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a  b  s  t  r  a  c  t

Al–Ti–B  refiners  with excess-Ti  perform  adequately  for  wrought  aluminum  alloys  but  inefficiently  in
the  case  of foundry  alloys.  The  high  content  of  silicon  in the latter, which  forms  silicides  with  Ti and
severely  impairs  the  refining  potency  of the  nuclei,  is  known  to  be  responsible  for  the  poor  performance.
Hence,  new  grain  refiners,  such  as Al–3B  and  Al–3Ti–3B  master  alloys  with  excess-B  have  been  developed
with  well  documented  advantages  for  Al–Si  alloys.  It  is very  desirable  to involve  TiAl3 particles  in  the
eywords:
etals

asting
l–Ti–B master alloy
rain refinement

Al–3Ti–3B  master  alloy  to maximize  its  grain  refining  efficiency.  However,  fading  phenomenon  is a key
drawback  for  application  of  the  TiAl3-containing  refiners  in  aluminum  foundry.  In the  present  work,  new
Al–3Ti–3B  grain  refiners,  containing  TiB2, AlB12 and  TiAl3 particles  were  developed  with  an  aim  to prolong
the  acting  time  after  inoculation.  The results  showed  that  inoculation  of  Al–7Si  alloy  with  thus  meliorated
Al–3Ti–3B  grain  refiner  has  produced  a fine  grain  structure  which  was approximately  maintained  up  to
30 min.
. Introduction

Addition of grain refiner master alloys to molten aluminum pro-
uces fine, equiaxed grain structures which imparts to the castings
igh yield strength, high toughness, good extrudability, and uni-

orm distribution of second phase and microporosity on a fine scale
esulting in improved machinability [1–3]. Commercial refiners are
anufactured from Al–Ti–B ternary system, usually with excess Ti

n its composition than that required to form TiB2 [4–7]. Hence, TiB2
nd TiAl3 are the main phases except for the �-Al matrix in the mas-
er alloys. The former acts as potential nucleating site while TiAl3
articles are readily dissolved in the melt to provide solute Ti, the
articipation of which can not only activate the nucleating potency
f TiB2, but also slows down the grain growth of �-Al during the
olidification process [8,9].

But in the case of aluminum foundry alloys, in which the con-
ent of Si is typically higher than 2 wt.%, the efficiency of the popular
l–5Ti–B master alloy will be severely impaired. This is known as

he poisoning effect resulted from the interaction between solute
i and Si. To solve this problem, one effective method is to increase
he addition level of Al–5Ti–B refiner, which is, however, expensive

nd undesirable in practice. Al–3B master alloy has been reported
o be more effective during grain refining hypoeutectic Al–Si alloys
10]. This work was later confirmed by Sigworth et al. and a new
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Al–3Ti–3B refiner, in which (Ti,Al)B2 and AlB2 are the potent nucle-
ating sites, has been developed with improved performances [11].

Among various methods to produce Al–Ti–B master alloys
[12–20], that which involving the reaction between fluoride salts
and molten aluminum, namely halide salt route, is the most popular
[3]. Based on a large quantity of research focusing on improving the
fabrication method for Al–Ti–B master alloys [21–27],  Birol com-
bined conventional halide salt route and powder metallurgy (PM)
process into a new method which gave birth to a novel Al–3Ti–3B
master alloy consisting of both TiAl3 and AlB2 particles on a fine
scale [28]. The results in his work showed that this refiner is fast
acting and more effective with respect to the Al–3B master alloy
in refining Al–7Si alloy. Nevertheless, this refiner can be used only
when casting is made shortly after inoculation since at prolonged
holding time, transformation of AlB2 to TiB2 is unavoidable. On
the other hand, it is very desirable to replace the PM procedure in
the process, from technical and economical reasons, with a simple
halide salt route.

The present work was undertaken to develop the conventional
halide salt route to produce an Al–3Ti–3B alloy containing TiAl3
particles. The sluggish peritectic reaction of AlB12 to AlB2 in liquid
aluminum was  used to stabilize TiAl3 particles in an excess-B con-
centration and to prolong the effective time during holding after
inoculation.

2. Experimental procedure
Al–3Ti–3B master alloys were synthesized in the laboratory via the halide salt
route with modified steps: Al–6Ti and Al–6B master alloy were primarily prepared
separately and then mixed together in order to keep the unreacted aluminides and
borides from transforming into TiB2.

dx.doi.org/10.1016/j.jallcom.2011.09.009
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:diffen1986@163.com
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Table 1
Status of the experimental refiners used in this work.

