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Abstract: The effects of on-line solution, off-line solution and aging heat treatment on the microstructure and hardness of the
die-cast AZ91D alloys were investigated. Brinell hardness of die-cast AZ91D alloy increases through on-line solution and off-line
aging treatment but decreases after off-line solution treatment. By X-ray diffractometry, optical microscopy, differential thermal
analysis, scanning electron microscopy and X-ray energy dispersive spectroscopy, it is found that the microstructures of the die-cast
AZ91D magnesium alloy before and after on-line solution and off-line aging are similar, consisting of a-Mg and S-Al;;Mg;;. The
precipitation of Al element is prevented by on-line solution so that the effect of solid solution strengthening is enhanced. The
p-Al;,Mg); phases precipitate from supersaturated Mg solid solution after off-line aging treatment, and lead to microstructure
refinement of AZ91D alloy, so the effect of precipitation hardening is enhanced. The -Al;;Mg;; phases dissolve in the substructure
after off-line solution treatment, which leads to that the grain boundary strengthening phase is reduced significantly and the hardness
of die cast AZ91D is reduced.
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1 Introduction

Due to increasing environmental concerns and
tightening government regulations on CO, emissions,
reducing vehicle mass and improving fuel economy are
becoming increasingly important in the automobile
industry. Magnesium density (about 1.74 g/cm’) is less
than that (64%) of aluminum and less than that of steel
(25%). Approximately 0.5—0.7 L per 100 km is the
average fuel consumption reduction for every 100 kg of
mass saved in common passenger vehicles [1,2].
Increasing magnesium alloy in automotive will be one of
the important methods against global warming. In the
past few years, the use of car parts from magnesium
alloys has grown by 15% [2]. For structural applications

in the automobile industry, magnesium alloys such as
AM and AZ-series are widely employed through a
die-casting process [3].

There have been various attempts to improve the
high-temperature and room temperature properties of
AZ91D alloy by adding Sr, Bi, and rare earth (RE)
elements[4,5]. However, rare-earth metals are quite
expensive and raise the cost of the alloys. The enterprise
of Dongfeng Motor Co., Ltd. suggested that heat
treatment should be used to improve the mechanical
properties of die-cast magnesium alloy at room
temperature and elevated temperature. They go hand in
hand with General Research Institute for Nonferrous
Metals in Beijing and study on improvement of hardness
of die-cast magnesium alloy by on-line solution heat
treatment. The purpose of this research is to improve the
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hardness of the die-cast magnesium parts by making use
of the waste heat of die-cast magnesium parts.

The on-line solution heat treatment of die-cast
magnesium alloy, via quenching from the die-cast
temperature, without cooling to room temperature and
reheating, is to create the necessary conditions at the end
of the previous process (die casting) for next process
(solution heat treatment) and to link up two processes to
achieve better hardness. This process could make
significant economic value because it can simplify the
process, increase the productivity and reduce the
production cost, just like the direct quenching process in
aluminum alloy profile extrusion. A similar on-line
quenching process in 6063 aluminum alloy as the
representative of Al-Mg—Si alloy profile extrusion
production has been widely used and has made
significant economic value [6,7]. However, such
technology is still very little researched and applied in
the die-cast magnesium alloy.

The die-cast components contain a substantial
amount of porosity due to gas entrapment during die
filling and hot tearing during the solidification in the die
cavity [8]. Such porosity not only deteriorates the
mechanical properties and limits the applications to
non-stress or low-stress components, but also decreases
the opportunity for property enhancement by subsequent
heat treatment.

Recent results indicate that the die-cast components
could be heat treated after the porosity be eliminated
through adjusting the process parameters for die-casting
[9]. The ultimate tensile strength of die-cast AZ91D
magnesium alloy increases from 240 MPa in die-cast
condition to 280 after T6 heat treatment (solutionized at
410 °C for 9 h and followed by aging treatment at 205 °C
for 8 h) [10]. The solution heat treatment could decrease
the hardness and 0.2% yield strength of the die-cast
AZ91D magnesium alloy but increase remarkably the
elongation and ultimate tensile strength of the alloy.
After being solutionized and followed by aging treatment,
the alloy exhibits relatively high ultimate tensile strength,
0.2% yield strength and hardness than the die-cast alloy
although the elongation of heat-treated alloy is
decreased[11]. After isothermal heat treatment at 300 °C
for 20—60 h, the ultimate tensile strength and 0.2% yield
strength of die-cast magnesium alloy increase but the
hardness of the heat-treated alloy increases firstly and
then decreases with the increase in heat-treating time
[12].

In the present work, the authors investigate the
effects of on-line solution treatment, off-line solution and
off-line aging treatment on the microstructure and
hardness of die-cast magnesium component used for
automotive engine.

