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[57] ABSTRACT 

The invention is a method of controlling the grain re?ne 
ment of certain aluminium alloys. The grain siZes for 
different values of the grain growth index, GGI, are deter 
mined for the used casting method. The GGI is represented 
by the sum of m(k—1) value multiplied with the concentra 
tion for every element in the aluminium alloy. If the value 
for a certain alloy is compared with known relations 
between the m(k— 1) value and the grain siZe the composition 
of the alloy melt is amended to an optimum grain siZe by 
adding a grain siZe affecting agent. The method can be 
further improved by optimising the amount of nucleating 
agent. 

12 Claims, 7 Drawing Sheets 
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METHOD FOR OPTIMIZATION OF THE 
GRAIN REFINEMENT OF ALUMINUM 

ALLOYS 

A neW method is disclosed to control the addition levels 
that Will give optimum grain re?nement in aluminium-based 
alloys. The method consists of ?rst calculating the grain 
groWth indeX for the composition of the alloy under 
consideration, and then determining hoW much additional 
grain siZe affecting agents, eg titanium and/or boron must 
be added to obtain desired results. 

The procedure also makes it possible to eg determine 
the best titanium to boron ratio for grain re?nement. 
Optionally, the method can be further improved by estab 
lishing the crystal coherency point. An algorithm or formula, 
is proposed to calculate the optimum re?nement, and meth 
ods of grain re?nement using this algorithm is also dis 
closed. 

BACKGROUND 

Primary grain siZe in material produced by a casting 
process depends on the nucleation frequency and on the 
groWth rate of the ?rst crystals formed during the solidi? 
cation process. To control the grain siZe in order to obtain 
coarse grains, certain elements or compounds are avoided, 
While other such additives are made in order to obtain a ?ne 
grain siZe. HoWever, When it concerns grain re?nement, a 
quick and reliable method to measure and to control the 
properties as cast of a certain melt before casting has so far 
been missing. As a result the additives are often added in 
amounts that are much larger than What is necessary. Apart 
from the draWback of the unnecessary high costs of 
additives, these large additions often lead to problems With 
large agglomerated particles When recycling the material. 
Hence, there is a need for a method for obtaining castings 
comprising small nucleating particles Which uses a mini 
mum of grain-modifying additives. 
As mentioned above, the addition of nucleating particles 

to stimulate the formation of crystals upon solidi?cation is 
Well-knoWn. Examples of suitable nucleating particles are 
boride or carbide particles (aluminium), Zirconium 
(magnesium) and TiC-particles (steel) etc. In many cases, it 
is also possible to control the groWth parameter of crystals 
in solidifying metal melts. 
As already mentioned, the present invention relates to 

optimising the grain re?nement of aluminium alloys. It is 
based upon controlled additions of agents promoting grain 
re?nement of aluminium, such as the elements Ti, Zr, B, N 
and C, mostly in the form of master alloys, Which are added 
to the molten metal. 

The master alloys are usually added in the form of small 
buttons or ingots, or When continuous additions are desirable 
(as in direct chill casting of billets or slabs) the addition is 
made by feeding a rod into the ?oWing melt stream. Various 
master alloy compositions and methods of manufacture and 
use have been proposed. (See, for eXample, patents US. Pat. 
Nos. 3,785,807, 3,933,476, 4,298,408, 4,612,073, 4,748, 
001, 4,812,290 and 5,055,256). 

It should be stressed that all aluminium-titanium-boron 
(Al—Ti—B) master alloys, regardless of their composition, 
are a miXtures of tWo crystals interspersed in a matrix of 
solidi?ed aluminium. These tWo phases are titanium 
diboride (Al,TiB2) and titanium aluminide (TiAl3). The 
Whole range of boride particles from AlB2—TiB2 may form 
during production of master alloys. 

In alloys With eXcess Ti compared to What is needed to 
form TiB2 most boride particles have a composition close to 
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2 
TiB2. For the sake of simplicity this phase is considered in 
the folloWing teXt. 

Virtually all of the titanium and boron in master alloy 
grain re?ners are contained in these crystals, because the 
solubility of boron and titanium in solid aluminium at room 
temperature is very small. This means that changing the 
master alloy composition only changes the relative propor 
tion of these tWo crystals Which are added to affect the grain 
re?nement. 

