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The goal of the present work is to demonstrate that a bulk, ultra-fine grained microstructure can be 
obtained by the hydrostatic extrusion process of a 99.5% technical purity of nickel. Deformation with the 
total true strain of 3.8 was performed at room temperature to a wire 3 mm in diameter. Microstructure was 
characterized by light microscopy, TEM, XRD and mechanical properties. Hydrostatic extrusion was 
shown to be an effective method of severe plastic deformation, which allows ultra-fine grained structures 
to be obtained within the deformed material. After cumulative hydrostatic extrusion, the yield stress 
tripled, reaching a maximum of 812 MPa with a moderate elongation of 13%. A mean subgrain size of 
200 nm was observed, with a considerable diversity in the size of individual grains. For the final passes of 
hydrostatic extrusion, a slight decrease in the mechanical properties was observed, accompanied with an 
increase in crystallite size. This is explained in terms of thermal softening processes activated by the heat 
generated during hydrostatic extrusion. 
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1. Introduction 

Severe plastic deformation (SPD) is commonly applied to generate nanostructures 
in metals. By SPD methods the mean grain size is usually reduced to 100–500 nm 
(ultra-fine grained structures, UFG), and even below 100 nm (nanocrystalline struc-
tures, NC). This results in substantial strength increase, accompanied by a reduction 
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in toughness. In some cases, however, the SPD technique has allowed very promising 
combinations of high strength and ductility to be achieved [1, 2]. 

Up to now, the main SPD techniques having been studied for bulk metals are: high 
pressure torsion (HPT) [3, 4–6], equal-channel angular pressing (ECAP) [3, 7, 8], 
multiple rolling [9, 10], and cyclic extrusion-compression (CEC) [11]. The majority 
of the metals investigated by these methods were ductile metals, such as copper and 
aluminium and its alloys [2]. Somewhat harder materials, such as Fe [12], Ni [20], or 
Al–Ti [13] and Al–Fe–Ni [14] alloys, were usually processed by the powder consoli-
dation of nanopowders. Powder methods, however, often result in low ductility of the 
final products [1]. Recently, the hydrostatic extrusion (HE) method has been used for 
obtaining NC structures in metals [15, 16]. The HE process has been used to generate 
NC structures in aluminium, aluminium alloys, and titanium [15, 16]. 

NC nickel has been processed into thin films by electro-deposition techniques 
[17, 18]. The development of an effective fabrication method that allows bulk, large 
volumes of NC nickel to be obtained may be an alternative for the consolidation of 
nanopowders [2, 3]. Only few literature data on ultra-fine grained UFG nickel, proc-
essed by HPT (grains ~100 nm) [19] and ECAP combined with rolling (grains 
~ 300 nm) [3], have been reported up to now. On the other hand, nickel characterized 
by high strength and good ductility can find immediate application in micro-electro-
mechanical systems (MEMS) [20–25]. 

In the present paper, the effect of cumulative HE on the microstructure and me-
chanical properties of nickel of 99.5% technical purity are presented and discussed. 

2. Experimental 

Nickel of technical purity 99.5% in the shape of a forged rod was used for machining 
the billet for hydrostatic extrusion in the form of a cylinder with OD = 20 mm and 
length 50 mm. Cumulative (multi-pass) HE was run in seven consecutive passes, with 
a total true strain 3.8, the strain rates varying between 2.3 s–1 and 1.18×102 s–1, and the 
extrusion pressure ranging between 500 MPa and 1400 MPa. The final diameter of the 
extruded wire was 3 mm. The macrostructure of the initial material and after the first 
three passes of HE was evaluated by light microscopy (METAVAL Zeiss). Specimen 
for light microscopy were polished and chemically etched with the solution containing 
HNO3 (85 cm3), HCOOH (18 cm3), H2O (17 cm3). The microstructure of the final wire 
was investigated by transmission electron microscope (Philips EM-300), and the texture 
and crystallite size were investigated by X-ray diffraction using CuKα radiation (Sie-
mens D500). All structural investigations were made on the transverse cross sections of 
the extruded wires. The ultimate tensile strength, yield stress, and elongations were 
evaluated at room temperature from tensile (MTS-810) and compression (QTEST/10 
-MTS) tests under a 2×10–3 s–1 strain rate. Microhardness and microhardness distribution 
tests were also measured (Zwick-HV0.2/15). 
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3. Results and discussion 

The initial material shows a mean grain size of ~200 μm (Fig. 1a), and the mate-
rial contains annealing twins. The macrostructure after three passes of HE with the 
total strain ϕ = 2.77 is shown in Fig. 1b. Apparently, the macrostructure undergoes 
drastic refinement and shows substantial disturbance, confirming the large degree of 
deformation (almost 95% reduction). 

