, tensile
strength of ~725 MPa was obtained by consolidation
under optimal parameters [22]. In another work, Feijoo
and et al. produced a composite with a fine-grained
AAB005A matrix and 3 vol% nanoparticles of TiC by hot
extrusion and T6 heat treatment of high-pressure gas-
atomised and mechanically milled powders. The
nanocomposites showed remarkably higher hardness,
Young’s modulus, yield, and ultimate strengths at room
temperature than the extruded profiles of unreinforced
milled AAG005A powders obtained through refinement
of the Al alloy grain structure and a strong particle—
matrix bonding, although with a drop in their ductility
[23]. Salem and et al showed that addition of TiC
nanostructured powder to the AA2124 alloy nanopowder
resulted in increase of 130% in compressive strength
compared to that produced for the microscale one.
Nanopowder of Al alloys produced by mechanical
milling reinforced with 10 wt. % TiC is recommended for
products suitable for high wear and erosion resistance
applications [24].

Therefore, it is necessary to study the milling
parameters and examine the effects of the milling
parameters on the final product to achieve the optimal
conditions. The purpose of experimental design is to
identify the parameters influencing the process and
determine their optimal values. Experimental design
techniques can determine the variables that have the most
effect on the output data. In addition, the input variables
can be controlled, and the effect of uncontrollable
parameters on the response variable can be minimized.
Analysis of the results in the experimental design
technique is performed by variance analysis (ANOVA).

Taguchi method is one of the essential experimental
design techniques based on variance analysis [25].
Taguchi method has advantages such as fewer
experiments, less cost and time of testing, the ability to
study the interactions, perform experiments in parallel,
and predict the optimal response. In general, this method
reduces the number of required tests for optimization and
increases the results’ accuracy.

Multiple pieces of research have been recently
conducted on the production of Al-based composites by
mechanical milling and sintering methods; however, no
research has been conducted on optimizing the milling
conditions for the production of AlI-TiC composites with
maximum microhardness by the Taguchi method. In the
present study, the design of the experiment was
performed by the Taguchi method, and the milling
process was performed according to the conditions
obtained from the experimental design. In composite
fabrication by the milling process, the ball to powder
weight ratio is usually between 10 and 30, milling speed
is usually between 200 to 400 rpm, and milling time is
usually between 10 to 50 hours. In this regard, the values
and levels of input data were selected. The parameters of
the ball to powder weight ratio (BPR), milling time, and
milling speed were considered input data, and the
microhardness of the composite was introduced as output
data. Furthermore, the most influential parameter was
identified and a good proposed model was introduced to
predict the microhardness of aluminum-based
nanocomposite. The microhardness obtained by the
proposed model were compared with the experimental
data. Besides, structural characteristics, including phase
identification, crystallite size, lattice parameter, internal
strain, microstructure, and morphology Al-4% TiC
nanocomposite were investigated.

2. MATERIALS AND METHODS

In this study, Al powder (purity of 99.9%, Merck) and
TiC powder (purity of 99.9%, Merck) were used as raw
materials to produce Al-4% TiC composite. It should be
noted that the composition of the Al-4% TiC
nanocomposite is expressed by weight percentage. The
mechanical milling process was performed in a high
energy planetary ball mill. The Al and TiC powders were
milled within a hardened steel vial along with hardened
steel balls of 10 mm in diameter under a high-purity
argon atmosphere. Stearic acid in the amount of 2 wt. %
was chosen as a process control agent to avoid cold
welding and agglomeration of powder particles. The
milling experiments were stopped after each 30 min of
working for 15 min to prevent an excessive temperature
in the vial. It should be noted MA process was performed
at room temperature and dry medium. Usage of cup and
balls with the same chemical composition of precursor
was the most proposing approach for reducing the
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contamination of milling components. Unfortunately,
due to the variety of selected systems in MA, it is
impossible to make cups and balls from all of the above
compounds. An alternative to reduce the impurities was
to mill the powder mixture within the range of the studied
composition before the start of the main tests.
Accordingly, before the data collection step the mixture
of each test was milled for 5 h to minimize the variation
the chemical composition. The effects of different
milling parameters, including the BPR, rotation speed,
and milling time on the microhardness of AI-TiC
nanocomposite, were studied. In composite fabrication
by the milling process, the ball to powder weight ratio is
usually between 10 and 30 (The ball to powder weight
ratio shows the ratio of the balls’ weight to the powders),
milling speed is usually between 200 to 400 rpm, and
milling time is usually between 10 to 50 hours. In this
regard, the values and levels of input data were selected
[26-31]. The BPR levels were selected 10, 20, and 30,
and the rotation speed of 200, 300, and 400 rpm, and the
milling time of 10, 30, and 50 h were considered input
data. Before the data collection step, the mixture of each
test was milled for 5 hours to minimize the variation of
the chemical composition [16]. According to the previous
research on the composite fabrication by the milling
process, the ball to powder weight ratio is usually
between 10 to 30, milling speed between 200 to 400, and
milling time for composite preparation is usually
between 10 to 50 hours. The levels of parameters have
also been selected based on previous works. In this
research, three factors with three levels indicated 27
experiments are required to be done according to full
factorial design. Taguchi technique was used to design
the experiment, which reduced the number of
experiments and optimized the milling parameters.
According to the experimental design based on the
Taguchi technique, nine experiments can be replaced
with 27 experiments (Table 1). Moreover, the statistical
analysis of variance (ANOVA) was used to determine the
effect of the input parameters. The levels of the input data
which were chosen for the experiment are shown in Table
1. Finally, the empirical results were compared with the
theoretical results obtained from the experimental design.