In spite of this simple fact, there has been an enormous 
amount of controversy, and disagreement about What Ti to B 
ratio the master alloy should contain for best grain re?ne 
ment. This question Was considered at some length in US. 
Pat. No. 4,612,073 and also in the paper by M. M. 
GuZoWski, G. K. SigWorth and D. A. Sentner entitled “The 
Role of Boron in the Grain Re?nement of Aluminium” 
(published in Metallurgical Transactions, vol. 18A, 1987, 
on pages 603—610). The vieW taken by GuZoWski et al. Was 
that boron acts to change the shape of the TiAl3 crystal and 
that TiB2 can also be an effective nucleant When there is a 
signi?cant amount of dissolved Ti in the melt. This question 
(of the optimum Ti/B ratio) has also been addressed in an 
empirical fashion, by doing eXtensive grain re?ning tests, 
and then using the measured results to “map out” desired 
grain re?ning practises. A typical eXample of this approach 
is the paper entitled “Grain Re?ning Response Surfaces in 
Aluminium Alloys”, Which as published by W. C. SetZer et 
al. on pages 745—748 of Light Metals (1989). 

In spite of the importance of this question, there is no 
understanding of What the optimum titanium to boron ratio 
should be, for any particular alloy and for a speci?c casting 
process. Over the years, our empirical knoWledge has led us 
to realise that the best grain re?ner for one alloy may not be 
the best for another alloy. Commercial alloys range from 
relatively pure aluminium (such as foil and electrically 
conducting Wire) to casting alloys Which may contain nearly 
20% of dissolved elements. It has been found that master 
alloys Which grain re?ne Well in pure aluminium do not 
usually Work in highly alloyed melts, and vice versa. (See 
US. Pat. No. 5,055,256, Where a master alloy composition 
has been disclosed solely for aluminium-base alloys con 
taining high Si contents). 

Several methods based on thermal analysis have been 
proposed to monitor the grain re?ning process (US. Pat. No. 
3,785,807; Apelian et al., AFS Transactions, 84-161, p. 
297—307). HoWever, none of these methods can be generally 
applied, as one single temperature/time curve cannot sepa 
rate the tWo phenomena of nucleation and groWth as inde 
pendent processes. 

This situation means that in many cases the grain re?ner 
practice used in the cast shop is far from the optimum 
procedure. At best, one is perhaps using too much grain 
re?ner, and thereby spending too much for the master alloy. 
At Worst, one can run into casting problems, such as 
cracking or other defects in the ?nished cast product. 

OBJECTS OF THE INVENTION 

One object of this invention is to present a detailed 
understanding of hoW the composition of the aluminium 
alloy affects its grain re?nement. A further object of this 
invention is to disclose a method Whereby the optimum 
grain re?nement may be obtained. ToWard this end an 
algorithm, or formula, is disclosed Which may be used to 
calculate the desired re?nement. A further object is an 
apparatus Which calculates hoW much grain siZe affecting 
agents and nucleating agents that has to be added to a certain 
molten aluminium alloy in order to obtain optimum grain 
re?nement. 
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Other objects may be discerned by those skilled in the art 
from subsequent descriptions of the invention, ?gures and 
examples. 

SUMMARY OF THE INVENTION 

This invention stems from the discovery that the grain 
re?nement of various aluminium-based alloys folloWs a 
certain regular pattern, When the grain re?nement is consid 
ered in a certain Way. It relates to a method of controlling the 
grain re?nement of certain aluminium alloys, comprising the 
steps of 
a) for the casting method used, calibrating the grain siZes for 

different values of the grain groWth indeX GGI, as repre 
sented by the formula: 

Where mi is the slope of the liquidus in the binary (Al-i) 
system, Ci is the concentration of its dissolved solute in 
the alloy, and ki is the distribution coef?cient of solute i 
betWeen solid and liquid, and Where m1, C1, k1, etc. 
represents the corresponding values for each alloy con 
stituent; 

b) determining the GGI value for the particular aluminium 
base material by using the formula in a); 

c) using the calibration data obtained in a) for calculating the 
grain siZe of the aluminium base material and hoW the 
concentration of grain siZe affecting agents in the alu 
minium melt should be changed in order to obtain an 
aluminium casting, having a desired crystal grain siZe; 
and 

d) adding the amount of grain siZe affecting agents calcu 
lated in c) to the melt. 
Optionally the method can be further improved. It has 

been found that there exists a close relationship betWeen 
grain siZe and the “dendrite coherency point” (ff) Which 
can be used to optimise nucleation. The dendrite coherency 
point is the moment When a solid phase netWork is estab 
lished throughout the entire volume of a casting, and from 
that moment phenomena like macrosegregation, shrinkage, 
porosities and hot tearing start to develop. 

