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Double-age hardening characteristics of a Mg-6% Zn alloy reinforced with 20 vol % SiC 
particulates (SiCp) were examined. Tensile tests were conducted using specimens with two 
different double-ageing treatments. Examination of the fracture surface using scanning 
electron microscopy and energy dispersive analysis of X-rays, and study of the precipitation 
process using transmission electron microscopy were undertaken to supplement the 
mechanical test data. The results show pre-ageing below the Guinier-Preston zone solvus 
strengthens the matrix through refinement of precipitates, and in turn leads to an increase in 
strength and decrease in composite ductility. In addition, as the yield and ultimate tensile 
strength of the composite increase, involvement of SiCp in the fracture process increases. 

1. I n t r o d u c t i o n  
Increasing demands for material with higher specific 
strengths and stiffnesses have resulted in the develop- 
ment of lightweight metal-matrix composites. While 
most studies have been focused on aluminium metal- 
matrix composites, magnesium, with suitable alloying 
and reinforcement, has shown increasing potential in 
many applications [1, 2]. Magnesium alloys reinfor- 
ced with SiC particulates (SiCv) possess the following 
attractive features. 

(i) SiC particles are relatively inexpensive and can 
be successfully introduced by low-cost liquid metal- 
lurgy techniques [3]. 

(ii) Conventional fabrication/shaping can be used. 
(iii) Mechanical properties of the matrix can be 

dramatically improved via alloying and thermo-mech- 
anical treatments, e.g. Mg-Zn alloys with 4%-8 wt % 
Zn are capable of age hardening [4-11]. 

While the age-hardening behaviour of discontin- 
uously' reinforced aluminium alloy matrix composites 
has been investigated extensively [12-19] such efforts 
using Mg alloy matrix composite are very limited 
[20]. The present investigation considered the poten- 
tial for increasing the mechanical performance of a 
cast and extruded Mg~6% Zn matrix reinforced with 
SiC particulates utilizing a double ageing technique. 
Mechanical properties, e.g. modulus of elasticity, yield 
strength, ultimate tensile strength and ductility are 
evaluated, and correlated with microstruetural and 
fracture surface examinations. 

2. Experimental procedure 
The material used in this investigation, an ingot- 
processed Mg-6Zn-0.3Ca alloy reinforced with 

20 vol % SiC particulate, was prepared at Dow Chem- 
ical Corporation, Lake Jackson, Texas. The reinforce- 
ment was introduced by a proprietory liquid metal- 
lurgy technique developed at Dow utilizing 1000 grit, 
nominally 8-10 pm diameter, SiC particulate contain- 
ing approximately 1% free carbon E3]. The composite 
material was then cast into an ingot, 63.5 cm long and 
17.8 cm diameter, and extruded to a 6.35 cm diameter 
bar. 

Cylindrical tensile specimens with gauge length and 
diameter of 2.54 and 0.635 cm, respectively, were ma- 
chined from the bar. All specimens were solution 
treated at 673 K for 4 h in a protective atmosphere of 
argon gas and water quenched. Finally, the specimens 
were double aged according to the following schedule, 

Heat treatment 1: artificial ageing at 343 K for 24 h 
followed by 423 K for 48 h. 

Heat treatment 2: artificial ageing at 353 K for 24 h 
followed by 423 K for 48 h. 

Room-temperature tensile tests were conducted on 
double aged specimens on an Instron servo-hydraulic 
machine at a strain rate of 0.0l rain-1. For each 
ageing schedule 9-12 tests were conducted and elastic 
modulus, yield strength, ultimate tensile strength and 
ductility were recorded. Fracture surfaces of selected 
specimens were examined using a Jeol 848 scanning 
electron microscope equipped with a Tracor Northern 
X-ray analyser. 

Finally, differences in precipitate substructure resul- 
ting from the two ageing schedules were studied by 
transmission electron microscopy. Thin foils were pre- 
pared for examination utilizing a Jeol 100C transmis- 
sion electron microscope operated at 100 kV by dia- 
mond sectioning, hand grinding to a 75 ~m thick disc 
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TABLE I Tensile properties of 20 vol % SiCp/Mg-6Zn 

Double-ageing condition E Sy S u ef (%) 
(GPa) (MPa) (MPa) 

Total Plastic 

1. 343 K/24 h + 423 K/48 h 75.9 411 467 2.9 2.3 
2. 353 K/24 h + 423 K/48 h 77.2 348 425 4.9 4.3 

and argon ion milling at 6 kV, 0.4 mA and a 15 ~ 
impingement angle. 

3. Results 
Tensile test results are summarized in Table I where 
elastic modulus, E, yield strength, Sy, ultimate tensile 
strength, Su, and fracture strain, ef, both plastic and 
total, are tabulated for the two double-ageing condi- 
tions. Comparison of these results with those normally 
observed in commercial wrought alloys, e.g. ZE63A 
in the T6 temper, E = 4 5 G P a ,  S y = 1 9 0 M P a ,  S u 
= 300 MPa and ef = 10% [21], show large improve- 

ments in elastic modulus and strength properties; 
however, these improvements are associated with a 
considerable decrease in ductility. Similar behaviour 
has been observed in SiC-reinforced aluminium ma- 
trix composites [22-24] where age hardening of the 
matrix is associated with an increase in composite 
strength and a decrease in ductility. 

