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Nonparametric estimation of deformation relief
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The present study is aimed at examining the possibilities of a nonparametric approach in evaluating the surface relief after
plastic deformation. This method consists in using the graphs of functions obtained on the basis of three-dimensional
topographies as a criterion for estimating the surface. An analysis of the deformation relief was carried out on nickel single
crystals with different crystallographic orientations of the compression axis and faces. The samples were compressed at room
temperature, the deformation relief was studied using scanning laser confocal microscopy. It is proposed to use nonparametric
criteria (such as the distribution function of ordinates and autocorrelation function) to estimate the deformation relief on
single crystals surfaces. Using the autocorrelation function, it is shown that the organization of shear traces in the structural
elements of deformation reliefs of various types (meso- and macrobands, corrugated structures) leads to an increase of area
with mutually consistent deformation. Based on the analysis of nonparametric criteria, the presence of one or several types of
structural elements of the relief was identified in the deformation relief on the faces of the samples and their scale hierarchy was
shown. The basic structural elements of the deformation relief are shear traces. Thus, a nonparametric (graphical) approach
can be used as an additional method for studying the relief of surfaces in deformed solids.
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Hacrosiiee ncceoBaHie HalIpaBIeHO Ha PACCMOTPEHYE BO3MOXKHOCTEN HellapaMeTPITIeCKOTO ITOIXO0/A TIPY OLjeHKe Pesib-
eda MoBepXHOCTH IOCIIe IIACTIYecKoll iepopmanyy. JJaHHBI METOJ 3aK/TI09aeTCA B ICHO/Ib30BaHMY IpadyKOB QYHKIVIL,
HOJIy4eHHBIX Ha 0ase TpeXMepHBIX Tororpaduil, B KadecTBe KpUTepUs OLEHKMU IIOBEPXHOCTU. AHamu3 JedopMalOHHO-
ro penbeda mposoauics Ha npumepe ['TIK MOHOKpUCTA/IOB HUKEIS C PasIMYHbIMK BapraHTaMy KpucTtanaorpaduaeckoit
OpMEHTALVIM OCK CXKaTVsA U OOKOBBIX rpaHeil. O6pasibl moBepranuch gedopMaLuy cKaTueM IpU KOMHATHON TeMIlepa-
Type, fedopMaLMOHHbI penbed CHUMAJICS IPY IIOMOIIM CKaHUPYIOLIel Ta3epHOi KOH(DOKaTbHOI MUKpOoCcKouu. B fan-
HOII paboTe IpepIaraeTcs VCIOIb30BaTh HellapaMeTpudecKue Kputepyn (Takue Kak GYHKINVA INIOTHOCTH paclpefie/ieHys
OpIVIHAT M1 aBTOKOPPEIALINOHHAA q)yHKI_H/IH) M1 OLIE€HKU M ONIMICAHVIS KapTUHBL He(i)OpMaI_U/IOHHOI‘O penbe(ba Ha IIOBEPXHO-
CTAX. YCTaHOB]'IeHO, 9TO /1A pa3mMYIHbBbIX TUIIOB CprKTypHI)IX 3JIEMEHTOB Heq)OpMa]_U/IOHHOI‘O penbe(ba XapaKTEpPHbI CBON
OpUIVHAJIbHbIE TUIIBI IpaduKoB GYHKIMIL ITIOTHOCTY paclpeenieHys opauHaT. C IIOMOIIBI0 aBTOKOPPETALMOHHON (HYyHK-
oy Ha nIpuMepe FHK MOHOKPMCTAJIJIOB HMKEIA IIOKAa3aHO, YTO OpraHmsanyAa Cj1efoB COABNUTA B CprKTypHI)Ie 3JIEMEHTDI
IedOpMaIVIOHHOTO pelbeda pasIMyHoro Tima (Me3o- ¥ MaKpOIOJIOCH, TOQPUPOBAHHbIE CTPYKTYPBI MIN CKIAJKU) CIIO-
COOCTBYeT yBeNMYEHNIO pa3Mepa 00/IacTi CO B3anMOCOIIACOBAHHOI iehopmanyeit. Kpome Toro, Ha 0CHOBe aHa/IM3a Hela-
PaMEeTpUYIECKNX KPUTEPUEB ynanocxa I/IIIeHTI/[(i)I/ILH/IpOBaTb Hanmm4iyme OgJHOTO MM HECKOJIbKUX TUIIOB CprKTypHI)IX JJIEMEH-
TOB penbeda Ha IPaHAX MOHOKPMCTA/UIMYECKUX 00pasIioB M IIOKa3aTh VX MacIITa0HYI0 Mepapxuio. I1py 9TOM MCXOTHBIM
Wiy 6a30BBIM CTPYKTYPHBIM 97IEMEHTOM /iehOPMALVIOHHOTO peribeda sIBISIIOTCS CIefbl caBura. Takum o6pasom, Hemapame-
TpI/I‘IeCKI/Ii{ (Fpa(i)VIquKMﬁI) II00X04 MOXKET 6bITb JICIIO/Ib30BaH B Ka4eCTBE OOIIO/THUTEIBbHOT O I/IHCprMeHTa npn I/ISY‘{eHI/H/I
penbeda moBepxHOCTY HeHOPMUPOBAHHOTO Tera.

