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Abstract 
The aim of this investigation was to determine the influence of the 

recrystallization temperature and recrystallization time on the microstructure and 
mechanical properties of the PdNi5 alloy subjected to cold deformation in the process of 
rolling at a constant deformation degree. The samples of PdNi5 alloy were 
recrystallization annealed within the temperature range of 200-1000ºC and annealing 
time range of 20-45 min after cold rolling with deformation degree of 97%. The tensile 
test was carried out using universal material testing machine. The hardness was also 
measured on the combined device for measuring Vickers and Brinell hardness. 
Metallographic observations were performed on an optical microscope. The analysis of 
the results of investigations regarding the microstructural changes and corresponding 
mechanical properties of cold-rolled PdNi5 strips shows that annealing temperature of 
500ºC was sufficient to activate the energy for various recrystallization processes 
causing a change in the mechanical properties of cold-rolled PdNi5 strips. The 
annealing time, at constant annealing temperature, almost did not affect a 
recrystallization temperature and the mechanical properties of the cold-rolled PdNi5 
strips. 
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Introduction 
Phase diagram of Pd-Ni shows that these alloys form solid solutions across all 

composition range with minimum on the liquidus and solidus curve (1273°C at 45% Pd) 
[1]. The magnetic transformation extends from the Ni side almost to the Pd side, with a 
continuous decrease in temperature. No long-range order has been found in the Pd-Ni 
alloys. However, a short range order was revealed in a single-crystal [2] and 
polycrystalline [3] samples by X-ray diffraction analysis. According to [2], the short 
range order is related to the formation of local ordered branched clusters in the form of 
rods, which are parallel to the <100> axes and lie in  the {100} planes. The maximum 
degree of short-range order is reached after a prolonged annealing in the temperature 
range from 370 to 490ºC. No short range-order was observed in the alloys quenched 
from 600ºC and higher. 

Stoichiometric Pd-Ni alloys exhibit the existence of fine regions characterized by 
a high degree of the Pd3Ni- and PdNi3-type order [3]. Character of order and its degree 
remain unchanged in a temperature range from room temperature to 700ºC [3] which is 
contrary to [2].    

X-ray diffraction analysis and residual resistivity measurements are used to study 
the short-range order and fine crystal structure of the Pd-25 at % Ni solid solution 
deformed at room temperature and its changes during isochronous annealing. A short-
range order was shown to exist in the deformed alloy. During the annealing, the 
character of the order remains unchanged. Possible physical processes that cause the 
nonmonotonic changes in the short-range order, fine crystal structure parameters, and 
residual resistivity are considered [4]. 

Monte Carlo (MC) simulations with the embedded atom method (EAM) are set 
up and were used to investigate the segregation at PdxNi100- x(1 0 0), (1 1 0) and (1 1 
1) surfaces (1≤ x≤50) as a function of temperature [5]. Simulations in the temperature 
range from 600 to 1000 K show a pronounced segregation of Pd for all compositions, 
which is in agreement with the lower surface energy of Pd. At higher temperatures, the 
Pd segregation is less pronounced (exothermic segregation in disordered alloys). For 
Pd-richer alloys, the tendency for segregation is attenuated as the strain energy becomes 
less important. 

Changes in hardness of Pd-5Ni alloy after homogenization annealing were 
analysed in order to determine the optimal conditions for a thermomechanical 
processing regime for this alloy [6]. By using the full factorial experimental design at 
three levels and analysing experimental data, a mathematical model was defined. In the 
investigated ranges of parameters: temperature (800, 900 and 1000ºC) and time of 
homogenization annealing (30, 60 and 90 min)), the obtained empirical equation can be 
applied for the prediction of system response. 

Electric and magnetic behavior of the system Ni-Pd alloys were studied in the 
papers [7,8]. Perpendicular magnetic anisotropy of Pd/Ni-multilayers (MLs) with (111) 
and (100) orientations strongly depends on the crystal orientation. Thermodynamic 
properties of Ni-Pd system alloys were investigated in the temperature range 700-
1200°C [9]. Based on these studies, it was concluded that the excess entropies of mixing 
are positive for all compositions. This is considered to be the primarily result of 
ferromagnetic properties of the alloys. 
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The structure and surface of Pd-Ni alloys have been studied by different 
techniques [10, 11]. Stress-rupture curves are often used to specify the high temperature 
performance of structural materials. According to [12] pure platinum and palladium and 
their alloys, unlike nickel, do not suffer from a generic form of high temperature 
embrittlement or weakening due to exposure to environments containing oxygen. The 
rupture properties of high purity palladium strips at 1200ºC were similar to those of the 
less purity. The catalytic activity of palladium is slightly changed by alloying with 
nickel [13-15]. Pure palladium is too soft to be used for chemical application in the 
production process of nitric acid [16]. Alloying palladium with nickel increases its 
mechanical properties significantly while the catalytic activity is not reduced.  