X-ray diffraction analysis (XRD) was used to
investigate the structural changes, phase identification,
and determination of the crystallite size, internal strain,
and lattice parameter during the MA process. The XRD
was performed using an X-ray diffractometer (Cu-Ka
radiation and wavelength = 0.154 nm). In this study, the
Rietveld method was used to calculate the crystallite size,
internal strain, and lattice parameter. In this method, the
refining process is performed on the X-ray scattering
pattern and continues until the errors are reduced. In other
words, the best fit is obtained [32]. It should be noted that
the Rietveld analysis was performed using MAUD
software [33]. The morphology and shape of the milled
powders were studied by scanning electron microscope

(SEM, cam scan mv2300). Particle size analyzer
(Zetasizer, ZEN3600) was used to determine the
powders’ particle size. Also, the particle size values were
reported as an interval. For microhardness measurement,
the milled powders were compressed into a cylindrical
shape with a dimension of 1 c¢cm in diameter and a
thickness of 0.5 cm. It should be noted that the powder
particles were compressed at room temperature and a
pressure of 12 tons. The heat treatment was then carried
out on the pressed specimens up to 450 °C for 30 min
under the argon gas atmosphere. Then, the samples were
pressed again at 400 °C after sintering. The surfaces of
the specimens were first polished, and the Vickers
microhardness test was performed based on the ASTM E
348-89 standard by the microhardness tester (Strues
Duramin  20). microhardness measurement was
performed with a load of 97.8 mN for 5 seconds. The
reported microhardness is an average of 5 times the
microhardness of each sample. Also, the Archimedes
method was used to measure the density of the samples
according to the ASTM, C-373 standard [34].

TABLE 1. The Experiment number proposed by Taguchi
method

Experiment Ball to Rotation Milling
number p_owder_ speed (rpm) time (h)
weight ratio
1 10 10 200
2 10 30 300
3 10 50 400
4 20 10 300
5 20 30 400
6 20 50 200
7 30 10 400
8 30 30 200
9 30 50 300

3. RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of AI-TiC composite
powders at different milling conditions. As is evident,
Al-4% TiC composite samples include Al and TiC
peaks. It was observed that the peak width was increased,;
however, the peak intensity was decreased due to the
milling process, indicating a decrease in the crystallite
size and enhancement of the lattice strain in the crystal
structure [35]. The powder particles are severely
deformed due to the impact of balls during milling [36].
Hence, the work hardening occurred on the powder
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particles. On the other hand, after the milling process, the
dislocations were regularly arranged, which caused to
form the sub-boundaries in the crystal structure.
Continuing the milling process and enhancing the
dislocation density in the sub-boundaries led to rotating
these boundaries and transforming sub-boundaries into
the main boundaries [37].

In this research, Bragg's law was used to estimate the
Al lattice parameter [38]. The Al lattice parameter at
different milling conditions was shown in fig. 2. As can
be seen, there is no noticeable change in the Al lattice
parameter owing to the milling process and have a
constant trend. The lack of displacement of the Al peaks
to the left or right indicates that the TiC was not dissolved
in the Al lattice, and the TiC particles were distributed in
the Al matrix, which led to applying the local strain in the
Al lattice and increased the dislocation density.