Kirouesbie cnoBa: I'TIK MOHOKpyCTa/IIbI, HeOPMALMOHHBII peibed, HellapaMeTpU4ecKue KPUTEPUL.
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1. Introduction

The morphology of surfaces of metals, thin films, and machine
elements is studied using various methods. In the case of
machine elements, of a main interest are the parameters of
roughness in terms of performance parameters. In the case
of analysis of the surface morphology after strain the object
of study is the deformation relief, which is a reflection of the
internal processes that have occurred in the crystal.

For an evaluation and control of surfaces, normalized
parameters of roughness are used. There are a number
of standards that regulate methods for estimating the
microgeometry of the surface layer. These are standards of
the International Organization for Standardization (ISO) and
regional and national standards developed on their basis.
Description of the surface morphology is possible through
the use of 2D parameters standardized by ISO 4287:1997.
However, these parameters estimate only selected regions
of a surface. Even though they provide certain numeric
information, they do not fully describe the morphology of
the entire surface. A more detailed picture of the deformation
relief can be achieved, if estimation covers not a selected area
but a whole surface occupied by some type of relief. This is
possible through the use of 3D parameters standardized
in ISO 25178-2:2012. This kind of estimation seems more
reliable. Even of a greater interest is the use of graphs of
various functions as criteria of estimation of the deformation
relief [1-3]. However, the use of different roughness
parameters does not always give an unambiguous description
of the surface microgeometry [2,4,5]. In connection with
this, a nonparametric approach to estimating the surface
was proposed in [6]. This approach suggests the use of
such nonparametric criteria as a distribution functions of
ordinates and/or of the tangents of profile tilt angles. These
functions contain not less than 95% of the profile information,
therefore, each such function describes only one original type
of a surface microrelief with a high reliability. As opposed to
the parametric criteria, the graphic (nonparametric) criteria
contain more detailed information about the surface. It
stands to reason that each of them is used in its own field
of application. Graphs of distribution functions of ordinates
have a great information value making it possible to estimate
the presence and nature of protrusions and cavities on the
surface. Autocorrelation function graphs enable one to
measure alocal region with a mutually consistent deformation
(correlation radius). From the value of correlation radius, one
can infer the self-organizing ability of each type of structural
elements of deformation relief (SEDR) to dissipate the
loading energy. A simultaneous analysis of these function
graphs and 3D surface mapping would provide the most
detailed information on the deformation structure.

In materials science research the deformation relief is
also used in estimating the value of the inhomogeneity of
deformation in single- and polycrystals [7-9].

