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ABSTRACT

Al-Ti-B master alloys have been used as grain refiner for Al castings for long time, although the
mechanism, especially the role of boron in grain refining process, is not very clear till now. In this
work, a model based on the study of some Al-5%Ti-1%B master alloys of different microstructures
is suggested. According to this model, the Al;.,TixB, phase in Al-Ti-B master alloys is an
additional nucleus for soid Al besides the Al3Ti phase. The Ti released from Al 4TixB, particles

may help the nucleation of oi-Al. Due to the surface energy between Al and Alj.<Ti,Bs, as well as

the liquid agitation in Al melt, o-Al nucleates more easily in the grooves between the Al;<TixB;
particles of boride clusters than on the individual Aly.xTixB, particles.
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1. INTRODUCTION

The grain refinement in Al after adding Al-Ti and Al-Ti-B master alloys which result in a final

composition of at least 0.15 wt.% Ti, is due to the reaction (AlsTi + Liquid Al --> o-Al) at a few
degrees above the melting point of pure Al[1,2,3]. When a piece of master alloy is immersed in
liquid Al, the Al3Ti particles introduced by master alloy immediately begin to dissolve. The
dissolution rate depends on the size and morphology of the particles, and the dissolution time varies
from a few seconds to half an hour according to different calculation methods[4]. Therefore, if the
total Ti content is far less than 0.15 wt.% in Al melt, the grain refinement effect decreases with
contact time, and it should disappear when all the Al3Ti particles are totally dissolved. In practice
the Ti concentration in Al melt after adding master alloys is usually only 1/30 to 1/15 of 0.15 wt.%.
The boron additive in Al-Ti master alloys significantly changes the grain refinement behaviour. It
is reported that a good refinement effect exists for more than 10 minutes contact time at about 750
oC for Al-Ti-B master alloys, and the grain refinement efficiency is strongly influenced by the Ti/B
ratio[5,6]. Many theories have been proposed to explain the existence of grain refinement effect
when Ti content is far less than 0.15 wt.% in liquid Al, and also the improvement of grain refining
ability of Al-Ti master alloys by boron. The most important four are the phase diagram theory,
boride-carbide theory, aluminide preservation theory and metastable boride theory.

According to the phase diagram theory[1,2,3,7,8,9,10,11], boron expands the range of the peritectic

reagtion_ (Al3Ti + Liquid Al --> o-Al) by reducing the solubility of Ti in liquid Al. Therefore the
peritectic point moves towards Al side and the peritectic reaction takes place at lower Ti

concentration. The boride-carbide theory[6,12,13,14,15,16] suggests that o-Al can nucleate
directly on TiB; particles or TiC particles. The aluminide preservation theory proposes that boride
phase may protect Al3Ti particles from fast dissolving, by that boride phase forms a shell
surrounding Al3Ti particle[17,18,19,20,21], Al3Ti phase is preserved in borides cavity[22], and an
absorption layer of Al3Ti phase is formed on boride particle[23]. The metastable boride
theory[4,24,25] is based on the assumption that a series of transformations (TiB2 + Liquid Al -->

Al Ti,By+ Ti, Ti+ Liquid Al --> Al3Ti, Al3Ti+ Liquid Al --> 0.-Al) may take place in Al melt
during the solidification process after Al-Ti-B master alloy is added. Through these
transformations, Ti in a boride particle is released to Al melt and an Al;Ti sheath is formed around
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the boride particle. The Al;3Ti sheath serves as nucleation site for o-Al wher? temperature ls
reduced. The observation of these transformations was reported by Schumacher in his studies Qaf

the crystallisation of amorphous Al alloys[26,27]. ¢ ' die: : )
mechanism of grain refinement by using master alloys with different Ti/B ratio, i.e., with differen,

compositions, it is found that Al-5wt.%Ti-

or by the same producer but in different batches,

Although many studies address to th,

1wt.%B master alloys produced by different producery

reveal quite different grain refinin,,

efficiencies[28,29]. In this work a boride cluster model is suggested to assess the influence of thy
spatial distribution of the boride phase in Al-Ti-B master alloys on grain refinement ability.

2. EXPERIMENT AND RESULTS

The grain refining efficiencies of three Al-5wt.%Ti-1wt.%B commercial master alloys, labelled 1,
emical composition, were tested at 750 °C and 840 °C in 99.7% pure Al
content in Al castings being 0.25 wt.%, 0.05 wt.%, 0.02 wt.% and 0.003
Al-5wt.%Ti master alloy was used as reference. Fig. 1 shows the averagy,

and 3 with the same ch
leading to the final Tj

wt.%, respectively. An
grain sizes in the Al castings.
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Fig. 1. The grain size of Al castings grain refined by Al-5wt.%Ti and three Al-5wt.%Ti-1wt.%B
master alloys. The amount of added master alloys results in 0.25 wt.%Ti for a), 0.05 wt.%Ti for b)

and 0.02 wt.%Ti

for ¢) at 750 °C, and 0.005 wt.%Ti for d) at 840 °C in Al melt, respectively. The

grain size of Al castings grain refined by Al-5wt.%Ti in ¢) and d) is over 800 um, thus is not drawn