2 Experimental

The investigations were carried out on test pieces of
AZ91D magnesium alloys in die-cast state and after
on-line or off-line heat treatment made in cooperation
with the Material Technology Institute of Commercial
Vehicle Technical Center and die-casting plant of
Dongfeng Motor Co Ltd. The chemical composition (in
mass fraction) of the investigated materials was 8.6% Al,
0.75% Zn, 0.28% Mn, <0.0067% S, <0.0021% Fe,
<0.0011% Cu, <0.0008% Ni and Mg balanced.

The AZ91D magnesium alloy was smelted in an
electric resistance furnace under a protection cover gas.
Then the melt was injected into the mould with a die
temperature of 200 °C in 100 ms at pressures that may be
as high as 150 MPa at a cold chamber die casting
machine (DCC630M) and at least 10 good magnesium
alloy parts were cast. Some of the die-cast parts were air
cooled. Others were quenched directly into water from a
final die-casting operation and this process is called
on-line solution.

Some of the die-cast magnesium parts cooled in air
were solution treated at 420 °C for 1 h in an electric
resistance furnace, and quenched into water. This process
is called off-line solution (T4). Some of the die-cast
magnesium parts cooled in air were aged at 190 °C for
4 h and then were cooled in air. This process is called
off-line aging treatment.

The specimens were etched in 2% tartaric acid
liquor  for  microstructure observation. The
microstructures were examined by using Carl Zeiss
Axiovert 200 optical microscope (OM) and scanning
electron microscope (JSM—6510) with an energy
dispersive spectrometer (Edax). The phase analysis was
made by Dmax/RB rotationary anode X-ray
diffractometer. The thermal analysis was carried out by
using differential thermal analysis (DTA, WCR-2C
computer thermal analysis meter) under purified Ar
atmosphere.

The specimens were subjected to hardness
measurement. The Brinell hardness was obtained using a
2.5 mm-diameter steel ball at a load of 294 N (30 kgf)
applied for a period of 30 s. Hardness in different
positions of the die-cast magnesium part after no heat
treatment and on-line solution treatment are shown in
Fig. 1. The hardness was measured five times and the
average was recorded.

3 Results and discussion

3.1 Hardness testing
The average values of hardness at different
positions of the die-cast magnesium parts after no heat
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treatment and on-line solution is shown in Fig. 1. The
hardness of the die-cast magnesium part after on-line
solution was higher than that of the die-cast magnesium
part after no heat treatment. The improvement of
hardness at different positions exceeded 5% although the
hardness in one position was not improved. The average
value of hardness at all positions of the die-cast
magnesium part was HBS 69.1 while that of the die-cast
magnesium part after on-line solution was HBS 75.0. So
the improvement of hardness of the die-casting
magnesium part after on-line solution exceeded 8.5%.
Moreover, it can be seen that the gap of hardness
between different positions was obvious. During the
cooling process, the formation of Al;Mg; precipitate
decreased the number of Al metal atoms in solid solution
and softened the die-cast magnesium alloy. Besides, the
difference of temperature of die-cast magnesium part led
to the difference of the extent of formation of Al;;Mg;;
precipitates and the difference of the number of Al metal
atoms in solid solution, so the hardnesses at different
positions of die-cast magnesium part were distinct
obviously. After on-line solution treatment, the formation
of Alj;Mg;; precipitate was stopped and the hardness of
the die-cast magnesium part increased due to the solid
solution strengthening and the difference of hardness of
the die-cast magnesium part at different positions
decreased.

Samples of die-cast AZ91D magnesium parts in the
off-line solution (at 420 °C for 1 h, quenched in water)
and off-line aging (at 190 °C for 4 h, cooled in air) were
studied via hardness test. The hardness of die-cast
sample without heat treatment was HBS 72.5 while that

(c) and off-line aging (d)
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Fig. 1 Hardness change vs testing position of die-cast AZ91D
magnesium alloy part before and after on-line quenching
hardness: (a) Testing position; (b) Hardness

the of the die-cast magnesium part in off-line solution
condition was HBS 67.5 and that of the die-cast
magnesium part in off-line aging condition was HBS
85.6. It was obvious that the hardness of the die-cast
magnesium alloy decreased after off-line solution but
increased after off-line aging treatment.

