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Abstract This article presents an application of the

impact-induced deformation in effective grain refinement

in polycrystalline nickel. Ultrafine-grained microstructure

was processed by means of Dynamic Plastic Deformation

at room temperature using a falling impactor with a max-

imum impact velocity of 10 m s-1. The commercially pure

(98.4 wt%) starting material was characterised by a coarse-

grained (*25 lm) microstructure. Electron backscattering

diffraction and transmission electron microscopy studies

showed that the initial equiaxed grains evolved into a

laminar structure of submicron size narrow domains

delineated by high-angle grain boundaries. The texture

after deformation exhibits preferential orientations includ-

ing a strong h220i fibre texture. The mechanical behaviour

under quasi-static compression at room temperature and at

a strain rate of 2 9 10-3 s-1 was investigated in directions

parallel and perpendicular to the impact axis. Stress–strain

responses showed an increased yield strength (440–520 MPa)

compared with the initial state (90 MPa). The strain-

hardening behaviour was found to strongly depend on the

orientation of the compression axis.

Introduction

Since the pioneering work of Gleiter [1–3], ultrafine-

grained (UFG) materials have received much interest

because of the outstanding mechanical properties. As the

grain size decreases to the nanometre range, the increase in

strength is achieved at the cost of a loss in ductility.

Therefore, a combination of these properties affects the

strain-hardening capacity. Polycrystalline face-centred

cubic (fcc) metals exhibit different hardening mechanisms

dependent on the strain rate and deformation temperature.

The above-mentioned parameters might be expressed as a

single Zener-Hollomon parameter [4]:

Z ¼ _e� exp
Q

RT

� �
;

where _e is the strain rate, Q is the activation energy of the

mechanism controlling the rate of deformation, R is the

universal gas constant and T is the absolute temperature.

In plastic deformation with low Z values (i.e., low strain

rate and high ambient temperature), dislocation activity is

the predominant mechanism of deformation, whereas high Z

values cause twinning-induced plastic deformation [5, 6].

The stacking fault energy (SFE) is closely associated with

the deformation mechanism; therefore, this intrinsic

parameter has an influence on the evolution of dislocation

structures. For example, in high SFE fcc metals (e.g., in Al),

dislocations are concentrated in the cell boundaries and not

within the cell [7, 8]. Medium- or low-SFE materials, such as

Cu, store a high density of dislocations in the cell interiors [9,

10]. The deformation temperature essentially affects dislo-

cation mobility as well [6, 11]. The plastic deformation at

room temperature (RT) promotes movement of dislocations,

whereas at low temperature (i.e., cryogenic temperature), the

dislocation activity is difficult.
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These mechanisms are widely applied to produce UFG

materials by severe plastic deformation (SPD) techniques,

such as high-pressure torsion (HPT) and equal channel

angular pressing (ECAP) [7–10]. Recently, a new tech-

nique called dynamic plastic deformation (DPD) has been

developed [11–13] and also used in this study.

This study is devoted to process ultrafine-grained

microstructure from bulk fcc nickel with high SFE. The

subsequent behaviour of the microstructure produced by

means of DPD is investigated by quasi-static compression

at RT.

Experimental procedure

The material chosen for experimental investigation was a

conventional 98.4 wt% purity nickel with the major

impurities given in Table 1. After machining, the cylin-

drical-shaped specimens having a diameter of 9.5 mm and

a length of 16 mm were annealed in an electrical air-cir-

culating furnace Carbolite HRF 7/45 type at 750 �C for 1 h

followed by air cooling.

Dynamic compression tests were performed using a 6-m

height dynamic drop mass bench test machine [13]. The

testing apparatus ensures collinear impacts of an almost

free-falling mass on specimens. The impactor with the

weight of 45 kg was dropped from a height of 5.5 m that

provided an initial impact velocity of about 10 m s-1 and

total impact energy of 2.42 kJ. This energy was absorbed

by the plastic deformation of the specimen with an average

strain rate of 3.3 9 102 s-1. The axial force was monitored

and recorded by a dynamic load cell with the maximum

capacity of 20 tons. The displacement was measured by

M5L series Bullier International laser displacement sensor

and accelerometer capable of measuring accelerations up to

5,000 g, where g is the acceleration due to gravity. The

laser beam displacement transducer measures a maximum

distance of 100 mm. A high-speed data acquisition system

with simultaneous sampling rates up to 2.5 MHz controlled

the recorded deceleration of the impactor during the impact

and the corresponding force transmitted through the spec-

imen. A pair of photocells provides signals for synchro-

nizing data acquisition.