The changes in the crystallite size and internal strain of
Al-4% TiC composite powders at different milling
conditions are shown in Fig. 3.

@ Al °
m TiC 'Y ° ©
|
mn | [ ] | Ex 9
|
" —_— \Ex. 8
' g
| L )\ n
| L8 I\ “ \ -
’; ._.._.,__A,_.,jw.v" \_,_.J‘ W | O—— |, Ca———s ¥~ 4§ Ex. 7
8 Ex. 6
b - N et x5
k| |
I i |
fl Jl A I\
SSRGS | £ ST | (R ), b o 3
e Ex. 3
l Ex. 2
h ; rl f
il B i N
20 30 40 50 60 70 80
20 (degree)

Figure 1. XRD patterns of Al-4% TiC powders milled at
different milling conditions
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Figure 3. Crystallite size and lattice strain changes of Al at
various milling conditions

As shown in this Figure, the crystallite size at each
experiment varies according to the milling conditions.
Furthermore, at a constant value of the ball to powder
ratio, the crystallite size decreased by increasing the
milling time and rotation speed. As can be seen, the
maximum reduction in the crystallite size is related to
experiment number 9 with a ball to powder ratio of 30, a
milling time of 50 h, and a rotation speed of 300 rpm. In
contrast, the largest crystallite size is associated with
experiment number 1 with the lowest milling time. The
crystallite size change depended on the plastic
deformation and the recovery and recrystallization
process [39]. In other words, plastic deformation caused
to decrease in the crystallite size; however, the recovery
and recrystallization increased the crystallite size. In the
present study, the crystallite size of all composite
samples decreased after the milling process. The
crystallite size range was 42 nm to 124 nm, indicating
that the milling process is a proper technique to produce
AI-TiC nanocomposite powders. As shown in Fig. 3, the
minimum crystallite size of 42 nm is related to
experiment number 9 with a ball to powder ratio of 30, a


https://doi.org/10.30501/acp.2021.265197.1052
https://doi.org/10.30501/acp.2021.265197.1052

J. Arasteh / Advanced Ceramics Progress: Vol. 7, No. 1, (Winter 2021) 35-45

rotation speed of 300 rpm, and the milling time of 50 h.
Furthermore, the maximum crystallite size of 124 nm
corresponds to experiment number 1 with the lowest
rotation speed of 200 rpm, the milling time of 10 h, and
the ball to powder ratio of 10. Since the milling time, the
ball to powder ratio, and rotation speed were increased,
the lattice defects, internal strain, and the stored energy
were increased [40], reducing the crystallite size. The
milling significantly increased the strain after the milling
process. As can be seen, the strain range of the crystal
structure was from 0.06% to 0.33%, which the largest
strain was corresponding to experiment number 9.
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Fig. 4 shows the SEM images of the pure Al, TiC, and
AI-TiC composite powder particles at different milling
conditions. Due to the low value of dislocation density at
the beginning of the milling process, the particles were
soft and high energy was applied to the powder particles
during the MA process. This high energy increased
plastic deformation in particles, and powder morphology
was shaped as lamellar. In fact, a microforging
mechanism caused to overspread the powder particles.
Then, cold welding and mechanical joining between the
powder particles occurred due to the impacts by the balls.
As the milling time increased, dislocation density
increased which caused to increase the work hardening
of powders. Also, SPD led to form the sessile
dislocations and resultantly changed to a mircocrack
generation resource. The outcome of these parameters
increased the fracture of powder particles and the particle
size decreased. In other words, the powder particle
fracture phenomenon dominated cold welding and
particles size decreased. Finally, the powder particles
reached the spherical state and are dispersed more
orderly. In fact, the lamella thicknesses decreased due to
the continuous deformation, and also, the number of the
lamella in one particle increased. Therefore, the diffusion
distances decreased. On the other hand, the temperature
of powder particles could locally increase due to the
energy transfer of the balls. Consequently, the reduction
in diffusion distance, the local temperature rise, and the
increment of the lattice defects resulted in more diffusion
of atoms [37]. As shown in Fig. 4 (a), Al powder particles
have an irregular shape and a particle size of 18-130 um
while TiC powders are spherical shape with a particle
size of about 1.8-26 um (Fig. 4 (b)). The powder particles
related to experiment number 1 have the largest particle
size of about 88-132 um, thick plate-shaped particles
(Fig. 4 (c)). Al powder particles were very soft before
milling, and on the other hand, the low energy of milling
led to overspread the powder particles. In other words,
applied strain due to the milling process caused the
powder particles were pressed, and wide particles were
cold welding to each other, and finally, the particle size
was increased. According to the low energy at
experiment number 1 (speed=200, BPR=10, and
time=10), the particle size was enhanced compared to the
particle size of pure Al. At experiment number 2, the size
of the plate-shaped particles was obtained to be about 15-
108 pum (Fig. 4 (d)). Also, after experiment number 3, the
thickness of the plate-shaped particles was lower than
that of experiment number 2, and the particles were
irregularly distributed with a size of 3-64 um (Fig. 4 (e)).
The size of plate-shaped particles related to experiment
number 4 was found to be 1-100 pm approximately (Fig.
4 (f)).

