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Spherical microindentation tests were performed on samples cut from an AM60B
magnesium alloy die casting to determine the effects of grain size on the local flow stress.
Five samples were indented in the skin region (finer grain sizes), two samples in the core
region (larger grain sizes and dendrites), and one sample was indented in both the skin and
core region of the die-casting. It was determined that the Hall-Petch equation is applicable
for predicting the initial yield point and the flow stress at several levels of plastic strain only
in the skin region, and not the core region, of the die-casting. The Hall-Petch slope and
intercept stress, determined from spherical indentation in the skin region, compare
accurately with previously published results. Possible reasons for indentation results from
the core region deviating from the Hall-Petch relationship are discussed. The Hall-Petch
slope follows a linearly increasing relation with the square root of plastic strain; however,
no conclusions can be drawn concerning this because of the small range of plastic strain
tested. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
In this paper, the local properties of AM60B are in-
vestigated by spherical microindentation. The effect of
varying grain size on the local flow stress calculated
from spherical indentation is determined, in both the
refined grain size skin region and in the larger grain
size core region of the die-casting. Further, the appli-
cability and the parameters of the Hall-Petch equation
relating the local flow stress to the average measured
grain size are determined.

The Hall-Petch equation [1, 2] expresses the flow
stress, σ , of a material as a function of the grain size,
d, as:

σ = σo + kd−1/2 (1)

where σ o is the intercept stress and k is the Hall-Petch
slope. The Hall-Petch equation has also been used in the
past to relate the measured hardness during spherical
indentation to the grain size of a material [3]. Since the
grain size is controlled by the cooling rate, variation
in grain size occurs throughout a typical metal casting,
particularly in the case of complex die-castings where
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the cooling rates depend on the thickness of the cross-
section.

In the case of die-cast magnesium components, a
region of refined grains, referred to as the skin region,
exists near the surface of the casting. The thickness of
this ‘skin’ region ranges from 50–500 µm [4]. Larger
grains exist in the core of the casting. The core region
also contains a greater concentration of defects, such as
inclusions and porosity [4], as shown in Fig. 1. In this
investigation, spherical indentation is used to measure
the dependence of the local flow stress upon the local
grain size in a magnesium die-casting. The average
grain sizes in the skin and core regions of the die-
casting magnesium alloy AM60B studied here were
previously reported to be approximately 7 and 17 µm,
respectively [5].

2. Spherical indentation
The technique to evaluate the hardness of materials us-
ing spherical indentation was first introduced by Brinell
(see [6]). It was further improved upon by O’Neill
[7] and Tabor [8], who demonstrated that the average
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Figure 1 Typical microstructures of the skin (a), and core (b), regions
of the die cast magnesium alloy AM60B. Fig. 1a shows a consistent
region of refined grains, which is typical of Samples I–VI (Table II).
Fig. 1b shows larger grains, several very large dendrites and regions of
microporosity, which is typical of Samples VI–VIII.

Figure 2 Schematic diagram of the indentation of a ductile material by
a rigid sphere of radius R under an applied load, Lmax.

indentation strain, εavg, was a function of the ratio a/R,
where a is the indentation radius and R is the radius of
the spherical indenter (Fig. 2). Several studies [8–10]
have presented theories that relate the mean contact
pressure, PM , during spherical indentation to the flow
stress in uniaxial tension. The implication of these find-
ings is that the tensile flow curve can be deduced from
indentation tests performed to various ratios of a/R [11–
13]. Spherical micro-indentation, using indenters less
then 1 mm in radius, can therefore be used to measure
the effects of microstructure on the local flow stress of
a material. The grain size influence on the indentation

hardness of a number of materials has already been
studied [4, 14–17].

What follows is a summary of the theory, and the
equations developed, that relate the average flow stress
and plastic strain during spherical indentation to the
parameters of indentation load and depth.

2.1. The indentation contact radius, a
The indentation contact radius is related to the plastic
indentation depth, hc, and a dimensionless constant, c,
which represents the amount of sink-in or pileup around
the indentation. The parameter hc, can be determined
at any point during an indentation test by performing
a partial unloading of the indenter. When the spherical
shape of the indenter is taken into account, hc, can be
expressed as [11, 18]:

hc = 1

4
(hmax + 3hi ) (2)

where hmax is the indentation depth prior to the partial
unloading, and hi is the indentation depth extrapolated
to zero load along the initial slope of the unloading
curve [18].

