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Abstract 

To describe the solute effect on grain refinement, the growth restriction factor (Q) in 
multicomponent multiphase Al alloys has been often evaluated using a simple summation of the 
Q values of the individual constituents tal(en from the binary alloy diagram. Such kind of 
evaluation can lead to mistakes, or completely fail when an intermetallic phase, even in a trace 
amount, solidifies prior to the primary a-AI. A more accurate method to evaluate growth 
restriction factor (Q'rue) from thermodynamic descriptions is to calculate the initial slope in the 

development of constitutional supercooling (!'!.T) with the phase fraction of the growing solid 
phase (/,). In this contribution, ThermoCaIc software (with TTAI5 database) was used to 

evaluate the Q'nJe in a series of AI-Cu based alloys with Ti, Zr and Sc additions. This 

investigation demonstrates that thermodynamic-based alloy design can provide a signiticant tool 
to develop novel Al alloys. 

Introduction 

AI-Cu based alloys have been widely used in the automotive and aerospace industry due to their 
high yield strength and good fatigue resistance. However, their large freezing ranges lead to a 
high hot tearing tendency when compared to AI-Si based alloys. Grain refinement of AI-Cu 
based alloys can improve their castability, in particular improving hot tearing. However, there is 
still a debate on the nucleation and subsequent mechanisms for grain retinement. 
Grain retinement of Al alloy has been extensively investigated for several decades both in 
industry and in academic, not only for developing efficient grain refmers, but also for achieving 
a better understanding of the grain refinement mechanism fl -121 . During grain refining of Al 
alloys, AI-Ti-B grain refmers have been widely investigated, due to their higher nucleation 
potency and wider industrial application. Various theories regarding the grain refinement 
mechanisms of AI-Ti-B retiners, such as the particle theory, the phase diagram theory, the duplet 
nucleation theory, the peritectic bulk theory, have been proposed and reviewed in [1]. Recently, 
the free growth theoryfl-51, and modified free growth theoryf61 have also been proposed. Despite 
of the difference between these theories, it is generally accepted that Ti has a multiple role within 
the melt. Firstly, Ti provides a substrate in the form of TiB2. Secondly, excess Ti provides an 
enriched Ti region leading to the formation of an Ab Ti monolayer necessary for the nucleation 
of Al on the stable boride substrates (TiBd9-121 . Thirdly, excess Ti provides an effective growth 
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restriction factor (Q i 3• 4. 6. 7J Tn other words, the presence of excess Ti affects both the 

heterogeneous nucleation and growth of Al alloys. The combined effects of enhanced copious 
potent nuclei and growth restriction result in the formation of desirable, small, uniform, equiaxed 
Al grains. 
The growth restriction factor (Q) is proportional to the constitutional undercooling at the 
dendrite tip and can directly be used as a criterion for the grain refmement in Al alloys with 
strong potential nucleation particles. To describe the solute effect on grain refinement, the 
growth restriction factor (Q) in multi component multiphase alloys has often been evaluated 

using a simple summation of the Q values of the individual constituents taken from the binary 

alloy diagram. The evaluated Q is denoted as Qsum' Such kind of evaluation can lead to 

mistakes, or completely fail when an intermetallic phase (e.g. AhZr, Ah Ti), even in trace 
amounts, solidii)' prior to the primary Al matrixll3.14J Another method to evaluate growth 
restriction factor (Q) is a quasi-binary equivalent methodll5J The evaluated Q is denoted as 

QEq' Although both methods have been validated, a more accurate method to evaluate growth 

restriction factor (Q) is to calculate the initial slope in the development of constitutional 

supercooling (/I,.T) with the phase fraction of the growing solid phase (/;) from thermodynamic 

descriptions ll4. 16J The evaluated Q is denoted as Qtrue' 

Tn this contribution, ThermoCalc software (with TTAI5 database) was used to evaluate the Qtrue 

in a series of AI-Cu based alloys with Ti, Zr and Sc additions. The evaluated Q"1Je was 

compared with the evaluated Qwm and Qloq using other two different methods. This investigation 

demonstrates that thermodynamic-based alloy design can provide a significant tool to develop 
novel Al alloys. 