In experiment number 5, the morphology of powder
particles was the combination of plate shape, fine needle,
and quasi-spherical with a particle size of 0.5-65 um (Fig.
4 (g)). In the mechanical milling process, two phenomena

of cold welding and fracture occur between powder
particles, so that cold welding led to coarsening of the
powders while fracture caused to reduction the particle
size. The occurrence of these phenomena depended on
the properties of powders and the milling. If the powders
are brittle, the fracture overcomes the cold welding, and
the powders become smaller as the milling time
increased, while cold welding is a dominant phenomenon
in the soft powders at the beginning of milling. Of course,
at longer milling times, the powders get work hardening,
leading to powders' fracture and particle size reduction.
TiC powder particles were brittle and fractured due to the
severe strain during the milling process. Therefore, the
reinforcement particles were placed among the Al matrix,
which led to work hardening of Al powder particles and
reducing the particle size of composite powders. At
experiment number 6 (Fig. 4 (h)), the irregular
distribution of fine and coarse particles was seen at the
particle size range of 0.5-49 um. As observed in Fig. 4
(i), the particle size was reduced to about 1-39 um, and
the morphology of particles is fine plate-shaped and
equiaxed. At experiment numbers 8 and 9, the particles
were spherical and regularly distributed with particle
sizes about 0.2-59 pm (Fig. 4 (j) and Fig. 4 (Kk)),
indicating that the fracture is a dominant mechanism at
this step of milling.

The microhardness values of nanocomposite
specimens are shown in Fig. 5. As observed, the
microhardness of Al-4% TiC nanocomposite related to
experiment number 9 is equal to about 271 HV, which is
the maximum microhardness value, and the lowest
microhardness is corresponding to experiment number 1
with a value of 221 HV. As the BPR, rotation speed, and
milling time were increased, the consolidation behavior
of nanocomposite specimens noticeably improved,
leading to increased microhardness. It should be noted
that the main strengthening mechanisms are the work
hardening owing to hard TiC particles within the Al
matrix. Also, the lack of dislocation motion during plastic
deformation and crystallite refinement can significantly
increase the microhardness. It should be noted that the
microhardness is affected by the parameters of the ball to
powder ratio, milling speed, and milling time and the
microhardness does not depend only on the milling
speed. Therefore, it can be concluded that the change in
microhardness was dependent on the three parameters
includes the ball to powder ratio, milling time, and
milling speed. The density of the nanocomposites was
close to about 94%-98% of the theoretical density. Then,
the porosity of the samples was determined by density of
sintered sample and theoretical density. The result
showed that the porosity of the samples was in the range
of 0.02%-0.06%. It should be noted that the theoretical
density was determined by the mixtures law.

Fig. 6 shows the results of the microhardness value
obtained from the experimental measurement and the
data predicted by the Taguchi method. As can be seen,
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there is good compatibility between the experimental
data and the predicted data. So, it can be concluded that
the linear regression model can predict the response
parameters. The results of variance analysis related to the
microhardness values are presented in Table 2. It should
be noted the coefficient of A, B, and C indicate the BPR,
the milling time, and the rotation speed, respectively.
Also, some statistical data obtained from variance
analysis are given in Table 3.