Various methods can be used in order to describe and
estimate the deformation relief formed on crystal surfaces.
Beginning with the early works of Mader, Kronmiiller, Pfaff,
Mitchell, and Honeycombe [10], a direct measurement of
slip lines is used to analyze the deformation processes that
have passed through the crystal. This method is also used at

present [11-16]. The measurement of the shear step value
and the distance between traces is often used for this purpose
[17]. However, the shear step value may not always be
correctly determined due to some methodological problems.
The difficulty in identifying the shear step value is associated
with a macroscopic change of the surface shape. In turn, the
change of the surface shape can change the shear amount
in the area under consideration due to shear in parallel slip
planes. Consequently, the obtained shear value can lead to
an incorrect assessment of the physical process. Furthermore,
due to the crystallography of single crystals, the deformation
relief can be formed by a joint shear in one or several slip
systems that sometimes makes it impossible to separate them
along the profile.

This paper will focus on describing the deformation relief
of various types through the use of nonparametric criteria for
an example of nickel single crystals.

2. Material and methods

This paper describes the findings obtained on nickel single
crystals with orientations of the compression axis near the
corners of a standard stereographic triangle with various
sets of sides. Deformation of nickel at room temperature
occurs in octahedral slip planes and does not tend to form
twins. This makes nickel an advantageous model material for
the study of deformation structures formed on the crystal
surface due to slip during deformation.

In the present study, nickel single crystals (impurities
less than 0.01%) were grown by the Bridgman method. The
specimens had a shape of a tetragonal prism with a height-to-
width ratio equal to two.

The single crystals’ orientations have been controlled by
IRIS 3 X-ray generator equipment using Laue back-reflection
photographs with a +1° accuracy, and by further adjustment
of orientation to a £0.02° accuracy, using a DRON-3 X-ray
diffractometer. The surface of the specimens was prepared
by mechanical grinding and polishing and final electrolytic
polishing in a saturated solution of chromic anhydride in
ortho-phosphoric acid at 20 V voltage.

Compression deformation was carried out on an Instron
ElektroPuls E10000 testing machine at a speed of 1.4x 107 s™!
at room temperature. A Leica DM 2500P optical microscope
and an Olympus LEXT OLS4100 confocal laser scanning
microscope were used for analyzing the deformation relief
pattern. The size of the scanned section in each individual
case was 0.066 mm? (0.256 x 0.256 mm). The depth resolution
is 0.06 um.

3. Experimental results

The main structural elements of the deformation relief
(SEDR) of nickel single crystals are shear traces, meso- and
macrobands and corrugated (folded) structures of various
types. The type of a SEDR depends on the crystallographic
orientation of the single crystal. The elementary element of
the deformation relief is the slip trace. It is formed by a shear
in the slip plane. Several slip traces form a slip band, which
can be observed with optical magnification. Slip traces and
slip bands are observed at the initial stage of deformation
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for all crystallographic orientations of the single crystal.
Mesobands are typical for single crystals with a compression
axis [110]. Macrobands are observed in [111] single crystals,
their dimensions are comparable with the dimensions of
the sample. The formation of corrugated (folded) structures
of different morphologies is also characteristic for this
orientation. A variant of their classification according to
various morphological features is given, for example, in [9].

Earlier, we established that a common feature of all
SEDRSs consisted in the formation of a quasiperiodic surface
profile and presence of single shear steps on the profile
[14]. Moreover, the formation of meso-, macrobands and
corrugated structures occurs by means of shear traces self-
organized in a certain manner in local points. This is well
illustrated by the surface profile within these deformation
structures. At the same time, each of the considered types of
SEDRs forms its own specific surface morphology. This can
be assessed most clearly using nonparametric characteristics
of the surface roughness.

Fig. 1 shows the frequency distribution of the profile
ordinates (heights) for various SEDRs. It is quite obvious that
each type of deformation structures is characterized by its
own distribution. Shear traces make up the basic structural
element of deformation relief. The graph of distribution
function of ordinates is close to the normal distribution law.
The extremum of function is not shifted to the right or left,
the graph is moderately extended in height. This makes it
possible to describe the shear traces as an element of the relief
that is characterized by short irregularities with rounded
peaks.
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In this case, the root-mean-square height of the
scale limited surface (Sq) is 0.4 um. Here and further,
the analysis covered the surface area of 67.4x107° mm?
(ISO 25178-2:2012). For mesoscopic bands, one can observe
a left shift of the extremum and the formation of a right “tail”
on the graph; this means that the peaks occupy most area of
the surface, in contrast to the surface occupied by the shear
traces.

