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Abstract: The phenomenon of mesoscale deformation-induced surface roughening in titanium
polycrystals is examined experimentally and numerically. The evolution of the surface morphology
under uniaxial tension is analyzed in terms of the standard and ad hoc roughness parameters and
the fractal dimension. The statistical estimates are compared to the grain-scale stress-strain fields
in order to reveal an interrelation between the in-plane plastic strains and out-of-plane surface
displacements. A strong correlation with a determination coefficient of 0.99 is revealed between the
dimensionless roughness parameter Rd and the corresponding in-plane plastic strain. The standard
roughness parameters Ra and RRMS are shown to correlate linearly with the in-plane strains, but only
for moderate tensile deformation, which is due to filtering out low-frequency components in the
surface profiles. The fractal dimension DF changes with the subsection strains in a sawtooth fashion,
with an abrupt drop in the neck region. The descent portions of the DF dependences are supposedly
related to the appearance of low-frequency components in the structure of the surface profiles.

Keywords: deformation-induced surface roughness; mesoscale; plastic deformation; commercial
purity titanium; polycrystalline structure; crystal plasticity

1. Introduction

The development of reliable stress-strain criteria to evaluate and predict dangerous
material states is the key problem in the mechanics and physics of solids and materials
science. The methods for the non-destructive testing of loaded materials commonly rely on
the knowledge of the deformation and fracture mechanisms involved and their correlation
with the loading history and certain measurable parameters (e.g., acoustic emission sig-
nals [1,2], displacement fields [3,4], quantitative and qualitative changes in microstructure
and texture [5,6], etc.). At present, the demands on improving the reliability and operating
capacity of structures, while reducing their weight, call for the development of new criteria
to evaluate material deformation or for revising the existing ones. Furthermore, the ac-
tive development of advanced materials and innovative technologies for their processing,
as well as breakthrough characterization methods, create an urgent need for investiga-
tions along these lines. Composite and functionally graded materials [7,8] and additively
manufactured and nanostructured alloys [9,10] are among prominent examples.

The macroscopic failure of loaded structures is commonly preceded by the progres-
sive accumulation of plastic strain and damage at the lower scales, where the material
microstructure plays a particular role [11]. Therefore, studies of lower-scale deformation
events are of vital importance to elaborate reliable criteria for predicting macroscopic failure.

Extensive experimental and numerical studies suggest that valuable data can be gained
from the observations of deformation-induced surface roughening (DISR) (see, e.g., [12]).
In contrast to surface roughness caused by a direct external action (e.g., due to a tribological
contact [13], heat source irradiation [14], etc.), the free surface roughening results from
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the internal stress-strain state that develops in the bulk of a deformed material and, thus,
would be related to the internal deformation mechanisms.

In Refs. [15,16], a particular role is given to the mesoscale DISR, which is attributed
to the collective behavior of grains. The out-of-plane displacements of grain groups are
seen as ridging [17,18], roping [18] or a checkered distribution of extruded and intruded re-
gions [16–18]. Being well-defined throughout the entire deformation process, the mesoscale
roughening was thought to be a good candidate for the early prediction of macroscale
localization and failure in titanium alloys [16].

This paper continues the investigations along these lines. Recently [16], we proposed
to employ a dimensionless roughness parameter and demonstrated its value for the early
prediction of plastic strain localization in loaded metals. A step forward made in this
contribution is the in-depth analysis of the mesoscale surface morphology in terms of
the standard and ad hoc roughness parameters and the fractal dimension. Note that,
although the fractal dimension was introduced to characterize DISR quite a while ago [19],
it has been rarely used for this purpose since then. Following the ideas of Shimizu and
Abe [19] and Kuznetsov [20], we believe that the fractal dimension provides valuable
information on the shape of the roughened surface and decided to compare it against the
other roughness parameters.

Therefore, the objective of this contribution is to reveal the relationship between the
stress-strain state in polycrystalline materials and the statistical roughness estimates and to
determine the applicability limits, and pros and cons, of the latter. For this purpose, the
current study experimentally and numerically examines the mesoscale roughening events
in commercially pure titanium polycrystals subjected to uniaxial tension. The statistical
estimates of mesoscale roughening are compared to the grain-scale stress-strain fields to
reveal an interrelation between the in-plane plastic strains accumulated in a loaded material
and the out-of-plane surface displacements.

