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Abstract

A study has been made on the tensile properties and high temperature properties of die cast Mg—Sn—AI-Si (TAS831) alloy. The microstruct
of TAS831 alloy is characterized by the presence of thermally stabl&SMgarticles within matrix and along grain boundaries. It also contains
a small volume fraction of thermally stable W&j particles. It has been shown that TAS831 alloy has better combinations of tensile properties at
room and elevated temperatures than die cast AZ91 alloy. Creep properties of TAS831 alloy are also superior to those of AZ91 alloy. Analy
of creep behavior and load-relaxation behavior at elevated temperatures in the context of internal variable theory indicate that the presenc
thermally stable dispersoids in TAS831 alloy increases the resistance to dislocation movement, thereby improving creep properties over thos
AZ91 alloy.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction which result in a significant improvement in the elevated tem-
perature propertig4 3]. However, these elements are expensive,
Mg alloys have the great potential for high performance struclimiting widespread application of such alloys.
tural applications due to their excellent properties such as low In the present paper, an alternative alloy based on Mg—-Sn
density, high specific strength, superior damping capacity, etsystem, TAS831 alloy (Mg—8Sn—3AI-1Si), is introduced. Sn
[1,2]. In addition, these alloys usually have good castabilityhas several characteristics suitable as an alloying element
and machinability, making them quite suitable for applicationsfor elevated temperature applications: low diffusivity in Mg
as casting alloys. The typical alloys are Mg—Al based alloyg10x 10-14m/$ at 400°C), low solid solubility in Mg
such as AZ91 and AMG60 alloys. They are currently used exten(0.035 at.% at room temperature) and high liquid solubility in
sively in automotive components such as instrument panemolten Mg (100% at 800C). Moreover, the main phase in
intake manifold and steering wheel to name a {8w]. How-  Mg-Sn alloy system, MgSn, has a high melting temperature
ever, Mg—Al based alloys are unsuitable for use at temperaturesf about 770 C. These characteristics suggest that a fairly large
above 120C since they show poor creep resistance and larggolume fraction of thermally stable M&n particles can be
decrease in strength at elevated temperatures due to the therrf@med during solidification. Tensile and creep properties of die
instability of microstructurg5,6]. Therefore, in recent years, cast TAS831 alloy were investigated and compared to those of
improving the elevated temperature properties has becomedie cast AZ91 alloy. Load-relaxation behavior of these alloys
major issue for possible applications of Mg alloys in hot com-was also investigated to understand the elevated temperature
ponents such as powertrain systems. Several approaches haleformation mechanism.
been taken to improve the elevated temperature properties of
Mg alloys[6—14]. The most common way of improving the ele- .
vated temperature properties is the formation of thermally stabl%' Experimental procedures
precipitates or dispersoids along the grain boundaries to resist
the deformation by grain boundary slidifi2]. The most effec-
tive alloying elements for such purpose are rare earth elemen

TAS831 and AZ91 alloys were subjected to die casting.
The analyzed chemical compositions are Mg-7.79 wt.%
Sh-2.73wt% A-0.70Wt% Si-0.69Wt.% Zn-0.19wt.%
Mn for TAS831 alloy and Mg-9.2wt.% AI-0.85wt.%
* Corresponding author. Tel.: +82 54 279 5135; fax: +82 54 279 5887. Zn—0.21wt.% Mn for AZ91 alloy. Al was added to TAS831
E-mail address: njkim@postech.ac.kr (N.J. Kim). alloy for increasing the castability. Si was also added to TAS831
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alloy to utilize the thermally stable M&i phase, which is
known to improve the creep resistance of Mg allpy,$,9-11]

The alloys were melted at 68C under an inert atmosphere
of CO; and Sk mixture. The melt was injected into the
mold with the applied die pressure of 260 kgfcrithe mold
temperature was 20@. Tensile properties were measured
by using flat tensile specimens with 12.6 mm gauge length,
1 mm gauge thickness and 5 mm gauge width at a strain rate of &8
6.4x 10~*s~1. High temperature creep tests were performed |
in a horizontal creep tester at 150 with loads of 50 MPa and
75MPa. Creep specimens were cylindrical ones with gauge
length of 24.0 mm and gauge diameter of 5 mm. High temper-
ature load-relaxation tests were conducted using a computer
controlled electro-mechanical testing machine (Instron 1361
model) equipped with a high temperature furnace capable of
maintaining temperature fluctuation withi0.5 K. Cylindrical
specimens with the dimensions of 24.0 mm gauge length and
5mm gauge diameter were tested at 16Gand 250C.

