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Abstract: The quantitative relationship between material microstructures, such as grain distributions,
and the nonlinear strain-hardening behaviors of polycrystalline metals has not yet been completely
understood. This study finds that the grain correlation dimension of polycrystals D is universally
equal to the reciprocal of the strain-hardening exponent by experimental research and fractal geometry
analysis. From a geometric perspective, the correlation dimension of grains is consistent with that
of the equivalent plastic strain field, which represents the correlation dimension of the material
manifold. According to the definition of the Hausdorff measure and Ludwik constitutive model,
the strain-hardening exponent represents the exponent derived from the Dth root of the measure
relationship. This universal law indicates that the strain-hardening behaviors are fractal geometrized
and that the strain-hardening exponent represents a geometrical parameter reflecting the multifractal
characteristics of grain structures. This conclusion can enhance the comprehension of the relationship
between microstructure and mechanical properties of materials and highlights the importance of
designing materials with non-uniform grain distributions to achieve desired hardening properties.
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1. Introduction

Structure—property relationships [1] have long been an important issue in many fields,
such as physics [2], chemistry [3], and biology [4]. This is undoubtedly crucial for designing
materials with prescribed properties. In materials science, nonlinear strain-hardening
ability is a vital mechanical property that reflects the strength, hardness, and plastic defor-
mation capacity of metallic materials. As a performance indicator, the strain-hardening
exponent (SHE) characterizes the strain-hardening ability, as defined by a widely accepted
constitutive model, the Ludwik constitutive model [5]:

c=0s+ K(efq>n, (1)

where o is the equivalent stress; o5 is the Von Mises yield stress; K is the strength coefficient
at the initial yielding; efq is the macroscopic equivalent plastic strain (EPS); and n is the
SHE. Accordingly, a substantial amount of research has been conducted on how to control
the strain-hardening ability of various material systems [6-10]. Although the influence of
the grain boundary, as a geometric constraint, on hardening behavior has been broadly
recognized [11], the quantitative relationship between the grain boundary and the SHE
remains unclear.

According to the gauge theory of dislocations and disclinations [12], the elastic field
of a material exhibits the symmetry of Euclidean groups E(3) (SO(3) > T(3)). Meanwhile,
plastic deformations (i.e., dislocations and disclinations) can change these symmetries,
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resulting in the broken symmetry of a system. Therefore, the macroscopic initial yielding
of materials in mechanics represents a typical critical phenomenon [13]. When the order
parameter is defined as the EPS, the Ludwik constitutive model can be considered to
represent the scaling behavior of the critical phenomenon. As is well known, the physical
picture describing the phase transition of a system exhibits self-similarity, which is a typical
fractal characteristic, near the critical point [14]. To determine scales associated with critical
behaviors in an intuitive and easily comprehensible manner, the fractal characteristics of
various systems, such as fractal dimensions, have been widely studied [15-17]. Based on
the above methodology, the simultaneous evolution between surface fractal dimensions of
materials and the SHE has been demonstrated [18,19]. The gauge theory of dislocations
and disclinations provides an outstanding method for quantitatively describing material
plastic deformation, but it does not discuss in depth the structure—property relationship
between the material manifold and its properties. Scholars have acknowledged that the
investigation of critical phenomena in systems can commence by examining the fractal
characteristics of said systems. However, with regard to the hardening behavior exhibited
by metallic materials, researchers have thus far only identified the evolutionary correlation
between the box dimension of dislocation walls in monocrystal materials and the SHE. A
quantitative relationship between the dimension and SHE has not been established, nor
has any related research been conducted on polycrystalline materials. Furthermore, the
physical nature underlying these relationships should be further explored, even when the
factors are identified.

This study aims to establish the quantitative relationship between the fractal dimen-
sion and SHE in polycrystalline materials and revealing the physical nature underlying
these relationships, given that the grain boundary is the main factor affecting the SHE [11],
this study analyzes pure aluminum, copper, and titanium polycrystalline materials and
considers unimodal, bimodal, and twinning grain characteristics. Through fractal char-
acteristics analysis, this study investigates the relationship between the grain correlation
dimension and SHE for all the considered materials and determines a universal law of
polycrystalline strain-hardening behaviors. The results presented in this study allow for
geometrization in strain-hardening behaviors and reveal the significance of investigating
heterogeneity in polycrystalline materials.