To establish the coherency point, the fraction solid is 
determined as function of the solidi?cation rate (dfS/dt). This 
can either be done by a thermal analytical technique, as 
described in “Solidi?cation Characteristics of Aluminium 
Alloys, Vol. 1, Wrought Alloys, (Backerud et al.,) Skanalu 
minium 1986, p. 65—70, or by measuring the viscosity as 
described by Chai et al., Proceedings of 2nd international 
conference on the processing of semi-solid alloys and 
compounds, Cambridge, Mass., Jun. 9—12 1992, Eds. S B 
BroWn and M C Merton Flemmings, p. 193—201. HoWever, 
the latter method involves a tedious measurement Which is 
dif?cult to apply in a factory environment. 

The above mentioned thermal analysis can be carried out 
by studying the temperature gradient betWeen Wall and 
centre in a small test casting during the solidi?cation pro 
cess. This gradient successively builds up during the initial 
stage of the solidi?cation process and reaches a maXimum at 
the coherency point, Whereafter the gradient becomes loWer. 
The time and fraction solid at the turning point of the 
gradient is determined eg by recording the ?rst derivative 
of the curve representing the temperature difference betWeen 
Wall and centre. 

Although the technique of measurement of dendrite 
coherency has been knoWn previously, it has not been 
connected to the possibility of controlling grain siZe in metal 
castings. 
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4 
The grain siZe affecting agents are preferably Ti and/or B. 

The amount of Ti that is to be added to aluminium melts, 
should result in a GGI value in re?ned alloy Which corre 
sponds to a grain siZe less than equal to the desired grain siZe 
(GGId). This may be calculated by the formula: 

GGId - GGIb 
AmounlTi : 

(kTi — UmTi 

Where AmountTi is the percentage by Weight of Ti to be 
added to the melt, GGId is the grain groWth indeX resulting 
in aluminium castings having a minimal grain siZe, GGIb is 
the grain groWth indeX of the original aluminium base 
material, mn- is the slope of the liquidus in the binary 
(Al—Ti) system, kTi is the distribution coef?cient of Ti 
betWeen solid and liquid. 

The calculations can also be made With ternary or mul 
tinary systems, Which gives slightly different constants. The 
results are equivalent to the above binary calculations. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The invention Will noW be described With reference to the 
enclosed ?gures, in Which: 

FIG. 1 discloses a diagram shoWing the grain siZe of 
aluminium alloys as a function of their content of silicon and 

titanium; 
FIG. 2 discloses a diagram shoWing the grain siZe of 

aluminium alloys as a function of the above de?ned grain 
groWth indeX (GGI) for different cooling rates; 

FIG. 3 shoWs thermal analysis data collected from centre 
and Wall in samples of aluminium alloy AA 6063 during 
solidi?cation at a cooling rate of z1° C./s. The minimum in 
the AT curve represents a sudden change in the temperature 
gradient betWeen cetre and Wall and corresponds to the 
coherency point. FIG. 3 Was originally published in B 
ackerud et al., Solidi?cation Characteristics of Aluminium 
Alloys, Volume 1: Wrought Alloys, Skanaluminium, Uni 
versitetsforlaget AS, Oslo 1986, page 67; 

FIG. 4 relates to a diagram disclosing the fraction solid at 
the coherency point (ff) and the grain siZe, respectively, as 
functions of the amount of grain re?ning addition for the 
alloy AA 1050 in a solidifying melt containing a surplus of 
nucleating particles. The curve shoWn is therefore a satura 
tion curve; 

FIG. 5 discloses a diagram of the same type as FIG. 4 in 
Which one step of the claimed method is demonstrated; 

FIG. 6 shoWs Afs’F as a function of the amount of 
nucleating particles that has to be added to the solidifying 
melt in order to obtain the saturation curve in FIG. 5; and 

FIG. 7 brie?y outlines an apparatus for carrying out the 
method according to the present invention. 

