Vol. 14 Ne 4

Trans. Nonferrous Met. Soc. China Aug. 2004

Article ID: 1003 ~ 6326(2004) 04 ~ 0728 ~ 05

Effect of strontium on columnar growth of dendritic a phase
in near eutectic AF11. 6%Si alloys®
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Abstract: For A}F11. 6% Si alloy, the influence of the addition of Sr on the morphology of the dendrite a phase was in-
vestigated, and the characteristic parameters of the dendrite a phase, the primary dendrite spacing and the secondary den-

drite arm spacing, were also measured. The addition of strontium promotes the columnar dendrite growth and leads to a
decrease of both the primary dendrite spacing and secondary dendrite arm spacing with the increase of the content of stron-
tium in the modified neareutectic AFSi alloys. It is thought that the addition of Sr leads to a reduction of the solidliquid
interfacial energy of the dendrite a phase, consequently resulting in a decrease of the growth undercooling of dendrite tips.

And hence, the nucleation of the equiaxed grains in the liquid in front of the columnar dendrite tips is restrained, thus the
addition of strontium in AFSi alloys promotes the growth of the columnar dendrites. The reduction of the solidliquid in-

terfacial energy also leads to the decreases in the primary dendrite spacing and the secondary dendrite arm spacing.
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1 INTRODUCTION

Though near-eutectic AFSi alloys have got excel-
lent castability, the undesirable strength and ductility
limit their applications, especially in some important
products. Investigations on improving mechanical
properties of these alloys attract much attention of re-
searchers and casting producers. Modification of eu-
tectic silicon has become a basic practice of the near
eutectic alloys. The addition of strontium in AFSi
casting alloys causes a transition of the eutectic silicon
phase from coarse flakes into fine fibers, and hence
leads to a considerable improvement of the mechanical

propert jest 17

, which was commonly thought to be
attributed to the changes of the morphology and size
of the eutectic silicon phase. Many researches have
focused on the modification mechanisms of sodium

: 1, 5, 7716
and strontium! I

But whether some changes
of the dendritic a phase have occurred or not during
modifying process was paid less attention. The den-
dritic a phase, a ductile phase, has been found out to
play an important role in improving the mechanical
properties of the neareutectic AFSi casting alloys' ')
It is necessary to investigate the effect of strontium on
the growth of dendrites. Although the directional so-
lidification experiment, a good method for studying
the dendrite growth behavior, is not done in the pre-
sent study, it is also practically significant to discuss
the effect of strontium on the dendrite growth in AF

Si alloy during casting, and to analyze its mechanism.
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Depending on the constitutional and heat flow
conditions in a solidifying aluminum alloy, three dif-
ferent grain morphologies are possible, namely, e
quiaxed, columnar, and twinned columnar. Tw inned
columnar grains( TCGs) are much less common than

the other types but can occur in AFSi casting al-

loys[ 18

. In neither of these dendritic growth modes,
equiaxed or columnar, does growth occur at the equir
librium liquidus temperature. Instead the temperature
of a growing dendrite tip is below the liquidus by an
amount known as the growth undercooling. The tem-
perature of the dendrite tip is mainly controlled by the
solute diffusion in liquid. The movement of the
isothermal front binds down the dendritic growth,
the velocity of movement determines the dendrite tip
undercooling! "'

In the Hunt's model of the steady state of e
quiaxed dendrite growth'*, a columnar dendritic
front is assumed to be growing at an undercooling,
AT ¢( growth undercooling below liquidus temperature
for columnar dendritic growth), and the nucleation of
the equiaxed dendrites is assumed to take place in-
stantaneously at an undercooling, AT y. If ATx<
AT ¢ then the equiaxed dendrites can grow in the liq-
uid ahead of the columnar dendrite front. The compe-
tition between the columnar and equiaxed growths de-
pends on the extent of undercooling in the liquid a
head of the columnar growth front.

In the casting solidification process, many fac
tors affect the dendritic growth and the morphology
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of the dendrites. One kind of them includes the in-
trinsic properties of the alloy, such as m, ko, Co,
Dy, Yand AS(where m is the slope of the liquidus,
ko is the equilibrium partition coefficient of the solute
between solid and liquid, Cyg is the composition of the
alloy, D1, is the diffusion coefficient of the solute in
liquid, AS is the entropy of fusion per unit volume,
and Y is the solid-liquid interfacial energy), and the
other includes the processing factors, such as the
temperature gradient in the liquid, the pouring tem-
perature, the heat releasing conditions and the nucle-
ation potency in the melt. In the common casting so-
lidification process, the temperature gradient in the
liquid is fairly level after a short periodic chilling, so
the tip growth undercooling, AT ¢, which is defined
as the temperature difference between the liquidus
temperature of the alloy and the tip temperature, of
both equiaxed and columnar dendrites can be ex-
pressed ast'® 20!

