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Abstract Tensile test on smooth and circumferentially
notched specimens, systematic observation of fracture
surfaces and large deformation finite element analysis were
conducted to understand the deformation and failure
behavior of a magnesium alloy (AM60). The plastic
deformation is considered to be dominated by twining
mediated slip. The tensile properties were not sensitive to
the strain rates applied (3.3 x 107~0.1). Corresponding to
the same loading level, higher stress triaxiality but lower
plastic strain was observed in the specimens with a smaller
notch profile radius. Deformation and failure of the mag-
nesium alloy were sensitive to the constraint level and
ductile-brittle fracture transition occurred with decreasing
the notch profile radius.

Introduction

Magnesium (Mg) alloys are attracting increasing attention
due to potential applications in automobile, aerospace,
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communication and computer industry where light weight
materials are desirable. Many investigations have been
conducted to develop new Mg alloys with improved
stiffness and ductility [1-3]. On the other hand, relatively
less attention has been paid to the failure mechanisms of
Mg alloys, such as brittle fracture, ductile tearing and
ductile-brittle fracture transition, subjected to different
environmental or loading conditions. As with metallic
materials, failure is normally dependent on constraint
(stress triaxiality) ahead of a crack or notch and brittle
fracture is prompted by increasing crack length or sample
thickness as a result of elevated constraint level. For
structural steels, experimental observation and numerical
analysis have demonstrated that fracture toughness esti-
mated via crack tip opening displacement (CTOD) or
J-integral at the initiation of a ductile crack is higher
for specimens with low constraint than those with high
constraint [4-7]. The phenomenon of ductile-brittle frac-
ture transition has been observed in many engineering
materials. For low and medium carbon structural steels,
ductile-brittle transition is prompted by decreasing
environmental temperature or increasing loading rate
[8-9]. It was also demonstrated that ductile-brittle frac-
ture transition in carbon steels was significantly affected
by specimen geometry and crack length [10-11]. There-
fore, failure mechanisms, especially the possibility of
ductile-brittle transition in Mg alloys deserve further
investigation. In this work, circumferentially notched
tensile specimens were used to investigate the ductile-
brittle fracture transition in an AM60 magnesium alloy
under different constraint conditions. The effects of strain
rate on yield stress and ductility were also studied. Large
deformation finite element analysis was conducted to
understand the stress—strain distributions in the notched
specimens.
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Experimental and numerical analyses
Tensile test

AMO60 cast magnesium alloy (with 6% Al, 0.2% Zn and
0.21%) was used in this work, which is one of the most
popular magnesium alloys with great potential for appli-
cations in automotive industry. The microstructure is
composed of «-Mg matrix and a second phase (Mg;;Al;»),
as shown in Fig. 1. In order to vary the constraint condi-
tion, tensile test was carried out on circumferentially not-
ched tensile bars with different notch profile radii (1, 2, 4
and 8 mm), whose dimensions are shown in Fig. 2. The
specimens were machined from an ingot in the longitudinal
direction. The tests were conducted using an Instron uni-
versal testing machine at a crosshead speed of 1 mm/min.
The continuous change of the notch profile was monitored
using a digital camera connected with a video recorder.
Smooth tensile specimen (without notch) with a diameter
of 5 mm was also tested under different strain rates
(3.3 x 107~107"). The axial strain was recorded using an
extensometer mounted on the specimen surface. The frac-
ture surfaces were examined using scanning electron
microscopy (SEM).

Finite element analysis

To obtain a better understanding of the stress—strain dis-
tributions in the notched specimens, large deformation fi-
nite element analysis was carried out using MSC/MARC.
Rate independent plasticity and associated flow rule were
used for the material constitutive model. Isotropic hard-
ening means that the yield function is written as

Fig. 1 Microstructure of the AM60 Mg alloy
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Fig. 2 Schematic of the circumferentially notched specimen

where &° is plastic strain and ¢ and & are the Cauchy
(true) stress and equivalent stress, respectively. The
form of f employed in this study is the von Mises yield
function

flo) = (; (Sijsij)) 1/2» (2)

where §;; is the deviatoric component of stress. The uni-
axial true stress—strain curve estimated from the smooth
tensile bars was input in the finite element program in a
multi-linear form. Because the circumferentially notched
specimen is axisymmetric, only a quarter of the specimen
was modeled in 2-dimension to reduce the computational
cost. The mesh size was optimized by carrying out mesh
sensitive test with various element sizes. Small elements
(about 10 um) were placed in the notch root.

Results and discussion

Deformation in smooth tensile specimens

The typical stress—strain curve for the AM60 Mg alloy
determined using the smooth tensile specimens is shown in

Fig. 3, where apparent working hardening can be observed.
It is interesting to note that some slip steps were developed
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Fig. 3 Stress—strain behavior for the AM60 Mg alloy, determined
using the smooth tensile specimens
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on the specimen surface during the tensile test, as shown in
Fig. 4a. To observe the microstructure close to the fracture
surfaces, some broken tensile specimens were sectioned
perpendicular to the fracture surfaces, polished and etched.
The typical microstructure is illustrated in Fig. 4b. It can be
seen that there are some deformation twins in the elongated
microstructure. This is consistent with the observation of
Gartnerova et al. [12] in an Mg alloy. Actually, it is not
surprised to observe a deformation twin in a HCP metal
like magnesium after some plastic deformation. As shown
in Fig. 4a, extensive slip steps were developed, as a result
of slip, i.e., motion of dislocations along the slip planes.
Therefore, the effect of small amount of twining can be
explained as the reorientations of the basal planes that then
become more favorable relative to the stress axis such that
the slip can take place. This has also been confirmed by
Zhang et al [13]. The effect of strain rates on yield
strength, tensile strength and elongation is shown in Ta-
ble 1. In general, the tensile properties are not sensitive to
the strain rates. The increase of yield strength with the
strain rate is not significant and there is only a very slight
decrease of the elongation at a high strain rate. For a HCP

