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Precipitates of y—Mgi7Al12 Phase in AZ91 Alloy
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Institute of Materials Engineering
Technical University of Czestochowa
Poland

1. Introduction

Magnesium alloys are light metallic structural materials with a unique combination of
properties, which are very attractive in such applications as the automobile, aerospace and
electronic industries (Mordike & Ebert, 2001). The use of magnesium alloys has become
significant due to a one-third lower density of magnesium compared with aluminium,
improved damping ability, a higher resistance to corrosion and better mechanical
properties. In lightweight magnesium alloys, aluminium constitutes the main alloying
element, chiefly because of its low price, availability, low density and the advantageous
effects on corrosion and strength properties (Smola et al., 2002). The AZ91 alloy (contains
about 9 wt.% Al and 1 wt.% Zn, with addition of about 0.4 wt.% Mn) is the most widely
used magnesium alloy exhibiting a good combination of high strength at room temperature,
good castability and excellent corrosion resistance. According to the phase diagram (Fig. 1)
the microstructure of Mg-Al alloys is generally characterized by a solid solution of
aluminium in magnesium (an a phase with a hexagonal closely-packed, hcp structure) and
the y-phase.
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Fig. 1. Fragment of Mg-Al phase diagram (adopted from (ASM Handbook Committee, 1986))

www.intechopen.com



96 Magnesium Alloys - Design, Processing and Properties

The y-phase (called also B-phase) is an intermetallic compound with a stoichiometric
composition of Mgi7Al;x (at 43.95 wt.% Al) and an o-Mn-type cubic unit cell. Young
modulus of y-phase is about 80 GPa whereas for magnesium only 45 GPa. In comparison
with binary Mg-Al, new phases do not appear in commercial ternary alloys with zinc (like
AZ91) when the Al to Zn ratio is larger then 3:1. In this case, the zinc substitutes aluminium

in the y-Mgi7Al;> phase, creating a ternary intermetallic compound Mgi7Ali15Zngs or
Mg17(Al,Zn)12 type (Braszczyriska-Malik K.N., 2005; Bursik & Svoboda, 2002 ; Celotto, 2000;
Gonzalez-Martinez et al., 2007; Gharghouri et al., 1998; Celotto & Brastow, 2001).

2. The y phase in as-cast AZ91 alloy

According to the equilibrium phase diagram, in Mg-Al alloys (Al concentration to 12.9 wt.%)
after solidification process only one o-phase should occur. Non-equilibrium solidification
condition cause the formation of large crystal of the primary y-phase, depleted in alloying
elements, and pushing the Al admixture away into interdendritical spaces. At the last stage of
solidification the a + y binary eutectic is formed at 473 K. In Mg-Al alloys eutectic can be fully
or partially divorced dependent on aluminum content and solidification condition.
Solidification conditions during gravity cast of magnesium alloys are effective in
microstructure of casts. Differences in characteristic temperatures obtained during
solidification of AZ91 alloy in cold steel and sand modulus (rod samples with a 200 mm
diameter) are given in Fig. 2. Results were obtained from derivative thermal analysis (DTA)
carried out by using a Cristaldigraph PC computer recorder. DTA curves were collected from
thermocouple NiCr-NiAl with a 1.5 mm diameter, located directly into moulds. Measurements
were archived with a sampling time of 0.2 s for steel mould and 1 s for sand mould. According
to presented DTA results in a steel mould the AZ91 alloy solidified only 15 seconds whereas in
sand mould (at the same size) about 680 seconds (Braszczyniska-Malik & Zyska, 2010).
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Fig. 2. DTA results: solidification curve T(t) and their first derivative dT/dt obtained for
AZ91 alloy solidified in a steel (a) and sand mould (b)
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Fig. 3 and 4 show microstructure of AZ91 magnesium alloy solidified in steel and sand
moulds, respectively (rod samples with a 200 mm diameter). In both cases, the dendritical
microstructure is characterised by the presence of a solid solution and the binary o + vy
eutectic. Dendrite arms space (DAS) is visible high for alloy solidified in a sand mould. For
samples cast into a steel mould, central areas of dendrites were strongly depleted in
aluminium whereas near eutectic regions aluminium concentration was higher (Fig. 3b).
Such aluminium distribution is very often observed in gravity cast AZ91 alloy. Differences
in alloying elements distribution in microstructure were presented in Fig. 5 as the results of
SEM+EDX analysis. Additionally, the presence of a small amount of manganese in
commercial magnesium-aluminium alloys additionally causes the formation of aluminium-
manganese intermetallic compounds AlsMns or Al;1Mny (Fig. 3b) (Braszczyriska-Malik K.N.,
2005; Ohno et al., 2006).