in figures.
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It is obvious that there are significant differences in the grain refinement efficiencies of the three
AlL-Ti-B master alloys. In order to trace the cause of these differences, the size, morphology and
spatial distribution of the intermetallic phases in these master alloys, as well as the Al castings grain
refined by these master alloys, were sophistically studied. In Al-Ti-B master alloys many Al;.
«TiyB, particles were observed to be in the form of clusters. A boride cluster consists of several
Al Ti, B, particles. Similar boride clusters were also observed at the centre of Al grains in the Al
castings refined by Al-Ti-B master alloys, see Fig. 2. Furthermore, by optical microscope and SEM
it is revealed that the tendency towards clustering is different for the three Al-Ti-B master alloys.
The most effective master alloy shows the strongest tendency towards clustering, and the boride
clusters in this master alloy are of the similar size, whereas the one with the most dispersed boride
particles is the poorest grain refiner of the three, in both hypoperitectic and hyperperitectic
conditions. The Al-5wt.%Ti master alloy lacking boron is much less efficient in refining Al grain
than the three boride-containing master alloys. In hyperperitectic condition the grain refinement
efficiencies of the Al-Ti and the three Al-Ti-B master alloys do not fade with contact time, whereas
in hypoperitectic condition the efficiency of master alloy lacking boron fades fast, leading to a
nearly natural grain size in Al castings after 60 minutes contact time. For details of the experiment
and results, refer to [28] and [29].
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Fig. 2. SEM and TEM micrographs showing a typic boride cluster observed near the centre of an

Al grain in the Al casting grain refined by Al-5%Ti-1%B-3 at 750 °C after 15 minutes of contact
time, the Ti content in Al melt is 0.05 wt.%.

3. MODEL

Based on the observations a boride cluster model can be set up. In this model it is suggested that

the boride clusters be effective nuclei for o-Al in both hypoperitectic and hyperperitectic
conditions, to correlate the microstructure of more boride clusters of similar size with the better
grain refinement efficiency. When the Ti content in Al melt is less than the peritectic point of 0.15

wt.%, i.e., in hypoperitectic condition, the process of the nucleation of an 0-Al grain on a boride
cluster can be shown in 2 steps as revealed by Fig. 3.

1. As a block of Al-Ti-B master alloy is added into Al melt, Al matrix of the master alloy melts
immediately, and the boride clusters are then surrounded by liquid Al. The Al xTixB2 particles in
boride cluster react with liquid Al through reaction (Al;(TixB2 + Liquid Al --> Ti + Al.yTiyBo),
here x>y. Ti is therefore released to the Al melt and a Ti diffusion field around boride cluster is
established. Due to the liquid agitation in Al melt, the released Ti diffuses rapidly and the Ti
concentration around the boride cluster is not likely to be much higher than the average Ti
concentration in Al melt. However, in some sites where the diffusion of Ti is hindered by
morphologic factor, for example, in the grooves between Al xTixB2 particles, or in other word, the
bays in boride cluster, the Ti concentration may be somewhat higher than that of average.
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2. When temperature is reduced, the heterogenerous nucleation of o-Al begins. Among the man),
potent heterogenerous nuclei, nucleation on a boride cluster demands smaller undercooling than oy
an individual Al;.TixB particle, because in those special sites such as grooves between borid,
particles, the increase of total surface energy during nucleation of a new phase is small
Furthermore, the high Ti content in these sites also increases the melting point. The morphologiy
factor hindering the diffusion of Ti generally also reduces the increase of total surface energy if

phase transformation. Therefore, o-Al grain nucleates on the groove of the boride cluster any
boride cluster becomes the most potent supplemental nucleus for ¢-Al besides Al3Ti phase.

cross section of
& boride cluster

Liquid Al +<0.15 Wt % Ti

STEP II

solid Al

cross section of
a boride cluster

Liquid Al

Fig. 3. Illustration of the mechanism of boride cluster model in hypoperitectic condition.

In hyperperitectic condition the average Ti concentration in Al melt is higher than the peritectic
point, so the solid state boride phase suspended in the melt provides a large number of
heterogengoug sites for the nucleation of Al3Ti phase. This results in the easier formation, the more
even distribution and the larger number of Al3Ti particles in Al melt, which finally lead to the finer
grain structure of A_l castings. The irregular surface of boride cluster is still an advantage, but it is
not so important as it is under hypoperitectic condition.
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4. DISCUSSION

