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Abstract: The effect of Hf on the grain refinement of as-cast aluminum was investigated using optical microscopy, electron 

microscopy and X-ray diffraction. The result shows that the grain size of studied alloy decreases effectively with the addition of Hf, 

Hf can react with Al to form Al3Hf particles during the solidification, the primary Al3Hf particles are highly potent nucleants for Al 

and the nanoscale coherent Al3Hf particles can inhibit the grain growth by pinning effect. The grain refinement mechanism of studied 

alloys was verified by the solute theory and the crystallography study, and it can be divided into two distinct types: At low Hf 

contents, there are no primary Al3Hf phases to form, the acquired grain refinement is primarily attributed to the constitutional 

undercooling induced by the Hf solute. At medium and high Hf contents, both Hf solute and Al3Hf particles contribute to the 

refinement. 
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1 Introduction 
 

Aluminum and its alloys are attractive engineering 

materials for structural applications in many industries, 

because of the low density and good electrical 

conductivity, good resistance to corrosion, excellent 

thermal conductivity [1]. The properties of aluminum 

alloys are governed by many microstructural features 

including the grain size. Grain refinement of Al alloys is 

a predominant technique to control the metallurgical 

characteristics and to improve the soundness of cast 

alloys, which has been extensively investigated by many 

researchers for over 80 years [2−5]. It can get a fine 

equiaxed grain structure of α(Al) through grain 

refinement, which can eliminate the columnar structure, 

ensure uniform mechanical properties, improve 

formability and machinability, reduce casting defects and 

tearing tendency as well as enhance subsequent 

mechanical working response [6−11]. Grain refinement 

also has a significant impact on the aluminum  

conductors: a fine grain will give rise to high tensile 

strength based on the fine-grained strengthening theory, 

but it will increase grain boundary and therefore result in 

the decrease of electrical conductivity. Thus, it is 

important to study the mechanism of grain refinement in 

aluminum conductors. 

Several methods have been reported to achieve 

grain refinement in the final microstructure, such as 

inoculation, heterogeneous nucleation, solute addition, 

mechanical agitation [3,10,12,13]. The addition of transi- 

tion metals or rare earth metals, such as Sc and Zr, can 

refine the grain of as-cast Al alloys effectively [3,4,6,14]. 

This is because Zr or Sc can result in the formation of 

primary Al3Sc or Al3Zr phases as well as nanoscale 

coherent L12 structured Al3Sc or Al3Zr particles, which 

can behave as potent nucleant particles for Al or inhibit 

the migration of grain boundary or subboundary, thus 

will lead to the grain refinement [4,15−17]. The 

mechanisms of the grain refinement such as the solute 

theory (the growth restriction factor concept and the 

relative grain size concept) and the heterogeneous 

nucleation theory (the crystallographic using the 

edge-to-edge matching model) have been reported in  
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many literatures [3,6,18−24]. It is widely believed that 

both effective nucleation particles and abundant   

solutes are indispensable for efficient grain   

refinement [6,25−28]. 

Similar to Sc or Zr, Hf can form the nanoscale 

coherent L12 structured Al3Hf precipitate in Al matrix, 

which has been studied by WU et al [29]. However, up to 

now, few researches have been investigated in the 

published literatures about the grain refinement 

mechanism of as-cast alumnium by hafnium. In the 

present study, Al−Hf alloys with different Hf addition 

levels were prepared through conventional casting 

processes, the grain refinement mechanism was revealed 

and it can provide experimental evidence to understand 

the grain refining mechanism in cast metals through 

inoculation treatment. 

 

2 Experimental 
 

The experimental alloys with different Hf addition 

levels (0.1%, 0.15%, 0.2%, 0.3%, 0.4%, 0.5% and 0.6%, 

mass fraction) were prepared by diluting commercially 

pure aluminum with Al−10.45Hf master alloys (mass 

fraction, %). The raw materials were melted in a graphite 

crucible in a resistively heated furnace at 750 °C, after 

mechanical stirring the melt was cast into an iron 

water-cooled mould and cooled to room temperature to 

produce a d50 mm × 100 mm ingots. The chemical 

compositions of the investigated alloys were verified 

using ICP−MS analysis and listed in Table 1 (all 

compositions were in mass fraction unless otherwise 

noted). 

