MINING AND METALLURGY INSTITUTE BOR
UDK: 622

ISSN: 2334-8836 (Stampano izdanje)
ISSN: 2406-1395 (Online)

UDK: 622.271:621.967(045)=111 d0i:10.5937/mmeb1702131I

Aleksandra T. Ivanovi¢”, Biserka T. Trumi¢”, Svetlana Lj. Ivanov™, Sasa R. Marjanovi¢™

PdNi5 ALLOY: EFFECT OF THERMO-MECHANICAL
TREATMENT ON MECHANICAL AND

*kk

MICROSTRUCTURAL PROPERTIES

Abstract

In this paper, the effect of thermomechanical processing on microstructure and mechanical proper-
ties of cold rolled samples of PdNi5 alloy was investigated for the purpose of its characterization. After
melting and casting in a vacuum, a thermomechanical treatment was applied including the homogeniza-
tion annealing in temperature range 800-1000°C for 30, 60 and 90 minutes, cold rolling with defor-
mation degrees of 60, 85 and 97%, recrystallization annealing in the temperature range of 200-1000°C
for 20, 30 and 40 minutes and electroresistant annealing at speed of 14, 16 and 24 meters per minute for
the PdNi5 wire with diameter of 0.15 mm, and at speed of 18, 22 and 24 meters per minute for the
PdNi5 wire with diameters of 0.111 and 0.08 mm with measurement of hardness, tensile strength, rela-
tive elongation and observing the structural changes using optical and SEM microscopy

The test results of influence of parameters of thermomechanical processing on the mechanical and
structural properties of the PdNi5 alloy show that the process should be led in strictly defined conditions
in order to be able to use this alloy for making catalyst-catchers in high-temperature catalytic processes
in the production of nitric acid.
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INTRODUCTION

The high price of palladium is a limiting
factor in the study of Pd-Ni alloys, so the
number of scientific papers which include
their characterization is relatively small.
However, a widespread application of the
platinum based alloys in the processes of
catalysis, electronics industry, the jewelry
industry, for production the medical and
dental equipment, has led to a fact that re-
searchers in many countries make the signi-
ficant efforts to study this system alloys

[1-7]. The binary phase diagram of the Pd-
Ni system is shown in Fig. 1 [8]. It shows a
complete solubility of components in the
solid state, with minimum on the liquidus
and solidus curve (1273°C at 45at.% Pd) [8]
without superlattices or intermediate phases
[9]. In the alloys of Ni-Pd system, at cooling,
surface-centered cubic o-solid solution is
formed. As soon as is reached at cooling the
area of interruption in solubility in the solid
state is reached, at cooling, the surface-

“ Mining and Metallurgy Institute Bor, Zeleni bulevar 35, Bor, Serbia

- University of Belgrade, Technical faculty in Bor, VJ 12, Bor, Serbia

™ The research results presented in this paper are the result of technological development the Project
TR 34029 "Development of Production Technology of Pd Catalyst-Catchers to Reduce Losses of
Platinum in High Temperature Catalysis Processes", funded by the Ministry of Education, Science
and Technological Development of the Republic of Serbia

No. 1-2, 2017

131

Mining & Metallurgy Engineering Bor



centered cubic a-solid solution decomposes
into two also surface-centered cubic a - sol-
id solutions of different composition: a; -
solid solution is richer in nickel, and a -
solid solution is richer in palladium than it
fits the overall composition of the alloy.

Decomposition of surface-centered cubic a-
solid solution on the two solid solutions of
different composition but the same lattice,
is the result of different lattice constants of
the Ni (a = 0.35238 nm), and Pd (a =
0.38902 nm).
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Figure 1 The binary phase diagram of the system Pd-Ni

Only a few papers have been found
[10, 11] by the authors who dealt with Pd-
Ni and thermo-mechanical treatment on
the properties of PdNi5 alloy, and that is
why this alloy was selected for the study
in order to determine the optimal condi-
tions for thermo-mechanical processing
regime, so it could be used for making
catalyst-catchers to capture the platinum
in catalysis process at high temperatures.