Experimental material and procedures 

A series of AI-4.0Cu based alloys (wt. %, used throughout the paper, in case not specified 
otherwise) with Ti, Zr and Sc additions were prepared using commercial purity Al ingots (99.7), 
an AI-25 Cu master alloy pre-prepared in induction melting using high purity Al (99.998) and 
high purity Cu (99.999), and Al-IOTi, Al-IOZr, AI-2.2Sc master alloys, respectively. The 
nominal compositions are listed in Table L It should be noted here that some trace elements (i.e. 
Fe, Mn and Si) are also present in AI-4.0Cu based alloys. However, these elements are not 
included for ThermoCalc calculations. ThermoCalc calculations (non-equilibrium (Scheil) were 
performed to evaluate Qtrue' 
Each batch, weighting about 6 kg, was melted in a resistance furnace at 720°C. A reference 
sample was taken from the melt in order to identifY the grain size before inoculation. The 
nucleant particles (TiB2) were added using commercial grain refiner rod (AI-5.0Ti- LOB). The 
concentration of the nucleant particles (TiB2) is about 0.01 wt % (100 ppm). 
The melt was stirred with a graphite rod for 20 s after inoculation. The samples were taken from 
the melt at 5 min after the grain refmer addition and tested using a standard TP-l method. The 
samples were sectioned 38 mm from the bottom surface. Standard metallographic procedures 
were performed to prepare these sections for grain size measurements. The samples were etched 
using a mixture of 13 g boric acid, 35 g HF, 800 ml H20 at a voltage of 20 V for 45 seconds. All 
images used for grain size measurement were taken from the centre of the samples using optical 
microscopy in a polarized mode at the same magnification. The reported grain sizes were 
measured from at least 20 images using line-intersect method. 
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Table 1: The nominal composition of a series of AI-4.0Cu based alloys with Ti, Zr, and Sc 
additions. (*: free Ti; Ii: total Zr) 

Alloy Cu Si Fe Mn Ti* zl Sc Al 
No. 

I 4.0 - Bal. 
2 4.0 - 0.1 Bal. 
3 4.0 - 0.2 Bal. 
4 4.0 - 0.25 - Bal. 
5 4.0 - 0.5 Bal. 
6 4.0 - 0.25 Bal. 
7 4.0 - 0.5 Bal. 
8 4.0 - 0.25 0.25 Bal. 
9 4.0 - 0.1 0.25 Bal. 
10 4.0 - 0.1 0.25 - Bal. 

Results 

ThermoCalc calculation AI-4.0Cu based alloys with Ti, Zr and Sc additions 

Growth restriction factor (Q) can be evaluated using a simple summation of the Q values of the 
individual constituents taken from the binary alloy diagram, as listed in equation 1. 

Q'UnJ = L; m;cb(k; -I) (I) 

where, for each element i, m is the liquidus gradient, Co is the composition, and k is the binary 

partition coetTtcient. The relative data for determining Q is listed in Table IT. 

Table 11: Phase diagram data for determining Q in binary AI alloys[l51. 

Element k m Max. m(k-I) 
conc. 
(wt.%) 

Cu 0.17 -3.4 33.2 2.8 
Ti 7-8 33.3 0.15 -220 
Zr 2.5 4.5 0.11 6.8 
Si O.ll -6.6 -12.6 5.9 
Cr 2.0 3.5 -0.4 3.5 
Ni 0.007 -3.3 -6 3.3 
Mg 0.51 -6.2 -3.4 3.0 
Fe 0.02 -3.0 -1.8 2.9 
Mn 0.94 -1.6 1.9 0.1 
Sc 0.64 -9.1 0.55 3.3 

Growth restriction factor (Q) can be also evaluated using a quasi-binary equivalent method [151, 
as listed in equation 2, for AI-Si based alloys. 

SiEq = Si + LSitq[wt%] (2) 
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where, equivalent is calculated as the sum of the contribution of the individual elements. For 

additional element (Xj , e.g. Cu, Ti), Sitq can be determined using a mathematical model 

(equation 3). 
"j - x, bX'X x'X2 (3) Ab'q-aO + 0 i +co i 

where, a~t , brJt , c~, are the polynomial coefficients, respectively, as listed in Table Ill, Xi is 

the concentration of the elements (wt.%). However, it should be noted that the coefficients listed 
in Table III were validated in AI-Si based alloys. For AI-Cu based alloys investigated here, the 
coefficients may not be valid, and should be determined in an AI-Cu system, thus questioning the 
validation of this approach. 

Inserting values calculated from equation 2 into equation I, the QEq values for Alloys 1-3 are 

determined. Due to a lack of the polynomial coefficients ofZr and Sc, no attempt was taken here 

to evaluate the QEq values for Alloys 4-10. 