The paper is organized as follows. The experimental procedure and a crystal plasticity
model based on the experimental data are detailed in Sections 2 and 3, respectively. The
features of the roughness quantification in terms of the fractal dimension, standard rough-
ness estimates and a dimensionless roughness parameter [15] are described in Section 4.
The experimental and numerical results, including the surface profiles, optical microscopy,
digital image correlation data, computational stress, strain and displacement fields and
the statistical estimates of the mesoscale surface morphology, are analyzed in Section 5.
Further discussion of the roughness statistical estimations in view of their application in
assessing material plastic deformation is provided in Section 6. The main findings are
briefly summarized in the Conclusion.

2. Experimental
2.1. Microstructure

Experimental investigations were performed for rolled commercially pure titanium. To
obtain comprehensive information about the grain shape and crystallographic orientations,
the microstructure was studied by electron backscatter diffraction (EBSD) using a field
emission scanning electron microscope Apreo 2 S (Thermo Fisher Scientific Inc., Waltham,
MA, USA), equipped with an energy-dispersive X-ray spectrometer Octane Elect Super and
electron backscatter diffraction detector Velocity Super. Hereinafter, the rolling, normal and
transverse directions of the titanium sheet are abbreviated as RD, ND, and TD, respectively.

2.2. Stop-and-Study Tensile Tests

The stress-strain curves obtained in the tensile tests along the TD and RD were used
for calibrating the numerical model. To this end, the dog-bone-shaped specimens with
50 × 8 × 3 mm3 gage parts were cut from a rolled, commercially pure titanium sheet,
parallel and perpendicular to the RD. Further investigations into the deformation-induced
surface roughening were performed for the specimens loaded parallel to the TD. The
specimen surface intended for contact profilometry was mechanically polished with a
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diamond paste to a mirror finish; its gage part was divided by a set of control marks into
10 subsections, each 5 mm long (Figure 1a). The opposite surface was prepared for an
investigation using digital image correlation (DIC) [3,4,21]. For this purpose, a randomized
speckle pattern was applied to the entire area of the gage part, and the control marks of
the subsection boundaries were additionally drawn on the lateral side of the specimen
(Figure 1b).

Figure 1. Specimen surfaces prepared for investigating with contact profilometry (a) and digital
image correlation (b).

A stop-and-study technique, developed in Ref. [16], was applied to examine the
mesoscale roughness evolution at different deformation stages. The specimen was subjected
to uniaxial tension using a BISS Nano 15 kN universal testing machine at 1 mm/min loading
velocity. After a certain degree of tension, the specimen was extracted from the testing
machine and the roughness profiles were measured in the subsections along the specimen
centerline (line A–A′ in Figure 1a) using an Alpha Step IQ contact profiler (KLA-Tencor
Corp., Milpitas, CA, USA). Then, the specimen was put back into the testing machine
and its tension was resumed. In this way, a set of surface profiles were obtained for all
subsections, from the beginning of loading to necking, with a strain interval of 2–5%. The
corresponding engineering strains of the subsections along the tensile axis were calculated
at each deformation stage using the formula

εsub = (Lsub/Lsub0)–1, (1)

where Lsub and Lsub0 are the initial and current subsection lengths, respectively.
In the course of active loading, the displacement fields of the specimen surface marked

by a speckle pattern (Figure 1b) were recorded using a Vic3D digital optical system. The
DIC and contact profilometry results were compared to reveal the relationship between
the in-plane strains of, and the surface roughness in, the specimen subsections. Finally,
the surface morphology of some selected regions was examined using a NewView optical
profiler (Zygo Corp., Middlefield, CT, USA).

3. Numerical Simulation
3.1. Microstructure Design

Commonly, the microstructure-based simulations of mesoscale deformation phenom-
ena require substantial computational resources. In particular, it has been shown, in
Ref. [22], that the grain model is capable of reproducing mesoscale roughening until the
regions of the plastic strain localization become comparable to the model size. The larger
the model size, the wider the strain range at which the mesoscale processes can be sim-
ulated in a proper way. On the other hand, polycrystalline grains should be meshed
with a sufficient resolution to describe the microscale stress-strain fields with a reasonable
degree of accuracy. Meeting both of these requirements within a single calculation is a
challenging task. As a compromise, two polycrystalline models, consisting of 12,000 and
36,000 equiaxed grains, were generated by the step-by-step packing (SSP) method [23] on
600 × 450 × 50 voxel meshes with the steps of 2 and 6 µm, respectively. The smaller model
of 1.2 × 0.9 × 0.1 mm3 was meshed with a resolution of approximately 1000 elements per
grain to analyze the micro- and meso-scale stress, strain and displacement fields up to
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10% tensile strain [22]. The larger model of 3.6 × 2.7 × 0.3 mm3 was approximated with a
resolution of 350 elements per grain and enabled us to investigate the general tendencies
of mesoscale roughening up to necking, although did not reproduce the local stress-strain
characteristics with sufficient detalization.