Alloy no. Composition (wt.) Synthesis temperature (◦C) Synthesis practice Holding time (min) Particle type

Ti% B%

1 0 3 750 Cast – AlB2

2 0 3 950 Cast – AlB2 + AlB12
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grain refinement of Al–7Si alloy have been performed in the present
work. The results were similar to that on 99.7% pure aluminum. An
adequate fine grain structure was obtained within 2 min  of inocula-
tion at a modest 0.005 wt.% addition level. Fading of the refinement
3 3 3 800 + 1000 

4 3 3 800 + 1000
5 3 3 800 + 1000 

Al–6Ti master alloy was produced by reacting K2TiF6 salt with molten aluminum
n  a 150 g batch scale. The primary materials were pure aluminum (99.7% Al) and
2TiF6 powder (commercial purity). Aluminum ingot was  firstly cut and heated to

 required temperature in a graphite crucible using a medium-frequency induction
urnace to facilitate a rapid melting. The molten metal thus obtained was  transferred
nto a resistance furnace to hold the melt isothermally at 800 ◦C. K2TiF6 salt, weighed
o  achieve a composition of Al–6Ti in the alloy, was  compacted to a cylindrical block
nd added into the aluminum melt without introducing any stirring. The experi-
ental Al–6B master alloy was  produced under the same conditions except for the

ifferent addition temperature which was 1000 ◦C to promote the formation of AlB12

hase. The molten alloys were held at the addition temperature for 30 min. Subse-
uently, the melts were stirred with a graphite rod for 30 s and mixed thoroughly
fter decanting the by-product K–Al–F salt from its surface. The mixed alloys were
nally cast into a water-cooled copper mold after different holding times, i.e. 0, 5
nd 30 min, respectively. Samples were sectioned from the final alloys and then pre-
ared with standard metallographic procedure. The microstructures of the samples
ere characterized under MEF4A optical microscope after etching with Busswell’s

eagent. Phases were identified using XRD analysis.
For grain refinement study of each refiner, 400 g Al–7Si alloy was  melted in a

raphite crucible using the medium-frequency induction furnace and then trans-
erred into a mini resistance furnace to maintain the temperature of the melt within
00 ± 10 ◦C in the whole procedure. Both the experimental Al–3Ti–3B alloys and
he  AlB2-, AlB12-type Al–3B alloys have been tested to recognize the most efficient
rain refiner. A reference sample was taken from the melt with an aim to identify
he grain size before inoculation. 0.67 g of the experimental master alloy was then
noculated into the melt. This is the exact amount of an Al–3Ti–3B or Al–3B master
lloy needed to bring the B concentration of 400 g aluminum melt to 0.005 wt.%.
he  melt was stirred with a graphite rod for 30 s as soon as the inoculation com-
leted. Samples were taken from the melt 2, 10, 30 and 60 min  respectively after
he inoculation and casted into a steel mold with a diameter of 25 mm and a height
f 45 mm.  The samples thus produced were sectioned 20 mm from the bottom and
hen ground using SiC paper up to 1000 mesh. Standard polishing procedure was
mployed and these samples were then etched with Poulton’s reagent to highlight
he grain boundaries. The mean linear intercept was  then estimated by counting
he number of grain-boundary intercepts along two  perpendicular 8 mm  long lines.
ight different locations were measured for each sample surface and an average
rain size was reported.

. Results and discussion

Table 1 is the status of the experimental refiners used in this
ork. The AlB2- and AlB12-type Al–3B master alloys (alloy 1 and 2),

s reference refiners to investigate the impact of different nucle-
ting particles on refinement, were synthesized under different
rocessing techniques. Formation of AlB2 and AlB12 is expected to
roceed in terms of Reactions (1) and (2),  respectively. Busswell’s
eagent provides a simple route to distinguish the borides in an
l–B alloy under an optical microscope. Diborides, TiB2 and AlB2,
re capable of being colored with copper while AlB12 is not [29,30].
lloy 1 is a conventional Al–3B master alloy in which AlB2 parti-
les are light brown and less than 20 �m (Fig. 1a). Alloy 2, which
s actually a mixture of AlB2 and AlB12 in �-Al matrix, was syn-
hesized under a modified halide salt route to fulfill its destiny.
etailed manufacturing procedures can be found in the literature