ATc= 2.83[mCo(ko— 1) Yo/ DLASTY? (1)

where
tip.

vc is the growth velocity of the dendrite

2 EXPERIMENTAL

2.1 Preparation of experimental alloy and observa
tions on microstructure

The experimental alloy with nominal composition
of AF11.6% St 0. 15% Fe was melted in an electrical
resistance furnace using a graphite crucible. An Ak
10% Sr master alloy was added to the melt at about
730 C. According to the recovery of strontium in the
melts measured by ICP spectrometer, the strontium
content in the alloys is obtained as 0, 0. 010%, O.
015%, 0.020%, 0.025%, 0.030% and 0.0375%.
After 30 min warm-keeping, the SW-RJ1 flux was
introduced for degassing. Then, the melt was poured
at about 720 C into a standard tensile sample mold
(grey iron, preheating at 200 C). The metallo-
graphic samples were cut from the gage part of the
tensile test bars (12 mm in diameter, 60 mm in gage
length) . After being etched in the Keller s reagent,
the microstructure was observed and recorded using
an optical microscope.

2.2 Measurement of characteristic parameters of
dendritic a phase

Two characteristic parameters of the dendritic a
phase, A and XA, were measured using the linear in-
tercept method with an optical microscope by hand.
The magnification of the visual field is fixed as 100
and the sampling number is 15 for each datum. The
scale mark in the microscope was adjusted to be per-

pendicular to the growth direction of a given columnar
dendrite groups with the same orientation, and then
the number of the primary dendrites, N, was count-
ed within a definite length L, which was not fixed
and should be adjusted according to the actual cases.
Then the value of A is obtained from N= L /100
(Ni= 1). For X, the scale mark was run parallel to
the growth direction of one primary dendrite and the
number of the secondary dendrite arms, N,, was
counted with a fixed length L3 which was 4 x 10* Um
(image scale) in the present study, and then, X=

L2/100(No- 1).

3 RESULTS

3.1 Morphology of dendritic a phase

The influence of the Sr content on the morpholo-
gy of the dendritic a phase in AF11. 6% Si alloy is
shown in Fig. 1. In the unmodified alloy, the mor-
phology and orientation of the dendritic a are not uni
form and the secondary dendrite arm spacing is large.
There are some blocky primary silicon particles, and
the eutectic silicon is presented as coarse flakes. With
the Sr content of 0. 015%, the dendritic a phase be-
comes more columnar. When the amount of Sr in-
creases to 0. 020%, the dendritic a becomes com-
pletely columnar and slender, and the eutectic silicon
is presented as fine fibers. With more addition of Sr,
both the primary dendrite spacing and the secondary
dendrite arm spacing decrease. Same effects of stron-
tium were found in AF11. 6% Sr0. 4% Mg alloy''”
and AF13.0%Si alloy' >,

tions, it is rational to conclude that Sr promotes the

From the above observa

columnar growth of the dendrites in AFSi casting al-
loys. However, it fails to agree with the point of view
of Lu and Hellawelll''Y' | who pointed out that the ad-
dition of strontium or sodium has no observable influ-
ence on the dendrites in AFSi casting alloys.

3.2 Characteristic parameters M and A

Fig.2(a) shows that the secondary dendrite arm
spacing decreases with the addition of strontium in-
creasing. When the addition of strontium increases
from 0. 020% to 0. 0375%, X decreases by about
30% in the AF11. 6% Si alloy. Fig. 2(b) indicates
that increasing the strontium content from 0. 020%
to 0. 0375% leads to about 23. 1% reduction of A.
The results above sugeest that the addition of stron-
tium in AFSi casting alloys can refine the primary
dendrites and the secondary dendrite arms. It is bene-
ficial to the improvement of the mechanical proper
ties.
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Fig. 1
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Influence of Sr content on morphology of dendritic a in AF11. 6% Si alloy
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Fig. 2 Effects of Sr content in AF11. 6% Si
alloys on X(a) and N(Db)

4 ANALYSIS AND DISCUSSION

Tashis! > has found out by experiment that the
refinement of alloying elements has a relation to the

parameter, mCo( ko— 1)/ ko. The grain size decreas-
es remarkably with the increase of the value of it.
This refining effect is related to the constitutional un-
dercooling caused by the solute rejected from the den-
drite tips and accumulating in the liquid ahead of the
tips. From the point of view of the constitutional un-
dercooling criterion, the larger the AT ¢ is, the larger
the constitutional undercooling is. It is validated by
the experimental data of Gowri and Samuel'*'. They
reported that the additions of Zn, Mg, Cu, Mn or Fe
in 380 Al alloys led to a decrease in the secondary

(261 and

dendrite arm spacing. Kearns and Cooper
Apelian et all*"! thought that this effect of alloying el
ements could be cumulated simply. The effect of
strontium is also assumed to cumulate simply in the
present work.