The initial seed distributions in the SSP procedure were set using a random number
generator. In the subsequent SSP generation, all of the grains were grown at the same rate
by a spherical equation (see [23] for further detail). As an example, the model consisting of
12,000 grains is shown in Figure 2a.

Figure 2. Model microstructure consisting of 12,000 grains shown in the IPF colors for the Z direction
(a) and the crystalline and orthonormal coordinate frames of a hexagonal lattice (b).

3.2. Constitutive Description and Boundary Conditions

The constitutive equations for describing the deformation behavior of grains were
constructed within the framework of the crystal plasticity theory [24,25], taking into account
the geometrical features of the dislocation slip and the anisotropy of the elastic properties
attributed to the crystal lattice. Commercially pure titanium has a hexagonal close-packed
(hcp) lattice. The crystallographic coordinate system of an hcp grain has 4 axes, denoted in
Figure 2b as a1, a2, a3, and c. The three ai axes lie in the (0001) basal plane, intersecting at
an angle of 120◦. The fourth axis c is perpendicular to the basal plane and longer than the
three others. The constitutive equations of the grains are convenient to write with respect
to the orthonormal coordinate systems xi, with the unit axes co-directing with the [101̄0],
[1̄21̄0] and [0001] crystal directions (Figure 2b). Formulated in the local coordinate systems
xi (Figure 2b), Hooke’s law is written in the same way for all grains, independent of their
orientations in the global XYZ frame (Figure 2a)

.
σij = Cijkl

( .
εkl −

.
ε

p
kl

)
. (2)

here, σij are the stress tensor components, εij and ε
p
ij are the total strain and plastic strain

tensor components and Cijkl is the fourth-order tensor of elastic moduli. All of the ten-
sorial quantities are calculated in the local frames xi specific for each grain, so that Cijkl
has five independent values —C1111, C1122, C1133, C3333, C2323 —irrespective of the grain
orientations.

The components of the plastic strain rate tensor are related to the slip on active slip
systems via the geometrical equations

.
ε

p
ij =

1
2 ∑α

.
γ
(α)
(

s(α)i n(α)
j + s(α)j n(α)

i

)
, (3)

where
.
γ
(α) is the shear strain rate in the α slip system, s(α)i and n(α)

i are the components of
the slip direction and slip plane normal vectors in the xi coordinate system.
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The shear strain rate
.
γ
(α) is a function of the resolved shear stresses that follows a

power law [26]:
.
γ
(α)

=
.
γ0

∣∣∣∣∣ τ(α)

τ
(α)
CRSS

∣∣∣∣∣
ν

sign
(

τ(α)
)

, (4)

where
.
γ0 is the initial slip rate and ν is the strain rate sensitivity coefficient. The values

of these parameters were chosen to achieve the convergence between the quasi-static and
dynamic solutions [27]. The resolved shear stress in an active slip system is calculated as:

τ(α) = s(α)i σijn
(α)
j . (5)

Commercially pure titanium is characterized by three prismatic, three basal, six <a>-
pyramidal, twelve first order <c + a>-pyramidal and six s order <c + a>-pyramidal slip
systems. In our calculations, we take into account only three prismatic, three basal and
twelve first order <c + a>-pyramidal slips [28]. According to Schmid’s law, a slip system
becomes active when the resolved shear stress τ(α) reaches the τ

(α)
CRSS value. The value of

the critical resolved shear stress in an α slip system is defined as:

τ
(α)
CRSS = τ

(α)
0 + f

(
ε

p
eq

)
. (6)

here, τ
(α)
0 denotes the initial critical resolved shear stress (CRSS) on the α-slip system and

f
(

ε
p
eq

)
stands for the strain-hardening function of the equivalent plastic strain accumulated

in a finite element
f
(

ε
p
eq

)
= k

(
1− exp

(
−ε

p
eq/b

))
, (7)

where k and b are the fitting coefficients. The material constants and model parameters are
presented in Table 1.

Table 1. Material constants and model parameters [6, 16].