300

Microhardness (Hv)
B 5 82
= = =

2
w2
=]

(=)
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Experiment number

Figure 5. Vickers microhardness values of Al-4% TiC
nanocomposites after various milling conditions
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Figure 6. The microhardness values obtained from
experimental measurement and Taguchi method

The compatibility of the proposed model and the
experimental data is determined by the correlation
coefficient (R?) so that the high value of R? (98.7)
indicated the good compatibility between the
experimental data and the predicted data. The
relationship between the process response and the
variables number of K in the experiment design is as
follows:

Y =by Y&, bix; + € 1)

TABLE 2. The values of Sum of square, Degree of free, Mean
square, F-value, and P-value calculated by variance analysis for
validation of the proposed model

Source Sumof - Degree of Mean F-value  P-value
square free square

Model 1904 3 615 105.4 0.01
A 2242.7 2 1123.6 28.8 0.003
B 448.2 1 4726 148.5 0.019
C 0.3 1 0.3 994 0.03

Error 21 5 5

Total 1886 8

TABLE 3. The values of R-parameters estimated by variance
analysis

Pred. R-Squared Adj. R-Squared R-Squared

95.7% 97.8% 98.7%

Where Y is the process response, b is the model
parameters, and ¢ is the error value. The model
coefficients are calculated by the Minitab software. The
values of model coefficients indicated the effect of the
variable on the process response. According to the model
coefficients, the ball to powder ratio has the most
significant effect on the microhardness value. The effect
of milling parameters on the microhardness of Al-4%
TiC nanocomposites are shown in Fig. 7. As can be seen,
this diagram illustrates the levels of input parameters that
have created the maximum and minimum values of
microhardness.

TIA B C
- *
I3 4
> 0]
2

-
5 250
L] J
Bl / /
L 2404 ¢
s
'
230 4

10 20 a0 10 a0 50 200 300 400
The levels of milling parameters

Figure 7. The effect plot of the milling parameters on the
microhardness of Al-4% TiC composites
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As previously discussed, nine experiments were
designed to investigate the effect of milling parameters
on the mechanical properties of the Al-4% TiC
composites. The P-value in the variance analysis is the
smallest level of confidence that leads to the rejection or
acceptance of the proposed model. In this research, the P-
value was less than 0.05 (95% confidence level),
indicating that the proposed model was meaningful and
can predict the microhardness values of Al-4% TiC
composites. Adj-R? (97.8) indicated that 3% of the
response changes could not be described with the model.
Also, Pred-R? indicated a 95% probability of predicting
new observations, which had good compatibility with
Adj-R?. The degree of compatibility between the
experimental results and prediction results is shown in
Fig. 6. As can be seen, there is good compatibility among
the prediction data and experimental values. The value of
error indicates the deviation of the predicted
microhardness from the experimental microhardness.
According to the results of this study, it is observed that
the predicted and experimental microhardness are
consistent. The value of model coefficients indicated the
effect degree of the variables on the response. A positive
sign of the coefficient indicated a positive effect, and a
negative sign indicated an upside-down effect. Based on
the coefficients, the proposed model based on the
intended variables is as follows:

Hardness = 199.34 + 1.574 A + 0.332 B +
0.0015 C )

It is observed that the parameters of the ball to powder
ratio (A), milling time (B), and milling speed (C) have a
positive effect on the hardness. In other words, all three
main variables of milling have a meaningful effect on the
response.

The diagram of the effect of milling parameters on the
microhardness of composites is shown in fig. 7. As can
be seen, the highest microhardness of the composites is
obtained in the ball to powder ratio of 30, milling time of
50 h, and a milling speed of 400 rpm. Based on these
results, it can be expected that the obtained model can
predict the microhardness of the composites at other
milling conditions with high accuracy, and also
experimental design can reduce the time and cost of Al—
4% TiC nanocomposite production. The microhardness
may be increased by increasing the ball to powder ratio,
milling speed, and milling time. However, based on the
present conditions, the microhardness was determined,
and the result was optimized.

4. CONCLUSION

In this study, Al-4% TiC nanocomposite powders were
produced by the mechanical milling process.