The aim of this paper is to contribute to the establishment of a database of 
platinum metals, primarily a database on palladium and its alloys. For that purpose, the 
hardness, tensile strength and elongation were investigated as the function of annealing 
time and annealing temperature at a constant deformation degree. 

Experimental work 
All experimental investigations were carried out on PdNi5 samples with content 

of Ni in all samples 5 wt.%, Pd - purity 99,99% and Ni - purity 99,95%. Palladium, used 
for for alloying, originated from the RTB Bor production of electrolytic copper, was 
obtained as a by-product. The additional refining treatment in the Mining and 
Metallurgy Institute was carried out in order to increase the purity of palladium. 
Impurities were: Ag, Cu, Fe, As, Sb and Bi. In order to achieve better compacting of 
materials, Pd-powder and Ni-sheet metal were pressed in a hydraulic press with 
pressure of 270 daN/cm2. 

Melting of PdNi5 alloy was carried out in the medium frequency induction 
furnace, in the MgO crucible, size h1×h2 = 85×80 mm, d1×d2 = 65×55 mm. The casting 
temperature of the PdNi5 alloy was 1520oC. Molten batch was overheated before 
casting for 150-170oC. Casting was done in graphite mold, pre-heated at a temperature 
of 350-400ºC. Homogenization annealing of samples was carried out in an electric 
resistance furnace of chamber type LP08 at 900oC for 30 minutes according to results of 
previous research [6, 17]. Cold-rolling of samples was performed on the two-cage 
rolling mills for wire, from 200×120 mm to the dimensions of 1.7×1.7 mm. After the 
rolling, PdNi5 alloy samples, in the form of strip, with the deformation degree of 97%, 
were subjected to recrystallization annealing in the temperature range of 200-1000ºC 
and annealing time range of 20-45 min. 

Hardness measurement was performed on the combined device for measuring the 
hardness by Vickers and Brinell, WPM (Werkstoffprüf-maschinen), Leipzig, Germany, 
with an applying force of 200 daNmm-2. 

Mechanical characteristics of wire (Rm and A), were tested on a universal 
material testing machine Instron 1332, applying load of 100 kN. The strips were 
tightened by mechanical jaws and stretched with a speed of 10 mm/s. Prior to testing all 
specimens were cut to a length of 150 mm. 

Chemical analysis of samples was done on the atomic absorption spectrometer 
(AAS, Produced by: Perkins & Elmer, Model: 403, Detection limit: 0, 0001 g/dm3). 

Microstructural testing of the alloy was done on samples with a diameter of 20 
mm and 5 mm in height. The samples were prepared according to standard procedure - 
grinding, polishing (polishing machines ROWA E-KG) with 0,05 μm Al2O3 powder and 
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etched a few seconds with solution of 1 g CrO3 +20 ml HCl to reveal the  
microstructure. Optical microscopy was performed on metallographic microscope 
EPYTIP 2, with magnification of 200 to 400x. 

Results and discussion  
The results of dependence of Vickers hardness of cold deformed samples, on 

annealing temperature and time, for ε=97%, are shown in Figure 1. The results of 
dependence of tensile strength, Rm, on annealing temperature and time, for ε=97%, are 
shown in Figure 2. The results of dependence of elongation, A, on annealing 
temperature and time, for ε=97%, are shown in Figure 3. The results of microstructural 
testing are shown in Figure 4. 

Based on the presented results of hardness changes as a function of annealing 
temperature (Fig. 1) it can be concluded that the hardness values of the cold deformed 
alloy for temperatures below 400oC do not change, but internal stresses are removed. 
There are no structural changes compared to the structure of the cold-deformed sample, 
which was documented by metallographic tests (Fig. 4a). Concerning the recovery 
interval of crystals, there is a slight decrease in hardness in the temperature range of 
400-500oC, due to the removal of internal stresses as well as the recovery of the crystal 
structure by removing small defects in the lattice caused by the increased speed of 
diffusion of atoms. At 500oC hardness decreases sharply which indicates that a texture 
change occurred, i.e. a new structure has been formed. The newly formed structure, 
during the primary recrystallization which occurs in a narrow temperature range from 
500-600ºC, is polygonal with unstrained grains (Fig. 4b). Further increase of the 
annealing temperature above 600ºC leads to a gradual, but quite small, hardness 
decrease, due to an increase in grain size, which is a sign of secondary recrystallization 
(Fig. 4c). 