e e =y

Fig. 4. Microstructure of AZ91 alloy; cast into a sand mould; light microscopy
(yp - discontinuous precipitates)
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98 Magnesium Alloys - Design, Processing and Properties

In the case of the alloy solidified in a sand mould, dark areas observed in Fig. 3a constitute
regions of y-phase discontinuous precipitates. Discontinuous precipitates (yp) formed from
supersaturated solid solution (like areas marked as 2 in Fig. 5) due to slow cooling down of
casts below the solvus temperature. Discontinuous precipitates are typical for AZ91
magnesium alloy gravity casts into sand moulds, where cooling of cast is slow.
Characteristic lamellar structure of plate-like y-phase is shown in Fig. 4b.

Point Element wl.% at.%
1 Mg 895.03 95.50
Al 497 4.50

2 Mg g0.10 91.27
Al 9.33 B.52

Zn 0.57 0.21
3 Mg 61.67 6577
Al 3373 aza

Zn 4.80 1.82

Fig. 5. SEM image of AZ91 alloy; cast into a steel mould (a) and EDX analysis from points
marked in the SEM image (b)

Analogical microstructure is observed in high-pressure die casts of Mg-Al alloys. Fig. 6
shows microstructure of AZ91 alloy from cast obtained using an Idra cold chamber machine
(320 tone locking force). The microstructure consists of primary o phase and o + vy partially
divorced eutectic (Braszczyniska-Malik et al., 2008).
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3. The y phase in AZ91 alloy after heat treatment (discontinuous and
continuous precipitation)

Magnesium-aluminium alloys are susceptible to heat treatment due to the variable solubility
of their alloying elements in a solid state with temperature (Fig. 1). The maximum solid
solubility of aluminium in magnesium is reasonably high at 12.9 wt.% Al at an eutectic
temperature of 710 K whereas the equilibrium concentration at 473 K is about 2.9 wt.% Al.
Solution annealing of the AZ91 alloy at 693 K caused a total dissolution of the a+y eutectic
and homogenised the aluminium throughout the matrix. The time necessary to obtain the
homogeneous microstructure consisting of solid solution grains is very long (minimum 24
h) due to very slow diffusion of aluminium in a magnesium solid state. It should also be
noted, that the AlgMns intermetallic compound is not involved in heat treatment
(Braszczyniska-Malik, 2009 a). The microstructure obtained after solution annealing is shown
in Fig. 7.

2  dade e o H X
Fig. 7. Microstructure of AZ91 alloy after solution annealing at 693 K for 24 h; light
microscopy

During conventional heat treatment, involving solution annealing at about 690 K for a
minimum of 24 h, followed by ageing at about 430 K for 16 h (T6 conditions), the
precipitation process appears and the formation of y phase precipitates occurs. During y
phase precipitation, neither Gunier-Preston zones nor other metastable phases are formed
(Dully et al. 1995). The microstructure of the AZ91 alloy after ageing of the supersaturated
solid solution at 423 K for 16 h (T6 conditions) is characterized by the presence of fine, plate-
like, discontinuous y precipitates. Fig. 8 shows a typical microstructure of the AZ91 alloys
after this heat treatment. The y phase precipitates had a lamellar morphology with a marked
anisotropy of growth.