Furthermore, sintering treatment at the temperature of
450 °C was used for the consolidation of the powder
mixtures. Subsequently, based on the experimental
design, various conditions of the milling process,
including the BPR of 10:1, 20:1, and 30:1, speeds of 200,
300, and 400 rpm, and milling time of 10, 30, and 50 h
were considered the input data to finding the maximum
microhardness. According to the experimental design,
nine experiments were designed by the Taguchi method
at certain milling parameters. The results showed that the
mechanical milling led to form the Al-4% TiC
nanocomposite with a maximum microhardness of about
271 HV. Furthermore, there was good compatibility
between the experimental microhardness values and the
predicted results by the proposed model by Minitab
software. According to the predicted model, the highest
microhardness was obtained in the BPR of 30: 1, the
milling time of 50 h, and the speed of 400 rpm. In
addition, SEM observation indicated that the
morphology, particle size, and distribution of powder
particles could significantly affect the mechanical
properties of the Al-4% TiC nanocomposite so that the
maximum microhardness occurred at experiment number
9, which at this condition, the particles were spherical
shape and regularly distributed with particle size about
0.2-59 um. Also, it can be concluded that the properties
of the composites were changed because the test
conditions of the milling process are different. In general,
the mechanical properties of the composite are due to the
change in powder morphology, particle size, lattice
strain, and crystallite size.
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ARTICLE INFO ABSTRACT

Article History: In this study, pure nickel was deposited on AA2024 aluminum via pulsed electrodeposition using two duty
cycles (25 % and 50 %) at two different frequencies (50 and 100 Hz). The coated specimens were then
heat-treated in an argon atmosphere at 500 °C for one hour. The treated specimens were characterized
using Optical Microscope (OM), Scanning Electron Microscope (SEM) equipped with energy dispersive
spectrometer (EDS), and X-Ray Diffraction (XRD) analysis. According to the results, the coatings were
thickened upon increasing the duty cycle and frequency. Heat treatment of the nickel-coated specimen
under the duty cycle of 25 % and frequency of 50 Hz experienced formation of Al;Ni intermetallic
compound at the interface of the nickel coating and aluminum-based substrate. Heat treatment adversely
affected the corrosion resistance of the nickel-coated specimens. Nevertheless, the specimens with Al;Ni
intermetallic compound at their interface demonstrated better corrosion resistance among heat-treated
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1. INTRODUCTION

Aluminum alloys have a wide range of applications,
especially in automotive and aerospace industries, due to
their superior properties such as high strength-to-weight
ratio, corrosion resistance, and electrical and thermal
conductivities [1]. However, these alloys suffer from
poor tribological properties and inadequate corrosion
resistance in some applications [2]. Different surface
modifications and coating technologies have been
assessed and applied on these alloys to overcome the
aforementioned deficiencies.

Anodizing [3], electroplating [4], plasma nitriding [5],
ion implantation [6], physical vapor deposition [7],
diffusional coatings [8], thermal spray coatings [9], and
liquid phase surface treatments [10] are among the
different surface engineering processes that have been
applied on these alloys. Electroplating is among the
cheapest coating technologies. A number of metallic
elements including cupper, chromium, and nickel have
been electrodeposited on aluminum alloys using both

* Corresponding Author Email: z.seyedraoufi@kiau.ac.ir (Z. S. Seyedraoufi)

direct and pulse currents so far [4,11]. In addition, a
number of composite coatings have been deposited on
these alloys through electroplating [4,12,13]. Diffusion
coatings by means of electroplating followed by heat
treatment have also been investigated by a number of
researchers. These coatings might enjoy better adhesion
to the substrate as well as higher hardness. Therefore,
diffusional coatings could affect both corrosion and wear
resistances of the treated materials [14-16].

Amadeh [17] and Lee [18] et al. studied the effects of
heat treatment on electrodeposited nickel coating on
6061 aluminum alloy and reported the formation of
AlsNiz and AlsNi, the intermetallic compounds on the
treated layers, which could reduce corrosion resistance.
Presd et al. also applied the above process on A352
aluminum and reported similar results [19]. There is little
or no information on the application of pulse current for
electrodeposition metallic elements prior to heat
treatment in diffusional coatings. Therefore, in this study,
nickel was pulse-electrodeposited on 2024 aluminum
alloy before being heat treated. In addition, the effect of
the duty cycle and frequency was evaluated.
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2. MATERIALS AND METHODS

In this study, 20x20x4 mm specimens were cut out
from AA2024 aluminum alloy (with a composition
containing 4.41 wt.% Cu, 1.52 wt.% Mg, 0.50 wt.% Mn,
0.09 wt.% Si, 0.02 wt.% Fe, 0.02 wt.% Cr, and 0.20 wt.%
Zn), and they were used as the substrates. Figure 1 shows
the microstructure of the received substrate. Based on the
studies by Goli et al. and Ghorbanzadeh et al., the
precipitates identified by the red circle appear to be
copper-rich compounds [20,21].
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Figure 1. Optical micrograph of the AA2024 aluminum
substrate