It is to be understood that the different alloy correlations 
demonstrated by the curves in the ?gures have to be cali 
brated for each sampling and casting technique employed. 
We ?rst consider the addition of an Al—5%Ti—1%B 

alloy. From the stoichiometry of the TiB2 phase and molecu 
lar Weights of the tWo elements, We ?nd that there is 2.2 
Wt. % Ti in this master alloy that is tied up in the boride 
compound This is important, because the boride is essen 
tially insoluble in aluminium, Which means that this titanium 
is not “free” to dissolve in the alloy. The remaining titanium 
(5.0%—2.2%=2.8%) is present in the form of soluble tita 
nium and titanium aluminide (TiAl3) crystals, Which readily 
dissolve in molten aluminium. 
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Experiments Were made in Which a ?xed amount of free 
titanium (0.01% dissolved Ti added in the form of an 
Al—5%Ti—1%B master alloy) Was added to a number of 
molten aluminium alloys. One series of experiments Was 
made in aluminium melts containing various amounts of 
dissolved silicon. A small casting Was made from each of 
these melts. Athermocouple placed in the mold revealed that 
the cooling rate just prior to solidi?cation Was 1 degree C per 
second. The solid casting Was cut in half, polished on the cut 
face, and etched to reveal the grain structure. The average 
grain siZe Was then determined by the line intercept method. 
The grain siZe in micrometers (1000 micrometers=1 
millimeter) in the silicon-containing alloys is shoWn versus 
composition in curve (a) of FIG. 1. It can be seen that a 
minimum is obtained at about three Weight percent silicon. 

A second series of similar experiments Was made at a 
higher addition level (0.05% Ti), giving the results shoWn in 
curve (b) of FIG. 1. The grain siZe is much smaller at loWer 
silicon contents; shoWing a minimum at about 0.5% Si; and 
larger in alloys containing more than about 5% Si. 

A third set of experiments Were made at an intermediate 
addition level (0.03%Ti), and gave results intermediate to 
the ?rst tWo, as shoWn by curve (c) of FIG. 1. It is interesting 
to note that there is a cross-over point at the minimum of the 
curves. 

Another series of experiments Were made in a series of 
Al—Si—Fe—Ti melts, and also in some commercial alloys 
containing various amounts of dissolved impurities. The 
inventors have discovered that the results presented in FIG. 
1, and the results of all complex alloys (With one exception 
noted beloW) can be combined into a single curve by the use 
of a combined grain groWth index. The basis for this index 
is described beloW. 

The composition (in the aforementioned examples, %Si 
and %Ti) of the base alloy in?uences the groWth rate of the 
grains. At ?rst, as We add an element to relatively pure 
aluminium, the groWth of grains is sloWed. This is because 
in alloyed melts the diffusion of a solute element must occur 
ahead of groWing solid phase. This diffusion process 
restricts and sloWs the groWth of neW crystals, and appears 
to alloW borides to become active nuclei. I. MaxWell and A. 
HellaWell (in the article “A Simple Model for Grain Re?ne 
ment During Solidi?cation”, published on pp. 229237 of 
Acta Metallurgical, Vol. 23, 1975) have suggested on theo 
retical grounds that the rate of crystal grain groWth is 
inversely proportional to the product mC(k-1), Where m is 
the slope of the liquidus in the binary system (Al—Ti), C is 
the concentration of dissolved titanium in the alloy, and k is 
the distribution coef?cient of solute betWeen solid and liquid 
titanium. 

This grain groWth index has been proposed on theoretical 
grounds, but its importance in understanding and controlling 
the grain re?nement of aluminium has not been fully real 
iZed heretofore. The earlier study of MaxWell and HellaWell 
only studied relatively pure aluminium. It Was not realiZed 
that sloWing of the grain groWth process continues until a 
minimum grain siZe is attained. Nor Was it realiZed that at 
higher addition levels, the groWth rate increases once again. 
(This is presumably because a neW mechanism of grain 
groWth begins to become important.) 

And ?nally, and perhaps most importantly, the inventors 
have discovered that the effect of each solute element in 
aluminium is additive. In other Words, the grain groWth 
index for a multicomponent alloys is the algebraic sum of 
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6 
that for each individual element. This combined index is 
represented mathematically by: 

The values of m and C for a number of alloying elements 
commonly found in aluminium are given beloW in Table I. 
From these values, and from simple calculations, one ?nds 
that an addition of 0.10% Ti is equivalent to about 4%Si, as 
far as the grain groWth index is concerned. Thus, even small 
additions of Ti have a large effect on grain groWth. 