Parameter Value

C1111,GPa 162
C1122, GPa 92
C1133, GPa 69
C3333, GPa 181
C2323, GPa 47

τ
prismatic
0 , MPa 60
τbasal

0 , MPa 120
τ

pyramidal
0 , MPa 180

k, MPa 14
b 0.06

The boundary-value problem was solved in a dynamic formulation using an
ABAQUS/Explicit finite element package (2019, Dassault Systèmes, Velizi, France). The
boundary conditions simulated uniaxial tension along the X-axis (Figure 2a). The symmetry
conditions, with respect to the surface plane, were specified on the bottom surface; the top
and lateral surfaces were free from external forces. To minimize the inertial term in the
equation of motion, the velocity of tension was smoothly increased at the initial stage and
then maintained at constant. Further features of the FE implementation are given at length
in Refs. [16,22,27].
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4. Roughness Quantification
4.1. Fractal Dimension

The procedure for calculating the fractal dimension, DF, takes its roots from Hurst’s
pioneering work [29]. In order to obtain the fractal dimension, the Hurst exponent was
calculated using a so-called R/S analysis, developed by Mandelbrot and Wallis in Ref. [30].
In materials science applications [31], the Hurst exponent is referred to as the roughness
exponent and treated as one of the roughness pattern characteristics.

In this work, the fractal dimension is determined in terms of the Hausdorff-Besicovitch di-
mension. Its calculation procedure for a data set DS of length N is described as follows [32,33]:

1. The data set DS is divided into d subsets of length n, where n is a divider of N;
2. For each subset DSm (m = 1, . . . , d):

a. The mean Em and the standard deviation Sm are calculated;
b. The data are normalized by subtracting the sample mean

DSnorm
m, i = DSm,i − Em, for i = 1, 2, . . . , n;

c. The cumulative series are calculated as

CSm,i = ∑i
j=1DSnorm

m,j , for = 1, 2, . . . , n;

d. The range is found as

Rm = max(CSm,1, . . . , CSm,n)−min(CSm,1, . . . , CSm,n)

and then rescaled as
Rm/Sm;

3. The mean value of the rescaled range is calculated for all subsets:

(R/S)n =

(
1
d

)( d

∑
m=1

Rm

Sm

)
.

The steps 1–3 are repeated for all dividers of N larger than 100.
Considering the relation (R/S)n ∼ coe f × nH , the value of the Hurst exponent H is

obtained by running a simple linear regression over the equation given below:

log (R/S)n = log(coe f ) + H log(n).

The Hurst exponent is related to the Hausdorff-Besicovitch dimension by the equation

DF = 2− H. (8)

Sánchez-Granero et al. [32] analyzed the procedure of the Hurst exponent calculation.
They found that the R/S analysis failed to provide the appropriate results when the length
of the subsets n was small. A modification of the R/S analysis to improve the procedure for
small n numbers was proposed by Anis and Lloyd [34] in 1976 and further developed by
Peters [35] in 1994.

The following equation was proposed In Ref. [32]

log Hn = log(R/S)n − log E(R/S)n + 0.5 log(n),
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where E(R/S)n is calculated as

E(R/S)n =


n− 1

2
n

Γ( n−1
2 )√

π Γ( n
2 )

n−1
∑

i=1

√
n−i

i f or n ≤ 340,

n− 1
2

n
1√
π n

2

n−1
∑

i=1

√
n−i

i f or n ≥ 340,

where Γ is the gamma function that can be found as

Γ(n) = (n− 1)!.

Then H can be found by the linear regression on

logHn = log(coe f ) + Hlog(n).

In our calculations, we applied this modification for the cases where H exceeded its
limits [0; 1].

4.2. Standard Roughness Estimations

The arithmetic and root mean square average roughness parameters, Ra and RRMS,
are most widely used in roughness quantifications [36–38]. They are calculated for surface
profiles as:

Ra =
1

np

np

∑
i=1
|yi − x| (9)

and RRMS =

√√√√ 1
np

np

∑
i=1

(yi − x)2, (10)

where np is the number of profile points, yi is the height of the i-th point and x is the profile
mean height. The main drawback related to the definition of these values is the requirement
of the ISO standard for the preliminary filtering of the high-frequency noise oscillations
and the slope presented in the surface profiles [39]. Being reliant on the intuition of the
researcher, the choice of the filtering thresholds may affect the Ra and RRMS values in the
wrong way and lead to the misinterpretation of the experimental data [40]. Moreover, there
are contradictory opinions about the correctness of the Ra measurements in the neck region.
Some researchers [36] excluded this region from the roughness quantification to avoid the
effects of biaxial strain. Others believed such measurements are acceptable, but for the
profiles without a pronounced slope [41–43].

In this paper, the Ra and RRMS values were calculated for the preliminary filtered
profiles to meet the ISO standard [39]. To this end, the profiles were leveled out horizontally
and then subjected to FFT filtering to remove the low-frequency components, referred to
as waviness.