3. Results and discussion
3.1. Microstructure and tensile properties

Fig. 1 shows the scanning electron microscopy (SEM)
images of die cast AZ91 and TAS831 alloys. The characteristic
features of microstructures of these alloys can be described
as follows. In AZ91 alloy, continuous network of MgAl12
particles (10.8vol.%) is observed along grain boundaries
(Fig. 1a). On the other hand, semi-continuous grain boundary
particles (10.3vol.%) are observed for die cast TAS831 alloy
as shown irFig. 1b. Transmission electron microscopy (TEM)
analysis of grain boundary particles shows that they consist
mostly of MgSn phase as shown fig. 2a. Small amounts Fig. 1. SEM images of die cast (a) AZ91 and (b) TAS831 alloys.
of Mgi7Al12 and Mg@Si particles are also observed. It is

interesting to note that M&i particles are present as globular shown that AZ91 alloy fails by intergranular fracture due to the

particles in the present alloy. The more common morphology. i o " MgAl 12 particles along grain bound-

of Mg>Si _phase IS t.he Chme;e-sgnpt one, which forms unqeﬁries[m]. With increase in test temperature, there is a decrease
slow cooling conditions and is quite detrimental to the tensile

. . .~"1n strength for both alloys as expected. However, the degree of
properties of Mg alloys[15]. The fast cooling rate of die the decrease in strength with increase intemperature is smallerin

S;;EA8831 alloy than in AZ91 alloy, indicating the higher thermal
. . . . ability of TAS831 alloy. This is mainly due to the presence of
fllge (2l<)50Anm? part'flse:DW'ﬂgn theh mat:ﬁ( totfh TA883%. ?"Oy thermally stable MgSn particles within matrix and along grain
(Fig. 20). Analysis o patiern shows hat these particles arg, , |, 4 ies in TAS831 alloy. M&i particles along grain bound-

Mg»Sn particles, which have no orientation relationship with_ . . . .
X . . . . aries are also expected to improve the high temperature tensile
Mg matrix. The above-mentioned differences in the microstruc- P P g P

tural features between AZ91 and TAS831 alloys such as the
types of grain boundary phases and the presence of secofgPle 1

. . . . . _Tensile properties of die cast AZ91 and TAS831 alloys at various temperatures
phase in matrix will affect the tensile and creep properties prop y P

differently. Alloy Temperature {C) YS (MPa) UTS (MPa) El. (%)
Tensile properties of the alloys at various temperatures argzg; Room temperature 166 210 20
shown inTable 1 At room temperature, tensile properties of 150 106 135 6.5
AZ91 alloy are quite similar to those of TAS831 alloy, except 200 92 106 10.8
ductility. Higher ductility of TAS831 alloy than that of AZ91 250 60 67 16.1
alloy can be ascribed to the semi-continuous morphology 0fAS831  Room temperature 162 207 4.1
grain boundary particles of TAS831 alloy and also to the pres- ;gg 1;2 ig; g-g

ence of fine MgSn particles in the matrix of TAS831 alloy,

S ) ) . 250 67 74 12.6
which induce the Orowan bypassing of dislocations. It has been
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Fig. 3. Minimum creep rates of die cast AZ91 and TAS831 alloys.

wherek is the Boltzmann’s constant,the length of the Burg-
ers vectorDg a frequency factorr the applied stress arrlis
the gas constant: and Q are parameters of the material that
could give useful information on the creep controlling mech-
anisms. By plotting logarithmically the minimum creep strain
ratee versus the applied stregswe can calculate stress expo-
nent,n. Plot of loge versus 17 will yield the apparent activation

'_ By 4 e ¥ g 8 Ly LN T . energyQ. Table 2shows the values of stress exponent and activa-
e Gine - B W ‘g e Tox . tion energy for both alloys. It shows that the stress exponent and
ATl », Tl BT o e activation energies of AZ91 alloy are calculated to be 2.9 kJ/mol
L p ™ Sl K _,»100nm and 114.5 kJ/mol, respectively. These values can be used to infer
s * . i b % the dominant creep mechanisms for the alloy at the present test