TABLE I 

Maximum concentration, 
Element k m (k — l)m Weight—% 

Ti >>9 30.7 245 0.15 
Ta 2.5 70 105 0.10 
V 4.0 10 30 >>0.1 
Hf 2.4 8.0 11.2 >>0.5 
M0 2.5 5 7.5 >>0.1 
Zr 2.5 4.5 6.8 0.11 
Nb 1.5 13.3 6.6 >>0.15 
Si 0.11 —6.6 5.9 >>12.6 
Cr 2 3.5 3.5 >>0.4 
Ni 0.007 —3.3 3.3 >>6 
Mg 0.51 —6.2 3 >>34 
Fe 0.02 —3 2.9 >>1.8 
Cu 0.17 —3.4 2.8 33.2 
Mn 0.94 —1.6 0.1 1.9 
Zn 0.4 —1.6 0.96 >>50 

(The above ?gures are compiled from T. B. Massalski: 
“Binary phase diagrams” Vol 1 ASM International (1990); 
M. Johnsson, L. Backerud, and G. K. SigWorth: Metall. 
Trans. 24A (1993) pp. 481—491; and L. F. Mondolfo: “Alu 
minium Alloys: Structure and Properties”, ButterWorth & 
Co. (1976)). 
From the theoretical and experimental studies in relatively 

pure aluminium, We ?nd that the groWth rate of solid grains 
during solidi?cation is proportional to 1/ZmC(k-1). The 
grain siZe is proportional to the groWth rate. When the grain 
siZe of aluminium based alloys are plotted versus the com 
bined grain groWth index, 1/ZmC(k-1), one ?nds that all 
alloys Which solidify at the same rate fall on the same curve. 
The results shoWn before in FIG. 1, are replotted in FIG. 2 
together With the results of other tests made in multicom 
ponent alloys. Data for tWo other cooling rates are also given 
in FIG. 2. 
The tests accomplished to date, shoW that the curves 

shoWn in FIG. 2 can be used to predict the grain re?ning 
ability of Al—Ti—B additions in all aluminium base alloys, 
With one notable exception. It has been found that, in alloys 
Which have substantial amounts of Zr, there is a precipitation 
of a titanium-Zirconium aluminide. This precipitate removes 
dissolved Ti and Zr from the melt, so that the grain siZe is 
much larger than expected (as calculated from the base alloy 
composition and the grain groWth index). Thus, Zr can 
“poison” the effect of Ti. Hence, an extra amount of Ti has 
to be added to an alloy comprising Zr, in order to compen 
sate for this poisouous effect of Zr. 
When applying the method of the present invention in a 

foundry, it is often practical to start by taking a sample of the 
molten metal. The sample is then alloWed to solidify and its 
grain siZe is measured, preferably by using ultrasound. In 
this case, it is only necessary to carry out the present 
invention When the grain siZe of the sample differs unfavour 
ably from a desired grain siZe. 

EXAMPLES OF APPLICATION OF THE 
INVENTION 

To ?x the concepts described above ?rmly in mind, and 
to clearly understand hoW they are to be applied in practice, 
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it Will be useful to consider some concrete examples of hoW 
this technology can be used in the cast shop. 

Example 1 

We ?rst consider the solid?cation of a 1100 alloy. This 
alloy is relatively pure, and it is often used to produce ingots 
Which are rolled into foil. A sample of molten alloy is taken 
from the furnace prior to casting, and the analysis is found 
to be: 

Si 0.6% Fe—0.3% Cu—0.05% Mn—0.01% Zn—0.06% 
Ti—0.005% 
From the above compositions and the values given in 

Table I, We can calculate the grain groWth index for the alloy. 
To aid in visualiZation of hoW this is done, the calculations 
are tabulated beloW: 

element C m(k — l) mC(k — 1) 

Si 0.60 5.9 3.54 
Fe 0.30 2.9 0.87 
Cu 0.05 2.8 0.14 
Mn 0.01 0.1 0.001 
Zn 0.06 0.96 0.058 
Ti 0.005 245 1.225 

total — — >>5.8 

This alloy Will be cast into a large slab, Whose cooling rate 
is 1° C./sec, and from past experience it is knoWn that the 
grain siZe must be less than or equal to 300 microns for good 
results. From FIG. 2 We ?nd that the desired grain groWth 
index must be greater than about 10. This means We must 
increase the “free” titanium content, by adding grain re?ner, 
by an amount equal to: 

(10-5.s)/245=0.017% Ti 

This addition can be accomplished in a number of Ways, 
but is generally desirable to do the grain re?nement With as 
little boron as possible. High boron additions can cause pin 
holes in foil, because the boride particles are insoluble and 
Wind up in the ?nal product. One possibility Would be to add 
Al—10Ti Waf?e in the furnace. Another possibility is to add 
Al—6Ti rods to the launder of the furnace. 