The three master alloys with boron are much better grain refiners than the one without boron.
However, the master alloy without boron acts as a grain refiner if the Ti concentration in Al melt is
above the peritectic point, and also below the peritectic point for short contact time. The grain
refining effect of boron free alloy is attributed to the presence of Al3Ti phase. The fading of the
grain refinement efficiency below the peritectic point is expected, because of the dissolution of
Al3Ti phase after prolonged contact time. A dramatic improvement of grain refinement efficiency
can be achieved by the presence of boron, and the efficiency in this case is little influenced by
contact time. These facts suggest that Aly_,Ti,B, particles are quite inert. It is interesting to note
that a master alloy containing only boron as an additional element, i.e. lacking Ti, does not act as a
efficient grain refiner for the pure AI[30]. It is likely that the Ti released from Al;.xTixB> particles

has contribution to the nucleation of a-Al. Our observations are qualitatively in agreement with the
requirements that an effective grain refiner is obtained if the conditions of nucleation sites and the
solute undercooling are fulfilled. When the nucleus of the smallest undercooling, for example, the
boride cluster at long contact time in hypoperitectic condition, is active, the nucleation on other
potent nulei such as the individual Al Ti,B, particle is suppressed. However, the boride clusters

of large size difference may demand different undercoolings for nucleating o-Al. Therefore, the
existence of a large amount of boride clusters of similar size in Al-Ti-B master alloys is important.
A small amount of boron in Al-Ti-B master alloys provides Al;.<Ti B particles. If several boride
particles segregate during the manufacturing of master alloy, the boride clusters are formed. The

boride cluster is a kind of supplementary nucleus besides Al3Ti phase for o-Al in hypoperitectic
condition, and both boride cluster and individual boride particle help the necleation of Al3Ti

particles which later nucleate o-Al grains in hyperperitectic condition. This may be one of the roles
of boron in grain refining process.

5. SUMMARY

For Al-Ti-B master alloys used in industrial pure Al, composition is not the only factor determining
the grain refining efficiency, although both Ti and B are necessary ingredients in an effective master
alloy. There exist at least two kinds of potent nuclei in Al-Ti-B master alloys, the Al3Ti particle
and the Al;.Ti B, boride cluster. For the Al-Ti-B master alloys of the same chemical composition
of 5 wt.% Ti and 1 wt.% B, the microstructure of more boride clusters of similar size leads to the
better grain refinement efficiency, in both hypoperitectic and hyperperitectic conditions.

ACKNOWLEDGEMENT

This work was carried out at Centre for Materials Science, University of Oslo under the supervision
of Prof. Johan Taftg.

REFERENCES

] F.A. Crossley and L.F. Mondolfo, Trans. AIME 191 (1951) 1143.
] J.A. Marcantonio and L.F. Mondolfo, Metall. Trans. 2 (1971) 456.
1 G.K. Sigworth, Metall. Trans. 15A (1984) 277.

] H.Klang, Ph.D. thesis, University of Stockholm, Chemical Communications (1981).

[5] T.W.Clyne and M.H. Robert, Metals Techn. 7 (1980) 177.

[6] A. Cibula,J. Inst. Metals 76 (1949) 323.

[7] I. Maxwell and A. Hellawell, Acta Metall 23 (1975) 229.

[8] I Maxweell and A. Hellawell, Metall. Trans. 3 (1972) 1487.

9] lz;llg/lorimuni, H. Shinghu, K. Kobayashi and R. Ozaki, Trans. Japan Inst. Metals 41 (1977)

[10] G.P. Jones and J. Pearson, Metall. Trans. 7B (1976) 223.



212 Proceedings of ICAA-6  (1998)

[11] M.M. Guzowski, G.K. Sigworth and D.A. Sentner, Metall. Trans. 18A (1987) 603.

[12] W. Reif and W. Schneider, paper presented at 7th International Light Metals Congress,
Vienna, June 1981.

[13] A. Cibula, J. Inst. Metals 80 (1951-1952) 1.

[14] J. Moriceau, Met. Ital. 62 (1970) 295.

[15] J. Moriceau, Mem. Sci. Rev. Met. 77 (1970) 787.

[16] S.E. Naess and J.A. Ronningen, Metallography 8 (1975) 391. )

[17] M. Vader and J. Noordegraaf, Light Metals (1990) ed. C.M. Bickert, The Minerals, Metals
and Materials Society (1990) 851.

[18] L. Béckerud, P. Gustafson and M. Johnsson, Al 67 (1991) 910.

[19] M. Johnsson, Light Metals (1993) 769.

[20] M. Johnsson and L. Biickerud, Z. Metallkd. 83 (1992) 11, 774.

[21] L. Arnberg, L. Biickerud and H. Klang, Metals Technology 9 (1982) 1.

[22] D. Turnbull, J. Chem. Phys. 18 (1950) 198.

[23] G. P. Jones, New Ideas on the Mechanism of Heterogeneous Nucleation in Liquid Al, NPL
Report, DMA(A) 19, National Physical Laboratory, Teddington, UK. (1983).

[24] A.J. Cornish, Metal Science 9 (1975) 477.

[25] L. Bickerud, Jernkontorets Ann. 155 (1971) 422.

[26] P.Schumacher and A.L.Greer, paper presented at The 4th International Conference on Al
Alloys, September 1994, Atlanta.

{271 P. Schumacher and A.L. Greer, paper presented at 8th International Conference on Rapidly
Quenched and Metastable Materials, August 1993, Sendai, Japan.

[28] H.Jin, J.Tafto and P.T.Zagierski, paper presented at The 5th International Conference on Al
Alloys, July 1996, Grenoble, France.

[29] H.Jin, Cand.Scient. Thesis, Univesity of Oslo (1996).
[30] G.K. Sigworth and M.M. Guzowski, AFS Transactions, (1985) 172.