From the data in Table 1, it is seen that in AF
11.6% Si alloy the variation of mCo( ko— 1), even
with the maximum addition of strontium in the pre-
sent study ( the strontium content is 0. 0375%), is
quite little, which can be neglected. But the addition
of strontium may cause the intrinsic property of alloy
melt to change considerably. The influence of atomic
volume on the surface tension has been well estab-
[28. 291~ As modifiers, the
atomic radii of sodium and strontium are long ™,
rna/ rai= 1. 86/1.4310= 1. 30 and rs/ rai= 2. 16/
1.4310 = 1. 51, and the solubility of them in the a
(Al) solution is very low. So the atoms of strontium
or sodium are rejected from the solid, accumulating in
the liquid ahead of the dendrite tips during the
growth of the dendritic a phase, and, consequently,
the solid-liquid interfacial energy is decreased. The
data in Table 2 illustrate that the addition of sodium

lished by many researchers
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in AFSi alloy leads to a considerable reduction in the
surface tension of the alloy melt. Though the effect of
strontium on the surface tension of the AFSi alloy
melt has not been measured, it is rational to think
that the addition of strontium in AFSi alloy melts also
causes the solid-liquid interfacial energy to decrease
according to the effect of sodium. Suppose that the
influences of strontium on Dy and AS are tiny, since
the effect of strontium on mCo(ko— 1) can be ne
glected, it can be obtained that the addition of stron-
tium in AFSi alloys leads to a decrease in the tip
grow th undercooling of columnar dendrite from Eqn.
(1), under the same processing conditions. It is the
reduction in the growth undercooling of the dendrite
tip that restrains the nucleation of the equiaxed grains
in the liquid ahead of the columnar dendrite tips.
Thus the columnar growth of dendrite is promoted.

Table 1 Properties of Al alloys with

a sort of solute elements! "

Co(ko— *
Element m ko m(ko-1) ml)()*(/l()( ATy /K
. 67.63
Si - 6.7 0.13 5.83 (Co= 11.6) 6.59
0.079
Sr -2.4 0.12 2.11 ( Co= 0.037 5) 0. 66

* The data of these two columns are obtained by calculating
with the alloy compositions in the present study.

Table 2 Influence of Na on surface tension of

Al and AFSi alloy melts!?! (107 *Nem™ 1)

P A+ . AF10%Si+ AF10% Si+
Pure AL "9 1op Na  AP10%SL "6 1, Na  0.2%Na
849 695  842-831 619 560

Using the scaling law %/ R= 2, the variation in
the secondary dendrite arm spacing, in small Peclet

number conditions, can be presented as' >
X=8VLD/vc AT o ko AS (2)
where L is a constant which depends on the har

monic of perturbation. For cubic crystals, L= 28 has

been shown to be operative for the dendrite
[31,32]
growth :

For the primary dendrite spacing, a lot of work

has been done by Flood and Hunt'?!!, Hunt!?,

Trivedi and Somboonsuk!*”, and Somboonsuk, Ma

son and Trivedi >,

The following equation is de
duced according to the previous results by the present
authors above! >

A= 6.506( YD m(ko— 1) Col ASvcGE)Y* (3)

From Eqn. (2) and Eqn. (3), the relationships,
o< ¥'2and N o< ¥'* can be concluded. So the re-
duction of the solid-liquid interfacial energy, caused
by the addition of strontium, is also the main reason
for the secondary dendrite arms refining and the pri-
mary dendrite spacing decreasing.

5 CONCLUSIONS

1) The addition of strontium in near-eutectic AF
Si alloys promotes the columnar growth of dendrite.
Both the primary dendrite spacing and the secondary
dendrite arm spacing decrease with the increase of the
strontium content. Strontium is beneficial to the re-
finement of the dendritic a phase.

2) It is thought that the addition of strontium in
AFSi casting alloys leads to the decrease of the solid-
liquid interfacial energy, which causes the growth un-
dercooling of the dendrite tip to be lower, and conse-
quently the nucleation of the equiaxed grains in the
liquid ahead of the columnar dendrite tips is re
strained. Thus the columnar growth of dendrite is
promoted. The same reason causes the primary den-
drite spacing and the secondary dendrite arm spacing
to decrease too.
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