. . . . conditions. The stress exponert 2 is generally reported for
Fig. 2. TEMimages of (a) grain boundary area and (b) matrix of die cast TAS831 . . G . . . .
alloy,. grain boundary sliding, Whlla_— 4-6 is for dislocation climb
controlled creed20]. Comparisons with the values of stress
exponent reported in the literatures suggest that the dominant
%reep mechanism for the present AZ91 alloy is the grain bound-
. X . rﬁ?y sliding. However, consideration of activation energy gives
fragtlor_1 of Mg:Sn p_artlcles after h'.g.h temperature exposure.g; o confusing result. The activation ene@y 114.5 kJ/mol
indicating the superior thermal stability of i4gn phase. is higher than the activation energies for grain boundary diffu-
sion (92 kJ/mol) or cross slip (100 kJ/mol) usually observed for
3.2. Creep behavior the Mg alloys deformed by grain boundary sliding. However,
it is lower than the activation energy for lattice self-diffusion
Creep properties of the alloys are summarizééign3 When  of Mg (135 kJ/mol) observed for the Mg alloys deformed by
tested at 150C with an applied stress of 50 MPa, TAS831 alloy djs|ocation climb. In fact, there are some conflicting results on
shows a minimum creep rate more than 10 times lower than thage creep mechanism of die cast AZ91 al[@@]. For exam-
of AZ91 alloy. Minimum creep rates of these alloys increase subp|e, Regev et al[12] reported the stress exponent of 6.9 when
stantially as the applied stress increases from 50 MPato 75 MPgssted at 150C with applied stress ranging from 40 MPa to
however, the minimum creep rate of the TAS831 alloy is still100 MPa and proposed the dislocation climb controlled creep as

much lower than that of the AZ91 alloy. In fact, the creep resisthe dominant creep mechanism. On the other hand, Dargusch et
tance of the die cast TAS831 alloy is equivalent to those of the

commercial creep resistant alloji<7].
In order to understand the detailed creep mechanism for the,

alloys, stress exponent)(and activation energyJ) were calcu-  values of stress exponent and activation energy for creep of die cast AZ91 and

lated. The minimum creep ratée) (s related to the applied stress TAS831 alloys

and temperature by means of the conventional equfti®io]

Alloy Stress exponent Activation energy Q, kJ/mol)

. DoGb /o \n (0] AZ91 2.9 114.5
¢=ATT (E) eXp<_RT) D) Tassa 6.9 132.9
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Fig. 4. Rheological model of an internal variable theory (GMD: grain matrix (a) Log (Strain Rate)
deformation and GBS: grain boundary sliding).
2.2

al.[21] showed that the stress exponentis approximately 2 atlow
stresses (20-40 MPa) and 5 at higher stresses (40-80 MPa)when 54
attested at 150C. These results indicate that creep of Mg alloys

can occur by various mechanisms depending on several factors

such as microstructure, stress and temperature regimes, and of § 1.8

course the alloy system. It can be seefatle 2that TAS831 &

alloy has larger values of stress exponent and activation energy 2, .
9.

than AZ91 alloy. The values of both parameters fit with the val-
ues for dislocation climb controlled creep, suggesting that the
creep of TAS831 alloy occurs by dislocation climb controlled 14
creep. The presence of thermally stable)8gand MgSi parti-

cles along grain boundaries pin grain boundaries and hinder both

grain boundary migration and sliding during high temperature

0AZ91 150°C
= TAS831 150°C| 1
0AZ91 250°C
® TAS831 250 °C

. . I : -7 6 5 4 -3 2 -
exposure._The presence of fine MEn part|cle_s within matrix () Log (Strain Rate)
also contributes to the improved creep resistance of TAS831
alloy by impeding the dislocation movement. Fig. 5. (a) Schematic and (b) experimental load-relaxation flow curves of the
alloys.