After DPD, a global coordinate system was adopted for

the sample and consequently used in the subsequent

investigations. The coordinate system (X1, X2 and X3) was

attached to the sample in the following manner: X3 is the

normal direction to the impacted surface; X1 and X2 are

directions lying in the impacted surface (Fig. 1).

Transverse cross-sections (X2–X3 plane) of the deformed

sample were cut using wire saw and then polished.

Mechanical polishing was followed by an electropolishing

procedure for electron backscattering diffraction (EBSD)

in an A2 electrolytic solution at RT using a Tenupol�

electropolishing apparatus from Struers. After metallo-

graphic preparation, the specimens were placed into a Zeiss

Table 1 Chemical composition of the investigated nickel sample (in lg g-1)

Ni Cu Fe Mg Mn Si Ti C S

Base \2,500 \4,000 \2,000 \3,500 \1,500 \1,000 \1,500 \100

Fig. 1 Coordinate system adopted for the DPD specimen (the large arrow indicates the direction of impact). On the right side, the positions of

the compression specimens are shown (the arrows indicate directions of the subsequent quasi-static compression tests)
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Supra 40VP FEG scanning electron microscope for anal-

ysis. Automated EBSD scans were performed at 20 kV

with a step size of 0.35 and 0.1 lm for the specimen before

and after impact, respectively. EBSD crystal orientation

results were analysed with OIM software v.4 from TexSem

Laboratories (TSL).

Foils for transmission electron microscopy (TEM) were

taken from the X2–X3 plane. Discs of 3 mm in diameter

were ground to a thickness of 0.05 mm and thinned by an

ion-beam using a Gatan
TM

precision ion polishing system

(PIPS) with a current of 0.5 mA and a voltage of 15 kV.

The specimens were examined in a JEOL-2010 transmis-

sion electron microscope operating at 200 kV. In some

instances, TEM foils were examined with EBSD with the

step size of 0.05 lm.

X-ray line profile analysis (XLPA) was also applied

for the evaluation of microstructural parameters in the

deformed sample. Measurements were carried out using a

high-resolution rotating anode diffractometer (Nonius,

FR591) using CuKa1 radiation (k = 0.15406 nm). The

Debye–Scherrer rings were recorded on imaging plates.

The X-ray line profiles were determined as the intensity

distribution perpendicular to the rings and evaluated by the

convolutional multiple whole profile (CMWP) fitting

analysis [14, 15]. The density of dislocations, the mean

crystallite size and the relative fraction of the twin

boundaries among {111} lattice planes were estimated by

fitting the diffraction pattern. The X-ray line profiles were

measured on the cross-section perpendicular to the

impacted surface (X2–X3 plane).

The crystallographic texture was investigated by measur-

ing X-ray diffraction (XRD) pole figures and subsequently

calculating orientation distribution functions (ODFs). The

calculation of ODFs by Labotex
TM

software http://www.

labotex.pl was preceded by correction for background, defo-

cusing and normalization. Experimental pole figures were

determined for {111}, {200} and {220} reflections. The XRD

measurements were performed using an Inel
TM

four-circles

goniometer in a Bragg–Brentano system employing CoKa
radiation (k = 0.17902 nm).

The mechanical properties were determined by uniaxial

compression tests conducted at RT and at a strain rate of

2 9 10-3 s-1. A Deben MICROTEST tensile/compression/

bending stage (Deben UK Ltd.) was used with the load cell

measuring the force up to 5 kN. The stage has a linear scale

with a resistive extensometer for accurate elongation mea-

surement. The speed of motor is measured by means of an

optical encoder. Acquisition software registers force-exten-

sion data. The compression specimens having dimensions of

2 mm 9 2 mm 9 3.2 mm were cut radially from the centre

(volume 1 in Fig. 1) and the edge (volume 2 in Fig. 1) of the

impacted disc. Quasi-static compression tests were per-

formed so that the compression direction was parallel

(V samples) and perpendicular (H samples) to the initial

impact direction (X3 axis). Therefore, the notations used in

compression tests represent the position and relationship

between compression and impact axes. For instance, H1

denotes the specimen cut from the centre with a compression

axis lying perpendicular to the initial impact direction.

Results and discussion

Microstructure characterisations

Heat treatment (750 �C for 1 h) resulted in a uniform

equiaxed recrystallized grain structure with random orien-

tation in the initial sample (Fig. 2). Individual grains were

surrounded by high-angle grain boundaries (HAGBs),

where more than 50 % are R3 boundaries including twin

boundaries. The average grain size based on the number of

grains was about 9 lm, whereas the area-weighted average

was about 25 lm.

