gee materials by

Article

A Novel Approach to Estimate the Plastic Anisotropy
of Metallic Materials Using Cross-Sectional
Indentation Applied to Extruded Magnesium

Alloy AZ31B

Mingzhi Wang, Jianjun Wu *, Hongfei Wu, Zengkun Zhang and He Fan
School of Mechanical Engineering, Northwestern Polytechnical University, Xi’an 710072, China;
wangmz_nwpu@foxmail.com (M.W.); WuHongfei321@163.com (H.W.); 18292068849@163.com (Z.Z.);
henwpu@foxmail.com (H.F.)
* Correspondence: wujj@nwpu.edu.cn; Tel.: +86-29-8849-3101

Received: 21 July 2017; Accepted: 7 September 2017; Published: 11 September 2017

Abstract: In this paper, a methodology is presented for obtaining the plastic anisotropy of bulk
metallic materials using cross-sectional indentation. This method relies on spherical indentation on
the free edge of a specimen, and examining the out-of-plane residual deformation contour persisting
on the cross-section after unloading. Results obtained from numerical simulation revealed that some
important aspects of the out-of-plane residual deformation field are only sensitive to the extent of the
material plastic anisotropy, and insensitive to strain hardening, yield strain, elastic anisotropy, and
the selected displacement threshold value. An explicit equation is presented to correlate the plastic
anisotropy with the characteristic parameter of the bottom shape of residual deformation contour,
and it is used to uniquely determine the material plastic anisotropy in cross-sectional indentation.
Effectiveness of the proposed method is verified by application on magnesium alloy AZ31B, and the
plastic anisotropy parameter obtained from indentation and uniaxial tests show good agreement.

Keywords: indentation; plastic anisotropy; parameter identification; metallic materials

1. Introduction

Indentation testing has long been used as a simple and effective method to extract the mechanical
properties of materials, e.g., hardness [1-3]. Recent advances in depth-sensing instrumented
indentation equipment and optical profiling techniques have greatly stimulated the tremendous
interests in characterization of various mechanical properties of materials, e.g., elastic modulus [4],
stress strain curves [5,6], fracture toughness [7,8], wear properties [9-11], as well as the material
anisotropy [12-17].

In the nature and synthetic material systems, the anisotropic materials are often observed and
widely used in industrial products, such as rolled sheets, composites, extrusions, and so on [18].
The plastic anisotropy is a very important factor that should be considered in the material design and
application stages [19-21]. On the one hand, the plastic anisotropy has non-negligible influence on
the final shapes of metal products made by pressure forming, e.g., the in-plane plastic anisotropy is
tightly related to the tendency of rolled sheets to form ears during drawing [18,22]. As one example,
magnesium alloys have received significant attention in industrial applications because of the excellent
physical properties, e.g., light weight/high strength [23,24]. However, it was reported that this material
has relatively poor ductility and obvious plastic anisotropy at room temperature because of the
pronounced basal-type texture, e.g., magnesium alloy AZ31 [24,25]. Therefore, a large number of prior
works were dedicated to the improvement of the formability and performance of magnesium alloys,
such as the usage of different rolling techniques [26-28], and the introduction of rare earth [29,30].
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On the other hand, the anisotropy of static mechanical properties is tightly related to the
micro-texture and micro-structure of materials [31-34]. For the lithium aluminum alloys extrusion,
the deformation texture created during shaping usually causes high levels of anisotropy, such as
the asymmetric flow and in-plane plastic anisotropy [32-34]. In aerospace applications, a lower
strength in the off-axis direction will neglect the benefits of high strength in the working direction, e.g.,
the wing skins and fuselage stringers [32,33]. Therefore, it is especially important to pay attention to
the mechanical characterization of material plastic anisotropy.

The traditional method for the measurement of material plastic anisotropy relies on the
uniaxial experiments along different orthogonal directions, e.g., uniaxial tensile/compression
tests. However, this testing method is not applicable for the specimens with finite volumes [16].
Therefore, researchers are seeking alternative ways to extract the material plastic anisotropy,
e.g., using indentation, by examining the non-uniform surface displacement distribution around
indenter [16,17,35]. Additionally, many researchers [13-15] resorted to the sophisticated numerical
optimization algorithms to calibrate the prescribed anisotropic model, e.g., Hill’s criterion [36],
by minimizing a suitably-defined error norm between experiment and simulation. However,
the inverse parameters identification processes in these methods usually involve complicated
parameters regression and the extensive off-line numerical simulations [16]. It is noted that the
stress field induced by indentation is essentially under multi-axial state. Therefore, the indentation
actually reflects an “averaged” material response [12,37]. For the anisotropic materials, the indentation
response is determined by all the constitutive parameters of the postulated constitutive law. Thus, it is
challengeable to correlate solely the plastic anisotropy parameter with a specific material response
amount, without taking account of the influence of the other constitutive parameters.