The above calculated Ti content (0.017%) represents the 
minimum desired content of “free” Ti. The maximum per 
missable value is found by considering the right-hand por 
tion of the curves shoWn in FIG. 2. We ?nd that the grain 
groWth index must be less than about 36. Thus, the maxi 
mum Ti content alloWed is 

This is important, because at the surface of undissolved 
aluminides (TiAl3 particles) the titanium content Will be 
about 0.1 5%Ti, greater than the permissible maximum 
value. This high titanium content at the surface of “duplex” 
particles Was noted before by GuZoWski et al. (US. Pat. No. 
4,612,073 and their aforementioned article), but this mecha 
nism Would not appear to be suitable for this case. 

Thus, the best grain re?ning practice for this alloy is to 
make an addition of about 0.02%Ti, in a form Which 
dissolves readily into the metal. A fast dissolving rod is 
suitable for launder additions. We also need to add a certain 
amount of boron, because the borides act as nucleants in this 
alloy. Commercial experience suggests that an addition level 
of about 20 ppm of boron (or 65 ppm or boride) Would be 
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suitable. This could eg be added as Al—3%Ti—1%B or 
Al—5%Ti—1%B rod. 

It can be seen that the optimum grain re?ning practice for 
this alloy is obtained by making tWo separate additions. This 
is easily accomplished by feeding rods of tWo different 
alloys into the launder. The tWo rods may be fed by use of 
tWo rod feeders; or by use of a single rod feeder Which can 
handle tWo rods (fed at different speeds). In either case, the 
addition rates (and rod feeding rates) Will be controlled by 
a computational algorithm, Which contains the calculations 
and logic described in the above example. The grain siZe 
affecting agent and nucleating agent are added as a master 
alloy, a tube containing granules and/or particles, or as a 
Wire. 

Example 2 

We noW consider the solidi?cation of a 3005 alloy, Which 
has the folloWing chemistry: 

The grain groWth index for this alloy is calculated beloW: 

Mn—1.25% 

element C m(k — l) mC(k — 1) 

Si 0.60 5.9 3.54 
Fe 0.70 2.9 2.03 
Cu 0.25 2.8 0.70 
Mn 1.25 0.1 0.125 
Mg 0.45 0.1 0.045 
Zn 0.15 0.96 0.144 
Ti 0.05 245 12.28 

total — — >>18.8 

An examination of FIG. 2 shoWs that the grain groWth 
index is very nearly at the optimum value, and Will give a 
grain siZe of about 150 microns at a cooling rate of 1° C./sec. 
In this case only a small addition of boride including 
particles Without excess titanium is needed. 

Example 3 

This example is the same as Example 2, except the 
titanium content is very near the maximum alloWed in this 
alloy: 0.09%Ti. The grain groWth index therefore increases 
to 28.64. The grain siZe Would also increase, to about 200 
microns. This is also a reasonably small value, and so in this 
case also it is probably acceptable merely to make a small 
addition of boride-containing master alloy. It Would be 
possible, hoWever, to improve the performance by adding an 
amount of Al—B master alloy, Which Would react With the 
dissolved Ti to form borides, and thereby remove some of 
the “free” Ti. A similar result could also be obtained With a 
master alloy containing borides Which are a mixture of TiB2 
and AlB2. (Such a material is disclosed in US. Pat. No. 
5 055,256). 

In this case an overstoichiometric master alloy of the type 
AlZrB, could be used to the advantage of a) supplying 
nucleating particles of ZrB2 and b) simultaneously reducing 
the constitutional effect of Ti as described above. It is also 
possible to use niobium. 

Example 4 

This example describes hoW optimum grain re?nement of 
an aluminium alloy can be obtained by adding TiB2-particles 
(nucleants) and elemental titanium (groWth restricting 
element). 
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It is common practice to add boride particles as Well as 
elemental titanium in the form of a master alloy containing 
the particles and an eXcess of titanium in a ?xed ratio. A 
Whole series of such master alloys are available on the 
market With varying Ti/B ratio. The most Widely used master 
alloy contains 5% Ti and 1% B. It is not certain, hoWever, 
that the alloy used optimiZes the grain re?ning action, i.e. 
uses the minimum amount of hard boride particles in com 
bination With the eXcess of elemental titanium needed. In an 
optimiZed process, therefore the folloWing steps are taken: 
Step 1: Based upon a chemical analysis (in practice per 

formed by a spectrometer) of the base melt and according 
to the principles disclosed in eXampels 1—3, GGI (i.e. "c 
ciml-(ki—1)) is calculated and noted in a diagram as shoWn 
in FIG. 2. The proper amount of titanium in liquid 
solution (ATil) is added to a sample of the base melt to 
achieve minimum grain siZe. 