Further, the yield strength and ultimate tensile 
strength decreased significantly as the pre-ageing tem- 
perature was increased from 343 K (heat treatment 1) 
to 353 K (heat treatment 2). Similar heat treatments 
for unreinforced binary Mg-6Zn (solution treatment, 
water quench + 96 h at 338 K + 16 h at 443 K) and 
ternary Mg-6Zn-lAu (solution treatment, water 
quench + 24 h at 363 K + 16 h at 443 K) alloys have 
shown the benefits of low-temperature pre-ageing [6]. 

The transmission electron microscopy results are 
presented in Figs 1 and 2. In specimens pre-aged at 
343 K two types of closely-spaced and orthogonally- 
oriented, rod-like precipitates predominated, Fig. 1. In 
contrast, pre-ageing at 353 K resulted in the formation 
of a mixture of large globular, Fig. 2a, and very fine 

and unidirectional rod-like precipitates, Fig. 2b. Pre- 
cipitates with similar morphologies have been ob- 
served in several studies and are characteristic of 
precipitation in unreinforced Mg-Zn (4%-8%) alloys 
[4-10]. The globular precipitates are the equilibrium 
MgZn phase, the long rod-like precipitates, which 
grow along the c-axis of the matrix are transition ~'~ 
phase, Figs 1 and 2b, while the comparatively shorter 
rods perpendicular to the 13'~ precipitates are another 
transition phase, J3~, Fig. 1. 

Results of the fracture surface examination are pre- 
sented in Figs 3-6. SiC particle clumps, especially 
close to the tensile sample surface, serve as sites for 
fracture initiation. Fig. 3 shows such an example 
where scanning electron micrographs, at low, Fig. 3a, 
and high, Fig. 3b, magnifications, as well as energy 
dispersive spectrum, Fig. 3c, for this area are pre- 
sented. In addition, evidence exists that Ca-containing 
inclusions, Fig. 4, may also contribute to fracture 
in i t ia t ion .  

Figure 1 Transmission electron micrograph of 20 vol % 
SiCp/Mg-6Zn composite double-aged at 343 K/24 h + 423 K/48 h, 
showing precipitation of [5'~ and [3~. 
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Figure 2 Transmission electron micrograph of 20 vol % 
SiCp/Mg-6Zn composite double-aged at 353 K/24 h + 423 K/48 h, 
showing (a) large [5 precipitates and (b) fine [51 precipitates. 
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However, once initiated, the fracture mode for both 
ageing conditions consists of a bimodal distribution of 
large dimples, typically associated with SiC partic- 
ulates, and smaller dimples, Fig. 5. 

Further study indicates that the fracture path is 

Figure 3 Scanning electron micrograph and EDX spectrum of ten- 
sile fracture surface of double-aged 20 vol % SiCp/Mg-6Zn com- 
posite, showing fracture initiation at SiCFrich area: (a) fracture 
surface at low magnification; (b) fracture initiation site as boxed in 
(a); and (c) EDX spectrum of the boxed area in (b), showing SiCp 
segregation at the fracture initiation site. 

dependent on ageing practice. Quantitative analysis, 
utilizing Si mapping, indicates that the total amount 
of exposed SiC on the fracture surface was 20.4 
4- 2 vol % and 14.7 _+ 3 vol % in specimens pre-aged 

at 343 and 353 K, respectively, Fig. 6. 

4. Discussion 
A recent study of the age-hardening response of 
Mg-6Zn reinforced with SiCp showed [20] that the 
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Figure 4 (a) Scanning electron micrograph, and (b) EDX spectrum, 
of tensile fracture surface of double-aged 20 vol % SiCp/Mg-6Zn 
composite, showing Ca-rich inclusion. 

Figure 5 Scanning electron micrographs of tensile fracture surface 
of double-aged 20 vol % SiCp/Mg-6Zn composites, showing bi- 
modal distribution of large and small dimples under double-ageing 
conditions: (a) 343 K/24h + 423 K/48 h and (b) 353 K/24h 
+ 423 K/48 h. 
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Figure 6 Si mapping on fracture surface showing amount of exposed SiCp on tensile fracture surface of 20 vol % SiCp/Mg-6Zn composites 
under double-ageing conditions of (a) 343 K/24 h + 423 K/48 h and (b) 353 K/24 h + 423 K/48 h. 

ageing sequence in the composite is similar to that 
observed in the unreinforced alloy, i.e. 