Table TTT: Polynomial coefficients for various binary AI- Xi alloys representing the most 

common major and minor element of the AI-Si based alloys. ao = 0 for the elements presented in 
this table[15] 

Element bo Co 

Ti -0.8159 0.009927 
Zr 
Ni 0.5644 -0.0285 
Mg 0.0258 -0.0088 
Fe 0.6495 0.0003 
Cu 0.529 -0.027 
Mn 0.8221 -0.0349 

A more accurate method to evaluate growth restriction factor (Q) is to calculate the initial slope 
in the development of constitutional supercooling (IlT) with the phase fraction of the growing 
solid phase (f,) using equation 4. 

dllTc I 

Qlrue = df" k->o (4) 

where, IlTc is the rate of development of constitutional supercooling, and f" is the fraction solid. 

For clarity, Figure I shows the evaluation of Qlrue in Alloy I (AI-4Cu based alloy). 

The determined Q values for Alloys 1-10 are listed in Table IV. When comparing the evaluated 

Q values using three different methods, it was found that (i) the Q value evaluated using 
equation 1 is very close to that evaluated using equation 4, if the primary phase is a-AI matrix, 
rather than Ab Ti (Alloy 3) or AIJZr (Alloy 5). This indicates that equation I is valid, and can be 
used to evaluate the Q value in dilute Al alloys. (ii) equation 2 is not valid when Ti is present, 
indicating that a re-evaluation of the coefficients is required in AI-Cu based alloys. (iii) In the 
case ofTi and Zr addition, the Q value evaluated using equation 4 (24.2) is much less than that 
evaluated using equation I (32.9). (iv) In the case of the addition of Sc (Alloys 6, 7) and Zr 
(Alloys 4, 5), the evaluated Qlrue value is very close despite of higher concentrations of each 
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element, indicating that an asymmetric Q values is obtained once an primary intermetallic is 

formed. This is not the case for QSUln . 

a =1"····,···· ,.LI b 
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Figure 1 ThermoCalc calculation (a), and the evaluation of Qtrue (b) in Alloy 1 (AI-4Cu based 

alloy). The primary phase is FCC_AI (a-AI) soliditied from liquid. Eutectic AhCu forms 
subsequently. 

Table IV: Comparison ofQ values determined using equation 1, equation 2 and equation 4. 

Equation 1 Equation 2 Equation 4 
(Qsllm) (QEq) (Qtrue) 

Alloy I 11.2 9.9356 10 
Alloy 2 33.2 17.93 34 
Alloy 3 44.2* 7.09 35 
Alloy 4 12.9 11.3 
Alloy 5 14.6 11.8 
Alloy 6 12.03 11 
Alloy 7 12.85 11.1 
Alloy 8 13.73 11.6 
Alloy 9 3403 32.6 
Alloy 10 32.9 24.2 

*Note: For Alloy 3, QmIH value (44.2) was evaluated using 0.15 Ti, although 0.2 Ti was added. 

Experimental investigation on AI-4.0Cu based alloys with Ti, Zr and Se additions 

Figure 2 shows a typical as-cast microstructure of Alloy I (AI-4Cu based alloy). The grain size is 
very large, about 705 ± 68 Ilm. The addition of TiB2 (100 ppm) and excess Ti (0.1, Alloy 2) 
greatly decreases the grain size to 70 ± 5 Ilm, as shown in Figure 3. However, further increasing 
excess Ti (0.2, Alloy 3) results in a slight increase of grain size (80 ± 4 Ilm) due to the formation 
of primary Ab Ti phase prior to a-AI phase (not shown here). 
The addition of Zr (0.25, Alloy 4) does not greatly decrease the grain size. The grain size is 
about 142 ± 13 Ilm (Figure 4). Further increasing the Zr content (0.5, Alloy 5) does not result in 
a decrease in grain size. The grain size is about 131 ± 10 Ilm (Figure 5). 
The addition of hypoeutectic Sc (0.25, Alloy 6) does not greatly decrease the grain size. The 
grain size is about 282 ± 44 Ilm (Figure 6), much higher than that (142 ± 13 Ilm) with 0.25 Zr 
addition (Figure 5). This can be attributed to the higher solute solubility of Sc compared with Zr 
in Al (Table ll). At the same addition level (e.g. 0.25), no significant fraction of primary AbSc 
phase form as nucleation sites for a-AI. Further increasing Sc (0.5, Alloy 7) decrease the grain 
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size by additional Q but remains hypoeutectic (less than 0.55, Table IT). The grain size is about 
140 ± 8 ~m. However, the combined addition of Zr and Se (Alloy 8) greatly decrease the grain 
size. The grain size is about 110 ± I 0 ~m (Figure 7). 

IJm -~,~. -'~gj't.,''1.~'~~ 

Figure 2 As-cast microstructure of Alloy I (AI-4Cu based alloy). The grain size is about 705 ± 
68 ~m. 