However, precipitation occurring in supersaturated alloys can take place -either
continuously or discontinuously. During both discontinuous and continuous precipitation
reactions, representing a solid-solid phase transformation, a supersaturated solid solution
(o) decomposes into a new solute-rich precipitate (y) and a less-saturated, near-equilibrium,
initial phase (a) with the same crystal structure as the ow. The differences between
discontinuous and continuous precipitation consist in the nucleation places and growth.
Discontinuous precipitation (DP) is the cellular growth of alternating plates of the secondary
phase and near-equilibrium matrix phase at high angle boundaries. This heterogeneous
reaction leads to the formation of a lamellar structure behind a moving grain boundary.
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100 Magnesium Alloys - Design, Processing and Properties

Continuous precipitation (CP) proceeds by a different mechanism, where precipitates of the
¥ phase nucleate and grow inside the oo grains. In most alloys, nevertheless, these two types
of precipitates can also occur simultaneously (Braszczyrska, 2002; Cerri & Barbagallo, 2002;
Bradai et al., 2001; Bettles, 2003; Nie et al., 2001).
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Fig. 8. Discontinuous precipitates in AZ91 alloy after ageing supersaturated solid solution at
423 K for 16 h; SEM

Figs. 9-10 show typical SEM images representing the variation in precipitation morphology
with the temperature. At the temperature of 545 K both continuous and discontinuous
precipitates were observed. The light areas in Fig. 9a represent typical colonies of
discontinuous lamellar precipitates growing from the grain boundaries. Additionally, after
ageing at this temperature, small continuous precipitates inside the grains were observed.
Fig. 9b illustrates fine continuous precipitates observed after ageing for 2 h at 545 K. The
same results were obtained after ageing at 473 K and 543 K for binary Mg-9 wt.% Al alloy
(Braszczynska-Malik, 2009 a).

Fig. 9. Discontinuous (a) and continuous (b) precipitates of y phase in AZ91 alloy after
ageing at 545 K; SEM

A different situation was observed after ageing supersaturated alloys at 623 K. Although in
the samples aged for 1 h the presence of y precipitates at the grain boundaries was also
revealed (Fig. 10a), the process of its growth was quickly stopped. Ageing of the AZ91 alloy
at 623 K for 2 h caused the occurrence only of continuous precipitates also with a visible
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orientation relationship with the matrix grains (Fig. 10b). It should be noted, that at this
temperature (623 K) typical colonies of discontinuous precipitates did not occur. The same
results were observed for the binary Mg-9 wt.% Al alloy (Braszczyrniska-Malik, 2009 a).

Fig. 10. Precipitates of y phase at grain boundary (a) and continuous precipitates (b) in AZ91
alloy after ageing at 623 K; SEM

As was revealed, for the AZ91 alloy, discontinuous and continuous precipitates can occur
simultaneously or competitively, dependently on the ageing temperature. After ageing at
423 K typical colonies of discontinuous precipitates were observed whereas at 623 K only
continuous precipitates were formed inside grains. It proved that continuous precipitation
tends to be favoured at high temperatures (i.e. close to the solvus curve) whereas at low
temperatures of ageing, discontinuous precipitation invades all the samples. The presented
observations also indicate that at an intermediate temperature range both discontinuous and
continuous precipitates can be observed. The same results were obtained for the commercial
AZ91 alloy and experimentally binary Mg-9 wt.% Al alloy (Braszczynska-Malik, 2009a). It
confirmed, that zinc present in the commercial alloy not does influence the precipitate type.
It should also be noted, that the volume fraction of continuous precipitates increased with
ageing temperature. Nevertheless, the mutual ratio of the discontinuous and continuous
precipitates in each sample is practically not evident, because it depends on the local
conditions for nucleation and growth in the grains and at grain boundaries. Additionally, as
could be expected, the time necessary for nucleation and growth of precipitates decreases
with ageing temperature. As well known, the volume fraction of regions transformed by
discontinuous precipitation essentially depend on reaction front velocity, interlamellar
spacing, average composition of the solute-depleted o lamellae, temperature, solute content
and conditions of the grain boundaries (Bradai et al., 2001; Bradai et al. 1999; Braszczyriska
2002; Maitrejean et al., 1999; Zieba, 2000). The phase transformation during continuous
precipitation is mainly described as the sequential or simultaneous processes of nucleation,
growth and impingement (Celotto, 2000; Celotto & Bastow 2001; Duly et al. 1995). In both
cases, reduction of the driving force for propagation and impediment of nucleation may be
the limiting factors. However, a simple dependence describing the dominant type of
precipitation did not seem to exist. It should also be noted, that at all temperatures, grain
boundaries tend to be rapidly decorated by arrays of heterogeneous y precipitates testifying
that the grain boundaries are the first and privileged places of nucleation for precipitates.
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Additionally, the amount of continuous precipitates very strongly depends on the number
of crystal defects within the matrix which may act as heterogeneous nucleation sides. It well
known, that besides the grain boundaries, the various nucleation sizes are: vacancies,
dislocations, stacking faults and solid free surfaces. One possibility is the heterogeneous
nucleation of continuous precipitates on vacancies. On the other hand, vacancies also
determine the volume diffusion mechanism. Due to comparable Al and Mg atom diameters,
vacancy diffusion can be dominant in the investigated alloys. Solution annealing and
quenching result in a higher (non-equilibrium) vacancy concentration. If a concentration of
vacancy is lower (i.e. near-equilibrium) continuous precipitates of the y phase cannot occur.
As expected for a higher temperature the diffusion became faster, resulting in an increase of
volume precipitates. Moreou et al. (1971) have found that the volume diffusion coefficient
(Dv) for aluminium in magnesium can be determined using;:

_ 3
D, =12x107* exp(%] m* /s 1)

Discontinuous precipitation is described by Sundquist, Cahn, Hillert, Turnbull or
Petermann-Hornbogen models (Bradai et al., 1999; Maitrejean et al.,, 1999) whereas
continuous precipitation by the Austin and Ricket (A-R) equation or the well-known
Avrami equation, which is also known as the Johnson-Mehl-Avrami-Kolmogorov (JMAK)
equation (Celotto, 2000). For consistency, the grain boundary diffusivities for discontinuous
precipitation can be evaluated using the Petermann-Hornbogen equation (Bradai et al., 1999;
Zieba, 2000):

RT

56Dy, =%/12v )
where Dy, is the grain boundary diffusion coefficient, 5 - the grain boundary width, s - the
segregation factor, v - the velocity for the process, AG - the total driving force, R - the gas
constant, T - the absolute temperature of the process and A is the interlamellar spacing.
Bradai et al. (1999) has determined the Arrhenius parameters as the pre-exponential factor
(s8Dgp)o = 1.15x10-* m3/s and the activation energy for grain boundary diffusion: Qg, = 105.3
kJ/mol. A different value of Qg = 128 kJ/mol was reported by Amir & Gupta (1995). On the
other hand, the grain boundary diffusion coefficient, Dy, can be calculated from equation
(2) assuming s = 1 and 8 = 0.5 nm, according to (Bradai et al., 1999). In Fig. 11 the diffusion
coefficients, Dy (from equation (1)) and Dgp, (from equation (2) where the pre-exponential
factor (sdDgp) was evaluated from the Arrhenius plot) were presented. The obtained values
show that the volume diffusion coefficient is approximately 6-7 orders of magnitude less
than the diffusion coefficient for the grain boundary. At lower temperatures the process of
secondary precipitation is controlled by grain boundary diffusion. It causes discontinuous
precipitates to form earlier at the grain boundaries in characteristically shaped colonies of
lamellae. As the temperature increases, bulk diffusion becomes faster, which tends to favour
continuous precipitation. Continuous precipitation reduces the amount of chemical driving
energy available for both the initiation and propagation of discontinuous precipitates. So if
the continuous precipitation process started inside the grains then discontinuous
precipitates are stopped.
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Fig. 11. Volume (Dv) and grain boundary (Dgp) diffusion coefficient for aluminium in
magnesium based on [19, 25, 27] data

For both precipitates, the predominant orientation relationship (OR) is the Burgers OR,
namely: (0001),]| (01 0), and [21 1 0], || [111], (Braszczyniska-Malik, 2005; Celotto & Bastow,
2001; Zhang et al., 2003). Additionally, other ORs were also reported in Mg-Al based alloys,
i.e. the Crawley OR (Celotto, 2000; Gharghouri et at., 1998), the Porter OR (Celotto, 2000),
the Gjémmes—@strmoe OR (Zhang et al., 2003; Nie et al., 2001) or the Potter OR (Nie et al.,
2001; Bradai et al. 1999).

Precipitates with the Burgers OR are parallel to the basal plane of the matrix, i.e. (0001),
whereas precipitates with optional ORs lie on the prism plane of the magnesium i.e. (11 00),
and they are perpendicular to the basal plane of the matrix. The strain caused by the y phase
precipitate may be seen clearly from its eigenstrain matrix. In this case, the hcp a phase
must be transformed to a regular cubic y phase. During transformation, the coordinates
system of matrix x7 —x5 —x7 must be changed to the coordinates of precipitate
&l - &7 - &L . Fig. 12 shows a scheme of the transformation o phase to the y precipitate
according to the Burgers OR and the Crawley OR. Transformations for the Porter OR and
the Gjommes-Ostrmoe OR are analogical to those presented for the Crawley OR.