Mesobands are the areas of the material extrusion. The
right “tail” also indicates on the presence of an additional SEDR
on the surface, apart from the mesobands. These are separate
shear traces, which develop between the mesobands. In this
case, parameter Sq is equal to 0.5 mm. For the macrobands of
deformation, the graph of distribution function of ordinates
has a more complicated character. The four extrema of the
function indicate on the existence of several types of SEDR
on the surface and suggest a hierarchical arrangement of the
relief formations.

Analyzing the 3D map of the surface occupied by the
macrobands (Fig. 2), one can distinguish several types of
SEDRs of different scales (Fig. 2b,2c), which are reflected
in the distribution function of ordinates. The value of the
parameter Sq for the macrobands is 4.1 mm.

As mentioned above, the corrugated structures are very
diverse. Their morphology depends on the type of material,
the crystallographic orientation of the sample and the site of
formation [9]. There are results obtained only for one type
of corrugated structures (folds) formed in the centre of the
lateral face (112) of a [111] single crystal of nickel. Their
morphology and profile are shown in Fig. 3. The graph of
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Fig. 1. Graph of distribution function of ordinates: shear traces e=0.20, [001]-single crystals (a), mesobands e=0.22, [110]-single crystals (b),
macrobands e=0.18, [111]-single crystals (c), folds (corrugations) e=0.18, [111]-single crystals (d).
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Fig. 2. Morphology of macroband forming structures: macroband system (a), on the ascent (b), on the ledge (c); figures (b) and (c) are

rotated, [111]-single crystals.

distribution function of ordinates (Fig. 1d) shows quite clearly
a central peak, which corresponds to the shear traces. They
are clearly visible on the 3D image of the folds in Fig. 3, while
the shear steps are identified on the cross section of the profile
along line 3 -4. At the same time, the distribution function
exhibites a number of additional peaks, which are not so
pronounced and belong to shear traces with different degrees
of development and directly to corrugations. The corrugated
structure (folds) forms the left “tail” of the distribution
and a shorter curve of the ordinate distribution density as
compared to the shear trace curve. All these features testify
that there are acute cavities on the surface (Fig. 3). The value
of the parameter Sq is 1.1 mm in this case.

Thus, taking the shear traces as basic SEDRs and their
ordinates distribution function graph as the initial one, one
can conclude that the mesobands are SEDRs morphologically
closest to the shear traces. Mesobands are characterized by
low rounded projections and a large number of cavities on the
surface. Macrobands are specifically organized shear traces
with varying degrees of development. The studies carried out
by the authors with the use of EBSD analysis, have shown
that formation of macrobands activates a mechanism that is
supplementary to the dislocation sliding, and also referred to
as the disorientation of local near-surface regions [18].

The use of the autocorrelation function allows one to
infer the interaction of local regions, while the correlation
radius r, shows the size of the region with a self-consistent
deformation. The correlation radii for various types of SEDR
are: 37 £ 9 pm (shear traces), 42 + 8 um (mesobands), 43 £ 5 pm
(macrobands), 60+6 um (corrugations, folds). All of the
above makes it clear that the organization of shear traces in
various types of SEDRs ultimately enlarges the region with a
mutually consistent deformation. This facilitates maintaining
the integrity of the crystal under loading and contributes to a
more heterogeneous deformation.

Thus, it can be concluded that each type of SEDR is
characterized by its own nonparametric characteristics. As the
extent of the SEDR increases, the region with self-consistent
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Fig. 3. 3D image of a folded structure (corrugations) and surface
profiles along the secants? [111]-single crystals.
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deformation becomes larger as well as the root-mean-square
value of the height, i.e. the relief development provides a
dissipation of the loading energy. Based on the graph of
distribution function of ordinates, one can identify one or
several types of structural elements within the deformation
relief. They are also indicative of a large scale hierarchy in the
deformation relief. At the same time, the initial (basic) SEDR
are the shear traces.

The results presented show that the analysis of
nonparametric roughness criteria makes it possible to identify
one or several types of structural elements of the deformation
relief and to show their large scale hierarchy.
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