 

Table 1 Compositions of experimental alloys (mass 

fraction, %) 

Sample Hf Fe Si Cu Mg Al 

Pure Al 0.001 0.021 0.0085 0.0032 0.0092 Bal. 

Al−0.1Hf 0.09 0.047 0.011 0.0037 0.011 Bal. 

Al−0.15Hf 0.16 0.034 0.013 0.0062 0.017 Bal. 

Al−0.2Hf 0.21 0.022 0.014 0.0091 0.015 Bal. 

Al−0.3Hf 0.29 0.048 0.010 0.0058 0.012 Bal. 

Al−0.4Hf 0.38 0.025 0.017 0.0085 0.019 Bal. 

Al−0.5Hf 0.47 0.041 0.008 0.0046 0.010 Bal. 

Al−0.6Hf 0.59 0.062 0.007 0.0074 0.0099 Bal. 

 

Approximately 10 mm sized metallographic 

specimens were taken from the cast ingots and were 

mechanically ground, polished by grit paper and then 

etched by a solution of 1 mL HF, 1.5 mL HCl, 2.5 mL 

HNO3 and 95 mL distilled water. After sample 

preparation, the metallographic structures were 

characterized by optical microscopy (OM) and using the 

IPP (Image Pro-Plus) soft to measure the grain sizes. 

Phase identification was conducted by X-ray diffraction 

analysis in a SI-MENSD500 full-automatic X-ray 

diffractometer, operating at 40 kV and 45 A with Cu Kα 

radiation. Transmission electron microscope (TEM) and 

scanning electron microscope (SEM) observations were 

performed with a FEI Tecnai G220 operated at 200 kV 

and FEI Quanta-200, respectively. TEM samples were 

prepared by mechanical grinding specimens to a 

thickness of 80−100 μm, from which 3 mm diameter 

disks were punched. The disks were then thinned by 

twin-jet electro-polishing at ~20 V DC with an 

electrolyte solution consisting of 30% nitric acid and 

70% methanol below −30 °C. 

 

3 Results and discussion 
 

3.1 Macrostructure and microstructure of as-cast 

aluminum alloys 

Figure 1 shows the macrographs of as-cast 

aluminum grain refined with 0.1%, 0.15%, 0.2%, 0.3%, 

0.4%, 0.5% and 0.6% addition level of Hf element, 

respectively. As illustrated in Fig. 1(a), in the absence of 

Hf, the aluminum manifests a mixture of complete coarse 

columnar grain structure at the periphery and coarse 

equiaxed grains at the center. After adding 0.1% Hf into 

pure aluminum, the average size of coarse columnar 

grains and equiaxed grains decrease, as shown in     

Fig. 1(b). Having a comparison among Figs. 1(c), (d) and 

(e), it is noted that the columnar grains change to 

equiaxed grains with the increase of Hf content, and the 

average grain size is also decreased. When the addition 

increases to 0.4%, as seen in Fig. 1(f), only fine equiaxed 

grains are observed. But further increasing the addition 

level of Hf, equiaxed grain size do not further decrease, 

as shown in Figs. 1(g) and (h). 

The optical microstructures of the as-cast aluminum 

with different Hf contents are presented in Fig. 2. It can 

be obviously seen that the grains can be refined 

dramatically by adding Hf element. Without Hf addition, 

the average grain size is around 440 μm, with the 

increasing additions of Hf content from 0.1% to 0.3%, 

the average grain size decreases continuously from 434 

to 251 μm. When 0.4% Hf is added, the average grain 

size reaches 219 μm, but further increasing the Hf 

contents from 0.4% to 0.6%, there is no significant 

improvement in the grain refinement. The smallest grains 

with the grain size of 196 μm are obtained when the 

addition reaches 0.6%. 