In this paper, we proposed a novel method to estimate the plastic anisotropy parameter of metal
materials by examining the out-of-plane residual deformation field in the cross-sectional indentation.
The advantage of this method is that the shape of the out-of-plane deformation contour induced by
cross-sectional indentation is only sensitive to the material plastic anisotropy, and insensitive to strain
hardening, yield strain, and elastic anisotropy. Therefore, the extent of material plastic anisotropy can
be uniquely correlated with the indentation response, e.g., out-of-plane residual deformation field.

2. Experiment Investigation

2.1. Material

The material studied here is the magnesium alloy extrusion AZ31B. This material is widely used
in industrial applications for its light weight/low density, and good mechanical properties [23,24].
The chemical composition of this alloy is listed in Table 1, and it refers to the mass percentage.
The original shape of the material sample is rounded bar, and the extrusion direction is along the axis.
Due to the extrusion process, this material exhibits strong plastic anisotropy. Uniaxial compression
experiments were used to investigate the plastic anisotropy of this alloy so that the plastic anisotropy
parameter estimated from indentation and uniaxial tests can be comparable.

Table 1. Chemical composition of magnesium alloy AZ31B.

Chemistry Al Zn Mn Si Fe Cu Ni Mg
wt % 25-35 06-14 0.2-1.0 <0.80  <0.003  <0.01 <0.001 Balance

The compression experiment was implemented on the universal material test machine (CIMACH,
Changchun, China), respectively, along the longitudinal and transverse directions. Specimens used
in the uniaxial tests were cylindrical, with diameters of 10 mm and heights of 12 mm. Strain during
the compression process was measured with the assistance of strain gages and data acquisition
devices. The maximum compression ratio was about 10%. Stress—strain curves in uniaxial compression
processes were fitted using the Hollomon hardening law. The uniaxial experimental result is listed
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in Table 2. In this table, the symbols “1, T” and “3, T” represent the transverse direction, while “2, L”
represents the longitudinal direction. Results show the yield stress of this material exhibits strong
anisotropy along the longitudinal and transverse directions, and the yield stress ratio between
longitudinal and transverse directions is about 1.51, while the elastic modulus and strain hardening
exponent show very slight anisotropy.

Table 2. Uniaxial compression experimental data of magnesium alloy AZ31B.

AZ31B E (GPa) o, (MPa) n
1, T 33.5 64.2 0.287
3, T 34.5 68.5 0.260
2,L 32.3 100.5 0.268

2.2. Cross-Sectional Indentation

Figure la shows the material coordinate and specimen used in cross-sectional indentation
experiment. The specimen was cut along the diagonal direction (45° to the transverse direction)
in the T-L plane. Then the two cross-sectional surfaces were carefully polished to a mirror finish
and glued together. The rapid glue used in the indentation experiment was a soft type, and the glue
thickness was less than 20 um. The top and bottom surfaces of the specimen were flat, in order to avoid
the tilt of the specimen in the indentation loading process. Spherical indentation was implemented on
the hardness tester at room temperature, and the indenter was a tungsten ball with a diameter of 5 mm.
The indenter was vertically pressed against the free edge along the bounded interface, so that the
material under the indenter is able to flow freely along the out-of-plane (vertical to the cross-sectional
surface) direction. Before indentation, the surface of the specimen was carefully polished to a mirror
finish. Two different maximum indentation loads, Load-1: P,y = 400 N and Load-2: P, = 500 N
were, respectively, used in the indentation experiments. The holding time was 15 s. Figure 1b shows
the residual imprint left on the surface of specimen (Load-1), the out-of-plane flowing direction
(the red arrows), and the interface line.

o
Interface 45% to T Out-of-plane flowing direction

i
?élnterface

@ (b)

line |

Indentation along free edge

Figure 1. (a) Specimen used in cross-sectional indentation experiment; and (b) the residual imprint left
on the surface of specimen.

