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Abstract: In this paper, the anisotropic mechanical properties of rolled AZ31 magnesium alloys are
investigated using nanoindentation tests at room temperature. Nanoindentation was carried out at
four angles, including the rolling direction (0◦), diagonal direction (45◦), transverse direction (90◦),
and vertical direction (ND). Experimental results show that hardness increases as the rolling angle
increases from 0◦ to 90◦ and is lowest in the ND direction. The hardness independent of the effect of
indentation depth is obtained by analyzing the indentation size effect and then converting hardness
values into yield strengths. A new criterion is proposed on the basis of the Hill48 yield criterion.
The data obtained through the above experiments are used to determine the parameters in the new
criterion. Finally, a solution to the challenge of modeling a function that accurately describes the
anisotropic yielding behavior of AZ31 magnesium alloys is proposed using the nanoindentation
technique to solve the requirements of specimen size and experimental methods of the macro test.
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1. Introduction

Magnesium alloys have aroused great research interest and are used in many applications on
account of their excellent properties, which include high strength and good wear resistance, corrosion
resistance, and thermal stability. However, although magnesium alloys present many advantages over
other alloys, they are not perfect metals, because of their poor formability and corrosion resistance
at ambient temperature. Magnesium alloys have a hexagonal closed-packed crystal structure with
a limited number of available slip systems (basal {0001}, prismatic {1010}, and pyramidal {1011}),
which leads to their poor formability during cold working [1]. While cast magnesium alloys are used
more extensively than deformed magnesium alloys, the strength, ductility, and mechanical properties
of the former are poorer than those of the latter. AZ31 is one of the most widely used alloys currently
available. Rolling is an important means to improve the properties of this type of alloy. Under annealing
and mechanical twinning, magnesium can show anisotropy at room temperature; thus, the nature of
the plastic deformation of magnesium is quite complex [2]. Studies on the deformation and damage
behavior of magnesium indicate that anisotropy clearly occurs during magnesium alloy deformation.
Initial textures can impact the shape and stress–strain behavior of the samples [1]. The anisotropic
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mechanical characteristics of AZ31 magnesium alloys have a significant influence on their plastic
deformation. Therefore, obtaining a comprehensive understanding of the anisotropic mechanical
behavior of magnesium alloys is important.

An accurate description of the magnesium alloy yielding behavior is essential to predict its forming
processes. Industrial applications require an overall understanding of the mechanical properties
of rolled AZ31 alloys. An accurate mathematical description is significant for predicting material
deformation and yielding behaviors; thus, researchers have exerted considerable efforts over the
last several decades to establish a solid foundation through which the magnesium yielding and
deformation behaviors may be described. In 1864, Tresca established a phenomenological model to
describe the yield of materials using the concept of maximum shear stress. Hu proposed an anisotropic
yield criterion that satisfies the anisotropic presentation under uniaxial and equibiaxial tension [3].
Masse et al. [4] concluded that taking plastic anisotropy into account obviously improves the estimation
of the final width. Many reports on the measurement of mechanical properties at the macro scale
have been published. However, the in situ acquisition of the micro-scale mechanical properties of
AZ31 alloys has yet to be conducted. Basu et al. [5] investigated size-dependent plastic responses by
nanomechanical testing, high-resolution microscopy, and phase analysis and showed that the local
microstructure has an obvious influence on small-scale plastic responses. Knowledge of the micro-scale
mechanical properties of AZ31 alloys could provide a fundamental basis for its applications.

Most traditional experimental approaches, such as compression, tension, and torsion, are based on
conventional bulk-scale testing, are destructive, and require a large number and volume of materials.
The nanoindentation testing technique, a non- or semi-destructive approach, is considered a reliable,
convenient, and robust approach with which to study the mechanical properties of materials at the
nano- and micro-scales. Many scholars have proposed a series of simple mechanical properties
for AZ31 alloys determined from indentation tests. However, in-depth studies of the mechanical
properties of AZ31 alloys obtained via nanoindentation must be carried out, which can solve the
impact due to the local deformation of the indentation test and complex operating conditions. In this
study, nanoindentation tests were conducted using the continuous stiffness measurement technique
(CSM), and the hardness of AZ31 alloys independent of size effects is obtained from the Nix model.
The hardness values obtained are converted into strength values by using Tabor’s factor, and the
material parameters in the criteria were calculated to establish the anisotropic yield criterion of
AZ31 alloys.