3.2 Optical microstructure and XRD analysis of alloys
Figure 2 shows the optical microstructures of
die-cast AZ91D magnesium alloy before and after heat
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Fig. 3 XRD patterns of die-cast AZ91D alloy before and after
different heat treatments

treatment, on-line solution, off-line solution and off-line
aging. Figure 3 shows the XRD patterns of alloy in these
different conditions. The results reveal the main phases
in the die-cast AZ91D alloy were a-Mg and Al;;Mg;,.
The phases in alloy after on-line solution and off-line
aging were still these phases. However, after off-line
solution treatment (at 420 °C for 1 h, quenched in water),
grain boundaries of die-cast AZ91D alloys became clear,
and the typical reticular morphology of Al;;Mg;; phase
disappeared. So, it can be concluded that the Al;,Mg;
phase in the die-cast AZ91D alloy in off-line solution
condition has decomposed and the Al metal atoms solid
solved into the a-Mg matrix.

The microstructure of the die-cast AZ91D
magnesium alloy consists of a-Mg and Al;;Mg;; phases,
which have been verified by the XRD pattern. As seen,
the Mg;Al;; phase mainly distributed at the grain
boundaries. The amount of Mgj;Al}; phase in alloy in
on-line solution condition has not been significantly
decreased and the size of grains of these alloys was
similar to that of the die-cast magnesium alloy. The
Mg;;Al;, phase in the die-cast AZ91D magnesium alloy
has significantly dissolved and substitution solid solution
formed after solution treatment at 400 °C for 1 h so the
size of grains of these alloys was coarsened. After aging
at 190 °C for 4 h, the amount of Al;;Mg;; phase in the
die-cast AZ91D magnesium alloy has significantly
increased and the size of grains of these alloys was
smaller than that of the die-cast magnesium alloy
because Mg ;Al}, phase has formed during the off-line
aging.

Some experimental results revealed that a short
rod-shaped precipitate of Mg;;Al;, phase occurs in the
AZ91D alloy aged for 18 h, and the precipitate keeps
[011]4//[1342] relationship with the a-Mg matrix[13].

3.3 SEM image and EDS results for precipitate phase
The SEM images of the die-cast AZ91D magnesium

alloy in different heat treatment conditions are shown in
Fig. 4. The grain size and amount of Al;;Mg;; phase in
the die-cast magnesium alloy were similar before and
after on-line solution, whereas the microstructure of the
die-cast magnesium alloy in off-line aging condition
became finer than that in die-cast condition and the
amount of Al;;Mg;; phase in die-cast magnesium alloy
in off-line aging condition was significantly increased.
Because the microstructure became finer and the amount
of particle was increased, the hardness of the die-cast
AZ91D magnesium alloy increased.

The EDX analysis of thedie-cast AZ91D
magnesium alloy in off-line solution condition reveals
that the chemical composition of an isolated spheroid
white phase was 12.21% Mg, 59.17% Al and 28.63% Mn
(in mole fraction), so it was Al-Mn intermetallic
compounds. After on-line solution or off-line aging
treatment, the intermetallic compound was distributed at
the grain boundaries as a net shape. The EDX analysis of
the die-cast AZ91D magnesium alloy in on-line solution
condition reveals that the chemical composition of a
white phase was 81.30% Mg and 18.02% Al (in mole
fraction). After aging treatment, the chemical
composition of a white phase was 83.20% Mg and
16.29% Al in mole fraction. It can be concluded that the
intermetallic compound was Mg—Al phase. Based on the
XRD patterns of these alloys, these phases were
Mg;;Al;; phase. The chemical composition of
intermetallic compound in the die-cast AZ91D
magnesium alloy was similar to that of the intermetallic
compound in the die-cast AZ91D magnesium alloy after
on-line solution or off-line aging, but it was obviously
different from that of the intermetallic compounds in the
die-cast AZ91D magnesium alloy after off-line solution.

During the solidification process of the die-cast
AZ91D alloy, the form of eutectic reaction is mainly
synergistic nucleation and growth of both a-Mg and
p-Al;Mgy; of eutectic. Subsequently, they grow in the
coupled growth way until the solidification process is
ended. Due to the high cooling rate of the die-casting
process, the a-Mg matrix is supersaturated with Al and
becomes supersaturated Mg solid solution. When the
temperature decreases slowly, the f-Alj;Mg;; phase
precipitates from the supersaturated Mg solid solution.

When the die-cast magnesium alloy was on-line
solution treated, the solidification process has finished
and the microstructures of a-Mg and S-Al;;Mg;; of
eutectic have exited but p-Alp,Mg;; phase still
precipitated from the supersaturated Mg solid solution.
After on-line solution, the process of f-Al;;Mg;; phase
precipitating was stopped, and the microstructure
contained Al in super-saturation at room temperature. So,
the increase in hardness of the die-cast AZ91D
magnesium alloy in on-line solution condition was