The out-of-plane deformation field persisted on the interface surface after unloading is measured
using the optical profiling systems (WYKO NT1100, Veeco, Champaign, IL, USA) and the results
are, respectively, shown in Figure 2a for Load-1 and Figure 2b for Load-2. This measuring process is
based on the white light interferometry theory, and high-resolution 3D surface measurements can be
obtained. The orientation of the deformation plane in the experiment can be described by the material
coordinate defined in Figure 1. The red dotted line in Figure 2 represents the indentation center axis.
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It shows that the out-of-plane residual deformation contour deviates from the indentation center
axis obviously. We recall that the geometry of the indenter-specimen system is essentially symmetric
along the indentation center axis. Therefore, it may be deduced that the asymmetric deformation field
persisting on the interface surface is caused by the material plastic anisotropy. This problem will be
further investigated in Sections 3 and 4.
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Figure 2. Out-of-plane residual deformation field obtained from indentation experiments using
different prescribed loads: (a) the prescribed indentation load is 400 N; and (b) the prescribed
indentation load is 500 N.

3. Methods

3.1. Simulation Setup

Figure 3 shows the schematic of the cross-sectional indentation model for the anisotropic materials.
The anisotropic material considered in the present study exhibits different plastic properties, (e.g., yield
stress) along the two orthogonal directions (e.g., longitudinal and transverse), as shown by the
material coordinate defined in Figure 3. This material coordinate is used throughout the entire
numerical study. The cross-section is designed along the diagonal direction (e.g., 45° to the transverse
direction). The indenter is pressed against the free edge of the cross-section, and the loading direction
is vertical to the T-L plane. In the indentation process, the cross-section is a free surface with no
boundary constraints.

Material Specimen
3,T coordinate Ball indenter
2,.L
o]
I, T / Free edge
Deformation
§
contour
yauvi 77 7 7/ 7/
9=45° Cross-section

Figure 3. Schematic of the cross-sectional indentation model.
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Hill’s plasticity theory [36] is used to describe the deformation behaviors of anisotropic materials
in cross-sectional indentation simulation. The general state of this yield function is expressed in
Equation (1):

f(o) :\/F(Uzz —033)” + G033 — o11)” + H(on1 — 022)” + 2173 + 2M73, + 2N, ey

where, F, G, H, L, M, and N are anisotropic parameters of the current state of anisotropy [16], and these
parameters can be determined by using Equation (2) [38]. The normal and shear yield stress along
three orthogonal axes (e.g., 1, 2, and 3 in the material coordinate) are defined as 011, 022, 033 and 1y,
T31, T23, respectively:

L 1o T LB Sy PR e e
22 33 11 33 11 22 11 22 33 23 13 12

In Equation (2), the six anisotropic yield stress ratios, Ri1, Ra2, Ra3, Rip, Risz, and Rp3 in,
respectively, three normal (R11, Ry, and Rga3) and three shear (Rjp, Rj3, and Rp3) directions are
used to quantify the orthogonal anisotropic plasticity, as shown by the material coordinate defined
in Figure 3. These six anisotropic constants are inputted by using the POTENTIAL sub-option in
ABAQUS software (Dassault, Paris, France) [38]. The R-values are defined by the reference yield stress
oy, and the reference shear yield stress 7y is defined as 7y = oy / V3 according to von Mises criterion.
It is noted that the R-value defined here is different from the strain ratio r, and the latter is usually
called the Lankford index [22]. For the anisotropic materials studied here, the other five R-values are
maintained at unity, and only Ry; is varied to simulate the in-plane anisotropic plasticity along the 2, L
direction. More details about the anisotropic material model studied here can be found in [16,18,38].
The transverse direction is along 1, 3, T axis, and the longitudinal direction is along the 2, L axis.
The stress-strain curve along transverse direction is defined as the reference input amount, and the
yield stress along the longitudinal axis is determined by using the relation ¢y} = Ryoy7. The strain
hardening behavior of material is described using the Hollomon hardening law, with a single strain
hardening exponent “n” for both the longitudinal and transverse directions [18].