The EBSD study of cross-sectional area of the sample

after DPD (resulted in a *72 % height reduction in the X3

direction) revealed a heterogeneous microstructure, which

comprises sub-grains and lamellar elongated grains. The

lamellar structure is oriented perpendicular to the impact

direction and predominates in the sample interior (Fig. 3a).

The crystallographic orientation of grains is scattered

around the h101i direction as shown by the standard ste-

reographic triangle (see Fig. 3b). Further investigation

Fig. 2 EBSD map with marked grain boundaries of the initial

microstructure: HAGBs (black), R3 boundaries including twins (blue)

(Color figure online)
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reveals that the area of scattering domains is surrounded by

HAGBs, while regular line-shaped agglomerates of low-

angle grain boundaries (LAGBs) pass through the grains

delineating elongated dislocation cell structures. A very

small number of R3 boundaries among HAGBs was

observed.

The accurate inverse pole figure map with grain

boundaries of lamellar structure is presented in Fig. 3b.

The neighbouring domains consist of grains with different

crystallographic orientations. The majority of long lamellar

dislocation boundaries are HAGBs with the misorientation

angle larger than 15�. The misorientation angle between

neighbouring cells in the sub-grains is low (0–15�) with

wide boundaries. The grain size averaged for the number of

grains was estimated as *260 nm, whereas the area-

weighted average grain size was about 1.5 lm.

The TEM observations confirmed the EBSD results

presented earlier (Fig. 4a). Indeed, it is observed that the

microstructure is mainly composed of elongated grains

delineated by sharp and well-defined boundaries. Contrast

fluctuations within the lamellae and across the lamella

boundaries can also be seen, which stem from fluctuations

of misorientation as observed in EBSD images. The inte-

rior of the lamellae domains is populated by dislocations

with high density. The average distance between lamellar

boundaries estimated from TEM micrographs based on

measurement of more than 1000 grains is about 230 nm, in

agreement with the EBSD observations.

The electron microscopy investigations provide the

evidence that the deformation mechanism at intermediate

strain rate impact and RT in nickel is dominated by dis-

location activity. Two types of deformation-induced dis-

location boundaries are introduced during DPD (Fig. 4a,

b): geometrically necessary boundaries (GNBs) and inci-

dental dislocation boundaries (IDBs). GNBs are formed by

highly active slip systems within the grain. In general,

these boundaries are parallel to the slip plane and sharp.

IDBs form between GNBs by trapping of glide disloca-

tions. The dislocation boundaries create wide, spread and

loosely disperse pattern [16–18].

XRD studies

Quantitative microstructural investigations carried out by

XLPA provide structural parameters of the DPD sample.

The crystallite size corresponding to the average spacing

between the lamellar boundaries and the diameter of the

dislocation cells insignificantly varies through the speci-

men (between 92 ± 10 and 128 ± 14 nm) with the aver-

age value of about 110 nm. The dislocation density was

found to be stable in the sample with a high average value

of 13 ± 2 9 1014 m-2. However, as it was shown by the

TEM investigation, the dislocation distribution within the

specimen is not uniform because of the accumulation of

dislocations in the dislocation walls. Dislocations have

mixed edge and screw character. The average twin

boundary frequency was found to be 0.09 ± 0.05 %. The

difference in the mean grain size measured by XRD and

TEM is because of the nature of the microstructure (a large

number of LAGBs), and has been already reported

Fig. 3 Inverse pole figure map with grain boundaries of lamellar

structure

Fig. 4 a TEM micrograph of lamellar structure developed during

DPD. b Sketch of the corresponding deformation-induced dislocation

boundaries
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elsewhere [19, 20]. The dislocation density achieved by

DPD processing is close to the value obtained after a

combination of eight passes of ECAP and subsequent

cold rolling up to the thickness reduction of 85 %

(11 ± 2 9 1014 m-2) [20]. The grain size of that sample

(about 300 nm) is also similar to the value measured for the

impacted specimen. This suggests that DPD processing has

similar effectivity in grain refinement and increment of

dislocation density as the classical SPD procedures. It is

noted, however, that the application of high pressure in

HPT may further increase the dislocation density and

reduce the grain size [21].

