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Abstract: The grain refinement of the as-cast AZ31 alloys by limestone particles was investigated by grain refining tests and 
microstructure observations. The results show that the limestone particles have a good grain refining potency, which is deeply  
related to the addition level of limestone and melting temperature. The optimal addition level and melting temperature are 2.0%      
(mass fraction) and 720 °C, respectively. The average grain size of AZ31 alloy is reduced from (556±60) to (236±22) μm. The  
sound grain refining by raw limestone particles has a good anti-fading capacity without any significant grain coarsening in a 40 min 
holding time. The concerned grain refining mechanism should be attributed to the inoculated Al−C and Al−C/Al−Mn−(Fe) nuclei. 
Ultrasonic treatment can enhance the grain refining efficiency of limestone particles through cavitation-enhanced nucleation 
mechanism. 
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1 Introduction 
 

Mg−Al alloys should be the most commercially 
used, because of their high castabilty and low cost, etc. 
Significant researches have been conducted to 
investigate the grain refinement of Mg−Al alloys, such 
as melt superheating technique, the Elfinal processes, 
carbon inoculation, deliberate addition of alloying 
elements and other inoculants [1−4]. Among these 
researches, carbon inoculation is considered to be the 
most effective grain refiner for Mg−Al alloys, and have 
been used for decades. The sound grain refinement by 
carbon inoculation is mostly supported by the formed 
Al4C3 nuclei [5], which is in good crystallographic match 
to the magnesium using the edge-to-edge model [6]. 

There are many carbon sources tried as grain 
refiners of Mg−Al alloys. JIN et al [7] have investigated 
the effects of C2Cl6 on grain refinement and mechanical 
properties of AZ31 magnesium alloy. LU et al [8] 
studied the grain refining efficiency of Al4C3 on Mg−Al 

alloys, while some carbonates were also used to refine 
AZ31 alloys [9]. Meanwhile, YANO et al [10] even used 
pure carbon powders to refine Mg−Al alloys and 
received good grain refinement. Among these sources, 
the carbonate could be one of the most effective grain 
refiners on refining the Mg−Al based alloys. KIM     
et al [11] reported that MnCO3 could well refine the 
as-cast AZ91 alloy by inoculating heterogeneous nuclei 
Al4C3 and MgO particles as well as the melt agitation 
due to the release of CO2 gas. Thus, carbonate might be a 
potential grain refiner widely used in magnesium 
industry. However, it is not quite acceptable to add too 
much carbonate as a state of chemical reagent, due to its 
considerable price. 

Thus, this work aims at finding a cut-price grain 
refiner which could be widely used for Mg−Al based 
alloys. Those uneconomic chemical reagents (such as 
MgCO3 and CaCO3) are replaced with the low-cost raw 
limestone particles to refine the commercial AZ31  
alloys. The grain refining potency and concerned 
mechanism will also be discussed. 
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2 Experimental 
 

Figure 1(a) shows the photograph of the raw 
limestone used in this work. The grey raw limestone is 
dug from Yingkou, Liaoning Province, China. They own 
a dense structure with fine grains and some coarse 
polygonal grains, as shown in Fig. 1(b). Table 1 shows 
the chemical composition of the raw limestone. It could 
be seen that the raw limestone mainly consisted of 
CaCO3 and a small amount of MgCO3, Al2O3 and SiO2. 
Before addition, the raw limestone was mechanically 
smashed into small particles, as shown in Fig. 1(c). The 
limestone particles have a size distribution of 1−5 μm, as 
shown in Fig. 1(d). 

