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Abstract: The Mg−3%Al melt was inoculated by carbon with different holding time. The effect of holding time on grain refining 
efficiency was evaluated. The solidification characteristics of the carbon-inoculated Mg−3%Al melt with different holding time were 
assessed by computer-aided cooling curve analysis. The results showed that Mg−3%Al alloy could be effectively refined by carbon 
inoculation. Slight fading phenomenon occurred with increasing the holding time to 60 min. Carbon inoculation could significantly 
influence the shape of cooling curves of Mg−3%Al melt. The nucleation starting and minimum temperatures increased. The 
recalescence undercooling and duration decreased to almost zero after carbon inoculation. The grain refining efficiency of carbon 
inoculation could be assessed by the shape of the cooling curve and solidification characteristic parameters including nucleation 
starting and minimum temperatures, recalescence undercooling and duration. 
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1 Introduction 
 

As the lightest metallic structural materials, 
magnesium and its alloys are well established materials 
for cast parts because of their high specific strength and 
stiffness. They have wide application prospects in the 
automobile, railway and aviation industries, etc [1,2]. 
However, wider applications are limited due to poor 
ductility and formability of magnesium alloys. 
Improvement in ductility and formability is therefore 
desirable. It is well known that grain size is regarded as 
the key microstructural factor affecting nearly all aspects 
of the physical and mechanical properties of 
polycrystalline metallic products. As for magnesium 
alloys, grain refinement is a very effective method to 
improve the mechanical properties due to their high 
Hall−Petch coefficient [3−6]. In various magnesium 
alloys, Mg−Al-based alloys are the most common and 
economic commercial ones for which many grain 
refining methods have been developed, such as     
melt superheating [7,8], Elefinal process [9], melt 
agitation [10−12], alloying treatment [6,13,14] and 
carbon inoculation [15−17]. Among them, carbon 
inoculation has the advantages in high efficiency, low 

operating temperature and less fading [7−17]. 
Without doubt, optical microscopy is the best 

technique to investigate grain changes induced by grain 
refining treatment. The main drawbacks of this technique 
are the long time required to prepare a sample and the 
fact that the casting must be destroyed. Moreover, the 
quality of melt cannot be monitored on-line after being 
inoculated or modified. To date, computer-aided cooling 
curve analysis (CA-CCA) has been developed as a fast, 
non-destructive and in-situ method to evaluate the 
quality of the molten metal during melt treatment prior to 
casting. Compared with other thermal analysis (TA) 
methods, such as differential scanning calorimetry  
(DSC), differential thermal analysis (DTA) and 
thermogravimetric analysis (TGA), CA-CCA method is 
simple and most importantly suitable for commercial 
applications. 

CA-CCA has been widely utilized in assessing the 
level of grain refinement and modification [18], level  
of impurity [19], interaction between addition   
elements [20,21] and optimizing refiner and modifier 
level in a foundry [22,23]. The precise shape of the 
cooling curve is directly related to the solidification and 
microstructural characteristics. KROHN [24] firstly 
proposed a new concept of metallurgical thumbprint, i.e.,  
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the precise shape of the cooling curve is significant with 
individual character as the human thumbprint for 
different molten melts. Previously, the CA-CCA method 
was mainly used in aluminum and gray iron    
foundries [18−28]. For example, SHABESTARI and 
MALEKAN [23] assessed the effect of Al−5Ti−B refiner 
on solidification characteristics of 319 aluminum alloy 
by using CA-CCA. Solidification parameters of 
nucleation and growth temperatures were improved after 
being refined. FARAHANY et al [25] evaluated the 
effect of Si, Sb and Sr on eutectic phases in ADC12 alloy 
by CA-CCA. The addition of Sb and Sr increased the 
nucleation temperature of Al2Cu, but the addition of Bi 
produced an opposite effect. CA-CCA was utilized by 
STAN et al [27] to monitor the quality of hypoeutectic 
cast irons during solidification in sand and metal moulds. 
Thermal analysis parameters, especially referring to the 
metastable eutectic temperature, could indicate the chill 
tendency of irons solidified in different conditions. In 
recent years, there have been reports on the use of 
CA-CCA method in order to characterize the 
solidification behavior of Mg alloys [29−32]. LIANG  
et al [29] disclosed the solidification pathways of 
Mg−Al−Ca system alloys by using CA-CCA. 