  
Fig. 1. Light microscopy images of nickel 99.5%:  

a) the initial state (before HE), b) after three consecutive hydrostatic 
extrusion passes (true strain ϕ = 2.77) 

Fig. 2. TEM image of the microstructure of nickel 
99.5% after seven consecutive hydrostatic  

extrusion passes (true strain ϕ = 3.8)  

Figure 2 shows a TEM image of nickel after seven consecutive extrusion passes 
(true strain ϕ = 3.8). Subgrains with an approximate mean size ~200 nm are observed. 
The mean diameter of grains is reduced by ~1000 times, starting from 200 μm down 
to ultra-fine subgrain structure. X-ray diffraction patterns have thereby revealed low 
misorientation angles between individual subgrains. The observed microstructure is 
non-uniform (inhomogeneous) and subgrain sizes vary substantially. For structural 
applications, it is even better to generate an inhomogeneous substructure, substan-
tially differing in grain size [1]. As has been reported, such a mixed substructure leads 
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to the optimum combination between strength and ductility. Therefore, the highly 
inhomogeneous substructure obtained in the present work (Fig. 2) can be advanta-
geous from the point of view of future applications. Up to now, such mixed structures 
have been obtained in copper [26, 27], with micrometer size grain content ~25 vol. %, 
and in zinc [28] and aluminium alloys [29]. According to previous investigations, 
nanograins are crucial for obtaining high strength and micrometer sized grains stabi-
lize the plastic deformation process in metals [1, 26, 27]. 

To evaluate the ultra-fine grained structure behaviour within deformed nickel, 
XRD scans on the transverse cross sections of the extruded wires were made. Already 
after the first extrusion pass (ϕ = 1.38), the substantial refinement of crystallite do-
mains in all selected crystallographic orientations was observed (Fig. 3). Further ex-
trusion passes led to much smaller crystallite decrease, with an evident increase 
(approximately 30% in the <111> direction) in the last extrusion pass (ϕ = 3.8). 

 
Fig. 3. Crystallite sizes in hydrostatically extruded nickel 99.5%  

for four crystallite planes orientations, evaluated from X-ray diffraction patterns 

The texture in nickel after consecutive extrusion passes was also evaluated in 
a quantitative way. Table 1 shows the volume content of crystallites in a given orien-
tation. In comparison to isotropic material, <110> crystallite orientation dominates in 
the initial state, which can be attributed to rod forging. After the first extrusion pass 
(ϕ = 1.38) a domination of <111> begins, which continues to increase with subse-
quent passes. This is a typical texture of the axis-symmetrical deformation processes 
of wire drawing [30]. After the fourth pass (ϕ = 2.98), the contribution of <111> crys-
tallites starts to decrease and a new orientation, <311>, emerges. This is accompanied 
by an increase in crystallite sizes, resulting from the result of heat generated during 
high-speed severe extrusion [31], which plays a more meaningful role for thinner 
wires during the last extrusion passes. Thin wires with a high surface-to-volume ratio 
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are more susceptible to recovery and recrystallization activated by temperature in-
crease due to friction and the work of deformation. Microstructure recovery leads to a 
decrease in strength and an increase in the ductility of the material. 

Table 1. Volume content of coherent domains in nickel 99.5%  
after consecutive hydrostatic extrusion passes 

Number of extrusion passes Crystallo- 
graphic 

direction 

Isotropic 
Ni 

Initial 
material 1 

(ϕ1 = 1.38) 
2 

(ϕ = 2.41) 
3 

(ϕ = 2.77) 
4 

(ϕ = 2.98) 
5 

(ϕ = 3.21) 
7 

(ϕ = 3.8) 

<111> 0.16 0.156 0.863 0.803 0.819 0.782 0.743 0.701 
<200> 0.12 0.083 0.064 0.142 0.116 0.107 0.100 0.067 
<220> 0.24 0.285 0.000 0.005 0.004 0.009 0.011 0.016 
<311> 0.48 0.477 0.074 0.051 0.062 0.103 0.147 0.216 

1ϕ – true strain. 