The commercial purity AZ31 ingots (chemical 
composition: Al 2.92%, Zn 0.61%, Mn 0.42%, Fe 
≤0.004% and Mg Bal.) were melted in mild steel 
crucibles heated by the electrical resistance furnace. The 
amount of melted AZ31 was 0.8 kg in each trial. A   
0.5 L/min cover gas of CO2+0.5%SF6 was used to 
protect the melts from burning and oxidation. The melts 
were heated to 680, 720 and 760 °C, respectively. The 
limestone particles were well mixed with flux (46% 

MgCl2, 40% KCl, 8% BaCl2 and 6% CaF2) before 
addition, and the addition levels were 0.1%, 0.3%, 0.5%, 
1.0% and 2.0%, respectively. During limestone addition, 
the melts were stirred for 3 min by hand tool to ensure 
adequate contact, and the melt temperature fluctuation 
was controlled to be ±5 °C. The melts were then held at 
the adding temperature for additional 10 min before 
casting. The chemical reagent (CaCO3, >99.9%, 
KermelTM, <5 μm) were also used for contrast tests. 
Furthermore, the ultrasound was also involved to 
investigate the combining grain refining effects of both 
ultrasound and limestone addition. 
 
Table 1 Main chemical composition of raw limestone (mass 

fraction, %) 

SiO2 Al2O3 Fe2O3 CaO MgO 

1.62 1.31 0.57 49.52 2.66 

 

Gravity casting in d60 mm permanent mold was 
applied to preparing samples. On the other hand, suction 
casting in d12 mm quartz tubes as demonstrated in   
Ref. [12] was also conducted to investigate the effect of 
holding time on the grain refining potency. Each sample 

 

 

Fig. 1 Raw limestone used in this work: (a) Photograph of limestone; (b) Microscopic graph of limestone (projection under cross- 
polarized light); (c) SEM image of smashed limestone; (d) Particle size distribution of smashed limestone  
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was sectioned at the same position (for suction casting, 
200 mm from the base; for gravity casting, 20 mm from 
the base). The samples were polished and etched by a 
mixed acid solution (3 g picric acid, 2 mL glacial acetic 
acid, 5 mL alcohol and 50 mL water). The grain 
structures were examined using optical microscopy. The 
mean grain size at the center of each sample was 
measured using the linear intercept method, and five data 
of measured grain size were averaged. The grain refining 
efficiency has also been calculated by the equation, as 
follows: 
 
η=(duntreated−dinoculated)/duntreated                             (1)  
where η is the grain refining efficiency; duntreated and 
dinoculated are the measured grain sizes of the untreated and 
inoculated alloys, respectively. 

The microstructures were further examined using 
scanning electron microscopy with energy dispersive 
X-ray (EDX) analysis capabilities. The phase analyses 
were performed with an X-ray diffractometer (XRD), 
and the scanning angles were 15°−90° with a speed of  
8 (°)/min. The XRD patterns were indexed using PDF 
standard card (2004). 
 
3 Results 
 
3.1 Grain refining potency of limestone 

Figure 2 shows the grain refining results of 
limestone additions on the gravity casting AZ31 alloys at 
720 °C. The unmodified AZ31 alloy has coarse grains 
(Fig. 2(a)) with an average grain size of (556±60) μm. 
After 0.1% limestone particles are added, the grain size 
is slightly reduced, as shown in Fig. 2(b). The grain size 

of modified AZ31 alloy is not significantly reduced until 
the limestone addition is over 0.5%. The macrostructure 
with 0.5% limestone addition is fine and uniform, as 
shown in Fig. 2(d). When the limestone addition reaches 
2%, the grain size is almost cut by half to (236±22) μm, 
as shown in Fig. 2(f). The grain refining efficiency is as 
high as 58%. 

Figure 3 shows the grain refining results of 
limestone addition at other inoculating temperatures. The 
grain size of AZ31 alloys still reduces with the 
increasing limestone addition. Meanwhile, it also reduces 
as the inoculating temperature increases from 680 to 
760 °C. However, the initial grain size cast at 760 °C is 
much finer than that at 680 °C. Figure 4(a) shows the 
average grain size of AZ31 alloy versus addition level of 
limestone at the investigated temperatures. The initial 
grain size cast at 760 °C (464±41 μm) is ~100 μm finer 
than that cast at 680 and 720 °C. This suggests that the 
high casting temperature could result in a fine grain size 
under the same cooling condition. However, the largest 
grain refining efficiency at 760 °C is only 33.6%, which 
is much lower than that at 720 °C (50.4%), as shown in 
Fig. 4(b). Likewise, the grain refining efficiency of 
limestone is also low (37.3%) at 680 °C. The diverse 
grain refining efficiency at different temperatures should 
be deeply related with the dynamic balance between the 
limestone decomposition and reaction in the magnesium 
melt. 