 

3.2 Determination of relative grain size 

The mechanisms of grain refinement such as    

the solute effect and the heterogeneous nucleation effect 
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Fig. 1 Macrographs of as-cast experimental aluminum alloys: (a) Pure aluminum; (b) Al−0.1Hf; (c) Al−0.15Hf; (d) Al−0.2Hf;     

(e) Al−0.3Hf; (f) Al−0.4Hf; (g) Al−0.5Hf; (h) Al−0.6Hf 
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Fig. 2 Micrographs of as-cast experimental aluminum alloys: (a) Pure aluminum; (b) Al−0.1Hf; (c) Al−0.15Hf; (d) Al−0.2Hf;      

(e) Al−0.3Hf; (f) Al−0.4Hf; (g) Al−0.5Hf; (h) Al−0.6Hf 

 

have been reported in literatures [6,18−20]. STJOHN  

et al [18,19] reported that the growth restriction factor 

(GRF), Q, can be used to quantify the effect of solute on 

the grain size of a casting alloy. It is generally accepted 

that the high value of Q is desirable to refine the grain in 

alloys [18−20,30,31]. The value of Q can be calculated 

by m1c0(k−1), where m1 is the slope of the liquidus line 

on the binary phase diagram, c0 is the concentration of 

the solute in a binary alloy and k is the partition 

coefficient. 

The calculated Q value of Hf alloyed to aluminum 

equals 11.2c0 (c0 is the concentration), which is in the 

upper level among the most common alloying elements 

used in Al alloys when c0  remains the same [25,32]. 

Thus, it is easy to consider that the solute effect of Hf 

makes major contribution to the grain refinement of the 

as-cast aluminum. However, STJOHN et al [18,19] 

found that only when powerful nucleants are presented 
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can the Q value be used to predict the effect of solute 

content on grain size accurately. Therefore, a new 

concept, relative grain size (RGS), was put forward to 

explain the relationship between grain size and the 

combined effects of nucleant particle potency and solute 

content, which is given by 
 

1

l 0

l 0

RGS 1
Δ

p

n

m c

m c T

 
   

 
                     (1) 

 
where ml is the slope of the liquidus line, c0 is the 

composition of the alloy, p equals 1−k, where k is the 

partition coefficient, and ΔTn is the nucleant particle 

potency or the undercooling required for nucleation. 

Curves (a)−(f) of Fig. 3 present the RGS of the 

studied alloy versus Hf solute content at different 

nucleant particle potencies, ΔTn. It can be seen that 

particle potency ΔTn has a remarkable influence on Al 

grain size for all solute contents, while the effect of Hf 

solute content on grain size is conspicuous at low content 

and inconspicuous at high content and as ΔTn increases 

the effect will be remarkably weakened. The variation of 

the average grain size as a function with the Hf addition 

level in Fig. 2 is shown by curve (g) of Fig. 3, it is found 

that the change of the grain size in this work (curve g) is 

similar to the trend predicted by RGS when the ΔTn is 

equal to 0.01 °C (curve d). Because the ΔTn represents 

the undercooling required for nucleation, it is apparent 

that only when the constitutional undercooling, ΔTc, 

reaches ΔTn can a nucleation event occur. The ΔTc is 

defined by 
 

 
c l 0

s

1
Δ 1

1
p

T m c
f

 
  
  

                      (2) 

 
where fs is the solid fraction. 