2. Method and Experiment
2.1. Correlation Dimension of Polycrystalline Materials

Initially, the correlation dimension was used to calculate the dimension of the strange
attractor of chaotic systems in the phase space [20]. The correlation dimension [21-23]
denotes a measure of dimensionality of a space occupied by a set of random points, often
referred to as a type of fractal dimension. The correlation dimension considers the non-
uniformity of the point set. Grassberger and Procaccia [24] proposed fixing a reference
point x on the strange attractor and defined Ny () as the number of adjacent points centered
on point x with a radius r. The number of points within a ball region follows a power-law
relationship, which is expressed by:

Ny (r) o rix, (2)

where dimension d, corresponds to the pointwise dimension at the location of point x.

All the phase points within the strange attractor constitute a field of pointwise dimen-
sions, and the scale associated with the mean of Ny (r) represents the correlation dimension
D of the strange attractor. Thus, it holds that:

N (r) o P, 3)

In fact, the correlation dimension better captures the fractal characteristics of poly-
crystalline material grains, as evident from its definition. However, previous research in
materials science has predominantly relied on the box dimension [18,19], neglecting this
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more appropriate dimension for describing random point sets. Therefore, this study ab-
stracts each grain to its centroid, as shown in Figure 1a. The point density that corresponds
to the grain fineness number is determined by the size, distribution, and configurational
complexity of grain boundaries. The correlation dimension characterizes the approximate
similarity of systems, which exists in a specific range of scales [20]. As shown in Figure 1b,
for polycrystalline materials, the lower bound measure scale of the correlation dimension
should equal the maximum grain size p; the upper bound denotes the maximum scale
of samples or the minimum subsystem scale L, which represents the minimum statistical
representative window [25] that describes the macroscopic isotropy of the material with
special periodic or quasi-periodic microstructures. Notably, due to the discreteness of grain
sizes, the number of grains obtained at different radii should exhibit a stepped distribution,
and its mean value needs to be calculated. The correlation dimension of polycrystalline
material can be obtained by fitting the slope of a linear approximation to the mean number
corresponding to the radius using Equation (3). Therefore, this study selects four radii
between the lower (i.e., the average grain size) and upper bounds (i.e., four times the
average grain size considering the maximum range of the Electron Backscatter Diffraction
(EBSD) image in the considered cases) to obtain the correlation dimension of a material.

In(N)

i mmp upper bound

4
In(N?) f--------- 9 de

lower bound | mm ./

In(p)  In(Ar) In(L) ll’l(i’)’

Figure 1. (a) Definition of the grain pointwise dimension; (b) properties of the grain pointwise dimension.

2.2. Results of Al Tensile Experiment

First, an Al sheet specimen was manufactured, and the EBSD image was obtained, as
shown in Figure 2a. In Figure 2b, the grain orientation of the Al sheet specimen exhibits a
significant degree of randomness, displaying prominent characteristics of isotropy. Con-
sequently, the EBSD image can be regarded as a representative window of the Al sheet
specimen, making it a reasonable basis for calculating the correlation dimension. The
average grain size of the Al sheet specimen is 35 um, where the proportion of grains with a
size smaller than 50 um is 80%, whereas larger grains measuring over 100 pm are sparsely
distributed, as shown in Figure 2c. The percentage of small-angle grain boundaries exceeds
70%, as shown in Figure 2d. The grain correlation dimension of 1.89, which is shown in
Table 1, was obtained for such grain distribution, as shown in Figure 2a, based on the
calculation method in Section 2.1.

Table 1. The correlation dimension and SHE.

Material Type SHE 1/SHE D
Al (this work) dss 0.534 1.87 1.89
. d10 0.527 1.90 1.83
Ti[26] ds0 0.512 1.95 1.98
d20 t350 0.639 1.56 1.58
d20 t100 0.632 158 1.60
Cul27] d27 100 0.604 L 1.68
NTCd27 t100 : : 1.81

Bimodal Ti [28] d2.1 0.520 1.92 1.83
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Figure 2. Results of Al tensile experiment: (a) the EBSD images; (b) the grain orientation; (c) the grain
size distribution; (d) the misorientation angle; (e) the tensile true strain-stress curves.

According to ASTM E8/E8M [29], a standard tensile test for the Al sheet was designed,
where the specimen was clamped in the tensile testing machine, Instron 3400. The machine
applied tensile force to the specimen at a constant rate (0.5 mm/min) until the specimen
fractured. Then, it was conducted to obtain true stress—strain curves, as shown in Figure 2e.
The SHE of the Al sheet specimen at the initial yielding, with a value of 0.534, as shown
in Table 1, was fitted by the Ludwik constitutive model using Equation (1). After the
calculation process, the correlation dimension (1.89) of the Al sheet specimen was almost
equal to the SHE's reciprocal (1.87).