Fig. 4 (a) Slip lines on the tensile specimen surface, and (b)
deformation twins observed in the microstructure close to the fracture
surfaces
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Table 1 Mechanical properties at different strain rates

Strain rate Yield strength  Ultimate tensile strength Elongation

(MPa) (MPa) (%)
33x 107 566+ 1.2 185.5 + 3.2 8.5+ 0.1
33%x 107 55427 1845 + 2.4 8.4 £0.7
33x 1072 634+ 1.5 183.6 + 3.2 8.2+ 0.4

0.1 60.7 = 1.1 180.4 = 3.8 7.9 £ 0.1

metal, higher ductility (elongation) can be obtained at
higher strain rates due to increased working hardening
rates. On the other hand, dynamic recovery may decrease
the working hardening rates by lowering defect density
[14]. These two effects may offset each other and lead to an
almost constant ductility over the strain rates applied.

Estimation of constraint in notched specimens

As mentioned before, deformation and failure of a metallic
material may be very sensitive to constraint conditions. For
a notched bar in tension, it is expected the deformation is
not uniform in the axial direction within the notched sec-
tion. The strain measured by the extensometer is only the
average value within the total gauge length of the extens-
ometer (50 mm). To clarify the variation of constraint with
the notch radius in a quantitative way, the distributions of
stresses and strains, especially the stress triaxiality (ratio
between mean stress and effective stress) that is normally
regarded as an indicator of constraint level, need to be
estimated.

Figure 5 shows the finite element analysis of stress tri-
axiality and plastic strain along the diameter direction of
the notched specimens at a load level of 4.5 kN. Appar-
ently, the specimen with a smaller notch profile radius (R)
has a higher level of stress triaxiality, i.e., a higher con-
straint level. It is interesting to note that the maximum
stress triaxiality is located in the center of the notched
specimens. On the other hand, a higher plastic strain is
associated with the sample with a larger profile radius, i.e.,
lower constraint level, shown in Fig. 5b. Figure 6 shows
the maximum stress triaxiality corresponding to the failure
loads. It is clear that the maximum stress triaxiality de-
creases with increasing the notch profile radius. Figure 7
shows the effect of stress triaxiality on the tensile strength.
It is clear that the tensile strength increases with the stress
triaxiality. As compared to the smooth tensile specimen
(Table 1), an apparent increase of tensile strength was
observed in the notched specimens. Hancock and Mac-
kenzie [15] have showed an apparent increase of fracture
stress with stress triaxiality in two low alloy steels.
Therefore, the notch profile radius has an apparent effect
on the constraint level and tensile strength in this Mg alloy.
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Fig. 6 Variation of the maximum stress triaxiality with notch radius
Ductile-brittle fracture transition
To gain a better understanding of the fracture mechanisms,

the failure process of the notched bars was continuously
monitored using a digital camera. The side views of the

shown in Fig. 9. For the samples with notch radius of
1 mm, the fracture surfaces are featured by cleavage facets,
Fig. 9a. When the radius is increased from 2 mm to 8 mm,
both amount and size of the dimples increase on the frac-
ture surfaces. The fracture surfaces of the specimens with
large notch profile radii (4 mm and 8 mm) are character-
ized by ductile fracture, Fig. 8c—d. Therefore, there is an
apparent transition from ductile tearing to brittle fracture
with decreasing the notch radius. As discussed by Ritchie
et al. [16], the criterion of brittle fracture was postulated as
the normal stress exceeding the cleavage stress over a
characteristic distance. In this work, as shown in Fig. 6,
there is an apparent increase of stress triaxiality when the
notch profile radius is reduced. It is known that high stress
triaxiality can greatly reduce the shear stresses that are
regarded as the driving force for plastic deformation via
slip or twining. As a result, plastic deformation is restricted
as slip can only occur at a critical shear stress, i.e., resolved
shear stress and brittle fracture is promoted when the
normal stress reaches the cleavage stress. This is why
brittle fracture was associated with the specimen with a
small notch radius and there was a ductile-brittle transition
when notch radius was reduced. Previous work on notched
bend specimens also indicated an increase of normal stress
ahead of a notch when the notch root radius was reduced,
which prompted the occurrence of cleavage fracture [17].
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Fig. 8 Side views of the
notched specimen after failure:
(a) R =1 mm, (b) R =2 mm,
(¢) R =4 mm and (d)

R =8 mm

Fig. 9 Typical fracture surfaces
of the notched specimens: (a)
R =1 mm, (b) R =2 mm, (¢)
R =4 mm and (d) R = 8 mm

Therefore, the failure mechanisms of the magnesium alloy
are sensitive to the constraint level and apparent embrit-
tlement is expected under high constraint conditions.

Conclusions

Smooth and circumferentially notched tensile specimens
were used to investigate the deformation and failure

@ Springer

behavior of an AM60 Mg alloy. Large deformation finite
element analysis was also conducted to estimate the stress
triaxiality (constraint) in the notched specimens. The ten-
sile test using the smooth bars indicated that the mechan-
ical properties were not sensitive to the strain rates applied
(3.3 x 107*~0.1) and the plastic deformation was domi-
nated by twining mediated slip. Corresponding to the same
loading level, higher stress triaxiality but lower plastic
strain was observed in the specimens with a smaller notch
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profile radius. Higher tensile strength was associated with
the specimens with higher stress triaxiality. The ductile-
brittle fracture transition occurred when the notch profile
radius was reduced from 8 mm to 1 mm due to the increase
of constraint. Therefore, apparent embrittlement is ex-
pected for this alloy under high constraint conditions.
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