Therefore, the object of this paper is to
study the effect of the complex thermo-
mechanical treatment on improvement the
mechanical properties and electrical con-
ductivity, as well as the structural changes
occuring in the alloy. Keeping in mind the
complex influence of deformation degree,
annealing time, annealing temperature and

texture on the recrystallization rate, and
also on the recrystallized grain size and
mechanical characteristics, the experi-
ments with annealing time and annealing
temperature change on the alloy Pd-5%
mass Ni with different degree of defor-
mation for further plastic processing in
order to make yhe Pd-catalyst-traps, was
carried out in this work.

EXPERIMENTAL

The binary Ni-Pd alloy with 5% mass
nickel was obtained by melting of 99,99%
purity palladium powder and 99,95% puri-
ty nickel as a sheet metal in the medium
frequency induction furnace, in a MgO
casting pot, sized h;xh, = 85x80 mm,
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dyxd, = 65x55 mm. In order to achieve
better compacting of materials, Pd-powder
and Ni-sheet metal were pressed on a hy-
draulic press with a force of 270 daN/cm?.
Casting temperature of PdNi5 alloy was
1520°C. Molten batch was overheated
before casting of 150-170°C. Casting was
done in a graphite mold, pre-heated at
temperature of 350-400°C. Samples were
melted and cast in vacuum. All cast sam-
ples with a circular cross-section (@20 mm)
were homogenized at 800, 900 and 1000°C
during 30, 60 and 90 minutes in an electric
resistance furnace of chamber type LPO08.
All samples were quenched in water. After
quenching, the samples were cold rolled on
the stand rolls with calibrated rollers, sys-
tem square-square, to the calculated dimen-
sions of 11.2 mm; 6.8 mm and 2.3 mm
with 60%, 85% and 97% reductions, re-
spectively, with the inter-phase annealing
for 15 minutes at 900°C followed by
guenching in water. Heat treatment after
rolling consisted of the recrystallization
annealing the samples of PdNi5 alloy, in a
wire form, in the electric resistance furnace
of chamber type LP08 without protective
atmosphere, at temperatures in the range
200-1000°C during 20-40 minutes interval.
All samples were quenched in water after
annealing. The final wire drawing dimen-
sions (& 0.15 mm, 0.11 mm and 0.08 mm)
were achieved by drawing with 99% reduc-
tion. After reduction, all samples were ex-
posed to the recrystallization annealing at
the electrical resistance annealing speed
from 14 m/min to 24 m/min for different
annealing voltages from 20 V to 36 V.

After the thermo-mechanical treatment,
the values of hardness, tensile strength,
elongation and electrical conductivity were
measured and structural changes were ob-
served by the optical and scanning electron
microscopy. Hardness measurement was
done on the combined device for measuring
the hardness of Vickers and Brinell, WPM,
Leipzig, Germany, at a load of 5 kgf and
load duration of 15 s according to

ASTM:E384, taking the 3-point average.
Tensile strength and elongation were meas-
ured using a universal device for tensile
testing, type ,,Mohr + Federhaf + Losen-
hansen* — Manheim and testing machine
Otto Wolpert up to 100 kg with the extent to
5 kg. Before testing, all samples were cut to
a length of 150 mm. Electrical conductivity
was measured using the Wheatstone bridge.
Microstructural changes in the course of
thermo-mechanical treatment were ob-
served on a metallographic microscope
EPYTIP 2, with magnification of 80 to 400
times and on a JEOL JSM-6610LV scan-
ning electron microscope with an EDS de-
tector. For the metallographic testing, sam-
ples were prepared according to the stand-
ard procedure - grinding, polishing (polish-
ing machines ROWA E-KG) with 0.05 pm
Al,O; powder, and etched a few seconds
with solution of 1 g CrO; +20 ml HCI to
obtain a microstructure.