2. Materials and Experimental Procedure

The chemical composition of the material was Mg-90 wt.% Al-0.3 wt.% Zn-0.1 wt.%.
The magnesium sheet was produced by the traditional rolling method. As shown in Figure 1,
the specimens were machined into dimensions of 5 mm × 5 mm × 5 mm in the rolling direction (0◦),
diagonal direction (45◦), transverse direction (90◦), and vertical direction (ND). The nanoindentation
tests were performed using a Nanoindenter G200 test system produced by Agilent Technologies with a
triangular pyramid Berkovich diamond indenter. The optical microscopic images were performed
using the GX53 Metallographic Microscope produced by OLYMPUS. Prior to indentation testing,
the test surface was ground using a series of SiC sand papers with gradually finer grains and polished
to a scratch-free mirror-like finish. In this study, the maximum indentation depth was set to 2000 nm
and the indentation strain rate was 0.001. Each test was performed at room temperature and repeated
thrice. The mean hardness was used for the following discussion. The maximum indentation depth
and Poisson’s ratio of the AZ31 alloys were set to 2000 nm and 0.28, respectively. A constant indentation
strain rate was implemented by maintaining a constant loading rate (

.
p/p) during the test. The hardness

values were obtained during loading in CSM mode [6,7], and the dwell time at a constant load of
45 mN was set to 100 s.
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Figure 1. Schematic of the loading of rolled AZ31 alloys in four directions. 

3. Results and Discussion 

Figure 2 shows the optical microscopic images of the rolled AZ31 samples in the 0°, 45°, 90°, 
and ND directions (these directions are marked by the arrows in Figure 1); coarse grains of 5-20 µm 
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Figure 1. Schematic of the loading of rolled AZ31 alloys in four directions.

3. Results and Discussion

Figure 2 shows the optical microscopic images of the rolled AZ31 samples in the 0◦, 45◦, 90◦,
and ND directions (these directions are marked by the arrows in Figure 1); coarse grains of 5–20 µm
could be observed in the samples. Barnett et al. found that grain size affects the mechanical responses of
wrought magnesium [8]. The grain sizes of the rolled samples in the four directions were significantly
different, which could explain the observed differences in their strength. The nanoindentation
experiments were carried out in four directions, as shown in Figure 1.Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 10 
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Figure 2. Optical microscopic images of the rolled AZ31 samples in the 0◦, 45◦, 90◦, and vertical
(ND) directions.
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In CSM mode, the function of contact stiffness can be expressed as follows [6]:

S =

 1(
Famp/hamp

)
cosφ− (Ks −mω2)

−
1

K f


−1

(1)

where S, Famp, and hamp are the contact stiffness, amplitude of the harmonic excitation force, and response
displacement amplitude, respectively. In addition,φ is the phase shift,ω = 2π f is the angular frequency
( f = 45Hz), and Ks, K f , and m are the spring constant in the vertical direction, frame stiffness, and mass
of the indenter, respectively. The contact stiffness increases nearly linearly with indentation depth in
the three directions, as shown in Figure 3.
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Figure 3. Nanoindentation contact stiffness-depth curves obtained during the loading of rolled AZ31
alloys in four directions.

The projected contact area Ac of a perfect Berkovich diamond indenter can be calculated as
follows [9,10]:

Ac = 24.56h2
c (2)

where hc is the contact depth and calculated by the equation:

hc = h− ε
p
s

(3)

where P and ε = 0.75 are the contact load and a contact for the Berkovich indenter, respectively.
Hardness (H) is defined by the follow equation:

H =
P
Ac

(4)

where P is the contact load. The hardness–depth curves of the samples in four directions can then be
obtained. As shown in Figure 4, the experimental data of 45◦ have better repetition.
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Figure 4. Nanoindentation hardness-depth curves of 45◦ from three repeated experiments.

The hardness values of rolled AZ31 alloys during loading in the 0◦, 45◦, 90◦, and ND directions
clearly differ, as shown in Figure 5. As the indentation depth increases, the hardness values decrease.
The hardness increases as the angle increases from 0◦ to 90◦ and is smallest in the ND direction.
Hardness is affected by the plate texture during rolling and shows significant anisotropy. Some factors
of uncertainty and error in nanoindentation tests include surface roughness and surface texture,
among others. In this study, the maximum penetration depth of the sample was approximately
2000 nm; such a depth is sufficiently large to assume that the contribution of surface inconsistencies is
negligible. The hardness values observed in the 0◦, 45◦, 90◦, and ND directions are listed in Table 1.Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 10 
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Table 1. Fitting values of hardness under different angles.

Angle (◦) 0◦ 45◦ 90◦ ND

H (GPa) 0.45 0.46 0.48 0.42

The indentation size effect refers to the variation in the indentation hardness (or indentation stress)
as a function of indentation depth [11]. The effects of indentation depth on the mechanical properties
of metals must be considered. Under the limit of infinite depth, Nix et al. [12,13] proposed a hardness
model to investigate the indentation size effect of metal hardness as follows:

H
H0

=

√
1 +

h∗

h
(5)

H2 = H2
0h∗ ·

1
h
+ H2

0 (6)

where H0 is the hardness in the limit of infinite depth and h∗ is the characteristic length. The relationship
between the square of hardness (H2) and the reciprocal of indentation depth (1/h) should be linear,
as shown in Equation (6). We performed the linear fitting of H2 vs. 1/h. Based on the indentation data
collected between 500 and 1500 nm, the slope and intercept of the fitted straight line are H2

0 · h∗ and H2
0,

respectively. Thus, H0 independent of the indentation size effect can be obtained (Figure 6).Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 10 
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Figure 6. H2 versus 1/h curves of the rolled AZ31 alloys in four angles.