Microhardness measurements have confirmed the recovery processes (Fig. 4). 
A maximum microhardness of 2.27 GPa has been measured after the fourth pass with 
ϕ = 2.98, (an increase of 1.7 times compared to the initial material). The yield stress 
also reaches a maximum for a true strain of ϕ = 2.98. At this stage, the yield stress has 
tripled, reaching 812 MPa. Although the largest increase in microhardness and 
strength was measured after the first extrusion pass (ϕ = 1.38), it is attributed to the 
highest reduction applied for that pass. The final yield stress (after 7 extrusion passes, 
ϕ = 3.8) reached 783 MPa, i.e. 2.8 times larger than for the initial material. The re-
spective increase in ultimate tensile strength was 2.5. This was accompanied by 
a drop in elongation of 40–13%. 

 
Fig. 4. Microhardness (HV0.2) and yield stress of nickel 99.5%  

after consecutive hydrostatic extrusion passes 



M. KULCZYK et al. 844 

 

 

Fig. 5. Microhardness distribution at the transverse cross sections  
of nickel 99.5% wires (a), and the standard deviation (SD) of microhardness  

plotted against the true strain in hydrostatic extrusion (b) 

The transformations of the microstructures in extruded nickel are well seen on the 
microhardness distribution graphs measured across the extruded wires (Fig. 5a). The 
initial, relatively stable distribution of microhardness shows higher oscillations in the 
intermediate range of extrusions, and recovers its high uniformity for the fourth pass 
(ϕ = 2.98) of the extrusion. With further deformation, disordering begins again and 
progressively increases up to the seventh pass (ϕ = 3.8). The standard deviations, SD, 
of microhardness are plotted as functions of true strain in Figure 5(b). The initial ma-
terial is characterized by lower variations in microhardness, confirming its homogene-
ity. With an increasing number of HE passes, homogeneity decreases (SD increases), 
and at a certain true strain suddenly drops. After the fourth pass, ϕ = 2.98 (wire di-
ameter 4.5 mm), SD is lowest, which suggests a highest homogeneity of microstruc-
ture. Further passes result in an increase of SD, indicating that the microstructure 
changes (homogeneity decreases again). 
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Table 2. Comparison between the mechanical properties of nickel after ECAP, rolling,  
and annealing [3] and nickel after cumulative hydrostatic extrusion (present work) 

Material history 
Ultimate tensile 
strength, UTS 

[MPa] 

Yield stress 
0.2% YS 

[MPa] 

Elongation 
to fracture ε 

[%] 

8 passes of ECAP1 + cold rolling + annealing 200 °C/1h 890 835 11.7 
7 passes of hydrostatic extrusion 820 783 13.0 

1ECAP – equal channel angular pressing. 

In Ref. [3], an ultra-fine grained microstructure in nickel has been generated by 
the combination of two methods, ECAP and rolling, followed by final heat treatment. 
In Table 2, the results of the complex, thermomechanical procedure of Ref. [3] are 
compared with the results of the present research, in which the HE process alone 
(without final heat treatment) has allowed similar mechanical properties to be 
achieved with the same level of elongation. 

4. Conclusions 

Nickel of 99.5% purity has been hydrostatically extruded with a cumulative strain 
of 3.8. Remarkable microstructure refinement by three orders of magnitude (initial 
grains of 200 μm to final subgrains of 200 nm) was observed. The transformation in 
microstructure was accompanied by a substantial increase in mechanical properties 
(~3 times in yield stress and over 1.7 times in microhardness). After the final passes 
of extrusion, a coarsening of the microstructure was observed, accompanied by a de-
crease in yield stress and microhardness. This can be attributed to the recovery proc-
esses activated by thermal effects generated during high speed (~1.2×102 s–1) hydro-
static extrusion. Moderate ductility (ε ~13%) in extruded wires can be attributed to 
the mixed (non-uniform) character of the microstructure obtained after extrusion 
(a wide variety in subgrain sizes and defect content). Using cumulative hydrostatic 
extrusion, 99.5% nickel with high strength (above 0.8 GPa), high hardness (above 
3 GPa), and moderate ductility (13%) has been obtained, whch brings closer the po-
tential application of this material in, for example, MEMS systems. 
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