The specimens were then cleaned and polished with
Emery paper up to 1200 grades. After washing the
specimens with acetone, they were etched in a solution
containing 50 g/L sodium hydroxide at 70 °C for 15
seconds and then washed in water. This step was repeated
with a 65 % nitric acid solution for 5 seconds. At the final
stage of the substrate preparation, the samples were
immersed in zincate solution for 20 seconds (containing
2 g/L FeCly, 5 g/L CuSOs, 40 g/L KHC4H40s, 10 g/L
KCN, 106 g/L NaOH, 40 g/L ZnSO., and 30 g/L
Ni(SOa4)2).

Pulse electroplating was applied to nickel plating using
Watts bath. The chemical composition of the bath is
given in Table 1. A pure nickel sheet was used as anode,
and the distance between AA2024 cathode and anode
was fixed at 4 cm. The pH of the bath was 4 and its
temperature was kept in the range of 45-55 °C. The
current density was 2 A/dm? and the plating time was 15
minutes. Electroplating was performed at two pulse
frequencies of 50 and 100 Hz and in two duty cycles of
25 and 50 %. After plating, the samples were heat-treated
in a furnace under an argon gas atmosphere with a purity
of 99.99 % at a temperature of 500 °C for 60 minutes.
Table 2 shows the coding of the specimens according to
their process conditions.

TABLE 1. Composition of Watts nickel plating bath

Brightener 50 g/L
Nickel sulfate (NiSO4:6H20) 400 g/L
Boric acid (HsBOs) 50 g/L
Nickel chloride (NiCl2-6H20) 100 g/L

TABLE 2. Specimen’s coding based on process parameters

Sample's Code Fre(ql_lljze)n & Dut;(/o/?)ycle treﬁtﬁgnt
p1 50 25 None
p2 100 50 None
PH1 50 25 ves
PH2 100 50 ves

The surface morphology and cross-sectional area of the
electroplated and heat-treated specimens were examined
by a VEGA/TESCAN Scanning Electron Microscope
(SEM) equipped with Energy Dispersive Spectroscopy
(EDS) analyzer. Phase analysis of the specimens was
performed by PHILIPS PW1730 X-Ray Diffractometer
(XRD) using a Cu K, with a wave length of 1.54056
angstrom and a scanning speed of 0.05 degrees per
second.

Polarization test was used to study the corrosion
behavior of the coatings. Corrosion tests were performed
in a 3.5 % NaCl solution. All potentials in this study were
measured relative to Ag/AgCI. In all experiments, the
solution temperature was 25 °C, and the sweeping speed
was 1 mV/s. Before starting the test, the samples were
immersed in the solutions for 1 hour.

3. RESULTS AND DISCUSSION

SEM images in Figure 2A-D show surface
morphologies of the nickel-plated specimens before (P1
and P2) and after heat treatment (PH1 & PH2),
respectively. Colonies of deposited nickel are observed
in these images. In Figure 2C and D, the distances
between the colonies are reduced, which may be due to
the growth of the colonies. Heat treatment at high
temperature and sufficient time results in a more or less
proper diffusion and crystallites growth in the coating
that leads to the agglomeration and enlargement of the
colonies [22].
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Figure 2. SEM images after electroplating and heat treatment:
A) P1, B) P2, C) PH1, and D) PH2

Figure 3A-B shows SEM cross-sectional micrographs
of the nickel electrodeposited specimens achieved in two
different conditions of P1 and P2, indicating that the
coating is thickened by increasing frequency and duty
cycle. On the whole, as the duty cycle increases, the
current on time increases and the off-time reduces. This
situation leads to the formation of a thicker layer. On the
other hand, increasing frequency results in a shorter pulse
duration that leads to a thinner diffusion layer. Thus,
transformation and diffusion of metal ions from the
electrolyte to the surface of the cathode become easier.
Therefore, increasing the pulse frequency can result in
the thickening of the deposited layer [25]. The type of the
frequency applied in pulse electrodeposition also affects
the thermodynamics and kinetics of electrochemical
reactions, consequently influencing the deposit’s
characteristics and properties such as wear and corrosion
resistances [23-24].