The lattice deformation matrix A to change the o lattice into the y lattice can be written as:

a. for the Burgers OR:

23 0 0
J1la
A”Bol 0o 2T o |-s. 3)
3kag /3 )
0 0 "
o
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Fig. 12. Scheme of hcp a-phase matrix lattice transformation to y precipitate lattice
b. for the Crawley OR:

A 0
-C aﬂf\/g
- 0 |-5. 4
A 0 K2 51] 4)

Ky J3

where §; is the Kronecker delta, a,, c, are the lattice parameters of the a phase, a, is the
lattice parameter of the y phase, and « is a multiplication factor introduced due to the large
difference in lattice parameters between the o and y phase (Braszczyrniska-Malik, 2005).
Additionally, rigid-body rotation, ;, by @ = 5.26° is necessary to realize the Burgers OR:

0 0
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cosw -sina 0
A =|sin@ cos@ O )
Lo 0 1
Therefore, the total transformation matrix to include the change in the crystal structure

becomes:
a. for the Burgers OR

—-0.0512 -0.009 0

55%3 =| —0.009 00472 0 ©)
0 0 —0.046
b. for the Crawley OR
012 0 0
es2C 2| 0 00053 -0.0012 %

1
/ 0 -0.0012 0.0714
The obtained results suggest the presence of coherent boundaries with slight lattice
deformation between the magnesium matrix and y precipitates. It is known that the
interphase boundary may be coherent if the lattice incoherence is less than 0.1. Low values
obtained from transformation matrices (equation (6) and (7)) explain both plate-like
morphology of precipitates and its visible anisotropy of growth.

4. The y phase in AZ91 alloy after equal-channel angular pressing

The grain refinement is very important in magnesium alloys because they have poor
formability and limited ductility at room temperature rooted in their hexagonal close-
packed (hcp) crystal structure. In the past decade, efforts have been concentrated on
thermomechanical processing for grain size refinement using methods of severe plastic
deformation (SPD) (Valiev et al., 2000). SPD techniques, such as equal channel angular
pressing (ECAP) (Valiev et al., 2000; Valiev & Langdon, 2006; Chen et al., 2008; Ravi Kumar
et al., 2003; Wang et al., 2008), accumulative roll bonding (ARB) (Jiang et al., 2008; Saito et
al., 1999) or high-pressure torsion (HCP) (Zhilyaev & Longdon, 2008; Zhiyaev et al., 2003),
have been applied to the grain refinement of magnesium alloys on bulk materials. The
influence of ECAP process on precipitation in AZ91 magnesium alloy was also investigated
(Braszczynska-Malik, 2009 b). The ECAP die used in the presented investigation was
designed to obtain a maximum shear strain of about 1.15 during each pass. It contained an
inner contact angle ® equal to 90° and corner angle ¥ of 0°. The billets (with 11.8 mm of
diameter and 50 mm of length) were processed at a pressing rate of 5 mm/min. using a
plunger attached to a hydraulic press on an Instron machine. All the pressings were
conducted using route Bc where the billet is rotated 90° (clockwise) around the lengthwise
axis between each pass. For each separate pressing, the samples were coated with
molybdenum disulphide (MoS,) as a lubricant. AZ91 alloy was heat treatment before ECAP
(solution annealing - 698 K, 24 h - Fig. 7)
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Figs. 13 and 14 show microstructure of AZ91 alloy after 4 ECAP passes at 553 and 623 K.
The presented results indicated that the microstructure of the AZ91 alloy processed by
ECAP at 553 and 623 K via the Bc pressing route at a rate of 0.16 mm/s consisted of o matrix
phase equiaxal grains of about 10 pm in size (Fig. 13) and spherical precipitates located
particularly inside the grains (Figs. 13 and 14). The observed precipitates were
unequivocally identified as the y phase (Fig. 14). The microstructure observations carried out
on both the transverse and the longitudinal sections of the pressed samples provides direct
evidence of the spherical shape of precipitates with a maximum size of about 1 pm. It is well
known that equilibrium morphology is a shape that minimizes the total energy which is
composed of two parts: elastic strain energy and interfacial energy.