H0 may be determined from the results of linear fitting, as shown in Table 2.

Table 2. Fitting values of H0 under different angles.

Angle (◦) 0◦ 45◦ 90◦ ND

H0 (GPa) 0.35 0.36 0.42 0.28
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A Tabor’s factor of 3 can be used to convert the hardness values into yield stress values [14]:

H = 3σ (7)

The strength of magnesium alloys can be obtained using Equation (7). The yield stresses in
different directions are presented in Table 3

Table 3. Strength of the magnesium AZ31 alloys.

Angle (◦) 0◦ 45◦ 90◦ ND

σy (MPa) 116 120 137 94

The anisotropy yield criterion of rolled AZ31 magnesium alloys is established according to the Hill
1948 yield function. The three-dimensional yield function proposed by Hill [15] is defined as follows:

fy = Fy(σ22 − σ33)
2 + Gy(σ33 − σ11)

2 + Hy(σ11 − σ22)
2 + 2Lyσ23

2 + 2Myσ31
2 + 2Nyσ12

2
− σy

2 (8)

where Fy, Gy, Hy, Ly, My, Ny are used to describe direction-dependent yield stresses.
These coefficients can be obtained by considering the uniaxial compression at some angle relative

to the rolling direction and denoting the uniaxial compressive yield stress σθ. The stress components
in the Cartesian axis system are:

σ11 = σθ cos2 θ σ12 = σθ sinθ cosθ σ22 = σθ sin2 θ (9)

Substituting (9) for σ11, σ12, σ22 in Equation (8) yields:

σθ = ((1)((Fy + Hy) sin4 θ) + (Gy + Hy) cos4 θ− 2Hy sin2 θ cos2 θ+ 2Ny sin2 θ cos2 θ)
−1
)1/2σy (10)

Based on the primitive function, the uniaxial compressive yield stresses for the rolling direction (0◦),
diagonal direction (45◦), and transverse direction (90◦) are formulated as follows:

σ0 = ( 1
Gy+Hy

)
1/2
σy,

σ45 = ( 4
Fy+Gy+2Ny

)
1/2
σy,

σ90 = ( 1
Fy+Hy

)
1/2
σy.

(11)

The yield stress in the rolled-plane direction, which is denoted σZ, can be concisely expressed as
follows (12):

σz = (
1

Fy + Gy
)

1/2
σy (12)

The following expression can be acquired by finding the primitive function, and four anisotropic
parameters are formulated by solving Equations (11) and (12) as follows:

Fy =
1
2
(

1
σ2

90

−
1
σ2

0

+
1
σ2

z
)σy

2 (13)

Gy =
1
2
(

1
σ2

0

−
1
σ2

90

+
1
σ2

z
)σy

2 (14)

Hy =
1
2
(

1
σ2

0

+
1
σ2

90

−
1
σ2

z
)σy

2 (15)
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Ny = (
2
σ2

45

−
1

2σ2
z
)σy

2 (16)

Through-thickness anisotropic parameters related to shear Ly and My are assumed to be identical
to the anisotropic parameters of Ny and calculated as follows [16]:

Ly = My = Ny (17)

The yield stress clearly increases as the angle along the rolling direction increases. This result is
consistent with the results of macroscopic compression yield strength. The anisotropic parameters in
the yield function can be calibrated using the data in Table 2. The yield stress in the vertical direction σz

is used to represent the effective yield stress σy. The calibrated anisotropic parameters are summarized
in Table 4.

Table 4. Anisotropic parameters in the Hill yield function for rolled AZ31 alloys.

Fy Gy Hy Ly My Ny

0.406 1.184 0.468 0.723 0.723 0.723

The anisotropic yield function determined via the nanoindentation test is utilized to describe
the yield behavior of rolled AZ31 magnesium alloys. The following expression can be acquired by
obtaining the primitive function:

fy = 0.406(σ22 − σ33)
2 + 1.184(σ33 − σ11)

2 + 0.468(σ11 − σ22)
2 + 0.723σ23

2

+0.723σ31
2 + 0.723σ12

2
− σy

2 (18)

4. Conclusions

The Hill48 yield function is calibrated using data obtained from nanoindentation tests because the
proposed plasticity model is applied to the rolling process, during which materials mainly experience
compression. The mechanical behavior of the AZ31 alloys is investigated via nanoindentation tests
with the CSM technique. The indentation hardness exhibits anisotropic behavior and is relatively
large under high angles along the rolling direction, that is, the hardness values increase as the angle
increases from 0◦ to 90◦. The hardness in the ND direction is smallest among the values obtained.
The anisotropic mechanical behavior of the alloys is analyzed, and the hardness independent of the
effect of indentation depth is calculated. Tabor’s factor can be used to convert hardness values into
yield stress values. The Hill48 yield function of rolled AZ31 magnesium alloys is calibrated using the
experimental results.
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