 

 

Fig. 3 RGS vs solute content for range of nucleant particle 

potencies ΔTn: (a) ΔTn=0.001 °C; (b) ΔTn=0.002 °C; (c) ΔTn= 

0.005 °C; (d) ΔTn=0.01 °C; (e) ΔTn=0.02 °C; (f) ΔTn=0.05 °C 

and average grain size variation of experimental alloys (g) 

The development of constitutional undercooling 

versus solid fraction for different additions of Hf, 

calculated using Eq. (2), is shown in Fig. 4. It is observed 

that the constitutional undercooling increases with the 

increasing additions of Hf content and the increase 

amplitude is obvious. Therefore, a relative decrease in 

the grain size as the Hf level increases would be 

expected, which is consistent with the experimental 

result. Equations (1) and (2) are all based on the 

assumption that there are sufficient nucleant particles or 

substrates present in the matrix, namely there should be 

potential nucleation sites for the metal matrix during 

solidification process [18−20,30,31]. In industrial 

practice, inoculation whose lattice structure and lattice 

constant should match up with the master alloy is often 

used to promote nucleation [5,11,28,33], in this process, 

there will be many potential nucleation sites to be 

formed. 

 

 

Fig. 4 Development of constitutional undercooling, ΔTc, versus 

solid fraction for different additions of Hf 

 

3.3 Crystallographic relationship between Al3Hf and 

Al matrix 

To better investigate the grain refinement 

mechanism, phase identification was conducted by XRD 

analysis and the corresponding XRD patterns of the 

as-cast alloy sample without Hf addition and with 0.4% 

Hf addition are shown in Figs. 5(a) and (b) , respectively. 

It can be seen that Fig. 5(a) exhibits a typical XRD 

spectrum of α(Al), and no precipitates or intermetallic 

compounds are observed. While weak Al3Hf peaks can 

be observed in Fig. 5(b), which indicates that a small 

quantity of Al3Hf particles precipitate in the matrix. 

WANG et al [21,24] found that Al3Zr and Al3Nb are 

potent heterogeneous nucleation refiners for Al grains by 

means of the edge-to-edge matching (E2EM) model. 

Al3Hf possesses the similar crystal structure 

characterization with Al3Zr or Al3Nb. Thus, it can be 

speculated that the Al3Hf particles may be the potential 

nucleation sites and the E2EM model is employed to 
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confirm this extrapolate. 

The E2EM model developed by ZHANG et al 

[3,21−24] is a powerful tool in understanding and 

examining the atomic matching between the nucleant 

phase and matrix which has been applied widely in 

illuminating the grain refinement mechanism. The model 

requires that the matching rows (termed matching 

directions) should be close-packed (CP) or nearly CP 

atom rows with small interatomic spacing misfit (fr) and 

lie on the CP or nearly CP planes (termed matching 

planes) with interplanar spacing mismatch (fd). The 

matching rows can be either straight or zigzag, but the 

model requires that straight rows match with straight 

rows while zigzag rows match with zigzag rows. Once 

the fr of the matching direction and the fd of the matching 

planes are smaller than 10%, an orientation relationships 

(OR) can potentially form and can be expressed in terms 

of the parallelism of the matching rows and near 

parallelism of the matching planes. 

 

 

Fig. 5 XRD patterns of as-cast aluminum alloys: (a) Without 

addition of Hf; (b) 0.4% Hf addition 

 

According to the knowledge of crystallography, 

aluminum has face-centred cubic (FCC) structure, its 

lattice constant A is equal to 0.4049 nm. It has two 

possible CP or nearly CP atom rows: S
Al 110   and 

Z
Al 211  , where the superscript “S” denotes straight atom 

rows and “Z” indicates the zigzag atom rows. The 

possible CP or nearly CP planes of Al are: {200}Al, 

{220}Al, {111}Al. The {111}Al plane belongs to CP  

planes, which includes both the S
Al 110   and Z

Al 211   

directions. The second most highly CP plane is {200}Al, 

which only includes the S
Al 110   direction. The {220}Al  

plane is the third CP plane, in {220}Al plane S
Al 110   

and Z
Al 211   CP directions exist. The atomic 

configuration of Al within the most highly CP plane (111) 

is displayed in Fig. 6(a). 
 