)

Fig. 13. Spherical precipitates of y phase in AZ91 alloy after ECAP at 553 K; light microscopy
(a), SEM (b)

On the other hand, the analysed planes (basal and prism planes) in hcp magnesium are
simultaneously the main slip planes. For magnesium with a c/a ratio equal to 1.624 the
main slip system is {0001}<112 0>. It is well known that the three main dislocations
determined as (i) a type with Burgers vector 1/3[112 0], (ii) ¢ type with Burgers vector
1/2[0001] and (iii) c+a type with Burgers vector 1/3[112 3] can operate in magnesium
(Woo, 2000; Mathis et al., 2004). In case of unfavourable orientation of the main slip system
to external stress or in higher temperatures, different slip systems e.g. {11 00}<112 0> and
{1101}<112 0> can also operate. In works concerning hot working of magnesium alloys
(Koike et al. 2003; Yoo et al. 2001) however, an <a> cross slip and energetically favorable
junction between glissile <a> and sensile ¢ dislocations on a {1 1 00} prism plane seem to be
predominant. The dissolution of an a dislocation on the basal plane to Shockley partial
dislocations connected with a single stacking fault is also possible. However, plastic
deformation during SPD processes especially of magnesium alloys at high temperatures
appears to be more composite and complicated. For example, in the present case, the
supersaturated solid solution exhibited higher than equilibrium solute atoms concentration,
which could form atmospheres generating dislocation locking. It should also be noted that
the deformation of hcp magnesium alloys caused the formation of twins, especially the
{1102matrix || {01 12}iwin type (Christian & Mahajan, 1995; Braszczynska- Malik et
al., 2006).
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Fig. 14. TEM image of spherical precipitates of y phase in AZ91 alloy after ECAP at 623 K (a),
and result of EDX analysis obtained from one of precipitate (b)

In most published works (Janecek et al.,, 2007; Su et al.,, 2006; Kulyasova et al., 2009;
Braszczynska-Malik & Froyen, 2005; Braszczyriska- Malik et al., 2006) the microstructure of
magnesium alloys processed by the ECAP technique was characterized by strong
deformation and high density of dislocations and twins. Introducing a high dislocation
density and strong disordering of the matrix lattice during severe plastic deformation can
preclude formation of a coherent boundary between the matrix and growing y precipitates.
If precipitate growth proceeds during continuous plastic deformation, then the plate-like
shape of precipitates is unfavourable. In this case the spherical shape of precipitates can be
the most energetically favorable. On the other hand, the high density of crystal defects
introduced inside a—phase grains during plastic deformation act as privileged sites for the
heterogeneous nucleation of precipitates. Additionally, high dislocation density (and other
defects like vacancies) caused faster diffusion of solute atoms in the magnesium matrix
which were effective in reducing the time necessary for the nucleation and growth of
precipitates (in comparison to precipitation during heat treatment). For this reason also,
spherical precipitates were observed especially inside matrix grains which is clearly seen in
Fig. 13.

In the present case, a new spherical shape of y precipitates was obtained in the AZ91 alloy
processed by ECAP at a maximum shear strain of about 1.15 during each pass and at a
pressing rate of 0.16 mm/s. The applied ECAP parameters allowed the attainment of severe
plastic deformation introducing strong disordering of the magnesium lattice. On the other
hand, the temperature and time were suitable for the growth of precipitates during
deformation. Thus, the selected process parameters allowed the attainment of new spherical
precipitates of the y phase.

7. Conclusion

1. In as-cast microstructure of AZ91 magnesium alloy the y phase is mainly constituent of
more or less divorced eutectic (but it should also be noted that in slow cooling down
casts it my also creates discontinuous precipitates).
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2. After ageing of supersaturated solid solution at 423 K only discontinuous precipitates
are observed whereas at 623 K only continuous once are revealed in the microstructure
of AZ91 alloy. At intermediate ageing temperatures both discontinuous and continuous
precipitates of the y phase occur.

3. The spherical shape of y precipitates can be obtained due to correlate precipitation and
magnesium matrix deformation processes (Fig. 15).
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Fig. 15. Scheme of obtained results
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