 
3.2 Anti-fading capacity of grain refinement 

Figure 5 shows the macrographs of suction cast 
AZ31 alloy with 1.0% limestone at different holding 
time. The unmodified AZ31 alloy has coarse grains 

 

 
Fig. 2 Grain refining results of limestone additions on gravity casting AZ31 alloys at 720 °C: (a) Unmodified; (b) 0.1%; (c) 0.3%;  

(d) 0.5%; (e) 1.0%; (f) 2.0% 
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Fig. 3 Grain refining results of limestone addition on gravity casting AZ31 alloys at other inoculating temperatures 

 

 

Fig. 4 Grain refining potency of limestone particles on AZ31 alloy vs addition level at different temperatures: (a) Average grain size; 

(b) Grain refining efficiency 
 

 
Fig. 5 Effect of holding time on macrostructure of suction cast AZ31 alloy with 1.0% limestone: (a) Unmodified; (b) 10 min;      

(c) 20 min; (d) 30 min; (e) 40 min; (f) Average grain size vs holding time 
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((573±79) μm) in the center of casting samples, as shown 
in Fig. 5(a). The grain size drastically is reduced down to 
(261±34) μm by 1.0% limestone addition after holding 
for 10 min, as shown in Fig. 5(b). When the holding time 
is prolonged to 20 min, the grain size increases slightly, 
as shown in Fig. 5(c). However, no significant grain 
growth occurs with further prolonging the holding time. 
The grain size is around 350 μm, as shown in Fig. 5(e). 
 

3.3 Grain refinement assisted by ultrasound 
Figure 6 shows the optical micrographs of gravity 

casting AZ31 alloys with combinative ultrasonic 
treatment and limestone addition. The average grain size 
of AZ31 alloy with ultrasonic treatment is (394±41) μm, 
indicating that the grain refining efficiency of ultrasonic 
treatment is still stronger than that of 0.3% limestone. 
Furthermore, it receives a strong grain refining effect by 
combining 5 min ultrasonic treatment and 0.3% 
limestone addition, as shown in Fig. 6(b). The average 
grain size is (317±23) μm. This suggests that the 
ultrasound improves the grain refining potency of 
limestone on AZ31 alloys. 
 
4 Discussion 
 
4.1 Grain refining mechanism of limestone 

Because carbon inoculation is only effective for 
Al-based magnesium alloys, the underlying dispute is the 
specific kind of aluminum carbide which plays a key role 
in the grain refinement. EMLEY [13], QIAN and   
CAO [14] referred that the aluminum carbide (Al2CO) 
dominated the grain refining behaviors of carbon 
inoculation based on the hypothesis of Al4C3. HUANG  
et al [15] considered that Al2MgC2 was more potent than 
Al4C3 in terms of the crystallographic matching. DU   
et al [16] found the potential Al−C−O−Fe rich particles 
in addition to Al−C−O in the center of Mg grains. The 
following discussion tries to discuss grain refining 
mechanism of raw limestone, based on the observations  

in this work and the proposed view points in literatures. 
When the limestone particles were added into the 

magnesium melt, the thermal decomposition rapidly 
occurred and carbon dioxide was captured by magnesium 
melt as follows: 
 
CaCO3(s)→CaO(s)+CO2(g)                   (2)  
2Mg(l)+CO2(g)→C(s)+2MgO(s)                 (3) 
 