Step 2: A thermal analysis is performed on the so treated 
sample volume, and the coherency point fs* is deter 
mined. 

Step 3: Using the diagram in FIG. 4, the corresponding 
fjmmmed is calculated for the GGI value determined in 
step 1 (In FIG. 4 the eXpression “amount of grain re?ning 
addition” is used instead of GGI. This amount is propo 
tional to GGI if only one component, e.g. titanium, is 
variable.). Then, Afs*=fs*mmmted—fs* is determined. A 
Afs’F larger than 0 indicates a lack of nucleating particles 
and this de?ciency has to be compensated by an addition 
of suitable particles. The amount to be added can be 
calculated by using the calibration curve in FIG. 6. FIG. 
5 shoWs more in detail hoW to determine Afj. 
Step 1 de?nes the inherent crystalliZation properties of the 

melt. Step 2 adjusts the groWth parameter to optimiZe the 
groWth conditions so that it is possible to obtain a minimum 
grain siZe. Step 3 indicates Whether there is a de?ciency of 
nucleating particles restricting the number of crystals 
formed. If there are enough or a surplus of nucleating 
particles present, the ff Will attain its maXimum saturation 
value (for this alloy and casting method>52%) according to 
the curve presented in FIG. 5. 

Example 5 
The present method for controlling grain re?nement can 

also be automatiZed. An eXample of an apparatus for carry 
ing out the present invention is disclosed in FIG. 7. 

A batch (24) contains molten aluminium base material 
(12) Whose grain siZe is to be minimiZed. Asampling device 
(14) takes a sample of the base material (12) and delivers it 
to a chemical analysing device (16). Optionally the sampling 
device (14) also delivers a sample to a coherency point 
determining device (18). The chemical analysing device 
(16) and (if present) the coherency point determining device 
(18) send information to a computer device (10). By using 
stored data in a memory means (20), the computer device 
(10) then establish hoW much grain siZe affecting agents 
(Va) and, optionally, nucleating agents (Vb) that has to be 
administrated to the melt and sends signals to a means (22) 
for administrating these agents so that the desired amounts 
are added to the melt. 

We claim: 
1. A method of controlling the grain re?nement of alu 

minium alloys, comprising the steps of: 
a) for the casting method used, establishing the grain siZes 

for different values of the grain groWth indeX GGI, as 
represented by the formula: 
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Where mi is the slope of the liquidus in the binary (Al-i) 
system, Ci is the concentration of its dissolved solute in 
the alloy, and ki is the distribution coef?cient of solute 
i betWeen solid and liquid, and Where m1, C1, k1, etc. 
represents the corresponding values for each alloy 
constituent; 

b) determining the GGI value for the particular aluminium 
base material by using the formula in a); 

c) using the data obtained in a) for calculating the grain 
siZe of the aluminium base material and hoW the 
concentration of grain siZe affecting agents in the 
aluminium melt should be changed in order to obtain an 
aluminium casting having a desired crystal grain siZe; 

d) adding the amount of grain siZe affecting agents 
calculated in c) to the melt; and 

e) optionally adding an amount of nucleating agents 
required. 

2. A method according to claim 1, Wherein the grain siZe 
affecting agent is Ti and/or B. 

3. A method according to claim 2, Wherein the grain siZe 
affecting agent is Ti. 

4. A method according to claim 3, Wherein the amount of 
free Ti that is to be added to aluminium melts, having a GGI 
value loWer than the GGI value resulting in aluminium 
castings having a minimum gram siZe, in order to obtain an 
aluminium casting having a desired grain siZe, is calculated 
by using the formula: 

GGId - GGIb 
AmounlTi : 

(kTi — UmTi 

Where AmountTi is the percentage by Weight of Ti to be 
added to the melt, GGId is the grain groWth indeX resulting 
in aluminium castings having a desired grain siZe, GGIb is 
the grain groWth indeX of the original aluminium base 
material, mTi is the slope of the liquidus in the binary 
(Al—Ti) system and kn- is the distribution coef?cient of Ti 
betWeen solid and liquid. 