31]. The AlB2 in alloy 2 exhibits two types of morphologies. Unlike
he blocky particles in alloy 1, the vast majority of AlB2 particles
n alloy 2 are strip-like. This is attributed to the supersaturation of
olute B resulted from cooling of the alloy, leading to the precipita-

ion of AlB2 at the grain boundary. The other type of AlB2, although
elatively less in numbers, can be seen as regular hexagonal plate.
lB12 particles, on the other hand, are gray and of irregular mor-
hologies (Fig. 1b). Fig. 3a and b show the XRD patterns obtained
Mixed 0 TiAl3 + TiB2 + AlB12

Mixed 5 TiAl3 + TiB2 + AlB12

Mixed 30 TiAl3 + TiB2 + AlB12

from the Al–3B master alloys. It clearly reveals the presence of AlB2,
AlB12 and �-Al phases. Some unidentified peaks are suggested to
be the spent K–Al–F salts. The reactions from which the two kinds
of boride particles are formed were reported to be [32]:

2KBF4 + 3Al = AlB2 + 2KAlF4 (1)

12KBF4 + 13Al = AlB12 + 12KAlF4 (2)

Our previous work has confirmed grain refining potency of Al–B
master alloy on pure aluminum. AlB2 particles are, but less effi-
cient nucleating sites for Al grains in refining commercial pure
aluminum. Thanks to the sluggish transformation of AlB12 to AlB2
in aluminum melt, AlB12 is of great help to overcome the fading
during holding after inoculation [31]. Further studies of this on
Fig. 1. Microstructural features of the experimental Al–3B grain refiner alloys with
different temperatures: (a) 750 ◦C (alloy 1), (b) 950 ◦C (alloy 2).
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Fig. 2. Microstructural features of the experimental Al–3Ti–3B grain refiner alloys
w
(

e
g
i
i
i
w
r

i
t

longed, AlB became smaller inside the TiB particle rings. When
ith different holding times: (a) 0 min  (alloy 3), (b) 5 min  (alloy 4) and (c) 30 min
alloy 5).

ffect for the two alloys, however, was different. Complete loss of
rain refinement was found in the sample of 60 min  holding after
noculation with alloy 1. Dissolution of AlB2 in the inoculated melt
s responsible for the fading. Alloy 2, the AlB12-type refiner, prof-
ts from the presence of AlB12 and the effective time of refinement

as thus prolonged. The grain refining efficiency was somehow
etained after 60 min  holding of the melt.
The Al–3Ti–3B master alloy, cast shortly after mixing (alloy 3),
s a homogeneous mixture of �-Al grains with a dispersion of three
ypes of particles (Fig. 2a). XRD pattern of this alloy clearly shows
Fig. 3. XRD patterns of the master alloys used in this work: (a) alloy 1, (b) alloy 2,
(c) alloy 3, (d) alloy 4 and (e) alloy 5.

that these particles comprised TiB2, TiAl3 and AlB12 (Fig. 3c). The
three particles formed according to Reactions (1)–(3) [28,32]:

3K2TiF6 + Al + 3AlB2 = 3TiB2 + 3KAlF4 + K3AlF6 (3)

The three particles can be identified readily from the optical micro-
graphs after etching with Busswell’s reagent. TiAl3 and AlB12 can
be distinguished by their different colors and morphologies. TiAl3
particles, seen as light gray, are predominantly flaky and approxi-
mately 30 �m.  Several petal-like TiAl3 particles were also noted in
Fig. 1a.(For interpretation of the references to color in this text, the
reader is referred to the web version of the article.) These obser-
vations are consistent with those of Arnberg et al. [33] who have
shown that flaky and petal-like TiAl3 particles dominated at high
temperatures. Wang et al. [34] pointed out that the morphology of
TiAl3 would be affected by other elements such as B, Li and Mg.  In
this work, the morphology of TiAl3 particles may  be attributed to
both of the two  reasons. AlB12, seen as huge lumps from Fig. 2a,
is dark gray and invariably surrounded by finer particles. Recalling
that TiB2 can be colored by copper after etching with Busswell’s
reagent, it is fair to infer that the fine, light brown particles in Fig. 2a
are TiB2 aggregation. (For interpretation of the references to color
in this text, the reader is referred to the web  version of the article.)