Figure 7 shows the SEM images of as-cast AZ31 
alloys with and without limestone addition. The 
unmodified AZ31 alloy mainly consists of α-Mg, 
dots-like and needle-like phases, as shown in Figs. 7(a) 
and (c). Table 2 lists the chemical compositions of these 
phases by EDX analysis. The chemical composition of 
the dot-like phase (point A in Fig. 7(c)) is Mg−24.9%Al− 
10.8%Zn (mole fraction), indicating the common 
Mg17(Al, Zn)12 phase in Mg−Al alloys. The needle-like 
phase (point B in Fig. 7(c)) mainly contains Al and Mn 
elements, suggesting the Al−Mn phase. The modified 
AZ31 alloy also contains the dot-like Mg17(Al, Zn)12 
phase and needle-like Al−Mn phase, as shown in    
Figs. 7(b) and (d). Some carbon-containing particles are 
additionally observed (point D in Fig. 7(d)). These 
carbon-containing particles should be captured by 
magnesium melt through Eq. (2). Furthermore, minor Al 
element is also found in the particles, implying that the 
alloying Al is capable of bonding carbon in magnesium 
melt. 

Interestingly, some additional Al−Mn−C particles 
are also observed in the modified AZ31 alloys, as shown 
by the SEM mapping result in Fig. 8. However, the 
observed Al−Mn−C particles do not seem to be a single 
phase in this work, because the Mn and C elements are 
not totally overlapped in these particles, as shown in  
Figs. 8(d) and (e). Meanwhile, these Al−Mn−C particles 
are composed of a two-layer stacking structure (dark  
and bright contrast), as shown in Fig. 8(f). The two 
layers with different contrasts correspond to the    
Al−C (dark contrast) and Al−Mn phase (bright contrast), 

 

 

Fig. 6 Combinative grain refining effects of ultrasonic treatment and limestone addition on gravity casting AZ31 alloys at 720 °C:  

(a) With ultrasound treatment for 5 min; (b) With both 5 min ultrasonic treatment and 0.3% limestone addition 
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Fig. 7 SEM images of as-cast AZ31 alloys with and without limestone addition: (a, c) Unmodified AZ31 alloy; (b, d) AZ31 alloy 

with 1% limestone 

 

Table 2 EDS results of untreated AZ31 alloy and AZ31 alloy treated with 1% limestone (mole fraction, %) 

Point in Fig. 7 Mg Al Zn Mn C 

A 64.3 24.9 10.8 − − 

B 4.8 46.6 − 48.6 − 

C 58.7 30.9 10.4 − − 

D 32.8 3.4 − − 63.8 

 

 
Fig. 8 SEM images of as-cast AZ31 alloys with limestone addition: (a) SEM image; (b) SEM mapping of Al; (c) SEM mapping of 

Zn; (d) SEM mapping of Mn; (e) SEM mapping of C; (f) Magnifying image of (a) 
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respectively. Hence, the observed Al−Mn−C particles are 
actually a kind of duplex Al−C/Al−Mn phase. This 
possibly demonstrates that the Al−C particles are the 
potential nuclei for Al−Mn phase. 

Figure 9(a) shows that a quantity of particles are 
observed inside the grains of AZ31 alloy with limestone 
addition. One of these particles contains grey and bright 
parts at different orientations, as shown in Fig. 9(b). 
EPMA was also conducted to examine the chemical 
composition of this double-layer phase, as shown in  
Figs. 9(c) and (d). The dark contrast (point A) mainly 
contains 52.7% C, 46.0% Mg, 0.9% Al (mole fraction) 
and minor amount of Mn, while the chemical 
composition of the bright part (point B) is Mg− 
29.3%Al−25.8%Mn−18%C−1.3%Fe (mole fraction). 
Thus, it further confirms that the observed double-layer 

phase should be the duplex Al−C/Al−Mn−(Fe) phase. 
Till now, the role of Al−Mn particles in the grain 

refining capabilities of carbon inoculations has not been 
fully understood. Table 3 [3,17−22] lists the reported 
role of Mn in the grain refinement of Mg−Al based 
alloys by carbon inoculation. A duplex nucleation 
hypothesis (Al4C3→Al8Mn5→α-Mg) has been proposed 
besides the Al4C3 nucleation hypothesis [17,18]. 
ZHANG et al [3] also declared that the Al−Mn−C or 
Al−C−Mn particles were responsible for grain 
refinement of AZ31 by Al−5C addition. However, the 
Al8Mn5 was claimed as a poor nucleus for α-Mg [19], 
and HAN et al [20] declared the Al8Mn5 phase played a 
restricting role in the nucleation efficiency of Al4C3. 
EASTON et al [21] added a certain amount of Mn to the 
Mn-free Mg−Al alloys with carbon inoculation, and the 