4.3. Dimensionless Roughness Parameter

A new approach to DISR quantification was proposed in Ref. [16], with the assumption
that the surface patterns are related to the multiscale deformation mechanisms that develop
in a loaded material. The high and low frequencies presented in the raw surface profiles
were not filtered out to take into account the deformation mechanisms from all scales. The
dimensionless roughness parameter Rd was introduced in Ref. [16] to analyze the surface
morphology of plastically deformed titanium and aluminum alloys. By the analogy with a
strain measure, the Rd value was calculated as:

Rd = (Lr/Le)− 1, (11)

where Lr is the rough profile length and Le is the base length. The change in this parameter
is interpreted as follows: the larger the Rd value, the stronger the surface irregularity caused
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by the out-of-plane displacements. It was found that the Rd value nonlinearly correlated
with the degree of plastic strain at the mesoscale.

5. Results
5.1. Microstructure

The EBSD analysis revealed equiaxed grains with diameters of 10–30 microns (Fig-
ure 3a,b). The pole figures presented in Figure 3c show a split basal texture with the
deviation of prismatic axes within 15◦.

Figure 3. Microstructural data for commercially pure titanium: an EBSD map (a), the grain size
distribution (b), and the (0001) and (1010 ) pole figures (c).

Corresponding to the experimental data, the average grain size in the polycrystalline
models was 20 µm (Figure 3b) and the experimental sets of Euler angles delivered by EBSD
were randomly assigned to the model grains (cf. Figures 2a and 3a).

5.2. Model Validation

In order to validate the numerical model, the calculations were performed for the
polycrystalline models loaded along the RD and TD. The homogenized stress-strain curves
obtained in the calculations are plotted in Figure 4a in comparison with the experimental
data. Experimental tensile tests were performed according to the GOST standard [44]. The
agreement between the experimental and numerical stress-strain curves with a high degree
of accuracy validates the model at the macroscale.

Figure 4. Stress-strain curves (a) and surface profiles at 5% tensile strain (b) obtained experimentally
and numerically.
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Comparing the experimental and numerical surface patterns revealed qualitative and
quantitative similarity at the mesoscale. As an example, the surface profiles measured in
the experimental and model specimens at the same degree of tensile strain are presented
in Figure 4b. The peak-to-valley distance and width of the surface oscillations varied
within the same range in the experimental and numerical profiles, which verifies the model
correctness at the mesoscale. Further numerical analysis of the roughness evolution was
performed for the model polycrystals loaded along the TD.

5.3. Experimental Observations for Mesoscale Roughening

The in-plane deformation fields obtained by DIC are presented in Figure 5a–d for 10,
15, 20 and 25% tensile strains. The optical image and corresponding surface profile for the
neck region elongated to 72% are shown in Figure 5h.

Figure 5. Strain fields εxx obtained using DIC at tensile strains of 10% (a), 15% (b), 20% (c), and 25%
(d). Dimensionless roughness parameter (e) and in-plane strain distributions (f) along the tensile axis
(g), and the optical surface image and a roughness profile in a neck region (h).

For quantifying and comparing the roughness patterns, the Ra, RRMS, and Rd parame-
ters were calculated by Equations (9)–(11), respectively, for the whole set of experimental
profiles taken along the specimen centerline. Recall that the profiles were preliminarily
filtered for the Ra and RRMS estimations and remained unfiltered for evaluating Rd. The
dependences of the subsection strain εsub and the Rd and Ra values on the specimen elonga-
tion ε are plotted in Figure 6a–c in the form of individual curves for each subsection (for the
sake of shortness, the RRMS dependences behaving much similarly to Ra are not presented
here). Additionally, the Rd and εsub distributions along the specimen gage part are given in
Figure 5e,f for the different tensile strains.
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Figure 6. In-plane strains εsub (a), Rd and Ra roughness parameters (b,c) and fractal dimension DF

(d) for specimen subsections versus specimen tensile strain.

It is readily seen from the comparison of Figure 6a–c that the Rd roughness values and
the subsection strains εsub correlate well to each other. This conclusion is also supported
by the Rd and εsub distributions in Figure 5e,f. The DIC measurements (Figure 5a–d)
show that the specimen experiences an almost uniform deformation up to 15% tensile
strain. Accordingly, the εsub curves nearly coincide, as do the Rd dependences. On further
tension, the specimen deformation ceases to be uniform, with the strain rate increasing
in subsections 3 and 8 and decreasing in the regions adjacent to the specimen shoulders.
The Rd values in the specimen subsections grow proportionally to their elongations with
an exponential increase in the region of necking (subsection 3). Noticeably, a monotonous
correlation between the Ra and εsub values exists in the range of moderate strains, but is
violated after 20% specimen elongation (cf. Figure 6b,c). In particular, these values in the
neck region grew even slower than in other subsections. This is a result of the artificial
surface smoothing caused by filtering out low-frequency components in the surface profiles.