In the above studies, most of them were carried out 
to disclose the effect of refiners on grain refinement of Al 
alloys by CA-CCA [18,19,21−23]. However, only a few 
studies were performed to assess the effect of grain 
refinement on solidification characteristics of Mg  
alloys [33,34]. In the study performed by GAO et al [33], 
the correlation of recalescence with grain refinement of 
Mg alloys was investigated and the results showed that 
the undercooling and duration of recalescence decreased 
after being refined by MgCO3. As for the carbon 
inoculation, less-fading was regarded as one of the 
important advantages. In our previous study, slight fading 
effect was found for the Mg−3%Al alloy inoculated by 
graphite [35]. However, the effect of holding time after 
being inoculated on solidification characteristics was not 
investigated. The present study mainly aimed to 
investigate the solidification characteristics of carbon- 
inoculated Mg−3%Al alloy with different holding time 
by using CA-CCA. The change of nucleating potency of 
nuclei with holding time was discussed based on the first 
derivative of cooling curve. 
 
2 Experimental 
 
2.1 Melt preparation 

Mg−3%Al (mass fraction, the same below) alloy 
melt was prepared by melting high purity Mg (>99.95%) 
and Al (99.99%) ingots in MgO crucible of d60 mm × 
100 mm in an electrical resistance furnace. Carbon 
inoculation was operated by introducing the carbon- 

containing pellets into the Mg−3%Al melt. The addition 
amount of carbon was 0.2% of the experimental material. 
The pellet was prepared by compacting the Mg, Al and 
graphite powders with a mass ratio of 5:4:1 by hydraulic 
pressure. The Mg melt was protected to avoid being 
oxidized with the gas mixture of 1% SF6 and 99% N2. 
The melting temperature and operating temperature of 
carbon inoculation were both 760 °C. The mass of 
Mg−3%Al alloy was about 250 g. About 50 g melt was 
poured into the cylindric iron-mould preheated at 500 °C 
to prepare the sample for grain observation. The rest melt 
in the crucible was used for thermal analysis. 

Four samples were prepared in the present study. 
One sample was Mg−3%Al alloy without carbon 
inoculation. The rest three samples were the 
carbon-inoculated Mg−3%Al melt with different holding 
time of 20, 30 and 60 min to investigate the influence of 
holding time on grain refinement and solidification 
characteristics. The carbon-inoculated melt with different 
holding time was stirred to make them more uniform 
under the same condition. The holding time began to be 
recorded after the melt was stirred. 
 
2.2 Thermal analysis 

After being poured to prepare the sample for 
metallographic observation, the crucible containing the 
rest Mg−3%Al melt was placed in another home-made 
electrical resistance furnace with cylindrical cavity, as 
shown in Fig. 1. This electrical resistance furnace was 
utilized to slower the cooling rate and keep the melt 
cooling at the same cooling rate of approximately 
0.3 °C/s. Before the crucible was placed into this furnace, 
the temperature at the center of the furnace was set 
constantly to be 350 °C. The furnace was switched off 
when the crucible was placed in it. Three shielded K-type 
thermocouples were inserted in the center of the crucible 
at the same depth in the melt (30 mm from the bottom) to 
measure temperature−time data of the melt as it cooled. 
The data were recorded by using national instruments 
with high-speed data acquisition system connected to a 
computer with Labview software. 