 

 

Fig. 9 EPMA results of as-cast AZ31 alloy with limestone addition: (a) SEM image of as-cast AZ31 alloy with limestone addition;  

(b) Double-layer particle in EPMA; (c, d) EDX spectra of dark part (A) and bright parts (B) in (b), respectively 

 

Table 3 Role of Mn in grain refinement of Mg−Al based alloys by carbon inoculation [3,17−22] 

Alloy Adding source Grain refining mechanism 

AZ91 C2Cl6 Al carbides→Al8(Mn,Fe)5→α-Mg 

Mg−Al (<3% Al) 

Mg−Al containing Mn 

Al4C3 

Al4C3 

Al4C3→α-Mg 

Al4C3→Al8Mn5→α-Mg 

AZ91D Mg−50%Al4C3, Mn75 Al−C−O−Mn−Fe→α-Mg 

AZ31 Al−5%C master alloy Al−C−Mn as nuclei 

Mg−2%Al SiC, MnCl2 flake Mn poisoned Al4C3 

Mg−9%Al 

AZ91 

Al−3C master alloy 

Al−3C master alloy 

Clustered Al4C3→α-Mg 

Clustered Al4C3/Al8Mn5→α-Mg  
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added Mn might be poisonous to the inoculated nuclei in 
the melt. Nevertheless, this disputable role of Mn may be 
due to different adding sources of Mn and processing 
method, and the pre-existed Mn in the melt might have 
different influences on the carbon inoculations. 

In this work, the similar Al−C/Al−Mn particles are 
also observed, suggesting that the duplex nucleation may 
be still plausible. However, the Al−C layer in the 
double-layer particles contains only about 0.9% Al (mole 
fraction) element, which is much different from the case 
of Al−C compound additions [17,18]. It is reasonable 
due to different carbon sources. As discussed above, the 
magnesium melt captures carbon as a form of CO2 gas. 
Thus, there is additional reaction kinetics to form Al−C 
phase (Al bonds C). During the undergoing Al−C bond, 
it is quite possible that the Al−Mn−(Fe) phase could 
immediately nucleate on these undergoing particles (rich 
in carbon but poor in Al). In other words, there is no 
need for sufficient bond of Al and C to serve as nuclei 
for Al−Mn−(Fe) phase. Similarly, the Al content in the 

single Al−C particles is also very low (3.4% (mole 
fraction), point D in Fig. 7(d)). 

Thus, the current work clarifies that the Al−C and 
Al−C/Al−Mn−(Fe) particles are inoculated to refine 
AZ31 alloys in different manners. As Al8Mn5 phase is 
practically and theoretically proved to be non-effective 
nuclei for α-Mg crystals, the observed Al−Mn species 
may be the potential ε-AlMn or τ-AlMn phase [23,24]. In 
addition, Fig. 8(f) also shows that some Mg17(Al, Zn)12 

phases also pile above the Al−C particles. It possibly 
suggests that the observed Al−C particles are also able to 
serve as nuclei for Mg17(Al, Zn)12 phase. 