491 um

L2=583um

Figure 3. Cross-sectional SEM images of A) P1 and B) P2
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Figure 4 illustrates the cross-sectional SEM images of
the PH1, PH2 specimens and the result of the EDS
analysis at the interface of the heat-treated PH2
specimen. As shown in Figure 4, a relatively thin layer
has been formed at the interface between the coating and
the substrate in the PH1 specimen, while this layer did
not develop in the PH2 specimen. The reason for these
structural differences is mainly related to the differences
in the process parameters. By reducing the duty cycle, the
sizes of the crystallites are reduced, and coating with a
fine structure is formed on the substrate [17,27,28]. As
the size of the crystallites decreases, the density of the
grain boundary increases and, as a result, the paths prone
to diffusion increase [17,27,28]. Consequently, diffusion
facilitates and happens easier during heat treatment of the
specimen which is electroplated in a lower duty cycle. As
a result, a thin layer of about 300 nm consisting of
intermetallic compounds was formed at the interface of
PH1. The EDS results of this layer show that in addition
to the nickel and aluminum substrates, magnesium from
the substrate, zinc, and sulfur from the zincate layer and
oxygen are also present in the EDS analysis. The high
input of substrate elements in the EDS result results from
the low thickness of the coating. Therefore, to accurately
investigate this phase, the XRD test is required.

XRD patterns of the coated specimens before and after
heat treatments are given in Figure 5. The main peak for
nickel plated specimens (P1 & P2) in the range of 45 to
46 degrees appears to be a little bit broadened that could
be an indication of some degrees of amorphism in the
coating structure. Numerous studies have suggested that
in electroplating and electroless plating, nickel coatings
might be amorphous or semi-amorphous [29]. When the
plating process is applied at more or less high speeds, the
formation of coating in an amorphous manner is possible.
Random placement of nickel atoms on the surface of the
substrate deprives them of the opportunity to crystallize,
and the atoms take a shorter order of domain [30,31].
Nevertheless, when the duty cycle increases, the intensity
of the crystalline nickel peak in (111) increases. Similar
results were reported by Borkar et al. [32].

After heat treatment, the amorphicity of the coating
was entirely vanished and the coating turned to become
crystalized. XRD pattern of the PH1 specimen indicates
that the AlsNi intermetallic compound has been formed
in the coating (Figure 5). This peak corresponds to the
thin layer identified in the coating-sublayer interface in
Figure 4-A. Since the coating was formed with a much
smaller grain size in the lower duty cycles, the density of
grain boundaries in this case was higher than that in the
specimen coated with a higher duty cycle. The grain
boundaries are highly suitable pathways for diffusion that
is activated at high temperatures with sufficient time.
Therefore, diffusion via grain boundaries leads to the
formation of a thin AlsNi intermetallic layer.
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Figure 4. Cross-sectional SEM images of A) PH1, B) PH2,
and C) EDS analysis of PH1 near the interface
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Figure 5. XRD patterns of the electrodeposited nickel before
(P1 & P2) and after heat treatment PH1 & PH2)

Figure 6 shows the polarization curves achieved from
corrosion tests of the specimens. These results show that
the corrosion current density of the coating achieved at
higher duty cycle and higher frequency is slightly higher
than the one obtained in the lower duty cycle and
frequency by around 10 %. In other words, corrosion
resistance is slightly reduced when the duty cycle and
frequency are doubled. These results also show that heat
treatment adversely affects the corrosion resistance of the
specimens. This might be related to the amorphicity of
the electrodeposited nickel which disappears by heat
treatment [33]. As shown in Figure 6, the PH1 specimen
has higher corrosion resistance than the PH2 specimen.
This might be due to the formation of AlsNi thin film that
could create a new barrier against the corrosive agent.
Previous researches have also shown that Al;Ni
intermetallic compound has high corrosion resistance
[34].
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Figure 6. Polarization curves of the electrodeposited nickel
before (P1 & P2) and after heat treatment PH1 & PH2)

4. CONCLUSIONS

1- Increase in the frequency and duty cycle resulted in the
thickening of the nickel coating achieved from pulsed
electrodeposition.

2- Heat treatment improved the crystallinity of the nickel
coating.

3- Heat treatment of the nickel coated specimen achieved
in the duty cycle of 25 % and frequency of 50 Hz
resulted in the formation of thin AlsNi intermetallic
layer at the interface of the coating and substrate.

4- After heat treatment, the corrosion resistance of the
coating deteriorated. Among the heat-treated
specimens, the one with the intermetallic compounds
at its interface exhibited better corrosion resistance
than the specimen without the intermetallic
compounds.
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