In this paper, we used the Python language to develop a program for obtaining the
grain correlation dimension from EBSD images. The following outlines the calculation
process for the grain correlation dimension based on EBSD images:

(1) defload_and_preprocess_image (image_path): Load the EBSD image and convert it
to a binary image using Otsu’s binarization method;

(2) def find_grain_centers (binary_image): Identify the geometric centers of the grains
using the skimage.measure library;
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(8) def count_grains_within_radius (centers, scan_points, radius): Use KDTree to calcu-
late the mean number of grain geometric centers N, (r) within a specified radius r for
each scan point;

(4) def plot_grains_and_scan (centers, scan_points, radius, counts, image): Plot the geo-
metric centers of the grains and the scan results on the EBSD image using matplotlib;

(5) Calculate the grain correlation dimension D using Equation (3).

3. Verification

In order to prove that the aforementioned conclusion is not a coincidence, this
study calculated the correlation dimensions of Ti (Figure 1b,c in [26]), Cu polycrystals
(Figure 2b—d in [27]), and bimodal Ti (Figure 1d in [28]) polycrystals (sheet specimens),
considering the effects of different components, grain sizes, grain distributions, and twin
boundaries. Given that this study primarily focuses on the scaling behavior at the initial
yielding, the initial SHE is determined using engineering stress—strain curves instead of
true stress—strain curves, as shown in Figure 3a. The corresponding correlation dimensions
are shown in Table 1 and Figure 3b, where d10 and d50 represent the average grain sizes of
10 pm and 50 um, respectively; t and d represent the characteristic sizes of a material; NTC
denotes the calculation result obtained without considering twin boundaries in Cu; and
d2.1 is the average grain size of bimodal Ti, being equal to 2.1 um. The results obtained
using the above-presented data are consistent with those obtained for Al

(2) 15 —(b)

—=—AID-1.89 —A—Ti(S0pm) D=1.98
—Ti 10pm ——Ti(10um) D=1.83 —&— Bimodal Ti D=1.83
e T S0pm 14841 —¥—Cu(20pm t350) D=1.58 —@—Cu(20pm t100) D=1.60
e Cut d20 350 —4—Cu(27pm) D=1.68 ~—»—Cu(27pm NTC) D=1.71
800 1 Cu d20 t100
——Cu d27 t100
= Bimodal Ti
600
" 5460 |
400 ﬁ

200
F 2009 |

0.0 01 02 03 04 79 200 5250 yryT
Engineering strain

Engineering stress / MPa
In(N,)

Figure 3. Pure metallic polycrystalline materials [26-28]: (a) engineering stress—strain curves and
initial SHE values; (b) correlation dimensions.

The calculation results verify that the correlation dimension of grains directly governs
the scale of the initial yielding, known as the SHE. It should be noted that twin boundaries
have a significant influence on the SHE, and neglecting the contribution of the twin bound-
aries can lead to an underestimation of the calculated SHE, as shown by the results of Cu
in Table 1.

Furthermore, the results obtained for Ti and bimodal Ti clearly demonstrate that the
degree of grain refinement does not have a direct correlation with the SHE. Despite a
significant variation of five times in the average grain size, the SHE values remain the same.
Therefore, similar geometric correlations result in comparable strain-hardening abilities.
Furthermore, the pointwise dimension represents the density of grain distributions, and
the grains constitute a field of pointwise dimensions; this field exhibits multifractal charac-
teristics. The correlation dimension reflects the average feature of the grain distribution,
specifically referring to the grains’ multifractal characteristics. Thus, a universal law of
polycrystalline strain-hardening behaviors seems to have been discovered.

4. Discussion

The objective of this paper is to uncover the physical nature of the quantitative rela-
tionship between the grain correlation dimension and the SHE in polycrystalline materials.
Therefore, the discussion needs to revolve around two key-points: “Relationship between
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the pointwise dimension and material manifold” and “The equivalence relationship be-
tween the correlation dimension of the strength coefficient field and grains”.

