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[ Abstract] The microstructure and mechanical properties of Mg-9 A0 .8Zn( AZ91) alloys containing bismuth were in-

vestigated . Adding bismuth to AZ91 base alloys results in significant increase of tensile strength at both ambient te mpera-

ture and 150 'C , especially the creep rupture life at 150 C, while slight decrease of ductility . Microstructure observations

indicate that the addition of bismuth modifies the microstructure of as-cast alloy and makes the 4 Mg ; Al;,) phase finer

and more uniform in distribution. Furthermore , the discontinuous precipitation is suppressed greatly during aging process .

When the bis muth addition amount exceeds 0.5 % , rodshape Mg;Bi, precipitates with hexagonal D5, structure, which

have high thermal stability and strengthen both the matrix and grain boundaries .
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1 INTRODUCTION

Magnesium alloys are being increasingly used in
automobile industry in order to decrease mass thereby

(1741 How-

reducing fuel consumption and pollution
ever, the reduction of yield strength and creep resis-
tance of Mg Al alloy above 120 C limits their applica-
tions in automobile industry[s]. Although AEA42 alloy
developed by Dow Che mical Co Ltd ®! has good me-
chanical property even at moderate temperatures .
This alloy containing rare earth metals is more expen-
sive than commonly used Mg Al a110ys[7] . Therefore ,
the use of low price metals instead of rare earth metals
to expand magnesium alloys to high te mperature ap-
plications is more desirable . Recent develop ment have
shown that the additions of the V subgroup ele ments
in the periodic system of ele ments , such as Bi, Sb in-
crease the tensile strength at both ambient and elevat-
ed te mperature[S]
nary results about the effects of Bi addition on the mi-

. This paper reports some prelimi-

crostructures and tensile properties as well as the
creep resistance of the AZ91 alloy at 150 C .

2 EXPERI MENTAL

Five alloys whose compositions are listed in
Table 1 were prepared in a crucible under the protec
tion of mixed gas atmosphere of SF¢(25 %, volume
fraction) and CO, (75 %, volume fraction) using
commercial stock . The base composition of the alloys
studied was Mg 9AlF0.8Zn0.2Mn( mass fraction,
%) . Different amounts of bismuth were added to the
alloys in order to investigate the effects of bismuth
addition and variation of bis muth concentration on the
microstructures and mechanical properties of the al-
loys. The melt was held at 720 C for 10 min then
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poured into permanent molds . Tensile specimens with
a gauge of 15.0 mmx3.5mmx 2.0 mm were cut by
spark erosion from the ingots . All the specimens were
heated at 420 C for 12 h followed by water quench-
ing , then aged at 200 C for 8 h( Ty treat ment) before
testing. The microstructural observation of the as
cast and heat treated specimens were conducted using
scanning electron microscopy( SEM) . EP MA of pre-
cipitates were performed on specimens of different al-
loys using Xray energy dispersive spectroscopy
( XEDS) . The phases of alloys containing bis muth
were analyzed by Xray diffractometer( XRD) . The
microstructure observations of specimens after creep
rupture were carried out by using optical metallogra-
phy (OM) and SEM.

3 RESULTS AND DISCUSSION

3.1 Microstructures

The microstructure of as-cast alloy 1 ( AZ91)
consisted of the matrix ( & Mg) and g precipitates
( Mgy Alj,) which were mainly distributed at grain
boundaries, as shown in Fig.1(a) . Adding bismuth
to base alloy did not change the grain size of the ma-
trix , but resulted in the modification of the morphol-
ogy of gphases. Fig.1(b) shows the microstructure
of as-cast alloy 2 containing 0.5 % of bismuth , it can
be seen that the g phase in this alloy is finer and its
distribution is more uniform than that in as-cast alloy
1( Fig.1(a)) . Further bismuth addition resulted in
the formation of some rod-shaped precipitates which
were distributed both in grains and at grain bound-
aries ( Fig.1 (c)) . EPMA analysis indicated that
these precipitates have an approximate composition of
Mg38Br4AF1Zn. XRD pattern taken from as-cast
alloy 4 is shown in Fig .2, in which some peaks can
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be indexed as arising from the phase of Mg;Bi, with a
hexagonal structure of DO,. On the basis of EP MA
analysis and XRD pattern these rodshaped precipi-
tates were identified as Mg;Bi, .

When the as-cast specimens of the alloys were
homogenized at 420 'C for 12h ( T, treat ment) , most
B precipitates( Mg;; Al;,) dissolved in the matrix and
the microstructures of the alloy 1 and alloy 2 consisted
of only & Mg matrix. As for the microstructures of
alloys 3 ~ 5, some rod-shaped precipitates( Mg;Bi,)
still existed in the matrix even after annealing at
420 C for 12 h( Fig.3(a)) indicating the high ther
mal stability of Mg;Bi, precipitates. Aging of these
solution treated specimens at 200 T resulted in the
re- precipitation of 4 Mg;; Al;,) phases. Precipitation
of Mg;; Alj, occurred in two forms: as discontinuous
precipitation at grain boundaries and continuous pre-

cipitation within the grains. For alloy 1 the lamellar
precipitation( discontinuous precipitation) was domi-
nant in the vicinity of grain boundaries( Fig .3(b)) ,
while in alloys 2 ~ 5 containing bis muth discontinuous
precipitation was suppressed greatly and some plate
shaped precipitates ( continuous precipitation) dis-
tributed near the grain boundaries( Fig .3(c)) .