The occurrence of material pileup or sink-in around
the indenter will affect the actual indentation contact ra-
dius and is a function of the strain-hardening exponent,
n, of the indented material. The following expression
for the parameter, c, is widely used to account for the
effect of pileup or sink-in during indentation [19]:

c = 5(2 − n)

2(4 + n)
=

[
a

a∗

]2

(3)

In this expression, a∗ is the indentation contact radius
without the consideration of the effects of pileup or
sink-in. The actual contact radius is then given as [11]:

a =
√

c
(
2Rhc − h2

c

)
(4)

2.2. The average indentation stress
and strain

The average plastic strain, εavg, around a spherical in-
dentation is a function of the ratio a/R. Tabor suggested,
based upon experimentation, that [8]:

εavg = 0.2
a

R
(5)

and this expression is widely accepted, and we, there-
fore, use it to determine εavg in this study. The mean
contact pressure, PM during indentation is given by
[8]:

PM = L

πa2
(6)

where L is the indentation load.
The average indentation stress, σ avg, around a spher-

ical indentation is a function of PM , and a constraint
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T AB L E I Chemical composition of the AM60B alloy in wt%

Alloy Al Mn Zn Si Cu Ni Fe Mg

AM60B 5.5–6.5 0.22–0.6 0.22 Max 0.1 Max 0.01 Max 0.002 Max 0.005 Max Balance

factor, � [8]:

σavg = PM

�
(7)

The constant � depends upon the plasticity of the
deforming material and the shape of the indenter. The
dependence of � upon plasticity can be expressed in
terms of the following plasticity parameter, φ, proposed
by Johnson [9]:

φ = E∗

σy

a

R
(8)

where E∗ is a modified Young’s modulus (E∗ =
E/1−ν2), ν is Poisson’s ratio, and σ y is the yield stress
of the material. When φ is less then 2, spherical in-
dentation occurs primarily through elastic deformation.
When φ is greater then 100, spherical indentation oc-
curs primarily by fully plastic deformation. When φ is
between 2 and 100, the deformation process involves
significant elastic and plastic deformation. In this re-
gion Mesarovic and Fleck [10] have proposed that �is
non-linearly dependent upon φ (see Fig. 7 in Ref. [10]).

In the spherical indentation tests that follow, the de-
formation conditions result in φ being between 2 and
100; therefore, the non-linear relation between � and
φ, proposed by Mesarovic and Fleck is used to deter-
mine σ avg from PM (see Section 4).

3. Experimental procedures
3.1. Test material
Spherical microindentation tests were performed in the
skin region of five samples, in the core region of two
samples, and in both the skin and the core regions
of one sample, taken from different locations in an
AM60B magnesium alloy die-casting thin-walled (3.0

± 0.1 mm) component. The chemical composition of
the AM60B alloy is given in Table I. The average grain
size, d, 0.2% yield strength, σ y, and ultimate tensile
strength, σ UTS, of each sample are shown in Table II
[20, 21]. The grain sizes shown were determined us-
ing optical microscopy, at a magnification of 200X,
and digital image analysis. These measurements were
performed using the intercept length method based on
ASTM Designation E1382-97 [20]. The average grain
sizes shown in Table I were determined as the aver-
age of three separate fields of measurement on each
sample. Each field of measurement in the grain size
analysis sampled a range of 600–1300 grains [20]. The
distributions of the measured grain sizes in Samples I
and VI-Core are shown in Fig. 4. The microstructures
of typical skin and core regions are shown in Fig. 1.

A typical tensile stress-strain curve of the magnesium
alloy AM60B component tested in this study is shown
in Fig. 3 [21]. The yielding and strain hardening char-
acteristics observed in Fig. 3 are similar throughout the
different regions of the die-cast component mechani-
cally tested [22].

Each sample was prepared for indentation testing by
polishing the as-cast surface in slurries of 1µm and,
finally, 0.05 µm colloidal Al2O3. In the case of the
core samples, VI-Core, VII, and VIII (Table II), the
skin region was removed by grinding with 600 grit SiC
paper, prior to polishing.