RESULTS AND DISCUSSION

I The effect of homogenization
annealing on mechanical
properties and microstructure

Figure 2 shows the optical microphoto-
graphs, while Figure 3 shows the scanning
electron microphotographs of the alloy after
different thermo-mechanical treatment. Mi-
crosrtucture of the alloy after homogeniza-
tion annealing at 800°C for 30 minutes is
shown in Figures 2a and 3a. It is noted that
the used heat treatment did not lead to deg-
radation of cast dendritic structure. Homo-
genization annealing was carried out in
order to eliminate a segregation and obtain
a homogeneous structure [12]. Further
increasing of the annealing temperature to
900°C for 30 minutes (Figures 2b and 3b)
led to some equalization of concentrations
of alloying element. Dendrites form and
their boundaries to the areas that solidified
last, still exist, but the contrasts have de

No. 1-2, 2017

133 Mining & Metallurgy Engineering Bor



creased and dendrites are just discernible.
It is noticeable that duration of homogeni-
zation annealing (30 minutes at 900°C)
was not sufficient for complete homogeni-
zation of the structure, or complete break-
down of the dendritic branches. Furtherin-
creasing of the annealing temperature to

1000°C, Figures 2c and 3c , leads to a so-
lid solution grain boundaries become
clearly marked. It can also be seen that the
orientation of dendrites inside a grain is
always the same, but considerably varies
from grain to grain, showing a good
agreement with the literature data [13,14].

a) b)

©)

Figure 2 Optical microphotographs of the alloy after homogenization annealing during 30 minute
at: (a)800°C, (b) 900°C, (c) 1000°C, 80x. The samples are quenched in water

a) b)

©)

Figure 3 Scanning electron micrographs of the alloy after homogenization annealing during
30 minute at: (a)800°C, (b) 900°C, (c) 1000°C

Figure 4 shows the effect of different
parameters of homogenization annealing on
hardness values. An increase in the tem-
peratures values contributes to a decrease in
hardness values due to the equalization of
concentration difference in the structure.
Temperature influence in comparison with
influence the time of homogenization an

nealing on a change of hardness values
(Figures 4a and 4b) is significant. The cast
samples have a highest hardness value 98
HV 10 and the annealed samples at 800°C
for 30 minutes have 86.6 HV 10. Further
increase of temperature to 900°C and
1000°C leads to a decrease to 84.1 HV 10
and to 83.3 HV 10, respectively.
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Figure 4 Effect of parameters of homogenization annealing on hardness values

Figure 5 shows the effect of parame-
ters of homogenization annealing on mi-
crohardness values. It can be observed that
th microhardness values of homogenized
samples decrease with increase of temper-
ature and time of homogenization anneal-
ing. A sample after homogenization

annealing at 1000°C for 90 minutes has
minimum microhardness value (102.56
HV 0.15). According to the microhardness
value of sample after homogenization an-
nealing, it can be concluded that the mi-
crohardness at 800°C for 30 minutes de-
creases for 36%.
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Figure 5 Effect of parameters of homogenization annealing on microhardness values

The effect of homogenization anneling
on electrical conductivity values is shown
in Figure 6. Pure metals have a proper and
uniform crystal lattice, and therefore have
a small electrical resistance. Additives in
small quantities distort the crystal lattice,
and increases electrical resistance. The
same is also with the alloys from a solid
solution, i.e. which together with the so-

lidification are crystallized, and atoms are
incorporated in a crystal lattice of the oth-
er element. The temperature increase leads
to the intense thermal vibrations of atoms
in the crystal lattice, but the mobility of
conductive electrons is less due to the col-
lisions with atoms of the crystal lattice.
Comparative effect of these factors affects
the electrical conductivity values as shown
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in Figure 6. It can be observed that the
electrical conductivity values slightly

decrease with an increase of homogeniza-
tion annealing time and temperature.
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Figure 6 Effect of parameters of homogenization annealing on electrical conductivity values

11 The effect of recrystallization
annealing on mechanical
properties and microstructure

Figure 7 shows the effect of annealing
on the hardness values of finally rolled
samples with 60%, 85% and 97% reduction.
It can be seen that during annealing, the
hardness values of the cold deformed alloy
at temperatures below 400°C do not change,
but internal stresses are removed.

