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Investigation of the effect of crystallographic orientation on mechanical properties, behavior under loading, or deformation 
relief of single crystals is topical. One of the methods that make it possible to achieve unambiguous mutual orientation of the 
material structure and the applied load is scratch testing. This research is aimed at establishing the features of the deformation 
relief formation under various crystallographic conditions (orientation of the plane and scratch direction). The paper presents 
the experimental results on scratch testing on single crystals of nickel. The face of a single crystal (010) and two scratch 
directions [001], [–101] were investigated. The scratch testing parameters at which slip begins on the {111} planes have been 
determined. It is shown that the slip is activated most easily in the systems parallel to the direction of the indenter movement 
and in the systems oriented thereto at an angle of 45°. Three stages are identified on the scratch friction force vs normal load 
(F-N curve) and the correlation of the stages with the beginning of the shear traces formation is shown. The parameters of 
the transition to the third stage of the F-N curve and the magnitude of the friction force for scratch testing depend on the 
crystallographic orientation direction of the indenter movement.
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1. Introduction

The study of the influence of the crystallographic orientation 
of single crystals on their behavior under loading, the 
deformation relief, and mechanical properties is a classic 
issue and is still topical. At the present time, there are many 
experimental and theoretical studies in which the correlation 
of crystallography with the features of deformation 
processes and the forming deformation relief is shown 
[1 – 11]. Despite this, in conducting a full-scale experiment, 
researchers inevitably face the problem of unambiguous 
mutual orientation of the material structure and the applied 
load. A scratch testing is one of the available methods that 
assist solving this problem. This method is used to study 
the physical and mechanical properties of solids, polymers, 
films, coatings, etc.

The data obtained with the scratch testing on single 
crystals and polycrystals of various materials are described 
in [12 – 18]. For single crystals, the ratio of crystallographic 
parameters with the penetration depth of the indenter, 
misorientations in the implantation zone, and a number of 
other parameters were established. Strong anisotropic effects 
were revealed during indentation and sliding with different 
orientations on certain face-centered cubic (FCC), body-
centered cubic (BCC), and hexagonal close-packed (HCP)-
structured single crystals and metallic polycrystalline [13].

The mechanical properties for surfaces (111), (001) and 
(110) of Au single crystals are quantitatively studied. It was 
found that the elastic indentation modulus for surface (111) is 
36 % larger than for (001) and 3 % larger than for surface (110). 

For each orientation, plastic deformation occurred when the 
maximum resolved shear stress reached approximately 1.8 
GPa on all slip planes {111} [16].

Molecular Dynamics MD simulation of indentation 
scratching was performed on single crystal aluminum in 
different orientations and scratch directions, to investigate 
the extent of anisotropy in hardness and friction coefficient 
of this material [15].

In general, the scratch test method makes it possible to 
identify the features of physical processes depending on the 
crystallographic orientation.

The aim of the work is to establish the features of the 
deformation relief formation under various crystallographic 
conditions (the plane orientation and scratch direction).

2. Material and technique

Experimental studies are carried out on single crystals of 
nickel using a CSM Instrument macro scratch tester. It is 
assumed that the normal load increases linearly from 0.5 to 
3 N. The scratch length is 2 mm. The scratch rate is constant 
and equal to 0.5 mm / min.

The deformation relief formed on the single crystal face 
(100) with the scratch directions [001], [–101] was studied. 
These orientations and directions were chosen for the purpose 
of detailed investigation of the crystallographic direction of 
the effect of scratches on the plastic deformation processes 
under the action of an indenter. The deformation relief 
is examined with an Olympus LEXT 4100 laser scanning 
microscope.
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3. Results and discussion

Fig.  1 shows the optical image of the deformation relief 
formed after scratching the lateral face (100) in the [001] 
direction, the shear traces begin to appear at a normal 
force of 1.7 N, the orientation of the shear traces (Fig. 1a) 
corresponds exactly to the theoretical crystallographic 
scheme presented in Fig.  1b. Traces are oriented at an 
angle of 45° to the trajectory of scratching. In this case, the 
slip traces along the outputs of all four octahedral planes 
are observed. In uniaxial compression along the [001] 
direction, shear systems in these planes have the same 
Schmid factor 0.41. When considering the cross section in 
a direction perpendicular to the shear traces, shear steps 
are clearly observed, the slip height is 140 ± 3.2  nm. For 

nickel this corresponds to the exit to the surface of about 
560 dislocations (the Burgers vector for nickel b = 0.249 nm).