It is also noted from Fig. 2a that, in the Al–3Ti–3B master alloys,
large AlB12 lumps are always surrounded by chain-like TiB2 par-
ticles. Similar features are also exhibited in the microstructure of
alloy 4 and 5 (Fig. 2b and c). However, as the holding time was pro-
12 2
the melt was held for 30 min  before casting, the large AlB12 lumps
were fractured into small pieces and TiAl3 particles can be hardly
seen in the microstructure of the final alloy (Fig. 2c). From the
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alloys. The grain structures of the 2 min  samples inoculated with
alloy 4 and 5 are quite similar to that with the AlB12-type alloy 2.
This confirms the important impact of TiAl3 on the refiner to obtain
an outstanding refining efficiency.
8 T. Wang et al. / Journal of Alloy

bove all, we can conclude that AlB12 and TiAl3 may  take reactions
o form TiB2. In fact, the microstructures of the Al–3Ti–3B master
lloys with different holding times revealed the formation mech-
nism of TiB2 in this alloy. Considering that the Al–3Ti–3B master
lloy is a B-excess one, TiB2 should have agglomerated in the inter-
ace between the TiAl3 particles and matrix according to Emamy’s

odel [35]. However, the results were in disagreement with the
iews of the above. This is mainly attributed to that the borides
n the experimental Al–6B master alloy, due to the high synthe-
is temperature, were predominantly AlB12. Owing to the sluggish
eritectic reaction of AlB12 in aluminum melt, no sufficient solute
oron atoms were capable of being supplied aside the TiAl3 sur-
ace for the following reaction between Ti and B. Instead of that,
olute titanium was in excess and TiB2 would be agglomerated in
he B-enriched area near the AlB12 surface. Anyhow, AlB12 dissolved
radually, leading to the observations of fragments in Fig. 2b and
mall pieces in Fig. 2c inside the agglomerated TiB2 rings. The slug-
ish peritectic reaction is also evidenced by the still existing AlB12
articles in the final alloy up to holding of 30 min.

lB12 + 6[Ti] = Al + 6TiB2 (4)

ormation of TiB2 in the experimental Al–3Ti–3B alloy can be drawn
s Reaction (4).  The gradual dissolving of AlB12 and formation of
iB2 illustrated above are demonstrated from the XRD spectra of
he experimental alloys (Fig. 3c–e). The most intensified signals in
he XRD patterns, except for that of �-Al, are of TiB2, TiAl3 and AlB12
arieties. Remarkable increase in the fraction of the TiB2 variety and
ecreases in the fraction of TiAl3 and AlB12 variety can be seen from
ig. 3c–e when the holding time was increased. Besides, lack of the
ignals of the by-product K–Al–F salts in the XRD reflections indi-
ates that the residual salt, always introduced when the PM process
s involved, was almost removed out from the melt after decant-
ng. The by-product K–Al–F salts, originated from the halide salt
eactions according to Eqs. (1)–(3).  It has been reported that the
fficiency of Al–Ti–B refiners are strongly influenced by the spent
alts in the final alloys [36]. It is thus claimed that involvement of
pent salts, which the PM process inevitably suffers, can be over-
ome adequately by the present process for producing Al–3Ti–3B
aster alloys containing TiAl3 particles.
Distribution of the TiB2 particles in �-Al matrix of the master

lloys was noted in terms of the different holding times. In the
ase of 30 min  holding (alloy 5), more TiB2 particles were dispersed
nside the �-Al grains and very few were found as clusters at the
rain boundaries (Fig. 2c). Solute Ti, consumed gradually by the
eaction to form TiB2 during holding, played an important role in
he dispersion of TiB2 particles. Although the Al–3Ti–3B alloy was
n deficient in Ti, as a result of the sluggish peritectic reaction, the

ajority of boron atoms would be locked in the AlB12 box for a
hile after mixing of the two molten alloys. Hence, at the earlier

tage after mixing, Ti was yet the dominant solute in the mixed
olten alloy. It has been confirmed in the literature that in a Ti-

ich Al–Ti–B alloy, TiB2 acts as a substrate for the formation of TiAl3
uring solidification [37,38]. Consequently, TiB2 clusters would be
mbedded in the sheath of TiAl3. These accounts for the chain-like
iB2 agglomerates observed in the microstructures of alloy 3 and