In the temperature range from 400°C to
500°C, i.e. in the interval of recovery of
crystals, there is a continuous decrease of
hardness in samples deformed with lower
degrees of deformation (60% and 85%),
while in samples deformed with deformation
degree of 97% this interval extends up to
600°C. In this temperature range, in addition
to the removal of internal stresses, the re-
covery of crystal structure occurs by remov-
al the small defects in the crystal lattice due
to the increased rate of diffusion of atoms. In
the area of recovery no changes in hardness
of samples occur, given that there is no
change in dislocation density, but only to
their redistribution, so there is no change in

the structure (Figure 7a). At 500°C (g = (60
or 80)%) and at 600°C (g = 97%) the hard-
ness rapidly decreases indicating the occur-
rence of a texture change, i.e. a new struc-
ture appeared (Figure 7b). The newly
formed structure, during the primary recrys-
tallization process, is a polygonal and with
the strain free grains. This character of
change in mechanical properties in this tem-
perature range is caused by reduction a dis-
location density and removal the subgrain
boundaries. Further increase in annealing
temperature above the recrystallization tem-
perature results in a gradual, but quite small,
reduction of hardness, due to the increase in
grain size, which is a sign of the secondary
recrystallization (Figure 7c).

Hardness values after recrystallization
annealing decrease with the increase of the
cold plastic deformation degree.

Recrystallization temperature of pure
palladium is around 500°C [12] and depen-
ding on the presence of impurities and de
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formation degree. It is noted (Figure 6), that
the joint effect of the alloying palladium
with nickel and deformation degree effect in
the Pd-Ni alloy, shifts the recrystallization
temperature to even 600°C. With increasing
deformation degree, recrystallization tem-
perature shifts to the lower temperature val-
ues, as a results of the increased stored ener-
gy, which causes a smaller critical size of the
nucleus and decrease in the activation ener-
gy for recrystallization, i.e., nucleation and
growth of recrystallized grains become easi-
er [12,15].

Microstructure of the PdNi5 alloy with
97% reduction after annealing at different

temperature of 500°C oriented deformation
structure retains, in all samples (Figure 8a).
Comparing to the structure of the cold-
deformed samples of PdNi5 alloy, no
change can be observed in the structure. The
shape and size of grains correspond to the
state after the end of the plastic deformation,
and also the grid orientation of individual
grains remains the basically retained [16].
By increasing the annealing temperature to
700°C, the elongated grains vanished, and
the new polygonal grains were formed (Fig-
ure 8b). This is a distinctive sign of recrys-
tallization. The increase in the annealing
temperature at 900°C causes further growth

temperatures for 30 minute is given in Fi-  of the grains (Figure 8c).
gure 8. It was noted that to the annealing
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Figure 7 Dependence of hardness, HV, PdNi5 alloy of deformation degree, annealing
temperature and time: a) 20 minutes; b) 30 minutes; c) 40 minutes
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a)

Figure 8 Optical microphotographs of the alloy with a deformation degree 97%, after annealing for
30 minutes at: (2)500°C, (b) 700°C, (c) 900°C, 400x. The samples are quenched in water

Figure 9. shows an effect of annealing  rolled samples with 60%, 85% and 97%
on the tensile strength values of finally  reduction.
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Figure 9 Dependence of tensile strength PdNi5 alloy of deformation degree, annealing
temperature and time: a) 20 minutes; b) 30 minutes; c) 40 minutes

From the study results it can be seenthat  differently heated PdNi5 alloy samples in
the tensile strength of cold-deformed and  the form of wire, does not change continu
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ously with increasing annealing temperature.
Tensile strength virtually does not change to
a temperature of 400°C, while in the temper-
ature range 400-500°C there is a slight de-
cline in Ry, This is a consequence of reduc-
ing the concentration and redistribution the
errors in a lattice. At 500°C, there is a rapid
decrease of tensile strength in samples de-
formed with a greater deformation degree
(85% and 97%), while in samples deformed
with adeformation degree of 60%, this
change occurs at 600°C. This change takes
place in a very narrow temperature range
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(500-600°C) or (600-700°C), and is a result
of advancement the recrystallization process
and formation of a new, undeformed struc-
ture, which is noted by metallographic ex-
amination (Figure 8). Further increase of
annealing temperature above 600°C or
above 700°C leads to grain growth, which
causes a further slight decrease in tensile
strength, due to occurrence the secondary
recrystallization, or structure enlargement.