 
2.3 Microstructure observation 

The cylindrical ingot with the diameter of d20 mm 
was prepared. Metallographic samples were cut in the 
horizontal direction at the position of 10 mm from the 
bottom of the samples. The samples were ground by SiC 
abrasive paper and mechanically polished. After that, the 
samples were chemically polished with 10% HNO3 
ethanol solution firstly and then etched with picric acid 
solution to reveal grain boundary. The Leica DFC320 
type optical microscope and linear intercept method 
described in ASTM standard E112-88 were used to 
observe and evaluate the grain size. 
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3 Results 
 
3.1 Grain refining efficiency 

Figure 2 shows the grain morphologies of 
Mg−3%Al alloy without treatment and treated by carbon 
inoculation with different holding time. As for the 
sample without treatment, its grain was coarse with 
average grain size of (510±50) μm (Fig. 2(a)). The grain 
could be obviously refined by carbon inoculation, as 
shown in Figs. 2(b)−(d). The grain sizes were 
remarkably refined to (189±14) and (199±16) μm with 
the holding time of 20 and 30 min, respectively. With 
prolonging the holding time to 60 min, the grain slightly 

became coarse with the size of (230±20) μm. Figure 3 
shows the effect of holding time on grain size of 
Mg−3%Al alloy refined by carbon inoculation. Slight 
fading phenomenon occurred with increasing the holding 
time to 60 min. 

 
3.2 Cooling curve thermal analysis 

Figure 4 shows the typical cooling curves of the 
Mg−3%Al alloy without treatment and treated by carbon 
inoculation with the holding time of 20 min. The data 
acquisition was stopped at about 600 °C since no 
obvious phase transformation occurs for Mg−3%Al alloy 
below this temperature. The average cooling rate was 
0.25−0.29 °C/s before solidification. 

 

 

Fig. 1 Experimental configuration of thermal analysis 

 

 
 
Fig. 2 Grain morphologies of Mg−3%Al alloy without treatment (a) and treated by carbon inoculation with different holding time of 

20 min (b), 30 min (c) and 60 min (d) 
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Fig. 3 Effect of holding time on grain size of carbon-inoculated 

Mg−3%Al alloy 

 

 

Fig. 4 Typical cooling curves of Mg−3%Al alloy without 

treatment and treated by carbon inoculation with holding time 

of 20 min 

 
Figure 5 illustrates the cooling curve of the 

Mg−3%Al alloy without treatment and its first derivative 
curve (dT/dt) during the solidifying range of 625−635 °C 
to obtain the detailed solidification characteristics. The 
first derivative of the cooling curve was used to enhance 
gradient changes related to the phase transformation and 
to precisely determine the critical solidification 
characteristics of the alloys. Some critical points of the 
cooling curve were identified as characteristic 
temperatures, namely Ts, Tmin and Tr [31,32]. Ts is the 
initial nucleation starting temperature of primary α-Mg 
phase. Tmin is the nucleation minimum temperature, 
beyond which the latent heat generation of the newly 
nucleated crystals exceeds the heat emission to vicinity. 
Tr is the stable recalescence temperature due to the 
release of latent heat of primary α-Mg nucleation. Ts is 
determined from the inflection point of the first 
derivative curve. Tmin and Tr are determined from the 
zero points of the first derivative curve [31,32]. ΔTrec, 
that is, Tr−Tmin, is the recalescence undercooling. trec is 

the duration of recalescence. As for the Mg−3%Al alloy, 
its temperatures Ts and Tmin were (634±0.52) °C and 
(631.4±0.17) °C, respectively. The recalescence under- 
cooling ΔTrec was only 0.2 °C and the duration of 
recalescence trec is about 20 s. 
 

 

Fig. 5 Cooling curve and its first derivative of Mg−3%Al alloy 

without treatment labeled with characteristic point 

 
To compare the detailed solidification processes of 

the sample without/with carbon inoculation, Fig. 6 shows 
the cooling curves of the all samples in the temperature 
range of 620−650 °C. It can be obviously seen that 
carbon inoculation shifts the cooling curves upward with 
increasing the nucleation temperature. Besides, no 
obvious recalescence occurred for the Mg−3%Al alloy 
after being carbon-inoculated. 
 