3.2. Indentation testing
The indentation tests were performed with a Micro
Materials (Wrexham, U.K.) microindentation hardness
tester. This instrument is computer controlled and is ca-
pable of performing multiple load-unload indentation
tests with continuous acquisition of the indentation load
and depth. A high-carbon steel sphere of 0.795 mm ra-
dius was used to indent the samples. The indentations

T AB L E I I Average grain sizes and bulk tensile stresses of each sample tested in this study. Samples I–V were indented in the skin region, Samples
VII and VIII were indented in the core region, and Sample VI was indented in both the skin and the core region of the die cast magnesium alloy

Sample Features
Average grain size,
d (µm) [20]

0.2% Yield stress,
σ y (MPa) [21]

Bulk tensile stress,
σUTS (MPa) [21]

I Very refined grains 4.8 117 241
II Refined grains 6.3 108 172
III Small dendrites away from surface

Amounts of porosity
7.3 115 175

IV Regions of porosity 8.9 113 166
V No significant features 9.0 103 220
VI-Skin Small dendrites near surface 8.0 101 235
VI-Core Very large dendrites 14.9 101
VII Regions of porosity

Dendrites
13.9 110 197

VIII Dendrites
Regions of porosity

12.7 110 161

Casting Average 6.2 – Skin region
13.9 – Core region

112 198
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Figure 3 The typical stress-strain curve observed during mechanical
testing of numerous regions of the die-cast AM60B component.

were performed with loading and unloading rates of
200 mN/s. Eight partial unloadings were performed
during each indentation test. The maximum indenta-
tion load achieved during each test was 20 N. Four
indentations were made on each sample. Fig. 5 shows
two indentations performed on the surface of Sample I.

4. Experimental results
Fig. 6 shows the resulting load-depth curves of typical
indentation tests performed on Samples I and VI-Core.
The skin region (Sample I) has considerably higher
indentation hardness than the core region (Sample V-
Core). The contact radius, a, as described in 2.1, was
calculated using both the load-depth curve of each par-
tial unloading and a strain-hardening exponent of n =
0.23 (where the tensile curve is of the constitutive form
σ = Kεn). This strain-hardening exponent is typical
of that during uniaxial tensile testing of the die-cast
magnesium alloy AM60B [21, 22].

The average indentation flow stress, σ avg, was cal-
culated using Equation 7, where the constraint factor,
�, is a function of the plasticity parameter, φ [9], (as
in (Fig. 7 Ref. [10]). The plasticity parameter, φ, of
the material in this study was found to vary from 18 to

88. Within this range, the �-φ relation can be linearly
approximated as:

� = 1.3 + 0.0037φ (9)

Plots of σ avg vs. εavg for all of the samples tested are
shown in Fig. 7. Fig. 7a shows the samples tested in the
skin region, while Fig. 7b shows the samples tested in
the core region. The different flow response of the sam-
ples suggests that there exist variations in both the mag-
nitude of σ avg, for a given level of εavg, and the strain-
hardening exponent, which are due to microstructural
differences between the samples. Further, Fig. 7 shows
Sample II, with a grain size very near to the average
obtained in the skin region results in stress-strain flow
characteristics very similar to the stress-strain curve
shown in Fig. 3.

Fig. 8 shows the approximate initial yield stress,
σ avg(y), plotted versus d−1/2. σ avg(y) was obtained by
extrapolating the σ avg vs. εavg trends in Fig. 7. The
power law functions were linearly extrapolated to εavg

= 0 (i.e., zero plastic strain) representing an initial
yield stress. The samples indented in the skin region
follow closely the dependence of σ avg(y) upon grain
size predicted by the Hall-Petch equation (Equation
1). This is in accordance with other published results
that demonstrate that both a magnesium-zinc alloy [23]
and the die-cast magnesium alloy AZ91 [17] also ex-
hibit a well-defined Hall-Petch relationship. The sam-
ples indented in the core region do not follow the
same Hall-Petch relationship established in the skin
region.

5. Discussion
5.1. Microstructural influences
Fig. 7 shows a clear difference in the initial yield
stress σ avg(y) of the samples tested in this study. This
difference can be attributed to the differences in the
microstructure of the samples. There is typically a
higher aluminum content in the skin region of the cast-
ings. This is thought to be due to the formation of pre

Figure 4 The frequency distribution of grain sizes measured in this study for Samples II and VI-Core indented in the skin and core regions,
respectively. Scanning electron microscope images of the microstructures of Samples II and VI-Core are shown in the insets. The images show several
grains in each case, approximately 4–12 µm in size for Sample II and approximately 8 to 25 µm in size for Sample VI-Core. The graph shows a
distinctly wider distribution of measured grain sizes for Sample VI-Core.
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Figure 5 Two spherical indentations performed on Sample I of the
AM60B die cast magnesium alloy.