Figure 10 shows an effect of annealing
on elongation values the finally rolled sam-
ples with 60%, 85% and 97% reduction.
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Figure 10 Dependence of elongation PdNi5 alloy of deformation degree, annealing
temperature and time: a) 20 minutes; b) 30 minutes; c) 40 minutes

111 The effect of electrical resisatnce
annealing on mechanical properties

Figures 11 and 12 graphically present
the dependence of tensile strength (Rm)
and elongation (A) of drawn PdNi5 wires

produced by high deformation (97%), on
annealing voltage and speed after cold
work.
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It can be concluded from the results,
shown in Figures 11a) and 12a), for the wire
diameter 0.15 mm, that with the increase of
voltage and resistance annealing speed, the
values of tensile strength slightly decrease,
while, at the same time, the relative elonga-
tion values slowly increase. The maximum
values of elongation (46.5%) with accepta-
ble value of tensile strength (321,45 MPa)
for the aforementioned wire is achieved by
annealing at voltage of 24V and speed of
24 m/min.

For the wire with diameter 0.11 mm
(Figures 11.b) and 12.b)) values of tensile
strength and elongation show a similar be-
haviour as for the wires of 0.15 mm in di-
ameter. The maximum value of elongation
(36.5%) with acceptable value of tensile
strength (313.5 MPa) was achieved by
annealing at voltage of 28V and speed of
18 m/min.

400

For the wire with diameter 0.08 mm with
increasing voltage and resistance annealing
speed, the values of tensile strength also
slightly decrease while the relative elonga-
tion values rapidly increase (Figures 11c)
and 12c)). The maximum value of elonga-
tion (35.5%) with acceptable value of tensile
strength (286 MPa) was achieved by anneal-
ing at voltage of 32 V and speed of 18
m/min. This character of change the me-
chanical properties was caused by the con-
solidation of recrystallized structure.

For voltage values lower than 20 V, for
wire of @ 0.15 mm, and 28 V for wires of
® 0.11 and 0.08 mm, as well as for the
voltage values higher than 24 V and 36 V,
the tensile strength and elongation show the
values unsuitable for further use of wires for
making palladium catalysts-catchers. Name-
ly, the insufficient or excessive annealing of
wire occurs, which results in the low values
of tensile strength and elongation.
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Figure 11 Dependence of tensile strength drawn PdNi5 wire of different diameter of
resistance annealing parameters: a) 0.15; b) 0.111; c) 0.08 mm
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Figure 12 Dependence of elongation drawn PdNi5 wire of different diameter of resistance
annealing parameters: a) 0.15; b) 0.111; c) 0.08 mm

CONCLUSION

Based on the study of the effect of ther-
mo-mechanical treatment on the properties
improvement and structural changes in the
Pd-5 wt.% Ni alloy, it can be concluded that
the best combination of properties of the
final wire (diameter 0.08, 0.111 and 0.15
mm) was achieved in the following regimes
of thermomechanical treatment:

¢ Regime of homogenization annealing
(900°C for 30 minute). With the selec-
ted regime of homogenization annea-
ling, the values of hardness (84,1 HV),
microhardness (133,32 HV) and elec-
trical conductivity (3,9 MSm-1) allows
further plastic processing.

o Regime of recrystallization annealing
(900°C for 30 minutes). With the se-
lected regime of recrystallization an-
nealing for sample deformed with the
highest deformation degree (97%), the
highest value of relative elongation
(45%) is achieved, with very satisfac-
tory values of tensile strength (310
MPa) and hardness (90,8 HV). For the
samples deformed with lower defor-
mation degrees, under the same an-
nealing conditions, the relative elon-
gation values are lower, while the va-
lues of tensile strength and hardness
are slightly higher.
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* Regimes of resistance annealing (U
and v) are different depending on the
final wire diameter. So,
for@0.15mmU =24V and
v =24 m/min;
for 0.111 mm U =28 V and
v =18 m/min;
for@0.08 mmU =32V and
v =18 m/min.
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