 

Fig. 6 Atomic configurations of Al (a) and Al3Hf (b) on their 

most highly CP planes (Bold lines highlight the CP rows within 

these planes) 

 

Al3Hf possesses three CP or nearly CP planes, they 

are 
3Al Hf{112} , 

3Al Hf{004}  and 
3Al Hf{200} . The most 

highly CP plane 
3Al Hf{112}  contains four CP or nearly 

CP rows: 
3

Z
Al Hf 421  , 

3

Z
Al Hf 111  , 

3

S
Al Hf 110  , and 

3

S
Al Hf 201  ; the second most highly CP plane is 

3Al Hf{004} , which contains only 
3

S
Al Hf 110   CP row; 

3Al Hf{200}  is another possible CP plane which also 

contains one CP row 
3

S
Al Hf 201 .  The atomic 

configuration of Al3Hf within the most highly CP plane 

(112) is displayed in Fig. 6(b). 

Table 2 lists the values of fr along the CP rows 

between Al3Hf and Al by following the E2EM model 
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matching rules. It can be seen that all the values of fr are 

less than 6%. The calculated fd between Al3Hf and Al  

CP planes are listed in Table 3. It is obviously that   

only four pairs of planes with fd below 10%        

exist: {111}Al//
3Al Hf{112}  with fd=0.89%, {200}Al// 

3Al Hf{200}  with fd=3.07%, {111}Al//
3Al Hf{004}  with 

fd=5.19%, {200}Al//
3Al Hf{004}  with fd=9.47%. 

 
Table 2 Interatomic spacing misfit, fr, along CP matching rows 

between Al3Hf and Al 

Matching row fr/% 

S

Al
110   //

S

Al Hf3
110    3.08 

S

Al
110   //

S

Al Hf3
201    3.48 

Z

Al
211   //

Z

Al Hf3
111    5.58 

Z

Al
211   //

Z

Al Hf3
421    0.84 

 

Table 3 Interplanar spacing mismatch, fd, between CP or nearly 

CP planes in Al3Hf and Al 

Matching plane fd/% 

{200}Al//
3Al Hf

{004}  9.47 

{200}Al//
3Al Hf

{200}  3.07 

{200}Al//
3Al Hf

{112}  16.50 

{220}Al//
3Al Hf

{004}  54.82 

{220}Al//
3Al Hf

{200}  37.08 

{220}Al//
3Al Hf

{112}  64.76 

{111}Al//
3Al Hf

{004}  5.19 

{111}Al//
3Al Hf

{200}  16.06 

{111}Al//
3Al Hf

{112}  0.89 

 

Figure 7 graphically shows the values of fr that are 

below 10% along the matching directions (on left) and 

the values of fd that are less than 10% between matching 

planes that contain the matching directions (on right). 

The arrows are used to point out the correlation between 

a matching direction pair with various matching plane 

pairs. From Fig. 7, it can be clearly seen that seven ORs 

between Al and Al3Hf can potentially form and possibly 

be observed, which implies high inoculation potency of 

Al3Hf particles for α(Al). 

Figure 8(a) shows the SEM image of the sample 

used to obtain the XRD spectrum as shown in Fig. 4(b). 

It is found that, when 0.4% Hf is added, small particles 

can be observed at or near the centers of the grains, as 

shown by particle A and particle B in Fig. 8(a). These 

particles are believed to act as heterogeneous nucleation 

sites during solidification [24]. Figure 8(b) shows a 

typical EDX spectrum of particle A in Fig. 8(a), it is 

shown that the particle is rich in Al and Hf and the 

approximate atomic ratio of Al to Hf is about 3:1. 

Considering the XRD and EDX results, it is confirmed 

that the particles observed at or near the grain centers are 

Al3Hf particles. Hence, based on the crystallographic 

analysis using the E2EM model, the SEM observations 

and the EDX analysis, the potency of Al3Hf particles as 

nucleation sites for Al grains can be evaluated. 