Figure 6 Load-depth curve of typical indentations performed on Sample
I, in the skin region and Sample VI-Core, in the core region of the
AM60B die-casting.

solidified α-Mg grains, very low in aluminum content,
during the die-casting process. These α-Mg grains
solidify as dendrites and are typically found in the core
of the casting in regions that are close to the ingate. The
remaining liquid, which is rich in aluminum, solidifies
in the skin region and results in a high proportion
of the intermetallic β-phase Mg17Al12 at the grain
boundaries. Quantitative optical metallography was
performed on one sample from the skin region, Sample
II, and two samples from the core region, Samples
VI-Core and VII. It was found that the skin region
contained a higher percentage of grain boundaries,
containing Mg17Al12, than the core region. This is in
agreement with the reported findings from similar anal-
yses performed on other die-casting magnesium alloys
[24].

Analytical scanning electron microscopy performed
on Samples II, VI-Core, and VII has shown that alu-
minum is present, for the most part, only at the grain
boundaries [25]. Further, it was determined there is a
higher aluminum content in α-Mg grains found in the
skin region than in the core region. This study, however,
explores the variation in local mechanical properties,
such as σ avg, in different locations, both in the skin and
core regions of the magnesium die-casting component,
with local changes in the grain size.

Figure 7 The calculated average indentation stress, σ avg, plotted as a
function of the calculated average strain, εavg, for the samples indented
in the skin region (a), and in the core region (b). Constitutive relations
are shown fitting the indentation data.

5.2. Grain size of AM60B
The average grain sizes, d, reported in this study (Ta-
ble II), obtained from optical microscopy and digital
image analysis, range from 4.8 µm in the skin region,
to 14.9 µm in the core region. There is, also, a larger
variability in the grain size measurements in the core re-
gion compared to the skin region (Fig. 4). The average
d through the entire skin region and the core region of
multiple die-castings, made under the same conditions,
is 6.2 µm and 13.9 µm, respectively [20]. These grain
sizes are similar to what has been previously reported
for AM60B die-castings [5, 26]. The weaknesses of
using optical microscopy and digital image analysis
to assess the grain size are summarized by Bowles et
al. [27], in which the authors use electron back scat-
tered diffraction (EBSD) to determine the grain size
of AZ91 and AM60 castings. The grain boundaries of
magnesium-aluminum high-pressure die cast alloys are
difficult to etch and some boundaries may be missed
by optical analysis [27, 28]. However, the use of EBSD
is not an industry standard due to the time consump-
tion of data collection and sample preparation [27]. If
the assumption that optical microscopy and digital im-
age analysis overestimates the grain size [28] is taken
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Figure 8 σ avg(y) plotted as a function of d−1/2 in comparison with
published results on similar Mg alloys. The slope of each line gives the
Hall-Petch slope, k. The intercept with the flow stress axis gives the
Hall-Petch intercept stress, σ o. The results from the skin region closely
follow the Hall-Petch relationship [28] while the results from the core
region do not.

into account, a Hall-Petch relationship will still exist
between the flow-stress and the EBSD grain size, how-
ever, the magnitude of the Hall-Petch parameters, as
described below, will vary compared to the parame-
ters determined from the optical grain sizes. Neverthe-
less, the dependence of the Hall-Petch parameters upon
strain will be the same regardless of the method used to
measure the grain size. This is described in more detail
in the following sections.