 (Fig. 2a and b). The gradual dispersion of TiB2 after long hold-
ng time is an indirect evidence for the fact that after mixing of
he Al–Ti and AlB12-type Al–B master alloy, the melt will be rich
n solute Ti and therefore TiAl3 can be stabilized by the presence
f AlB12. Alloy 3, in which numerous TiAl3 particles were present,
xhibited favorable features and thus performed best in the grain
efinement test on Al–7Si alloy (Fig. 4). Grain structure of the Al–7Si

lloy enjoys the contribution of TiAl3 particles such that alloy 3
as found to be a fast acting refiner. Inoculation with alloy 3 has
roduced a fine and equiaxed grain structure across the entire sec-
ion of the test sample 2 min  after inoculation and the efficacy was
Fig. 4. Grain refinement tests of the experimental Al–3Ti–3B refiner on Al–7Si alloy
with  respect to the two Al–3B refiners.

almost completely retained for as long as 30 min  holding. The fast
acting feature of the refiner is attributed to the presence of TiAl3
which is known to be an efficient nucleating site for �-Al grains.
Fading of the refining effect after 30 min  holding of the inoculated
melt, is superior to the Al–3Ti–3B refiner fabricated by PM route
could offer, i.e. a notable fading at holding times longer than 15 min
[28]. This may  be linked with the modest particle size of TiAl3 in
the master alloy produced by the present process. TiAl3 particles
fabricated by reaction of K2TiF6 and Al in solid state are in such a
fine scale that dissolving can proceed more rapidly. The dissolved
Ti may  form silicides with Si and/or form TiB2 with boron, both of
which will strongly impair the grain refining performance. Given
prolonged holding times, the sluggish peritectic transformation of
AlB12 to AlB2, which is an alternative potent nucleating site for �-
Al grain, is also responsible for the fading-resistant feature of the
refiner [31].

Alloys 4 and 5 were designated to investigate the effect of trans-
formation of AlB12 and TiAl3 into TiB2 on the performance of the
Al–3Ti–3B refiner. Lacking of TiAl3 and AlB12 resulted in inferior
performances of the two alloys in spite of the more uniform distri-
bution of TiB2 in alloy 5 (Fig. 5). This is not astonishing since TiB2 is
known to be as less efficient nucleating site for hypoeutectic Al–Si
Fig. 5. Grain refinement tests of the Al–3Ti–3B grain refiners with different holding
times on Al–7Si alloy.
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ig. 6. The average grain size of the samples with different holding times after
noculation of alloys 1–5.

To illustrate the better performance of alloy 3, Fig. 6 shows the
uantitative average grain size analysis. It could be clearly seen that
lloy 2–5, in which AlB12 existed, all exhibited resistance to fading
fter long period of holding time. While alloy 1, in which AlB2 is
he predominated phase, was found so easy to lose its grain refin-
ng efficiency that complete failure of grain refinement occurred
n the sample 60 min  after inoculation. From the grain analysis,

 min  after inoculation of alloy 3 has produced a fine equiaxed grain
tructure (167 �m)  which was almost entirely retained for 30 min.
his grain refinement is much superior to that inoculated with the
inary Al–3B alloy (435 �m for the sample 2 min  after inoculation)

n this work. The reduction in grain size is remarkable in spite of the
odest addition level of 0.005% B (or Ti). It confirms the favorable

ontribution of TiAl3 on the grain refinement of Al–7Si alloy [28].
o, it is inferred from the foregoing observations that casting of the
aster alloy shortly after mixing produces the best, fast acting and

ading-resistant Al–3Ti–3B refiner for Al–Si alloys.

. Conclusions

By mixing separately synthesized Al–Ti and Al–B master alloys,
 novel Al–3Ti–3B grain refiner, in which TiB2, TiAl3 and AlB12
articles dispersed, has been produced in this work. The final prod-
cts yielded a superior grain refining performance with respect
o the Al–3B master alloys. AlB12 plays an important role for the
mproved performances in grain refinement. During fabrication of
he Al–3Ti–3B master alloy, increased holding time after mixing

ontributes to the reaction between AlB12 and TiAl3, which severely
mpairs the refining efficiency of the final products. Hence, it is
equired to cast the Al–3Ti–3B master alloy shortly after mixing of
he two melts in order to obtain a good grain refining performance.

[
[
[
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The present study provided a new grain refiner for Al–Si foundry
alloys. It can be used in the casting of aluminum alloys, especially
when a long holding time of grain refining efficiency is required.
Meanwhile, the results have shown that Al–Si alloys can enjoy
grains as small as those of the wrought alloys, well below 200 �m,
with an addition of only 0.005 wt.%B. This offers many technical
benefits for the casting of Al–Si alloys.
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