Along with the roughness parameters, the evolution of the surface morphology was
investigated in terms of fractal dimension DF, as detailed in Section 4.3. The DF values
in each subsection seem not to correlate with either subsection strain or specimen elon-
gation, but change chaotically within an arc-shaped area with a parabolic mean line MM’
(Figure 6d). The ascending and descending portions of the mean line take place before and
after 20% specimen straining. It is interesting to note that the range of DF scattering around
the mean remains unchanged throughout the entire deformation process, except in the
final stage, where the DF value decreases abruptly in the neck region (magenta and blue
triangles in Figure 6d). The analysis of the surface morphology in the neck region suggests
the following explanation: the contribution of low-scale surface asperities in the neck
region becomes negligible in comparison to the macroscopic waviness. This conclusion is
supported by the experimental data reported by Kuznetsov et al. for austenite stainless
steel in Ref. [20], where the fractal dimension changed in a stepwise fashion during tensile
load and dropped shortly before fracture. The authors suggested that this effect could be
attributed to smoothing over the low-scale surface asperities during necking.

5.4. Numerical Stress-Strain Fields and Roughness Patterns

Microstructure-based numerical simulations provide an exceptional opportunity to
establish a correlation between the grain-scale stress-strain fields and DISR parameters. To
this end, the stress, plastic strain and displacement fields obtained in the calculations were
analyzed qualitatively and quantitatively and compared to the free surface morphology
represented by the FE mesh distortions. As an example, the equivalent stress and plastic
strain fields, as well as their corresponding roughness patterns, are shown in Figure 7 for
0.22 and 5% tensile strains.
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Figure 7. Calculated roughness patterns (a,d), and equivalent plastic strain (b,e) and stress fields (c,f)
for 0.22% (a–c) and 5% tensile strains (d–f) (the vertical mesh displacements are scaled with a factor
of 3).

The comparison of the roughness patterns with the grain structure has shown that
small hills and dimples appearing on the surface are attributed to individual grains or grain
parts extruded or plunged relative to the neighboring material (cf. Figures 2a and 7a). These
kinds of surface imperfections make a tangible contribution to roughening in the early
stage of plastic deformation (note that individual dislocation jogs, which could provide
even finer surface asperities, were not resolved either experimentally or numerically). The
grains with the largest Schmid factors in the prismatic slip systems had started to deform
plastically well before the average stress in the stress-strain curve reached the macroscopic
yield point, which is consistent with the results reported by Kawano et al. [11]. Most of
these grains exhibited in-plane deformation, while some grains moved perpendicular to the
surface plane to form the hills and dimples, referred to as the microscale roughening (see
Figure 7a,b). As a result, the grain boundaries became visible on the spotlighted surface of
the computational model as early as 0.2% tensile strain.

As plastic deformation develops, the grains are united into clusters to form larger
surface undulations. Involved in the cooperative motion, the grain groups are capable of
accommodating larger out-of-plane deformation, thus increasing the surface roughening.
Although individual grains within the ridges and valleys are still deformed by dislocation
mechanisms, the cooperative deformation of the grain clusters is a non-dislocation event
and is classified as mesoscale. First, mesoscale undulations appeared nearly simultaneously
with the microscale asperities and were formed by groups of two or three grains. As more
grains were involved in the plastic deformation, the small grain clusters were united into
larger ones to form even higher and longer ridges and valleys (Figure 7d).

Correspondingly, extended band-like regions of plastic strain localization develop on
the surface and in the bulk (Figure 7e). These bands of localized deformation go through
the grains, irrespective of their orientation, and thus are treated as the mesoscale events.
Note, the roughness is related to the surface displacements, while out-of-plane strains are
calculated as the displacement gradients. Therefore, more intensive plastic strain develops
in the regions of narrow surface peaks and valleys and on the steep hillsides of the surface
asperities, where the displacement gradients are higher. A layer-by-layer analysis of the
plastic strain fields revealed that the mesoscale bands seen on the surface are a visible
portion of the strain localization regions formed in the bulk of the material.
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5.5. Amplitude-Frequency Analysis of Roughness Profiles

With the assumption that the surface morphology is related to the deformation mecha-
nisms developing at different length scales, the Fast Fourier Transform (FFT) was applied
to the experimental and numerical profiles to distinguish the characteristic frequency com-
ponents present in the profile structure. The experimental profiles were examined in the
specimen subsection, where the roughening resulted in macroscopic necking (Figure 8a).
Similar to the experimental procedure, the numerical profiles at different tensile strains
were measured along the centerline of the polycrystalline model consisting of 36,000 grains
(Figure 8b).

Figure 8. Surface profiles (a,b) and corresponding FFT spectra (c,d) obtained experimentally (a,c) and
numerically (b,d).