Figure 10 shows the schematic plot for the grain 
refining mechanism of limestone on AZ31 alloys. 
Adding limestone into the melt results in a series of 
phase evolution. There are a chain of reactions in the 
melt, including carbonate decomposition and carbon 
capture, as shown in Figs. 10(a) and (b), respectively. 
Some Al−C compounds with low Al content can form 
directly after the carbon capture. It has been reported that  

 

 
Fig. 10 Schematic plot showing grain refining mechanism of limestone on AZ31 alloys 
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the AlMn phase precipitates prior to α-Mg [11]. Then, a 
number of heterogeneous Al−C/Al−Mn−(Fe) can be 
inoculated on the early precipitated Al−C particles, as 
shown in Fig. 10(c). Thus, it can be predicted that the 
phase evolution in the melt involves a formation of 
duplex Al−C−Mn phase nucleated on the early 
inoculated Al−C particles. Finally, the microstructure is 
much refined with Al−C or Al−C/Al−Mn in the center of 
grains (Fig. 10(d)). It should be noted that some  
Mg17(Al, Zn)12 phases are also nucleated on the Al−C 
particles, as shown in Fig. 8(f). 
 
4.2 Comparison between carbonate and limestone 

Figure 11 shows the comparative grain refining 
results of calcium carbonate addition on gravity casting 
AZ31 alloys. The calcium carbonate has a poor grain 
refining potency, compared to limestone particles. The 
AZ31 alloy with 0.1% calcium carbonate addition even 
has a coarser grain size ((650±67) μm) than the 
unmodified alloy, as shown in Fig. 11(a). Meanwhile, the 
grain size reduces slightly as the addition even increases 
up to 1.0%. The limestone has a much stronger grain 
refining potency over calcium carbonate. For instance, 
the grain size with 1.0% limestone addition is only 
(276±28) μm, much smaller than that with 1.0% calcium 
carbonate addition ((468±68) μm). 

The added calcium carbonate particles belong to  
the “precipitated” calcium carbonate, which are 
manufactured from the solution of calcined heavy raw 
limestone (lime milk). Thus, the pure calcium carbonate 
has larger sedimentation ratio than the limestone. By this 
token, the calcium carbonate loses much more easily 

than the raw limestone particles during adding process. 
On the other hand, the smashed limestone consists of 
some large size particles (>10 μm, Fig. 1(c)). These large 
size particles can help the smaller size particles go deep 
into the melt and fully contact with the melt. In addition, 
the impurity Al2O3 in limestone is also beneficial to the 
grain refinement, because it provides minor amount of 
necessary solute Al in local areas, through the following 
reaction: 
 
Al2O3(s)+3Mg(l)→2Al(l)+3MgO(s)              (4) 
 

This could increase the number of Al−C particles, 
which is key to the grain refining potency of limestone 
particles as discussed above. In a word, the raw 
limestone has a stronger grain refining potency than the 
pure calcium carbonate, encouraging the application of 
low-cost and abundant raw limestone. 

 
4.3 Effects of byproduct CaO 

CaO is another reaction product of limestone 
decomposition. However, its effects on grain refining 
result have not been discussed yet. The behaviors of CaO 
in magnesium melt have been widely investigated, and 
some Ca-containing particles in magnesium alloys have 
also be found and characterized, such as Mg2Ca, CaMgSi, 
and Laves C15 phase [25−27]. The CaO addition can 
increase the ignition of magnesium alloy [28], due to a 
more compact and thicker initial oxide layer [25]. 

However, no Ca-containing phase has been 
observed in this work. Figure 12 shows the XRD pattern 
of the oxide layer on the melt surface before casting. The 
oxide layer mainly consists of MgO, CaO, the remanent  

 

 

Fig. 11 Grain refining results of calcium carbonate addition on gravity casting AZ31 alloys: (a) 0.1%; (b) 0.3%; (c) 0.5%; (d) 1.0%; 

(e) Average grain size vs addition level of limestone or calcium carbonate 
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Fig. 12 XRD pattern of oxide layer on melt surface 

 
CaCO3 and some other duplex oxides. CaO is in-situ 
produced by the thermal decomposition of limestone. As 
a result, the produced CaO particles have very fine size 
and high surface activity, compared to the directly added 
CaO particles. Furthermore, the outgoing CO2 gas 
drastically drives these fine CaO particles to the melt 
surface. They are soon captured by MgO on the melt 
surface, due to high surface activity. In other words, they 
have limited influence on the grain refinement by 
limestone particles. 
 