 

Fig. 6 Cooling curves of Mg−3%Al alloy without treatment 

and treated by carbon inoculation with different holding time of 

20, 30 and 60 min 

 
The temperatures of Ts and Tmin could be obtained 

from the first derivative curves of the cooling curves for 
the carbon-inoculated samples with different holding 
time, as listed in Table 1. For the Mg−3%Al alloy 
inoculated by carbon with the holding time of 20 min, 
the nucleation starting temperature Ts and the nucleation  
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Table 1 Parameters of solidification characteristics of Mg−3%Al alloy without treatment and treated by carbon inoculation with 

different holding time 

Sample Ts/°C Tmin/°C Tr/°C ΔTrec/°C trec/s Grain size/μm 

Without treatment 634±0.52 631.4±0.17 631.6±0.16 0.2 20 510±50 

Holding for 20 min 643.7±0.31 638.5±0.35 638.5±0.35 0 0 189±14 

Holding for 30 min 644.8±1.24 638.0±0.49 638.0±0.49 0 0 199±16 

Holding for 60 min 637.7±0.10 634.6±0.12 634.6±0.12 0 0 230±20 

 

minimum temperature Tmin were raised to 
(643.7±0.31) °C and (638.5±0.35) °C, respectively. Ts 
and Tmin were almost the same although the holding time 
was prolonged from 20 to 30 min. They were 
(644.8±1.24) and (638.0±0.49) °C, respectively. 
However, Ts and Tmin were declined to (637.7±0.10) and 
(634.6±0.12) °C when the holding time was prolonged to 
60 min. It should be noted that the recalescence 
undercooling ΔTrec was almost 0 °C and the duration of 
recalescence trec was 0 s since no obvious recalescence 
occurred. 
 

4 Discussion 
 

It is well known that the shape of the cooling curve 
is the integrated result of the heat elimination to the 
surroundings and the latent heat generation in the mold 
during solidification. The shape of the cooling curve is 
the reflection of solidification characteristics. Known 
from the above results, carbon inoculation significantly 
influenced the solidification characteristics of Mg− 
3%Al alloy. The initial nucleation starting temperature 
was remarkably improved from (634±0.52) to 
(643.7±0.31) °C after being carbon-inoculated with the 
holding time of 20 min. Also, the nucleation minimum 
temperature was improved from (631.4±0.17) to 
(638.5±0.35) °C. With prolonging the holding time to  
60 min, the nucleation starting and minimum 
temperatures were reduced. However, these temperatures 
were still higher than those of Mg−3%Al alloy without 
treatment. Moreover, it should be noted that the 
recalescence undercooling temperature decreased to zero 
after carbon inoculation. Prolonging the holding time did 
not affect the recalescence undercooling temperature 
significantly. 

It could be seen that there exists an obvious 
relationship between average grain size and parameters 
of solidification characteristics, as listed in Table 1. 
Carbon inoculation resulted in grain refinement and the 
increase of Ts, Tmin and Tr. With prolonging the holding 
time to 60 min, the grain size increased whilst the Ts, Tmin 
and Tr decreased. Consequently, the solidification 
characteristics and the shape of cooling curve could be 
used to quantitatively assess the grain refinement 
efficiency of Mg−Al alloy by carbon inoculation. 

As for refining mechanism by carbon inoculation, it 
has been widely accepted that Al4C3 particles formed by 
the reaction of Al and C in the alloy melt act as potent 
nuclei for primary α-Mg grains based on experimental 
results and in view of crystallography [7−13]. Al4C3 
(a=0.3335 nm, c=2.4967 nm) has a crystallographic 
similarity to -Mg (a=0.3209 nm, c=0.5211 nm) [36,37]. 
In some researches [14,15], Al4C3 was directly proved as 
an effective refiner to Mg−Al alloys since Al4C3 powders 
or Al4C3-containing master alloys were used. 

Under the condition of homogeneous nucleation 
during melt solidification, the formation of stable nuclei 
needs large undercooling. The initial nucleation starting 
temperature is low, as the sample without treatment listed 
in Table 1. After a large number of homogeneous nuclei 
form and grow, the latent heat generation will result in 
the increase of temperature, i.e., recalescence. The 
increase of temperature will inhibit the formation of new 
nuclei. Relatively, the growth of a small amount of nuclei 
results in coarsening of grains. After being 
carbon-inoculated for Mg−3%Al melt, the formed Al4C3 
particles could stably exist in the Mg−Al melt since its 
melt point is higher than 2000 °C [38]. The nucleation 
cooling of α-Mg was decreased due to the existence of 
many potent nucleating Al4C3 particles. The initial 
nucleation starting temperature increased, as listed in 
Table 1. The formation and grain growth by a large 
amount of nuclei will result in much solidification latent 
heat. The nucleation minimum temperature Tmin should 
also be improved. Consequently, the cooling rate and the 
recalescence cooling during solidification stage will 
decrease, i.e., ΔTrec→0 °C and trec→0 s. 