Figure 3 As-cast microstructure of Alloy 2 (with 0.1 Ti addition). The grain size is about 70 ± 
5~m. 

Figure 4 As-cast microstructure of Alloy 4 (with 0.25 Zr). The grain size is about 142 ± 13 ~m. 
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IJm -Figure 5 As-cast microstructure of Alloy 5 (with 0.5 Zr addition). The grain size is about 131 ± 
10 flm. 

500 IJm 
~~~~~~~~~~~~~*' -

Figure 6 As-cast microstructure of Alloy 6 (with 0.25 Se addition). The grain size is about 282 ± 
44 flll. 

Figure 7 As-cast microstructure of Alloy 8 (with 0.25 Zr and 0.25 Se). The grain size is about 
110 ± 10 flm. 
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Discussions 

The Q values (Table IV) evaluated using equation I and equation 4 can be used to interpret the 
change of grain size (Figures 2-7) observed using TP-I test. For example, in the case of Ti 
addition, the presence of excess Ti (0.1, Alloy 2) increases growth restriction factor (Q) sharply 
(Table IV) from 10 (Alloy 1) to 34 (Alloy 2). A higher growth restriction factor (Q) leads to a 
signiticant decrease of the grain size from 705 ± 68 flm (Figure I) to 70 ± 5 flm (Figure 3, as 
shown in Figure 8, which is similar to cases ofTiB2 addition in Al alloys. This strongly indicates 
that the evaluation of growth restriction factor using equation I (QSUlll) and equation 4 (Qu'ue) is 

reliable. 
Comparing the Q'rue and QSllnJ values for Alloy 2 and Alloy 3, it is apparent that only Q'rue 
predicts for the identical cooling condition. Similar grain size is obtained for Alloy 2 (70 ± 5 flm) 
and Alloy 3 (80 ± 4 flm). Similarly, Q'rue also predicts similar grain size for Alloy 4 (142 ± 13 

flm) and Alloy 5 (131 ± 10 flm). Overall, Q'rue gives a better evaluation of growth restriction 

factor. 

Figure 8 Grain size decreases with growth restriction factor increasing. 

In the case of Zr and / or Sc addition, the evaluated growth restriction factor (QmnJ and Q'rue) is 

nearly the same (about ll, Table IV, Alloys 6-8). However, the grain size changes greatly, 
especially for a combined addition of Zr and Sc (Figure 7). One important question arises, why 
the grain size changes greatly even with the same growth restriction factor. Is growth restriction 
factor a dominant factor atfecting the grain retinement, or should any other mechanisms (i.e. 
heterogeneous nucleation and interactions between solutes) also be taken into consideration? 
A strong interaction between solutes, i.e. forming the T phase during solidification, has been 
reported that AI-Si-Ti ternary alloysll3J This interaction atfects the evaluation of growth 
restriction factor. However, unlike AI-Si-Ti systems, AI-4.0Cu based alloys do not exhibit a 
strong interaction between solutes (i.e. Cu, Ti), because no Cu-rich phase forms during 
solidification. 
The reported Zr-poisoning between TiB2 and Zr[l71 suggests that an interaction between TiB2 and 
Zr to forming ZrB2, which does not act as a good nucleation site. However, here no TiB2 is 
present, and above the composition for the onset of the peritectic reaction (0.11, Table IT), AhZr 
is formed acting as nucleation site and the remaining Zr as a poor growth restrictor. This 
hypothesis can be further supported by the lower evaluated growth restriction factor (Q) (Table 
IV, Alloy 10). 
The interaction between solutes definitely affects the heterogeneous nucleation of a-AI, i.e. 
enhancing or deactivating the nucleation potency. In the case of Ti addition, the presence of 
excess Ti and thus the possible formation of Ti-rich layers will reduce the growth velocity of the 
nucleated crystals and increase the maximum undercooling achievable before recalescence P1 . 
This allows more particles to be active in nucleation and, consequently, increases the number 
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density of the active particles, giving rise to a finer grain size. Tn the case of combined addition 
of Zr and Sc, three aspects should be taken into consideration. Firstly, tbe formation of Ah(Zr, 
Sc) reduces the lattice parameter of both the stable DOn and metastable Ll2 AhZr, thus 
decreases the mismatch between the nucleation sites particles and a-AI matrix (Table V), and 
finally promotes the nucleation of a_AI[IR.19] Secondly, the combined addition of Zr and Sc 
reduces the solute solubility of each otber llXJ More nucleating sites are available for the 
nucleation of a-AI. Thirdly, in the case of single Sc addition, most AhSc (if any, once Sc content 
is above 0.55) formed through an eutectic reaction will be pushed to the grain boundaries, while 