3.2. Finite Element Modelling

The ABAQUS/standard commercial codes [38] were used in cross-sectional indentation
simulation. The finite element (FE) model, meshes, and boundary conditions are shown in Figure 4.
The spherical indenter was assumed as discrete rigid using the R3D4 element type. Its diameter was 5
mm. The specimen was modeled using the C3D8R element type, and refined meshes were created
around the local contact regions between indenter and specimen. Minimum element size in this refined
region was 50 um. Poisson’s ratio of specimen was fixed at 0.3, because Poisson’s ratio is a minor factor
in indentation studies [39,40]. The height and radius of specimen was 9.6 mm, and this value is large
enough to avoid the influence of outer boundary effects. The total number of elements were 20,232 for
the specimen and 4000 for the indenter. Contact friction on the surfaces between the indenter and
specimen was defined at 0.1, because the contact friction between metals and diamond is around this
value [41,42]. Displacement of the bottom nodes of the specimen was fixed. No boundary constraints
were applied on the free surface, so that material during indentation is able to flow freely along the
out-of-plane direction (vertical to the free surface, as shown in Figure 3). Vertical displacement of the
indenter was controlled by the force increments, up to a prior defined maximum value, and then the
withdrawal of the indenter was simulated in one step.
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Figure 4. FE model, meshes, and boundary conditions used in the cross-sectional
indentation simulation.

3.3. Characterization of the Out-of-Plane Deformation Contour

We first performed the FE simulation on a test case, where E = 400 GPa, oy = 200 MPa, n = 0.3,
and Ry = 1.5. The prescribed maximum indentation load is fixed at 800 N. The out-of-plane (vertical
to the cross-section) deformation contour of this tested material is shown in Figure 5. The red dotted
line is the indentation center axis. Here, a critically-selected displacement threshold value, Uy, =2 pm
is used. Figure 5 shows clearly that the bottom shape of the out-of-plane deformation contour is not
symmetrical with respect to the indentation center axis, and it deviates toward a specific direction
(T-side).

2.L
Indenter

Material
coordinate

FE results

Figure 5. Out-of-plane deformation contour persisting on the cross-section after unloading.

Figure 6 shows the bottom shape of the out-of-plane deformation contour can be well
approximated by using two circles, with diameters dr and d},, respectively. This approximation process
is very simple. On each side of the deformation contour, select three points on the displacement
threshold line. Then, these three points can be used to uniquely identify one approximation circle,
as shown in Figure 6. Given the asymmetric shape of the out-of-plane deformation contour persisted
on the cross-section after unloading, we hypothesized that the deviation of the bottom shape of the
deformation field is caused by the difference of yield stress oyt and oy in indentation simulation.
Additionally, the deformation contour deviates toward an “easier” side. In the study, the relative
position of the two approximation circles is described by the ratio of their corresponding diameters
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Ry, as Ry =dp /dr. Therefore, R; can be used to reflect the deviation extent of the bottom shape of the
out-of-plane residual deformation contour in cross-sectional indentation.

Figure 6. Description of the bottom shape of the out-of-plane deformation contour using two circles.

4. Fundamental Relationship between Rj; and R,

4.1. Results Obtained from Numerical Simulation

In this section, the possible factor that influences the out-of-plane deformation contour is fully
investigated. Figure 7 shows the FE simulation results of a test case, where E = 400 GPa, oy = 200 MPa,
n = 0.3, and the Ry, value is varied from 0.6 to 2.0. The prescribed indentation load is 800 N, and the
selected displacement threshold value is fixed at Uy, =2 pm. It is clearly shown in Figure 7 that the
deviation direction (see the red arrows) of the out-of-plane deformation contour changes monotonously
with Ry, increases. When Ry, < 1, the contour line deviates toward the L side, while its deviation
direction changes gradually to the T side when Ry, > 1. Additionally, when Ry, = 1, the contour line is
symmetric. Therefore, the deformation contour always deviates toward an “easier” side, where the
yield stress is lower.

a b o d
,T 2L . T R
7 e :
i |
£ H i
Free edge R,,=0.8 R,,=1.0
e f g h

R22=1.2 R22=1.5 R22:1.8 R22=2.0

Figure 7. Influence of the Ry, value on the shape of the out-of-plane deformation contours.
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Figure 8 shows the evolution of the relative position of two approximation circles with Ry,
increases. It shows clearly that when Ry < 1, dr is larger than d; (R; < 1) while dr becomes smaller
than d;, (R; > 1) when Ry > 1. Additionally, when the material is isotropic (Ryp = 1), the two
approximation circles are nearly coincident (dr = d;), and R; = 1. Therefore, there exists a strong
relevance between the bottom shape of the out-of-plane deformation contour (R; value) and the plastic
anisotropy parameter Rp.

Figure 8. Evolution of the relative position between two approximation circles as Ry, increases.