Known from Fig. 3, slight fading phenomenon 
occurred with increasing the holding time to 60 min. The 
effect of holding time on grain refinement efficiency was 
discussed in our previous study [35]. The optimal grain 
refining efficiency could be obtained when the holding 
time was 20−30 min. With increasing in the holding time, 
the potency of nucleating Al4C3 particles could be 
decreased resulting from the following factors. One is the 
settling of Al4C3 particles due to the density difference 
between Al4C3 (2.36 g/cm3) and Mg melt (1.7 g/cm3). 
The other is that the surface activity of the Al4C3 
particles could be disturbed by other elements, such as 
Fe and Mn [7,39]. Consequently, nucleation cooling 
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should be improved and then the nucleation starting 
temperature and minimum temperature decreased. 

CA-CCA has been commercially used to monitor 
the grain refinement and modification of aluminum 
castings since solidification characteristics can reflect the 
nucleation potential of the melt. This study mainly aimed 
to investigate the solidification characteristics of carbon- 
inoculated Mg−3%Al alloy with different holding time. 
Critical temperature corresponded to the grain 
refinement efficiency with different holding time. The 
solidification characteristics of the alloy melt were 
influenced by heterogeneous nucleation. It was suggested 
that with the increase of ΔTrec the nucleation potency of 
nuclei decreased. When an alloy melt contains few 
favorable heterogeneous nucleation sites, high 
undercooling temperature will be needed to activate 
impotent nuclei for nucleation process and finally a 
coarse-grain structure was accessed. When an alloy melt 
has sufficient favorable heterogeneous nucleation sites, 
small undercooling temperature or no undercooling will 
be needed and solidification will start at higher 
temperature. Finally, the alloy has a fine grain size. 

In this study, carbon inoculation was confirmed to 
effectively refine the grain size of Mg−3%Al alloy 
regardless of holding time and to affect solidification 
characteristics. The carbon agent gave rise to sufficient 
favorable heterogeneous nucleation sites, which led to 
the significant grain refinement and the change of 
solidification characteristics. 
 
5 Conclusions 
 

1) Mg−3%Al alloy could be effectively refined by 
carbon inoculation. Slight fading phenomenon occurred 
with increasing the holding time to 60 min. 

2) Carbon inoculation could significantly influence 
the shape of cooling curves and the recalescence of the 
Mg−3%Al alloy. The nucleation starting and minimum 
temperatures increased. The recalescence undercooling 
and duration were decreased to almost zero after carbon 
inoculation. 

3) The grain refining efficiency of carbon 
inoculation could be assessed by the shape of the cooling 
curve and solidification characteristic temperatures, 
including nucleation starting and minimum temperatures, 
recalescence undercooling and duration. 
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利用热分析技术评估碳质孕育 
Mg−3%Al 合金熔体的凝固特性 
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华南理工大学 材料科学与工程学院，广州 510640 

 

摘  要：将 Mg−3%Al 合金熔体进行碳质孕育处理并保温不同时间，评估保温时间对孕育细化效果的影响。利用

计算机辅助热分析技术对经碳质孕育并保温不同时间合金熔体的凝固特性进行分析。结果表明：碳质孕育能显著

细化 Mg−3%Al 合金。当保温时间延长至 60 min 时孕育衰退不明显。碳质孕育能明显改变合金熔体的冷却曲线，

孕育处理后初始形核温度和最低形核温度升高，再辉过冷度和再辉时间几乎降低至 0。碳质孕育的晶粒细化效果

能通过冷却曲线形状和凝固特征参数进行评估，包括初始形核温度、最低形核温度、再辉过冷度和再辉时间。 

关键词：镁铝合金；晶粒细化；碳质孕育；凝固特性；计算机辅助冷却曲线分析 
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