3.3. Load-relaxation behavior
to the internal stress'. The internal strain tensarcan also be

To further investigate the effect of the internal microstructuraineglected. It is therefore sufficient to consider that total strain
factors such as dispersoids on elevated temperature defornf&i€ consists o& and ¢. If the grain boundary sliding is the
tion behavior, the alloys were investigated within the frameworkonly deformation mechanism operating (i.e.~ 0), then the
of an internal variable theorf22]. The rheological model of Plot of Eq. (2) will show the concave curves as schematically
an internal variable theory is shown Fig. 4. It shows that Shown inFig. 5a. On the other hand, plot of E(®) will show
grain boundary sliding is mainly accommodated by a dislocatiorth€ convex curves if the grain matrix deformation is the only
process, denoted as grain matrix deformation, giving rise to §eformation mechanism operating. Since grain boundary slid-
recoverable internal strainand a non-recoverable plastic strain N ¢an occur simultaneously with grain matrix deformation,
«. Grain boundary sliding and grain matrix deformation can beactual flow curves can be shown as composite curves. Based
considered to compete against each other at high temperatur&8) this internal variable theory, load-relaxation tests were con-
Considering simple dislocation dynamics, the following stresglucted atthe temperatures of 18Dand 250 C. The flow curves
relationship together with the kinematics relationship among th&f the alloys obtained from load-relaxation tests are shown in

matrix deformation constitutive relationship. Any noticeable
o=o0o 4oF @) concave portions, the evidence for grain boundary sliding, were

not found in all cases. Therefore, during the high temperature
load-relaxation test, the deformation of both alloys occurs by
with o' andoF denoting the internal stress to overcome a longgrain matrix deformation, not by grain boundary sliding, just
range interaction force among glide dislocations and the frictiorike in the case of creep deformation. Since the occurrence of
stress, respectively. In the strain rate tesrmeéans recoverable grain boundary sliding is not observed in the present case, data
internal strain tensogy the non-recoverable plastic strain rate obtained by load-relaxation tests can be considered as represent-
andg is a strain rate due to grain boundary sliding. At high tem-ing the deformation process @flement only (i.e., grain matrix
perature, the friction stress is generally very small compared deformation).

étotal=a+d+g
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Table 3 that of AZ91 alloy, as exemplified by higher activation energy,
Constitutive parameters calculated by internal variable theory higher internal strength and lower strain rate of the former than
Alloy Temperature{C) o loga* those of the latter. It is expected that the presence of3g
AZ91 150 158 73 particles within matrix of the TAS831 alloy have a similar effect
250 158 _43 on its creep resistance.
TAS831 150 179 -7.1
250 178 —28 4 Summary
Tensile and creep properties of die cast Mg—Sn—Al-Si
(TAS831) alloy were investigated in the present study and major
From Eq.(3), we can calculate” andi*: conclusions can be summarized as follows:
o= o* 3) (i) The microstructure of TAS831 alloy contains thermally
exp ( (d_j)l’) stable M@Sn particles within matrix and along grain bound-
&

aries. It also contains a small volume fraction of thermally

whereo” is an internal strength of the material by internal obsta- ~ Stable MgSi particles. The presence of these particles in
cles which disturbs dislocation movements afids a conjugate TAS831 alloy is responsible for its improved tensile and
reference strain rate. Calculated parametersare sholable3 ~_ Creep properties over those of AZ91 alloy.

Between two alloys, TAS831 alloy shows a higher value'of (i) Ithas been shown that the defo_rmatlo_n of b_oth TAS831 and
than AZ91 alloy, suggesting that the internal obstacles such as AZ91 alloys is controlled by dislocation climb controlled
thermally stable particles within the matrix of TAS831 alloy ~ Creep based on the analyses of creep behavior and load-
increase the internal strength. Lower value of non-recoverable ~elaxation behavior at elevated temperatures. Analyses of
plastic strain raté* in TAS831 alloy than that in AZ91 alloy glevated temperature deformation behavior in the context of
can also be explained by the same reason. Activation energies internal variable theory show that the presence of thermally
for load relaxation were also calculated. For load-relaxation test, ~Stable dispersoids in TAS831 alloy increases the resistance
internal plastic strain raté* was used as a strain rate to cal- {0 grain matrix deformation.

culate the activation energy. By plotting lag versus 17, the

activation energies for load relaxation can be calculefagl ¢).  Acknowledgements
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