4.1. Relationship between the Pointwise Dimension and Material Manifold

It should be explained why the reciprocal of the grain correlation dimension in poly-
crystalline pure metals precisely corresponds to the SHE. In fact, plastic deformation is
closely related to the material manifold. Furthermore, according to the continuum theory
of defect [30], as shown in Equation (4):

k _ 1(1k Ky — _1 Ik
Sij =3 (I’ij — r]-i) = —jeiﬂ«x
Riju = —egijeran ™ / )
Mij = —C€jmn&in,m + K;F]'

the tensors of dislocation a’* and disclination density K;‘]- are related to the tensors of torsion
Sf»‘]- and curvature R;jy of the material manifold, respectively, thus influencing the flatness

of the material manifold. In Equation (4), 77;; denotes the incompatibility tensor, and Ffj
corresponds to the affine connection coefficient of the material manifold.

The most crucial geometric quantities in an affine connection space (i.e., the material
manifold) include the metric tensor g; j and connection I';jx. As shown in Equation (5):

1 1
Lije = 584k + Sgimy + 5 Qi) ©)

the Q tensor is defined by the covariant derivative of the metric tensor, Q;jx = Vjg;j, and
both the curvature tensor and the torsion tensor are defined by connection coefficients. If
Qijk = 0, it transforms into a Cartan space. Yavari et al. [31,32] introduced a geometric
theory of nonlinear solids with distributed dislocations and a geometric field theory of
dislocation mechanics in the Cartan space. As shown in Figure 4, the non-flatness of space
is equivalent to the metric distribution in the Cartan space, and the pointwise dimension
indicates the metric distribution.

g, = &, -Euclidean metric g!' # g'*,non Euclidean metric

Point dimension=1 Point dimension#1

Figure 4. The relationship between the pointwise dimension and the metric distribution.

4.2. The Equivalence Relationship between the Correlation Dimension of the Strength Coefficient
Field and Grains

As shown in Figure 5a, in the elastic stage, the elastic field E(x, y) can be regarded
as a flat isometric manifold. At the initial yielding, as a new field, the strength coefficient
field K(x,y) in Equation (1) is used for characterizing EPSs; that is, the deformation of
the intermediate configuration (pure plastic). The presence of grain boundaries restricts
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the distribution of dislocations and disclinations, particularly affecting the distribution of
torsion and curvature tensors within the material manifold. As a result, grain boundaries
further determine the pointwise dimensions d(x, y) of the material manifold. Thus, the
correlation dimension quantifies the influence of grain boundaries on the dimension of the
whole material manifold. In this study, D a;_gpeer = 1.89, so the geometric shape with a
dimension of 1.89 is selected to explain the relationship between the correlation dimension
of the material manifold and the K(x,y) field dimension. In Figure 5b, the blue figure
represents the K(x, y) field manifold with a correlation dimension of 1.89. When the applied
load exceeds the yield stress, the measure of K(x, y) caused by the stress forms a magnitude
field. According to the definition of the Hausdorff measure, the relationship between the
EPS, stress, and K(x,y) can be defined, as shown in Equation (6):

ehy = HY (K) = inf{ZUiD :{0oj}is a 6—cover of K }, (6)
1

where 4 is the maximum diameter of the stress subset {0;}, and HY (K) is the measure of K(x, ).

Correlation dimension of K D

!

K, (x,3)=K"

m

( a) Point dimension of K d,

Grain boundary effect

{f \
Tensile stress 01 ¥ Tensile stress
Material manifold A/
X
(b ) g—0;

-0, &g
In8§
D= 1:—3~ 1.89 Measure K” by G — 0, Magnitude
(c) plni_,
2] In2
[ |
|1 [
Koch curve

Figure 5. Geometrization of the initial strain-hardening exponent (SHE): (a) the effect of grain
boundaries on material manifolds; (b) the schematic diagram for the measure of the K(x, i) field with
fractal geometry by stress; (c) two-dimensional special geometry.

The stress field constitutes the minimum cover (i.e., the infimum) when measuring
the K(x, ) field, and the EPSs denote measure magnitudes. Therefore, the manifold of the
magnitude field, namely, the EPS field, is represented by a green figure with an identical
shape to that of the K(x, y) field, as shown in Figure 5b. Thus, both manifolds have equal
correlation dimensions. In other words, for small deformations, the correlation dimension
of the material manifold is equivalent to the K(x,y) field dimension. Next, the Ludwik
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constitutive model is re-examined. At the initial yielding, as shown in Figure 5b, the K(x, y)
field is measured using a stress “ruler” of correlation dimension D, obtaining the EPS value.
Therefore, in practice, the Ludwik constitutive model can be modified as follows:

(0 — o)™ = eb K" = (0 —05)P = ebyKP. 7)

The calculated correlation dimension implies the following assumption: the local EPSs
are primarily concentrated at the grain center at the initial yielding due to selecting the
geometric center of the grain as a reference point for the correlation dimension calculation.
The pointwise dimension indicates the density distribution of EPSs around the grain.
As shown in Table 1, the hypothesis is better supported by materials with larger grain
sizes. Conversely, smaller grains exhibit a weaker constraint effect of grain boundaries on
deformation, leading to a concentration of dislocations toward the grain boundaries and
consequently resulting in relatively larger errors in the correlation dimension. It should
be noted that the correlation dimensions calculated in this study are based on the EBSD
images, which constitute a plane. Therefore, the correlation dimension is D € (1,2] [33].
When the load increases, the density and magnitude of plastic deformation also increase.
Consequently, the correlation dimension will inevitably exceed two, which invalidates the
calculation method based on the EBSD images. Further, the material manifold dimension
increases with the applied load, whereas the SHE decreases with the applied load due
to the reciprocal relationship given in Equation (7). It can be observed that the surface
dimensions of specimens (i.e., the material manifold dimensions) are negatively correlated
with the SHE [18], which is consistent with the reciprocal relationship between the material
manifold dimension and the SHE.

Importantly, the correlation dimension of the elastic field manifold is two, and the
correlation dimension of the K(x, y) field manifold can also be two. However, the geometric
characteristics of the two parameters differ significantly, leading to distinct constitutive
models. The direct product of two geometries with different fractal dimensions is A x B,
and the fractal dimension of the newly generated geometry satisfies the following relation-
ship [34]:

dim(A x B) > dimA + dimB. (8)

The fractal theory explains that the dimension of the fractal set resulting from the direct
product of two fractal sets does not necessarily equal the sum of the dimensions of the
two individual fractal sets. In Equation (8), the equal sign is used when A and B are uniform.
The elastic field manifold can serve as a direct product of two lines and thus satisfies the
following relationship:

02 = E? = 0 = Ee. 9)

However, due to the discreteness and non-uniformity of EPSs, it is not possible to determine
a set of uniform fractal geometry to obtain the K(x, y) field by direct product, so this study
can calculate the measure only according to the obtained correlation dimension:

2
0% # E? (sfq) = 02 = Ezefq. (10)

In other words, the geometry with a fractal dimension of two does not necessarily represent
a plane, as shown in Figure 5c. Namely, if the correlation dimension of the K(x,y) field
is two, the dimensions of the generated geometries can be all less than one, according to
Equation (8).

5. Conclusions

In summary, the universal law discovered indicates that the multifractal characteristics
of grain structures determine the strain-hardening behaviors of polycrystalline materials.
(1) Through the study of EBSD and tensile test curves for several typical pure metal
polycrystalline materials, the reciprocal relationship between the correlation dimension
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of grains, which reflects the grains’ multifractal characteristics, and the SHE is discovered.
The nature of this relationship is revealed from the geometric perspective. The plastic
deformations induce changes in the metric distribution of the material manifold, and
the distribution of the metric determines the pointwise dimension and the correlation
dimension of the material manifold. Essentially, the multifractal characteristics of grains
reflect the characteristics of the material manifold;

(2) In this study, the local EPSs are assumed to be primarily concentrated at the
geometric centers of grains at the initial yielding due to the geometric constraints of grain
boundaries. Therefore, the correlation dimension of grains is equivalent to the correlation
dimension of the EPS field manifold. According to the definition of the Hausdorff measure
and the Ludwik constitutive model, the correlation dimension of the EPS field manifold
is consistent with the correlation dimension of the K(x,y) field. Consequently, the SHE
represents an exponent derived from the Dth root of the redefined Ludwik constitutive
model. Moreover, the twin boundaries increase the local EPS density and reduce the
correlation dimension of the K(x, y) field, thus increasing the SHE;

(3) The above findings indicate that, as a critical phenomenon, the initial yielding
or strain-hardening behavior is fractal geometrized. Furthermore, the SHE represents a
geometrical parameter reflecting the multifractal characteristics of grains. This conclusion
can enhance the comprehension of the relationship between the materials” microstruc-
ture and properties in addition to indicating the importance of designing materials with
non-uniform grain distribution, such as core-shell, gradient, and bimodal heterogeneous
distributions, to obtain desired hardening properties.
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