Figure 5 presents the complete pole figures (recalculated

from the orientation distribution function) for the samples

before and after impact. The annealing texture was close to

random (1–2 times random) with weak duplex fibre texture

of h111i and h200i parallel to the X3 axis. DPD resulted in

a development of strong h220i fibre texture component

with an intensity varying through the specimen. Indeed, the

investigated zone on the edge of the impacted disc has a

h220i fibre texture with stronger h220i preferred orienta-

tion than the zone in the centre. The volume fraction of the

h220i fibre component (the computations were done within

an angular tolerance of 15�) was about 46.4 % on the edge

and 38.8 % in the centre. It is well know that any level of

texture strongly influences the material response to defor-

mation because of strain path change. Therefore, the

evolved crystallographic texture has an effect on the

mechanical behaviour at the beginning of deformation,

which will be discussed in the next section.

Mechanical properties

The mechanical behaviour was investigated by means of

compression tests and characterised by the true stress–true

plastic strain curves (Fig. 6). The initial coarse-grained

nickel exhibits a yield strength of about 90 MPa and strain-

hardening behaviour for the full range of the investigated

strain. The samples processed by DPD show a saturation

flow stress between 645 and 780 MPa. Note that the work

hardening stages are short, they finish at a plastic strain of

about 2 %. The saturation flow stress varies for the dif-

ferent loading directions and specimen locations within the

impacted disc.

The increase in the compressive yield strength after

DPD can be caused by the reduction of the crystallite size,

the increase of the dislocation density and the evolution of

crystallographic texture [16, 17, 22]. The contribution of

the grain size to the overall strengthening can be expressed

by the Hall–Petch relationship as

rgs ¼ r0 þ kd�
1
2; ð1Þ

where r0 is the friction stress, k is a constant and d is the

grain size.

The values of the Hall–Petch constants were found to be

r0 = 14 MPa and k = 0.18 MPa m1/2 [23, 24]. The yield

strength estimated from Eq. (1) using the grain size mea-

sured in the TEM micrographs is 389 MPa. This calculated

value is much smaller than the yield strength determined

from the compression tests (440–520 MPa for the different

samples as shown in Table 2), which can be explained by

Fig. 5 Recalculated {111},

{200} and {220} pole figures in

the (X1, X2) plane : a Before

DPD. b After DPD at the

periphery. c After DPD at the

centre
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the fact that the strengthening effect of the statistically

stored dislocations inside the grains is not taken into

account in Eq. (1). The yield strength caused by disloca-

tions can be given by the Taylor equation as

rdis ¼ r0 þ a MGbq
1
2; ð2Þ

where a is a parameter of about 0.26 [25], M is the Taylor

factor (about 3 as calculated on the basis of the EBSD

experiments), G is the shear modulus (76 GPa), b is the

length of the Burgers vector (0.25 nm) and q is the dislo-

cation density (measured by XLPA). The yield strength

values determined from Eq. (2) are listed in Table 2. It can

be seen that the calculated values are larger than the

measured strength by 10 and 20 % for the samples H and

V, respectively. The reason of this difference is most

probably the overestimation of the value of a. A previous

study [25] has shown that the value of a depends on the

arrangement of dislocations and increases with increasing

plastic strain. The value of a used in this study (0.26) was

obtained for the strain of about 6, whereas for our DPD-

processed sample, the true strain is about 1.27 as calculated

from the height reduction of 72 %. This strain difference

may cause a smaller value of a by 10 % for the impacted

specimen as it has been shown for the case of copper in a

previous study (see Fig. 4 in [25]). The systematically

smaller yield strength for samples V compared with sam-

ples H may be caused by the h220i fibre texture that may

alter the value of M for the different compression direc-

tions. Nevertheless, the comparison of the calculated and

the experimental yield strength values in Table 2 suggests

that dislocations are the dominant sources of strengthening

in the DPD-processed Ni sample.

Conclusions

The following conclusions can be drawn from our study:

(i) EBSD measurements revealed a mixture of sub-grain

and lamellar-elongated grains in the microstructure.

The scattering domains are surrounded by HAGBs,

whereas LAGBs are passing through the grains.

(ii) TEM investigations show that DPD processing is

mainly controlled by the movement of dislocations.

The interiors of lamellae are populated by disloca-

tions with high density in the entire specimen.

(iii) DPD processing induced a significant refinement of

the grains to the dimensions in the nanometres range

as proved by the crystallite size measured by XLPA

(*110 nm) and the distance between lamellar

dislocation boundaries obtained from TEM micro-

graphs (*230 nm).

(iv) DPD led to a h220i fibre texture parallel to the

impact axis.

(v) Compression tests revealed significant differences in

the mechanical properties between the initial and the

impacted states. The much higher yield strength for

the DPD-processed specimen is mainly caused by

the large increment of the dislocation density during

impact deformation. It was revealed that the com-

pressive yield strength and the strain-hardening

behaviour depend on the loading direction and the

location in the impacted disc because of the variation

of the texture.
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