 

3.4 Grain refinement mechanism 

Based on the preceding study, it can be concluded 

that both the Hf solute and the Al3Hf particle have effect 

on the grain refinement of Al. To better understand the 

effect of solute and the effect of nuclei on grain size   

of Al, the grain size can be expressed as Eq. (3) 

[19,25,26,32,34−36]. 
 

b
d = a+

Q
                                   (3) 

 

where d is the grain size, the slope b corresponds to the 

potency of the nucleant particles which is related to the 

solute, the intercept a corresponds to the number of 

particles which is related to the activated nuclei. The 

slope b and the intercept a will decrease with the 

increase of the potency of the nuclei and the number of 

nuclei, respectively. 

Replotting the measured grain size data in current 

work against 1/Q gives Fig. 9, it can be seen that the 

trend-line of grain size vs 1/Q cannot be fitted through a 

 

 

Fig. 7 Graphic representation of matching row pairs (Table 1) and related suitable matching plane pairs (Table 2) which carry them, 

as predicted by E2EM model 
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Fig. 8 SEM image of as-cast experimental alloy with addition 

of 0.4% Hf (a) and EDX spectrum taken from particle A in  

Fig. 8(a) (b) 

 

 

Fig. 9 Grain size of as-cast aluminum alloys with different 

additions of Hf plotted against growth restriction factor 1/Q 

 

single line, but can be fitted by two separate lines. 

According to different meanings of a and b in Eq. (3), 

the process of grain refinement with the increasing of Hf 

addition can be divided into two sections, as shown in 

Fig. 9, and each section possesses different types of grain 

refinement mechanism. The Al-rich portion of the Al−Hf 

phase diagram is shown in Fig. 10. It can be seen that the 

maximum hafnium solubility in liquid aluminum at the 

peritectic temperature is 0.43%. Therefore, when the 

content of Hf is below 0.43%, there will be no primary 

Al3Hf phase to form and the peritectic reaction could not 

happen in equilibrium solidification, thus the Hf addition 

cannot refine Al grain through heterogeneous nucleation. 

But because of the non-equilibrium solidification and the 

effect of impurities, the threshold of 0.43% will decrease. 

 

 

Fig. 10 Al-rich portion of Al−Hf phase diagram [37,38] 

 

Table 4 lists the values of the intercept a and 

gradient b of the two sections after linear fitting, it can be 

seen that section I has higher value a and lower 

numerical b. According to the different meanings of a, b 

and combining with the phase diagram, it can draw a 

conclusion that because of the low addition of Hf 

element, the alloy shows low potency nucleant particles 

and there will be no primary Al3Hf particle to be formed, 

thus the grain refinement is primarily through the 

contribution of the solute segregation in section I. 

 

Table 4 Values of intercept a and gradient b of grain size vs 

1/Q lines presented in Fig. 9 

Section Intercept a Gradient b R2 

I 211.71 249.60 0.9986 

II 127.68 428.37 0.9914 

*R
2 

is the correlation coefficient. 

 

When the adding amount exceeds 0.2%, the 

intercept a reduces and the gradient b increases, then the 

process of grain refinement enters section II. In this 

section, because of the large adding amount of Hf 

element as well as the non-equilibrium solidification and 

the effect of impurities, a significant number of Al3Hf 

nucleant particles are introduced into the melt, which 

could increase the population of active nuclei in the melt 

and therefore cause obvious grain refinement through 
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heterogeneous nucleation. But in section II, the gradient 

b does not increase to infinity, it just increases about 70% 

in comparison to the gradient b of section I, so in this 

section the constitutional undercooling still has influence 

on the grain refinement. Thus, in section II, both 

constitutional undercooling and heterogeneous 

nucleation contribute to the grain refinement. 