The analysis of the results obtained on the face (100) in 
the scratch direction [1 – 10] showed that when the force of 
2.6 N is reached, the shear traces perpendicular to the scratch 
direction appear (Fig. 2a). This direction corresponds to the 
exit of the close-packed plane to the face (100) (Fig. 2b), but 
the shear traces are observed only on one side of the scratch. 
When a magnitude of the normal force is about 3 N, shear 
traces begin to form on both sides of the scratch (Fig. 2c). The 
test is completed at this load, and in Fig. 2c, a trace from the 
exit of the indenter is observed. At the same time, somewhat 
earlier, at a normal force of about 2  N, the formation of 
shear traces of shear begins parallel to the scratch direction 
(Fig. 2d).

a                                                                                                                          b
Fig. 1. The shear traces on the face (100) in the scratch direction [001] (a) and the scheme of the octahedral plane (b).

a                                                                                                                          b

c                                                                                                                          d
Fig. 2. The shear traces (indicated by arrows) on the face (100) in the scratch direction [–110] at different loads (a, c, d) and the scheme of the 
octahedral plane (b).
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However, the complex nature of the stress field under the 
indenter also affects this formation. Discussion of this issue is 
beyond the scope of this paper. In [15], using the molecular 
dynamics method for aluminum single crystals, dislocations 
were observed in both parallel and perpendicular directions 
to the direction of indentation in the case of orientation 
[–110] (110). On the contrary, dislocations were observed for 
propagation only parallel to the direction of indentation in 
the case of orientation [–110] (001). In other cases, they are 
usually oriented at an angle to the scratch direction, which 
depends on the orientation of the crystal and the direction of 
the scratching.

Fig.  3 shows the dependence of the change of the 
penetration depth of the indenter on the normal load during 
the scratching process. The penetration depth of the indenter 
can be considered as a measure of the resistance to shear 
deformation during scratching, the smaller penetration 
depth of the indenter corresponds to greater resistance to 
deformation. When the face (100) is loaded in the direction 
of [001] and [–101], scratching in the direction [–101] results in 
a smaller penetration depth.

The friction force vs normal load (F-N curve) in Fig. 4 
shows that the friction force of the scratch increases with 

increasing normal loads. This curve F-N can be divided into 
three stages: at the first stage, under normal loads from 0.5 N to 
0.9 N, the frictional force barely changes; at the second stage, 
from 0.9  N to 2.3  N, the tangential resistance encountered 
by the scratch tip gradually increases; then, when the normal 
load becomes even larger, the frictional force increases 
significantly. These three stages are well correlated with three 
scratches, i.e., sliding along asperities, elastic deformation 
and a plastic groove, and also with the formation of shear 
traces on the surface. This process is typical for both cases. 
However, with the scratch direction [001], the frictional force 
is higher.

A similar separation in stages is described in [14] 
using the example of polycarbonate. At the same time, it is 
interesting to note that in the case of scratching along the 
[001] direction, the magnitude of the friction force is higher 
for the same normal force. This may be due to the fact that 
the penetration depth of the indenter in this case is greater 
(Fig.  3). Consequently, this crystallographic orientation 
is more plastic and the transition to the third stage occurs 
somewhat earlier than for the direction [–101] (Fig.  4). 
Dependence of the penetration depth of the indenter and 
hardness on the crystallographic orientation of copper single 

Fig. 3. (Color online) Penetration depth as function of normal loading for different crystallographic orientation of the nickel single crystals 
and scratch direction.

Fig. 4. (Color online) The scratch friction force vs normal load (F-N curve).
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crystals is discussed in [12], both experimental and modeling 
results are presented. In [15], similar results obtained by 
modeling for single crystals of aluminum are discussed.

4. Conclusions

Thus, for the variants of the crystallographic orientation 
of nickel single crystals considered in the present paper, 
the shearing along the close-packed planes is most easily 
activated in systems parallel to the direction of the indenter 
motion and in systems oriented at an angle of 45°. It is 
established that the shear strain resistance is higher for the 
scratch direction [001]. In both cases, on the F-N curve 
(Fig.  4), three stages can be distinguished. These stages 
correlate with the start of the formation of shear traces. The 
transition to the third stage occurs somewhat earlier for the 
scratch direction [001] than for the direction [–101].
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