4.4 Grain refinement enhanced by ultrasound 

The combination of ultrasound and limestone 
addition has a better grain refining potency than the 
single limestone addition. As the ultrasonic treatment is 
conducted at about 100 °C above the liquidus, the 
cavitation-induced nucleation mechanism comes to  
work [29]. The cavitation may enhance the nucleation 
events probably through enhancing the wettability of 
particles. On the other hand, LIU et al [30] reported that 
the grain refinement by ultrasound faded away with the 
prolonged holding time. 10 min might be too long to 
maintain the cavitation-activated particles serving as 
nuclei in the unmodified alloy. 
 
4.5 Perspective on limestone addition for industry 

In this work, the limestone particles have a strong 
grain refining potency on AZ31 alloys, due to the 
inoculation of effective nuclei. The underlying 
mechanism is controlled by the reaction rate of both 
dissociative limestone (Eq. (2)) and carbon trapping  
(Eq. (3)). High addition level and temperature are 
obviously beneficial for the reaction rate. However, the 
capture capability of ~1 kg magnesium melt has a 
limitation. Too much fast reaction rate leads to the spare 
CO2 gas to go out in vain with severe bubbling and melt 
loss. Thus, good grain refining efficiency is obtained at 
proper limestone addition (1.0%, mass fraction) and 

temperature (720 °C). 
On the other hand, the melt could be continuously 

degassed during the CO2 gas bubble rising through the 
melt. The hydrogen content reduces from 15 to 10 μg/g 
after limestone addition at 720 °C. It could inhibit    
the microporosity and promote the mechanical  
properties [12]. Thus, the limestone addition can achieve 
reliable grain refinement and degassing at the same time. 
It is considerable for the extensive application of 
limestone to refine Mg−Al based alloys in magnesium 
industry, due to its low cost, high purity (no need for 
mineral separation) and broad source. 
 
5 Conclusions 
 

1) The limestone particles have a good grain 
refining potency on the AZ31 alloys. The grain size 
reduces by half from (556±60) to (236±22) μm at the 
limestone addition and temperature of 2.0% and 720 °C, 
respectively. The limestone addition over 1.0% becomes 
less effective. 

2) The grain refinement by limestone has a good 
anti-fading capacity without any significant grain 
coarsening in a holding time as long as 40 min. 

3) The inoculated Al−C and Al−C/Al−Mn−(Fe) 
particles are considered as potent nuclei for Mg grains. 
The grain refining potency of limestone could be 
enhanced by ultrasound through cavitation-enhanced 
nucleation mechanism. 

4) The limestone has a stronger grain refining 
potency over the pure calcium carbonate, not only 
because of the unique particle size distribution and 
compact structure, but also due to the beneficial impurity 
Al2O3, providing necessary solute Al. 
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石灰石矿石对铸态 AZ31 镁合金晶粒细化效果的影响 
 

刘 轩 1，尹思奇 2，张志强 2，乐启炽 2，薛济来 1 
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2. 东北大学 材料电磁过程教育部重点实验室，沈阳 110819 
 

摘  要：采用晶粒细化试验和显微组织观察研究石灰石矿石对铸态 AZ31 镁合金的晶粒细化效果。结果表明：石

灰石矿石可显著细化 AZ31 镁合金晶粒，且细化效果与石灰石添加量和熔化温度密切相关。最佳石灰石添加量和

熔化温度分别为 2.0%(质量分数)和 720 °C，AZ31 合金的平均晶粒尺寸由(556±60) μm 减小至(236±22) μm，抗衰

退时间长达 40 min。石灰石细化机制与反应孕育 Al−C 及 Al−C/Al−Mn−(Fe)为 α-Mg 有效形核核心有关。超声空

化诱导形核可进一步强化石灰石矿石的细化效果。 

关键词：AZ31 镁合金；晶粒细化；石灰石矿石；显微组织；超声处理 
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