Figure 9 shows the FE simulation results of another test case, where the influence of the strain
hardening exponent, yield strain, elastic anisotropy, and the selected displacement threshold value,
on the shape of out-of-plane deformation contour is systematically investigated. In all the simulations,
the material is assumed as isotropic (R, = 1.0). In Figure 9, it shows all the deformation contours
are symmetric, as it was depicted in Figure 7d. Although, the magnitudes of these contour lines are
different, the two approximation circles are nearly coincident.

Uppyr=1pm Utpr=3um Uthr=5um

Figure 9. Influence of the strain hardening exponent, yield strain, elastic anisotropy, and the selected
displacement threshold value on the shape of contour lines (for all the simulations in this figure, Ry is
fixed at 1.0).
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Similar result can be found in Figure 10, where the Ry, value in all these simulations is fixed at 1.5.
Figure 10 shows that the magnitudes of these contour lines are different, while the relative position of
the two approximation circles are nearly the same, as it was depicted in Figure 8f. Therefore, the results
indicate the strain hardening exponent, yield strain, elastic anisotropy, and the selected displacement
threshold value hardly influence the bottom shape of the out-of-plane deformation contour. It is noted
that the orientation of the deformation planes shown in Figures 7-10 are the same.

Ugpr=1pm Ugpr=3pm Uppr=5um

Figure 10. Influence of the strain hardening exponent, yield strain, elastic anisotropy, and the selected
displacement threshold value on the relative position between two approximation circles (for all the
simulations in this figure, Ry is fixed at 1.5).

Figure 11 shows the extracted R; values using all the contour lines in Figure 10a—d, respectively,
under four different situations. Figure 11 shows the R; values are very close. The small difference of
R, values in Figure 11 is probably caused by some uncertain factors, e.g., numerical oscillations in the
FE simulation and the approximation error. Therefore, the result indicates the bottom shape of the
out-of-plane deformation contour is only dependent on the Ry, value, and independent of the strain
hardening exponent, yield strain, elastic anisotropy and the selected displacement threshold value.

Figure 12 shows the relationship between Ry, and R;;. The result is extracted from Figure 8, and its
relationship is approximated by using a second polynomial function, as expressed in Equation (3).
Its shows the relationship between Rj; and R; is monotonic. Therefore, Equation (3) can be
used to uniquely estimate the anisotropic parameter Ry, when the R; value is obtained from the
cross-sectional indentation.

Ry = 0.1972R3 + 0.3639R, + 0.4137 6)
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Figure 11. Influence of the strain hardening exponent, yield strain, elastic anisotropy, and the selected
displacement threshold value on the diameter ratio, R; of the two approximation circles.
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Figure 12. Relationship between Ry, and R;.

4.2. Comparison with the Experiment

Figure 13 shows the approximation results of the out-of-plane residual deformation field using
two circles. Here, the selected Uy, value is about 10 um. Results show the R; values are about 1.56
for Load-1, and 1.65 for Load-2. Figure 14 shows the estimated Ry, value using Equation (3), and its
comparison with the uniaxial test data. A good agreement can be found, as shown in Figure 14.
The error of the Ry, value between indentation and uniaxial tests are about —3.31% under Load-1,
and +2.65% under Load-2. Results indicate the proposed method in the present study is very effective,
and the reproducibility is good. Additionally, an indentation load of 500 N provides a more accurate
result. In the proposed methodology it is very important to obtain the effective experimental data,
e.g., the residual deformation field since the fitting of the circle is dependent on the selected three
approximation points. This approximation is reliable when the displacement contour is well-defined.
In the numerical simulation, the displacement contours are obtained from the FE simulation and they
are well-defined while, in the experiment, the fitting result may be influenced by the quality of the
experimental data, because the displacement contour can be influenced by some uncertainty factors,
such as the prescribed indentation load, surface evenness and roughness, the glue thickness, and so on.
Thus, it is essential to improve the quality of the experimental data.
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3 Pryax=400N b Poyax=500N

- 232 ————

———
- -~

- 219

Figure 13. Out-of-plane deformation contour: (a) The prescribed indentation load is 400 N;
(b) The prescribed indentation load is 500 N.

—Eq.(1)
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________________________ | G

Comparison of results between indentation and uniaxial rests.

o Indentation
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Ratio of yield stress R,,
o

0.8} Load-1 Load-2
Ry, 1.51 1.46 1.55
Error (%) - -3.31 +2.65
04 s 1 L 1 s 1 s 1
04 0.8 1.2 1.6 2.0

Riaio of approximation diamter R,

Figure 14. Comparison of the estimated Ry, value between indentation and uniaxial tests.