A small and stable grain size is usually achieved by 

using materials containing precipitates which serve to 

impede grain boundary mobility and thereby restrict the 

development of grain growth [39]. It is found that 

through alloying treatment, Zr or Sc can result in the 

formation of Al3Sc or Al3Zr particles in the Al matrix 

during the solidification [40], these nanoscale coherent 

L12 structured particles can stabilize the grain structure 

by inhibiting the migration of grain and subgrain 

boundaries through pinning effect [4,15−17]. Similar to 

the Sc or Zr, Hf element can also react with Al element 

to form the nanoscale coherent L12 structured Al3Hf 

precipitate during the freezing of cast, which has been 

proved by the TEM images of the as-cast aluminum 

alloys in Figs. 11(a) and (c). It is observed that when 

0.4% Hf was added, many fine and dispersive Al3Hf 

phases which are coherent with the Al matrix 

(determined from the Ashby−Brown strain-field contrast) 

precipitated homogeneously in alloy, and these 

precipitates can prevent the grain boundary migration by 

means of pinning effect, as shown by Fig. 11(b). 

The grain refinement process in section II includes 

two stages, II-1 and II-2, as shown by Fig. 9. In section 

II-1, the Hf content is below 0.5%, the grain refinement 

effect is remarkable, which attributes to the solute 

segregation and the heterogeneous nucleation as well as 

the pinning effect by the nanoscale coherent L12 

structured Al3Hf precipitates. When Hf content increases 

up to 0.5%, it moves into the second stage. By contrast 

with section II-1, the grain refinement effect of Hf on Al 

weakens in section II-2. This may be because that the 

tendency of coarsening for Al3Hf particles will rapidly 

increase due to the large adding amount of Hf element, 

and the number density of the total Al3Hf particles will 

decline drastically, which can be verified by comparing 

Figs. 11(a) and (d). In the meantime, quite a few Al3Hf 

particles lose the coherent with the matrix, as shown in 

 

 

Fig. 11 TEM images of as-cast aluminum alloys: (a) and (b) Bright-field image of Al−0.4Hf; (c) Magnified view of Al3Hf;        

(d) Bright-field image of Al−0.5Hf 
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Fig. 11(d), and cannot stabilize the grain structure by 

impeding grain boundary mobility and thereby cannot 

restrict the development of grain growth. 

 

4 Conclusions 
 

1) The grain size of studied alloy decreases 

effectively with the increasing of Hf content. Increasing 

the content of Hf from 0 to 0.6%, the grain size reduces 

from 443 to 196 μm. The Hf element can react with Al to 

form Al3Hf intermetallic compound during the 

solidification. 

2) The effect of Hf solute content on grain size is 

conspicuous at low content and inconspicuous at high 

content. The E2EM model indicates that the interatomic 

spacing misfit and interplanar mismatch between Al3Hf 

and Al are very small, implying that the Al3Hf particles 

are highly potent nucleants for Al. 

3) The grain refinement mechanism possesses two 

types with the increasing of Hf addition. At low Hf 

contents, there are no primary Al3Hf phases to form in 

the melt, the acquired grain refinement is mainly due to 

the constitutional undercooling induced by the Hf solute. 

At medium and high Hf contents, both Hf solute and 

Al3Hf particles contribute to the refinement. 
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摘  要：通过金相显微镜观察、电子显微观察和 X 射线衍射分析研究了铪元素的加入对铸造铝合金晶粒细化的影

响。研究结果表明，铪元素的加入可以有效地细化合金晶粒，在凝固过程中铪元素可与铝反应形成 Al3Hf 粒子，

初生的 Al3Hf 粒子可以作为基体有效的形核质点，与基体共格、纳米级别的 Al3Hf 粒子可以通过钉扎效应抑制晶

粒的长大。由溶质原子理论和晶体学研究确定了实验合金的晶粒细化机制，具有两种不同的类型：低铪含量的细

化效应主要是由 Hf 原子引发的成分过冷所致，中铪和高铪含量的细化效应为溶质原子与 Al3Hf 粒子共同作用所

致。 

关键词：晶粒细化机制；铝合金；铸造；铪；Al3Hf 
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