It is seen from the experimental and numerical profiles (Figure 8a,b) that the material
surface begins to roughen from the very incipience of plastic deformation. The peaks and
valleys that appeared in the profiles in an early deformation stage became higher or deeper
with straining, but did not change their positions relative to each other.

The normalized amplitude-frequency spectra for the experimental and numerical
profiles are plotted in Figure 8c,d, respectively, for four selected strain values. The high-
frequency FFT components located in the right part of the frequency axis are attributed to
the microscale out-of-plane displacements and rotations of individual grains or grain parts;
being initially small, their amplitudes only slightly increase up to 15% strain and then nearly
stop growing. The lower-frequency components associated with the mesoscale surface
undulations become dominated shortly after the yield point in the stress-strain curve.

Evidently, the contribution of a certain FFT component to roughening is as large as
its amplitude is high. As the plastic deformation develops, the profile components with
the highest amplitudes shift towards low frequencies, as illustrated by the bar graph in
Figure 9. Here, the red and blue bars are the maximum amplitudes and their corresponding
frequencies found in the FFT decompositions of the experimental profiles (Figure 8c). The
increase in the maximum amplitude of the lower-frequency components bears witness to
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the roughness intensification due to the formation of increasingly large mesoscale surface
undulations.

Figure 9. Normalized amplitude-frequency characteristics for the maximum-amplitude FFT compo-
nents for different strains.

6. Discussion
6.1. Stress Analysis

Macroscopically, the largest contribution to the equivalent stress under uniaxial tension
is made by the stress tensor component along the tensile axis, with the other stresses
equaling zero. At the grain scale, however, all of the stress tensor components were found
to make comparable contributions to the deformation behavior, deviating significantly from
their average values. As an illustration, the frequency count distributions for the stress
tensor diagonal components are plotted in Figure 10 for 0.22% and 5% tensile strains. The
frequency count of the σeq values in the very beginning of the plastic deformation obeys a
normal distribution and are therefore the other stress tensor components (Figure 10a). At
the later deformation stage, however, the σeq frequency count transforms into a multimodal
distribution, with one peak corresponding to the mean value <σ> (the dashed line in
Figure 10b) and two others located on its right and left sides. According to these statistics, a
large portion of the grains exhibit higher or lower stress than that shown in the stress-strain
curve for the same degree of tensile strain (Figure 4a).

Figure 10. Frequency count distributions of the stress tensor components calculated for 0.22% (a) and
5% tensile strain (b).

The macroscopic conditions of uniaxial tension require that the average values of the
stresses acting perpendicular to the tensile axis are zero in order to keep the force balance.
Consistently, the frequency curves for the σyy and σzz stresses demonstrate a normal
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distribution with respect to zero (Figure 10). In the meantime, the standard deviations of
approximately 120 MPa from the mean zero value indicate that the grains exerting nonzero
positive or negative stresses occupy a considerable area already at 5% strain (Figure 10b).
The stress fields in Figure 11 show that the nonzero stress values in the very top layer of
the polycrystalline model are mainly observed along the grain boundaries. However, at
a depth of half the grain diameter, most grains undergo compressive or tensile stresses
normal to the tensile axis. The regions of positive and negative stresses compensate each
other to provide an average zero stress, thus meeting the force equilibrium conditions. The
nonzero local stresses acting from the bulk perpendicular to the surface plane are associated
with the corresponding strains and displacements, thus, giving rise to surface roughening.

Figure 11. Stress tensor components acting perpendicular to the tensile axis for 0.22% (a) and 5%
tensile strain (b).

6.2. Relationship between Mesoscale Roughness and In-Plane Plastic Strain

Experimental methods for evaluating plastic strains in loaded materials are commonly
based on either analyzing certain microstructural features (e.g., texture, dislocation density,
phase composition, etc.) or calculating the strain distributions from the displacement fields.
The former methods require, as a rule, rather complex experimental techniques and, yet,
are not applicable for non-destructive testing. A drawback of the second group of methods
is the requirement for the in-situ monitoring of the surface displacements during the entire
deformation process, using, e.g., DIC or preliminary drawn surface grids, which are often
not readily applicable for real structures. Contrastingly, the roughness assessments rely on
the comparison of the out-of-plane surface displacements with the initially flat surface and
thus do not require the knowledge of the loading history.

In order to establish a quantitative relationship between the mesoscale roughness
and in-plane plastic strains, the experimental Rd, Ra, and DF data were brought into
correspondence with the subsection strains εsub (Figure 12). The Rd vs. εsub data (Figure 12a)
are approximated by a linear curve with a 0.99 determination coefficient, which bears
witness to a strong correlation between the two quantities. Similarly, the Ra values correlate
linearly with the in-plane strains of the corresponding subsections; however, with a larger
scatter and a lower determination coefficient of 0.91. Note that this plot does not include
the neck region where the Ra measurements are invalid even for filtered profiles.