In the experiment, the indentation load should be properly selected. On the one hand,
elastic plastic transition [5] will occur with load increases. Thus, the load should be larger, so that
the deformation is plasticity dominates, while too higher a load may result in the occurrence of some
uncertain factors, such as the fracture along the edge. Therefore, it is suggested here that the load
can be optimized in the real experiment using the trial and error method to obtain a better result,
e.g., a well-defined displacement contour. On the other hand, it should be noted that the quality of
the experimental data depends on the combined effects between the load and the other uncertain
experiment factors, e.g., surface roughness and glue thickness. In the experiments, two indentation
loads, 400 N and 500 N, were selected, because they gave good experimental data. When the experiment
error (e.g., surface evenness and roughness) is fixed at a certain level, a higher indentation load may
induce a larger out-of-plane displacement value, thus it can reduce the influence of these uncertain
factors on the quality of the displacement contour. However, this effect may be simultaneously
influenced by the glue thickness when the displacement value is too large. From this aspect, the current
experiment condition has a lot of room for the improvement, e.g., higher experiment precision, or a
more properly designed glue thickness value. These are open questions, and will be further studied in
our future work.
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5. Discussion

In the present study, a novel approach is established to estimate the plastic anisotropy of bulk
metallic materials by examining the bottom shape of the out-of-plane residual deformation contour
in cross-sectional indentation. It is noted that the indentation size in the present study is within
the macro-scale (e.g., the indenter radius is 2.5 mm), so the indentation size-effect is not considered.
Additionally, the top and bottom surfaces of the specimen should be flat in order to avoid the tilt
of the specimen during the indentation loading process. The influence of tilt angle, indenter offset,
glue thickness, and the other possible factors, e.g., size-effect, grain size, on the shape of the out-of-plane
deformation field will be further investigated in our future work. In numerical computations,
a relatively simple yield criterion, e.g., Hill’s plasticity theory [36], with isotropic strain hardening
behaviors was used. Although more complex yield criterion may bringing more accurate numerical
results, e.g., Barlat 91 criterion [43], this problem is out of the current research scope. In addition,
the influence of element size on the simulation output was systematically investigated. Results indicate
the more refined meshes in the simulation model are able to give a more precise description of the
residual deformation field, while this improvement is very limited, and the computation burden will
increase accordingly. Additionally, the selected element size in the present study is sufficient to give
a very precise description of the material deformation field.

The established methodology in the present study can be used to estimate the plastic anisotropy of
specimens with finite volumes, where the uniaxial tests are not applicable. Although the cross-sectional
indentation technique has been used to characterize the mechanical behaviors of a large number of
materials, e.g., fracture toughness of thermal barrier coatings [8] and the shear band of metallic
glasses [44], its application on the characterization of mechanical behaviors of in-plane anisotropic
materials is rare. Perhaps, the experiment process of this method may be as laborious as the
conventional uniaxial tests. However, it does provide a novel method to uniquely correlate the
plastic anisotropy parameter with the measurable material response, e.g., the out-of-plane deformation
field in cross-sectional indentation. For the research purposes, it can be used to probe the relationship
between anisotropy, microtexture, microstructure, and processing behaviors of materials [17,31-33],
particularly in the situations where the information of the entire indentation loading history
(e.g., the load-displacement curve data) is not available.

6. Conclusions

We presented in this paper a methodology for obtaining the plastic anisotropy of metal materials
using cross-sectional indentation. The study focuses on the bulk metallic materials which possess
different yield stress along the longitudinal and transverse directions. A computational model was
built to simulate the spherical indentation on the free edge of the cross-section. Results obtained
from numerical simulation revealed that the bottom shape of the out-of-plane deformation field
persisted on the cross-section after unloading is only sensitive to the extent of material plastic
anisotropy, and insensitive to strain hardening exponent, yield strain, elastic anisotropy and the
selected displacement threshold value. Based on the parametric FE study, an explicit equation is
established to determine the material plastic anisotropy using the characteristic parameter of the
out-of-plane residual deformation contour in the cross-sectional indentation. The effectiveness of this
method is verified by application on magnesium alloy AZ31B, and the anisotropic parameter estimated
from indentation and uniaxial tests show good agreement.
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