in the case ofthe combined Zr and Sc addition, a so-called shell-core Ab(Zr, Sc) formed through 
a eutectic reaction, will be surrounded by a-AI, as a good nucleation site. For clarity, a schematic 
diagram is shown in Figure 9. Some typical SEM images taken from Alloy 5 (0.5 Zr) and Alloy 
8 (0.25 Zr and 0.25 Sc) are shown in Figure 10. Clearly, in tbe case of a single Zr addition (0.5), 
an AbZr particle was located at the center of the grain, and acted as a nucleation site (Figure 
lOa). In tbe case of combined additions of Sc and Zr, Ah(Zr, Sc) forms during solidification. 
AbZr solidified as a core and was covered by an AIJSc shell (Figure 10c). 

Table V: Lattice parameters and mismatch between the particles and Al matrix r181 . 

Particles 

AhTi 

AhZr 

AhSc 

Lattice 
parameters 
(nm) 
D0l2 
a=0.3851 
c = 0.8608 

D0l3, 
Lb 
a = 0.4048 
Ll2 
a = 0.4105 

Mismatch 

0.23 

0.8 

< 1.5 (1.2) 

Orientation 
ship 

(221)Al II 
(01l)AI3Ti, 
[IIO]Al II 
[21O]Al3Ti 
Any plane 
and directions 

Any plane 
and directions 

The diffusion of solute elements (i.e. Ti, Sc, Zr and Cu) should also be taken into consideration 
when discussing the grain refinement of Al alloys. The partition behaviour ofTi (k= 7-8 in pure 
AI) is much stronger than that of Cu (k = 0.17), Zr (k = 2.5) and Sc (k = 0.64). Tt can be 
expected that Ti partitions more easily into the nucleants than Cu, thus forming a Ti-rich region. 
The possible formation of a Ti-rich region will affect the interface structure (i.e. ordering or 
disorderingi201 , reducing tbe interface energy, and tbus reducing tbe required undercooling for 
nucleation llJ Then, smaller nucleants can be activated. This suggestion is fully consistent with a 
modified free growth model l6J , which suggests tbat the nucleation potency of inoculation 
particles is reduced by the solute field (Ti-rich region) that develops close to existing, growing 
equiaxed grains under near isothermal conditions. Solute suppressed nucleation leads to much 
lower nucleated grain densities, higher nucleation undercooling and longer times to recalescence 
when further nucleation events are haIted. Thus, it can be concluded that activating more 
nucleants, rather than growth restriction factor (Q l- is tbe key factor for grain refmement. In 
otber words, a high growth restriction factor is necessary for nucleants to be activated, but tbe 
enhanced heterogeneous nucleation is tbe dominant factor for grain refmement of Al alloys. In 
foundry practices, attempts should be made to enhance the heterogeneous nucleation of a-AI, and 
thus to achieve a desirable, small, uniform, equiaxed Al grains. 
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Figure 9 Schematic diagram showing (a) peritectic reaction for Zr addition (higher than 0.11), (b) 
eutectic reaction for Se addition (higher than 0.55), and (c) eutectic reaction for Zr and Se 
addition. 

Figure 10 SEM images taken from Alloy 5 (0.5 Zr) and Alloy 8 (0.25 Zr and 0.25 Se), showing 
an AbZr particle was located at the center of the grain (a,b) in the case ofZr (0.5) addition, and 
another AhZr was covered by an AbSc shell (c) in the case ofZr (0.25) and Se (0.25) addition. 

Conclusion 

1. In Al-eu based alloy, the evaluated Qsum and Q"1Je values are nearly identical due to low 

interaction between the alloying constituents. 
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2. A more accurate method to evaluate growth restriction factor is to calculate the Qtrue 

using equation 4 at complex alloy systems. Under identical cooling condition in the TP-I test, 
Qtrue predicts grain size more accurately than Qsum . 

3. For dilute Al alloy, the evaluated Q values can be used to interpret the change of grain 
size observed using TP-I test. 
4. More attention should be paid when the summation of Q values of the individual 
constituents taken from the binary alloy diagram is used to evaluate growth restriction factor (Q) 
because a mistake or a complete fail may occur when a-AI is not the primary phase. 
5. The presence of excess Ti results in an enhanced grain refinement due to increased 
growth restriction factor and enhanced heterogeneous nucleation. 
6. The combined Zr and Sc additions enhanced the heterogeneous nucleation, and thus 
resulting in an enhanced grain refinement, although the growth restriction factor remained 
unchanged. 
7. Heterogeneous nucleation is a dominant factor for grain refinement of Al alloys. 
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