2656

XU Yu-lei, et al/Trans. Nonferrous Met. Soc. China 22(2012) 2652—2658

(a’)
Element wi% x/%
Mg 7299  76.17
Al 24.16 22.72
Zn 2.85 1.11
I
L . .
0 2 4 8 10
Energy/keV
(b")
Element wi% x/%
Mg 78.83 81.30
Al 19.39 18.02
Zn 1.78 0.68
0 2 4 6 8 10
Energy/keV
(¢
Element wi% x/%
Mg 8.56 12.21
Al 46.06 59.17
Mn 45.37 28.63
0 2 4 6 8 10
Energy/keV
dn
Element w/% x/%
Mg 81.05 83.20
Al 17.61 16.29
Zn 1.34 0.51
2 4 6 8 10
Energy/keV

-

Fig. 4 SEM images of die-cast AZ91D alloy before (a,a’) and after different heat treatments of on-line solution (b,b"), off-line

solution (c,c’) and off-line aging (d,d")

attributed not only to the solid solution strengthening but AZ91D magnesium alloy decomposed and the solubility
also to the precipitation strengthening of the Al;,Mg; of Al in the Mg matrix increased [14]. As a whole, the

phase.

hardness of the die-cast AZ91D magnesium alloy in

After off-line solution treatment (at 420 °C for 1 h, off-line solution condition decreased because the extent
water quenched), the Al;;Mg;; phase in the die-cast of decrease in hardness owing to decomposition of
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p-Al;Mgi; phase exceeded that of the increase in
hardness owing to the increase of solid solution
strengthening.

After off-line aging treatment (at 190 °C for 4 h),
the decomposition behavior of the Al;;Mg;; phase has
finished and the Al atoms solid solve in the Mg matrix in
the first instance but precipitation strengthening of
Al;)Mg,; phase occurred during the cooling process. The
precipitation strengthening was the main mechanism
behind the increase in hardness of the die-cast AZ91D
alloy. In recent studies [15,16], it is confirmed that the
structure of the cast magnesium alloy consists of a-Mg
(matrix) and secondary phase 8-Al;;Mg;; evenly located
within the structure. The structure creates needle
agglomerates precipitations, partially coherent with the
matrix mostly at the grain boundaries. The fine
morphology and precipitation of the Al;;Mg;,; phase can
explain the enhancement of mechanical properties of
AZ91D alloy.

3.4 Thermal analysis of die-cast AZ91D magnesium

alloy before and after on-line solution

DTA analyses of the die-cast AZ91D magnesium
alloy before and after in the on-line solution are shown in
Fig. 5. Only one reaction was identified for the die-cast
AZ91D magnesium alloy in on-line solution condition.
The endothermic reaction at 430 °C was attributed to the
decomposition of Al;;Mg;; phase, based on the same
reaction observed in the die-cast AZ91D magnesium
alloy. The size at the peak in the die-cast sample was
greater, indicating that the amount of Al;;Mg,; phase in
the die-cast sample was more than that in the die-cast
AZ91D magnesium alloy in on-line solution condition.
So, it indicates again that the precipitation process of
S-Al;;Mg; phase was stopped by on-line solution, and
the microstructure contained Al in super-saturation at
room temperature.

— After on-line quenching
- Before on-line quenching

430

427

L

100 200 300 400 500
Temperature/°C

Fig. 5 DTA curves of die-cast AZ91D alloy before and after

on-line solution

4 Conclusions

1) The hardness of die-cast AZ91D magnesium
alloy can be improved by 8.5 % by on-line solution, but
can be decreased slightly by off-line solution (at 420 °C
for 1 h, quenched in water). The reasons were as follows:
when the solidification process of die-cast magnesium
alloy finished, the microstructure of o-Mg and
S-Al;;Mg,; of eutectic have exited but f-Al;;Mg;; phase
still precipitated from supersaturated Mg solid solution.
After on-line solution, the process of f-Al;;Mg;; phase
precipitating was stopped, and the microstructure
contained Al in super-saturation at room temperature. So,
the increase in hardness for the die-cast AZ91D
magnesium alloy in on-line solution condition was
attributed not only to the solid solution strengthening but
also to the precipitation strengthening of the Al;,Mg;
phase. After off-line solution treatment (at 420 °C for 1 h,
water quenched), the Al;;Mg;; phase in the die-cast
AZ91D magnesium alloy decomposed. As a whole, the
hardness of the die-cast AZ91D magnesium alloy in
off-line solution condition decreased because the extent
of decrease in hardness owing to decomposition of
[-Al;Mgy; phase exceeded that of the increase in
hardness owing to the increase of solid solution
strengthening.

2) The hardness of the die-cast AZ91D magnesium
alloy in off-line aging condition (at 190 °C for 4 h,
cooled in air) was improved because the microstructure
became fine and the precipitation strengthening of
Al;)Mg;; phase occurred during the cooling process. The
precipitation strengthening was the main mechanism
behind the increase in hardness of the die-cast AZ91D
alloy.
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