3.2 Mechanical properties

Table 1 lists the tensile and creep rupture data
for all specimens tested. It can be seen that adding
bismuth to the AZ91 alloy resulted in significant in-
fluence on tensile properties and creep resistance . At
ambient te mperature , the ductility decreased slightly
while the yield strength increased significantly with
the increase of bis muth addition amount and the max-
imum was obtained from alloy 4 containing 2 % bis-

Table 1 Compositions , mechanical properties of alloys investigated

RT tensile 150 C tensile Creep Rupture”
AllOy ol % b P
No. g,/ MPa ¢/ MPa & % g/ MPa ¢/ MPa & % Life/ h d %
1 Mg 9 A0 .8Zn0 .2 Mn 222 106 5.3 170 99 35 267 27
2 Mg 9AF0 .8Zn0 .2 Mr 0 .5Bi 232 162 4.7 180 132 24 .3 360 21
3 Mg 9AF0 .8Zn0 .2 Mir1 .0Bi 250 166 4.6 180 134 21 .7 367 19
4 Mg 9AF0 .8Zn0 .2 Mir2 .0Bi 265 184 4 .4 184 138 19.6 402 14
5 Mg-9AF0.8Zn 0.2 Mr3 .0Bi 224 162 3.2 172 119 12 .1 230 11

* —Creep rupture properties tested at 150 C, 70 MPa

Fig.1 Microstructures of as-cast alloys
(a) —Alloy 1 ; (b) —Alloy 2; (¢) —Alloy 4
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Fig 2

X ray diffraction pattern

of as-cast alloy 4
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Fig.3 Microstructures of heat treated alloys
(a) —Alloy 4( T, treated) showing rod-shape Mg;Bi, phase ;

(b) —Alloy 1( T4 treated) showing a large a mount of lamellar discontinuous precipitation near grain boundaries ;

(c) —Alloy 4( T, treated) showing plate-shaped continuous precipitates and rod-shape Mg;Bi, particle near grain boundary

muth . Further increase of the amount of bis muth ad-
dition resulted in a slight reduction of yield strength ,
as shown in Fig.4. Therefore, the amount of bis-
muth addied to AZ91 based alloys must be limited
within a certain range . The ultimate tensile strength
was correlated with yield strength, and it increased
with increasing yield strength. Fig.5 shows the
change of tensile properties with the increase of bis-
muth concentration at 150 C . The yield strength was
also increased although the elongation decreased with
the increase of bis muth addition amount .

Another important result caused by bismuth ad-
dition was in creep resistance . The creep rupture life
increased rapidly with the increase of bismuth and
reached 402 h(at 150 C, 70 MPa) compared with
267 h of alloy 1 . The creep curves of the alloys stud-
ied are shown in Fig.6, from which it can be seen
that the bismuth addition reduced the steady state
creep rate greatly . The creep rate of alloy 4 decreased
tod.1 x 107 %% s"! compared with the base alloy
AZ91 which was 1 .4x107° %*s™ ",

Fig .7(a) ~ (d) are the optical micro-graphs and
SEM micrographs showing the microstructures of al-
loy 1 and alloy 4 after creep tests. From Fig.7(a) it
can be seen that the grains of alloy 1 were prolonged
obviously and considerable cavitation developed during
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Fig .4 Variations of room te mperature properties
versus Bi concentration
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Fig.6 Creep rupture curves of alloys
creep deformation at elevated te mperature . The cavi-
ties concentrated in the regions close to the interface
bet ween discontinuous precipitates A( Mg,; Alj,) and
the & Mg grains. Furthermore, cracks along the
grain boundaries can be observed (as shown in Fig.7
(b)) . In comparison with alloy 1 , no obviously pro-
longed grain can be found in creep ruptured speci mens
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Fig .7
(a) —OM and (b) —SEM of alloy I ; (¢) —OM and (d) —SEM of alloy 4

of alloy 4 which contained 2 % bismuth, and only few
cavities existed near the grain boundaries( Fig.7(c)
and (d)) , which indicates that the matrix and grain
boundaries were both strengthened by bismuth addi
tion .

In Mg Al alloys , discontinuous precipitation may
be responsible for excessive deformation at elevated
te mperatures' . The investigations'***) proposed that
in hexagonal materials such as Mg Al alloys the slid-
ing of the grain boundaries is an important deforma-
tion mechanism. The presence of many lamellae ( dis-
continuous precipitation) in the vicinity of grain
boundaries provided more surfaces on which sliding
took place( Fig.7(b)) . In the present investigation,
the discontinuous precipitation of Mg;; Al;, in the
AZ91 alloy was suppressed effectively by the bis muth
addition so that the sliding of grain boundaries during
the deformation of tensile and creep tests at elevated
te mperatures was inhibited effectively . Furthermore ,
bismuth addition a mount exceeding 0.5 % resulted in
the formation of Mg;Bi, precipitates which have a
higher melting point(823 C) than that of Mg;; Al,
and the matrix , hence , they must be more steady at
elevated te mperatures and become effective dislocation
slide or climb obstacles during the creep test. In the
creep ruptured specimens these precipitates can still
be observed (as shown in Fig .7(d)) , which indicates
that they indeed play the role of strengthening the

Microstructures of alloy 1 and alloy 4 after creep rupture

matrix and grain boundaries against creep .
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