5.3. Hall-Petch relationship for σ avg(y )
Although Fig. 8 does show the σ avg(y) is related to the
grain size according to the Hall-Petch equation in the
skin region, we investigate in more detail the parame-
ters of the Hall-Petch equation for the die-cast magne-
sium alloy AM60B. Fig. 8 also shows previously pub-
lished results for pure magnesium and similar magne-
sium alloys [29–31]. Both Hall-Petch parameters: the
slope, k and the intercept stress, σ o, can be calculated
from this plot. The Hall-Petch slope, k, is 274 MPa-
µm−1/2 and the intercept stress, σ o, is 10 MPa (R2 =
0.98) for the data from this investigation. These values
compare quite well with reported values in the litera-
ture, as shown in Fig. 8. The Hall-Petch parameters of
pure magnesium [31] during tensile testing are reported
as k = 220 MPa-µm−1/2, and σ o = 12 MPa, while for
magnesium alloyed with small amounts of zirconium,
k = 250 MPa-µm−1/2, and σ o = 18 MPa [30]. There-
fore, the Hall-Petch equation and parameters obtained
for the die-cast magnesium alloy AM60B from spher-
ical indentation testing in the skin region accurately
reflect reported values in literature.

The results in Fig. 8 from the core region do not
follow the same Hall-Petch relationship, as do the re-
sults from the skin region. Several explanations for
these results are possible, including the fact that the
microstructure between the skin and the core regions
is different as discussed above. The variability in the
observed grain size in the core region (see Fig. 4) may

introduce significant uncertainty in the actual average
grain size. The spherical indenter may come into con-
tact with several grains that do not represent the “aver-
age” grain size (as shown in Table II). Further study in
this area is currently underway.

5.4. Hall-Petch relationship for plastic
straining

The Hall-Petch slope, k, for increasing values of plastic
strain can be theoretically shown to increase in the
case where local plastic strain is dependent upon the
density of geometrically necessary dislocations [32].
This dislocation density is necessary to accommodate
the strain incompatibility in small grains with different
crystallographic orientation. This relationship is not
observed, however, with large (10–50 µm) grain size
aluminum-based alloys tested over a wide plastic strain
range (1–16%) [32]. The Hall-Petch slope has also been
reported to decrease with increasing strain over larger
values of plastic strain for polycrystalline Cu (grain
sizes 12–90 µm, strain up to 40%) [33, 34].

The Hall-Petch slope, k, can be determined as follows
for this study. The average indentation stress, σ avg, at a
given plastic strain can be determined directly from the
σ avg vs. εavg plot in Fig. 7. The indentation stress, σ avg,
was calculated as a function of d−1/2 for several lev-
els of plastic straining (0.02, 0.03 and 0.04, the plastic
strain range of testing completed in this study) deter-
mined from indentation testing, for the skin region,
from which the Hall-Petch parameters k and σ o can
then be determined from each level of plastic straining.
The Hall-Petch slope, k, is shown in Fig. 9 plotted as
a function of εavg

1/2. The k values show a linearly in-
creasing trend with an increasing εavg

1/2 over the plastic
strain range tested in this study. This is expected based
upon the shape of the flow curves in Fig. 7. It should
be noted that these curves are the result of multiple
indentation tested (four indentation tests per curve).
Very littler scatter exists in the resulting curves and this
validates the trends shown by the data in Fig. 9. This
finding is supported by the theory of geometrically nec-
essary dislocations, which states that k should increase
with plastic strain. One must keep in mind, however,

Figure 9 σ avg plotted as a function of ε1/2, encountered during inden-
tation testing. The plot shows a linear relation between k and ε1/2.
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that the plastic strain range tested in this study is small
(2–4%) and therefore it does not allow for any firm
conclusions to be drawn regarding the details of the
relation between plastic deformation and dislocation
density. The plastic deformation of magnesium-based
die-casting alloys is a complex process that requires
further study.

6. Conclusions
Spherical indentation testing was performed on five
samples from the skin region, two samples in the core
region and one sample on both the skin and core regions
of the die cast magnesium alloy AM60B. The average
measured grain size of each sample varied from 4.8 to
9.0 µm in the skin region and from 12.7 to 14.9 µm in
the core region of the casting.

We conclude that the flow stress of AM60B depends
upon average grain size according to the Hall-Petch
equation in the skin region. It is suggested that dif-
ferences in the microstructure affect the indentation
results from the core region; however, this dependence
requires further experimental work. We observe that
the Hall-Petch slope, k, increases with increasing plas-
tic strain, however, this observation is limited by the
small range of plastic strain in this study, and there-
fore, does not allow for any firm conclusions to be
drawn. The Hall-Petch slope and the intercept stress
at the yield point, calculated from the spherical in-
dentation data in the skin region are similar in mag-
nitude to the published results obtained from uniaxial
testing.
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