The DF values measured in the specimen subsections are plotted against the subsection
strains εsub in Figure 12c. While the subsection strains monotonously increase, the fractal
dimension changes in a sawtooth fashion. As an example, the DF dependence for the neck
region is shown in Figure 12c through the triangle symbols connected by the blue line. The
DF value deviates up and down from the mean (the MM’ line in Figure 12c) as εsub increases
and drops abruptly when the neck is formed.

To gain a better understanding of what we can learn about surface morphology using
different roughness parameters, we analyzed some simplified cases of sinusoidal profiles
(Figure 13b–h), defined by the analytical functions listed in Table 2. The Ra, RRMS, Rd, and
DF values calculated for the analytical curves are represented by a bar graph in Figure 13a
and summarized in Table 2.
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Figure 12. The Ra (a), Rd (b) and DF values (c) versus in-plane plastic strains of specimen subsections.

Figure 13. Bar graphs of the Ra, RRMS, Rd, and DF values (a) calculated for analytically defined
sinusoidal curves (b–h).

Table 2. Roughness estimates for sinusoidal curves.

Curve y(x) DF Ra RRMS Rd

(b) sin(x) 1.006 0.58 0.67 0.23
(c) 0.5sin(5x) 1.36 0.32 0.35 0.94
(d) 0.5sin(10x) 1.54 0.32 0.35 2.39
(e) 0.5sin(20x) 1.7 0.32 0.35 5.48
(f) sin(x) + 0.5sin(5x) 1.16 0.652 0.76 1.02
(g) sin(x) + 0.5sin(10x) 1.34 0.632 0.76 2.44
(h) sin(x) + 0.5sin(20x) 1.52 0.632 0.75 5.5
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Intuition suggests that the roughness intensity of the sine profiles should increase from
(b) towards (h), following the tendency that the larger the sine frequency and amplitude,
the stronger the surface irregularity. Accordingly, the Rd value progressively increases
for the curves in Figure 13b–h, from top to bottom, taking on the largest value for the
profile (h), defined by the sum of the two sine functions with the largest amplitude and the
highest frequency. The standard roughness parameters Ra and RRMS increase with the sine
amplitude, but do not depend on the frequency. For instance, the Ra and RRMS demonstrate
different values for the two sets of curves plotted in Figures 13c–e and 13f–h, but remain
nearly unchanged within each group. The fractal dimension DF tends to increase with the
frequency for the sine functions of the same kind (cf. DF values for the curves (c)–(e) or
(f)–(h)). However, the appearance of low-frequency components in the sum may decrease
the DF value even though the amplitude of the resulting curve becomes larger (cf., e.g., the
red, blue, and magenta bars corresponding to the sine functions (b), (c), and their sum (f),
respectively). Going back to the experimental results, the DF sawtooth pattern observed in
the specimen subsections can be related to the appearance of low-frequency components in
the structure of the surface profiles.

7. Conclusions

The main findings are summarized as follows:

(i) Deformation-induced roughening is attributed to inhomogeneous stress-strain fields
acting from the bulk across the surface. The surface begins to roughen well before
the macroscopic yield point, when some plastically deformed grains start moving
perpendicular to the surface plane to form isolated hills and dimples.

(ii) Plastically deformed grains united into mesoscale clusters are capable of accommo-
dating larger out-of-plane deformation. As deformation develops, the small grain
clusters are united into larger ones to form even higher and longer ridges and valleys.
Noticeably, the peaks and valleys that appeared in the profiles in the early deforma-
tion stage became higher or deeper with straining, but did not change their positions
relative to each other.

(iii) The FFT decomposition of the roughness profiles revealed that the contribution of low-
frequency components progressively increases with the plastic strain; this suggests
roughness intensification due to the formation of increasingly large mesoscale surface
undulations.

(iv) A strong correlation with a determination coefficient of 0.99 is revealed between the
dimensionless roughness parameter Rd and the corresponding in-plane plastic strains.
The standard roughness parameters Ra and RRMS correlate linearly with the in-plane
strains, but only for moderate tensile deformation, which is a result of filtering out
low-frequency components in the surface profiles.

(v) The fractal dimension DF changes with the subsection strains in a sawtooth fashion,
with an abrupt drop in the neck region. The descent portions of the DF dependences
are supposedly related to the appearance of low-frequency components in the struc-
ture of the surface profiles.
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