SSS --* Guinier-Preston zones --* [3' --* 13' (MgZn) 
(1) 

While 13 is the equilibrium phase with a globular 
morphology, [3' is a long and rod-like stable transition 
phase which is responsible for strengthening at peak- 
aged condition. [3' has two morphological variables: 
[3'1 and ~ ,  both having a structure of Laves MgZn z 
type [6, 7]. The former variation has been observed to 
nucleate heterogeneously and grow parallel to the 
c-axis of the matrix, while the latter has been observed 
to precipitate at longer times and/or higher temper- 
atures with an orientation orthogonal to ~'1 pre- 
cipitates. The reported [6] lattice parameters and 
matrix-precipitate orientation relationships of [3'1 and 
[3~ suggest that the delayed precipitation of [~ is due 
to the difference in interracial strain energy resulting 
from the anisotropic nature of the Mg matrix [25, 26]. 

Double-ageing, as examined in this study, has been 
successfully applied to a wide range of age-hardenable 
aluminium alloys [26, 27]. In these alloys it normally 
consists of pre-ageing at low temperature, typically 
below the Guinier-Preston (GP) zone solvus, followed 
by ageing at higher temperatures. The pre-ageing 
treatment is designed to provide a uniformly distribu- 
ted array of GP zones which can serve as subsequent 
sites for nucleation, and thereby facilitate homogen- 
eous distribution of the hardening phase. It is well 
known that this treatment is particularly beneficial 
when the strain fields associated with the intermediate 
phases are large, in such cases precipitates of these 
intermediate phases are sensitive to lattice imperfec- 
tions. 

Present results, including tensile properties and 
TEM observations, have demonstrated that similar 
benefits may be achieved in age hardenable Mg-Zn 
composites. Overall response of the double-aged SiCp- 

reinforced Mg-6Zn composite may be explained in 
terms of the existence of a metastable GP zone solvus 
at approximately 348K, as reported for binary 
Mg-6Zn [6]. Pre-ageing below this temperature, i.e. at 
343 K, prior to ageing at 423 K results in a refined 
microstructure, and improved yield and ultimate ten- 
sile strengths. On the other hand, pre-ageing at higher 
temperature, 353 K, i.e. above the solvus, followed by 
ageing at 423 K leads to precipitation of coarser [3. 

This double ageing treatment when applied to SiCp- 
reinforced Mg-Zn composites can result in specific 
modulus and strength properties, which are compar- 
able, and in some cases superior to, those achievable in 
either standard aluminium or reinforced aluminium 
alloys; Table II. 

Further, this study has shown that the tensile frac- 
ture initiation, of current SiCp:reinforced Mg-Zn 
composites is controlled by (a) the presence of tramp 
inclusions, and (b) tl~e uniformity of SiCp dispersion. 
Large Ca-rich inclusions, together with non-uniformly 
distributed SiCp clumps, serve as the initial site for 
failure initiationl Similar observations have been re- 
ported in early SiCp-reinforced aluminium alloys [29], 
subsequent processing modifications having largely 
eliminated this source of premature failure. 

Finally, the ductility of SiCp-reinforced Mg-Zn al- 
loys is limited by the ability of the matrix to re- 
distribute stress concentration through plastic flow. 
For example, when these composites were pre-aged at 
353 K, quantitative analysis of the fracture surface 
indicated that the fracture path was matrix domin- 
ated, that is the volume per cent SiCp on the fracture 
surface, 14.7%, was less than that of the overall com- 
posite. However, when the ageing treatment involved 
pre-ageing at 343 K, higher matrix flow properties 
were achieved, and the volume per cent SiCp present 
on the fracture surface increased to that of the overall 
composite. These observations are consistent with 
accumulating evidence in SiCp-reinforced aluminium 
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TABLE II Comparison of specific modulus and strength of 20 vol % SiCp/Mg-6Zn with other materials 

Material Condition Sp. E Sp. Sy Sp, S U 
(kNmg -1) (Nmg -1) (Nmg -1) 

20 vol % Double-aged 
1 a 36.1 195.7 222.4 

SiCp/Mg-6Zn 2 a 36.8 165.7 202.3 

7050 AI peak-aged 
Forging [20] at 373 K 24.8 185.0 185.0 
7475 A1 peak-aged 
T61 [20] at 373 K 24.8 182.3 201.8 

20% SiCp/2124 A1 [28] peak-aged 36.2 140.0 193.1 
20% SiCp/6061 A1 [28] peak-aged 36.9 147.8 177.3 
20% SiCp/7090 A1 [28] peak-aged 35.9 225.8 249.6 

a Heat-treatment number. 

alloys; tensile failure of lower strength 2124/SiCp com- 
posites occurs randomly [30], while failure in higher 
strength 7xxx/SiCp composites is dominated by the 
presence of the SiCp [31]. 

5. Conclusions 
l. Elastic modulus, yield strength and ultimate ten- 

sile strength of double-aged Mg-Zn reinforced with 
20 vol % SiC particulates are higher than conven- 
tional age-hardened Mg-Zn alloys. Specific strengths 
and modulus are comparable to high-strength A1 
alloys and many SiC/AI composites. 

2. Lower pre-ageing temperatures result in higher 
yield and ultimate tensile strengths with some de- 
crease in ductility. 

3. Tensile failure is initiated at large SiCp-rich or 
Ca-rich areas. 

4. The higher strengths are due to refinement of 
precipitates in the microstructure, while the loss of 
ductility is caused by the increased failure associated 
with SiC particulates. 
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