5. A method according to claim 1, Wherein boron is added 
to the melt to remove eXcess titanium if the base grain 
groWth indeX is greater than the desired grain groWth indeX. 

6. Amethod according to claim 1, Wherein titanium boride 
(TiBZ), aluminium boride (AlB2) or any intermediate 
compositions((Al,Ti)B2) and/or titanium carbide (TiC) is 
used as nucleant. 

7. A method according to claim 1, Wherein the grain siZe 
affecting agent and/or nucleating agent is added as a master 
alloy. 

8. A method according to claim 7, Wherein the grain siZe 
affecting agent and/or nucleating agent is added as a master 
alloy in a shape of a tube or a Wire. 

9. Aprocess for producing a n aluminum alloy casting in 
Which the grain re?nement has been optimiZed, comprising 
the steps of: 

alloWing a sample taken from a certain molten aluminum 
alloy to be solidi?ed; determining the grain siZe; 

calculating and adding an amount of grain siZe affecting 
agents and/or nucleating agents to the aluminum alloy 
by the method according to claim 15, if the grain siZe 
of the sample differs from a desired grain siZe; and 

casting the molten aluminum alloy in a manner knoWn per 
se. 

10. Aprocess according to claim 9, Wherein the grain siZe 
is measured by using ultrasound. 
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11. A measuring system for controlling, in real time, the 
grain re?nement of aluminium alloys; said measuring sys 
tem comprising: 

a sampling device (14) for taking a sample from a molten 
aluminium base material (12); 

a chemical analyZing device (16) for determining the 
chemical composition of the base material (12); 

equipment for determining grain siZe; 
a computer device (10) for determining an amount value 

(Va) of a grain siZe affecting agent and an amount value 
(Vb) of a nucleating agent; 

a memory means (20) Which is provided With prerecorded 
values of 
1) the slope of the liquidus in the binary (Al-i) system; 
2) the distribution coef?cient betWeen solid and liquid; 

for a particular alloy constituent i, and 
3) data representing the grain siZes for different values 

of the grain groWth indeX GGI, as represented by the 
formula: 

Where mi is the slope of the liquidus in the binary (Al-i) 
system, Ci is the concentration of its dissolved solute in 
the alloy, and ki is the distribution coef?cient of solute 
i betWeen solid and liquid, and Where m1, C1, k1, etc. 
represents the corresponding values for each alloy 
constituent; 

means (22) for administering grain siZe affecting agent 
and nucleating agent to a melt (12) using data from the 
chemical analysing device and the memory means; the 
computer being arranged to establish an amount value 
(Va) of a grain siZe affecting agent to be added to the 
melt in response to data from the chemical analyZing 
device (14); 

the computer controlling said means for administering 
nucleating agent to the melt so that the desired amount 
value (Vb) is added to the melt; said computer control 
ling said means for administering grain siZe affecting 
agent and nucleating agent to the melt so that the 
desired amount values (Va, Vb) are added to the melt. 
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12. A measuring system for controlling, in real time, the 

grain re?nement of aluminium alloys; said measuring sys 
tem comprising: 

a sampling device for taking a sample from a molten 
aluminium base material; 

a chemical analyZing device for determining the chemical 
composition of the base material; 

a device for determining grain siZe; 
a computer device for determining an amount value (Va) 

of a grain siZe affecting agent and an amount value (Vb) 
of a nucleating agent to be added to a melt in response 
to data from said chemical analyZing device; said 
computer controlling said device for administering 
nucleating agent to the melt so that the desired amount 
value (Vb) is added to the melt; 

a memory device provided With prerecorded values of 
1) the slope of the liquidus in the binary (Al-i) system; 
2) the distribution coef?cient betWeen solid and liquid; 

for a particular alloy constituent i, and 
3) data representing the grain siZes for different values 

of the grain groWth indeX GGI, as represented by the 
formula: 

Where mi is the slope of the liquidus in the binary (Al-i) 
system, Ci is the concentration of its dissolved solute in 
the alloy, and ki is the distribution coef?cient of solute 
i betWeen solid and liquid, and Where m1, C1, k1, etc. 
represents the corresponding values for each alloy 
constituent; 

a device for administering grain siZe affecting agent and 
nucleating agent to a melt using data from said chemi 
cal analyZing device and said memory device; 

said computer controlling said device for administering 
grain siZe affecting agent and nucleating agent to the 
melt so that the desired amount values (Va, Vb) are 
added to the melt. 
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