 

Fig. 1. Dependence of PdNi5 hardness on annealing temperature and annealing time 
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Fig. 2. Dependence of tensile strength on annealing temperature and annealing time 

 

Fig.3. Dependence of elongation on annealing temperature and annealing time 

Based on the results of tensile strength changes as a function on annealing 
temperature (Fig.2) it can be seen that the tensile strength of cold-worked and 
differently heated PdNi5 alloy samples in the form of strip does not change 
continuously with  increase of temperature annealing. Tensile strength practically does 
not change up to the temperature of 400ºC, while in the temperature range 400-500ºC 
there is a slight decrease in its values. This is a result of reducing the concentration of 
errors and their redistribution in the lattice. At 500ºC there is a sharp decrease of tensile 
strength. This change takes place in a very narrow temperature range (500-600ºC) and is 
the result of progression of the recrystallization process and the formation of a new, 
undeformed structure, which is registered by metallographic examination (Fig. 4b). 
Increase of the annealing temperature above 600°C leads to grain growth which causes a 
further slight decrease in tensile strength as a consequence of the occurrence of 
secondary recrystallization, characterized by   coarsening of the structure (Fig.4c). 
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From the results of  relative elongation changes as a function of annealing 
temperature (Fig. 3) it can be seen that the relative elongation with an increase in the 
annealing temperature to 400ºC practically does not change, while in the temperature 
range 400-500ºC there is a slight increase in the values of relative elongation. At 500ºC 
a rapid increase in the relative elongation values occurs. Further increase of the 
annealing temperature, above 600ºC, causes a slight increase in the relative elongation. 
Considerations related to the causes of the of tensile strength behavior apply also for the 
relative elongation changes. 

It was also observed that time of recrystallization annealing insignificantly 
affects recrystallization temperature, and thus the mechanical properties of the alloy 
PdNi5. The values of the mechanical characteristics (HV, Rm and A) almost have 
identical values for different times at the same annealing temperatures. 

 
  

a) b) c) 

Fig. 4. Optical microphotographs of the alloy with deformation degree 97 %, after 
annealing for 30 minutes at: (a) 500ºC, (b) 700ºC, (c) 900ºC. The samples are water-

quenched. 

The energy that accumulates during deformation renders cold-worked metal 
thermodynamically unstable. Therefore, there is a tendency that cold-worked metal 
returns to a state with lower Gibbs energy, which is closer to equilibrium-undeformed 
state. This transition is caused by a number of mechanisms associated with thermal 
mobility of atoms of the crystal lattice, with the diffusion processes, recreep of 
dislocations, transverse slide of dislocations [18, 19]. These processes gradually activate 
during alloys heating, leading to a reduction in the orientation of the metal grains - 
distorted parts of structures and restoring the properties to a state similar to that before 
deformation. 

In presented case, for all samples, regardless of the duration of the 
recrystallization annealing process, annealing temperature of 500ºC was sufficient to 
produce the necessary for activation of various processes causing changes in the 
mechanical properties of the PdNi5 alloy. As a result, there has been a decline in the 
value of the hardness and tensile strength, at the expense of an increase in elongation as 
a function of annealing temperature.  

Real contribution of these investigations results is precise determination of heat 
treatment parameters in processing of platinum metals in Mining and Metallurgy 
Institute Bor.  
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Conclusion 
By analyzing the obtained results of tests conducted on PdNi5 alloy samples it 

can be concluded the following: 
 By testing the hardness of PdNi5 alloy samples as a function of annealing 

temperature, for the deformation degree of 97%, it was observed a sudden 
decrease corresponding to the recrystallization temperature.  

 Annealing time almost did not affect recrystallization temperature, and, 
therefore, the mechanical properties of the PdNi5 alloy samples. 

 In the temperature range of 400-500ºC, which is an interval of recovery of 
crystals, there is a slight decline in the values of hardness and tensile 
strength, while the relative elongation values slightly increase. These changes 
are the consequence of the removal of internal stresses as well as the 
recovery of the crystal structure.  

 Due to the progression of the recrystallization process and the formation of a 
new, undeformed structure at 500ºC there is a rapid decline in the values of 
hardness and tensile strength with a simultaneous increase in the relative 
elongation values. These changes take place in a very narrow temperature 
range of 500-600ºC.  

 Further increase of the annealing temperature above 600ºC leads to the 
gradual, but quite small, decline in the values of hardness and tensile strength 
with a simultaneous slight increase in the relative elongation as a result of the 
occurrence of secondary recrystallization. 
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