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Abstract : The nonequilibrium diffusion of liquid alu minum atoms in cross direction in the innerpart of the solid steel base

has been realized by using methods such as roughening steel plate surface , immersing flux on steel plate surface and short-

time diffusion, and the interface of solid steel and liquid aluminum under nonequilibrium diffusion in cross direction was

formed by using rapid solidification . The interfacial structure was studied by means of electron probe microanalysis. The

results showed that the interfacial structure of solid steel and liquid aluminum under nonequilibriu m diffusion in cross direc-

tion is quite different from that of solid steel and liquid aluminum under conventional diffusion, that is, the interface of

solid steel and liquid aluminum under nonequilibrium diffusion in cross direction is made up of groups of Al ;Fe, teeth

( which grew from the contact surface to steel base inner) at the bulges of steel plate surface and Fe Al solid solution

(whose Al content is less than 3 .5 %) at the concaves of steel plate surface bet ween the groups of Al ;Fe, teeth .
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1 INTRODUCTION

The current products of solid steel and liquid alu-
minum under conventional diffusion mainly include
hot- dip “31 and steel
[(4=6] The dif-

fusion of aluminum atoms in the innerpart of solid

aluminizing steel plate[ !

aluminum solid to liquid bonding plate

steel base is rather sufficient not only in lengthwise
direction but also in cross direction, so it reaches e-
quilibrium in cross direction. The typical interfacial
structure of these products is Al, FeAl;, Fe,Als and
Fe in turn from aluminum to steel base!’!. The Fe- Al
brittle compounds FeAl; and Fe,Al; form a middle
brittle layer whose thickness is generally about 40
pm. When other ele ments such as Si are added in alu-
minum liquid, the thickness of the middle brittle lay-
er can reduce to about 15 um®*®!. But no matter how
thin the middle brittle layer is , the Fe- Al brittle com-
pounds always form a continuous layer because of the
equilibrium diffusion of aluminum atoms in cross di-
rection. However, the continuous layer structure of
Fe Al; and Fe, Als can e mbrittle the interface of prod-
uct , so the interfacial mechanical properties are rela-
tively lower. Therefore we must try to destroy the
continuous middle brittle layer at the interface in or-
der to re move the e mbrittle ment of the interface .

It is well known that the formation of Fe- Al
compound is the result of the diffusion of aluminum

atoms in the innerpart of steel base and the reaction
with Fe atoms . If the diffusion of aluminum atoms is
nonequilibrium in cross direction in the innerpart of
steel base, the distribution of Fe- Al compound in
cross direction will be different at the interface , that
is,, the continuous middle brittle layer will be de-
stroyed, and the embrittle ment of the interface will
be avoided. This is the basic idea of nonequilibrium
diffusion method.

For the first time, the nonequilibrium diffusion
of liquid aluminum atoms in cross direction in the in-
nerpart of solid steel base has been realized by using
methods such as roughening steel plate surface , im-
mersing flux on steel plate surface and short-time dif-
fusion, and the interface of solid steel and liquid alu-
minum under nonequilibrium diffusion in cross direc-
tion was formed by using rapid solidification. The in-
terfacial structure was determined by means of elec
tron probe microanalysis .

2 EXPERI MENTAL

The experimental materials were 1 .2 mm- thick
08 Al steel plate and industrially pure aluminum
(99 .99 %) . The experimental procedures were as fol-
lows. Welded the steel plate to the bottom of the
cooling box for rapid solidification, as shown in Fig .
1 . Defatted, descaled and roughened the surface of
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the steel plate in order to get fresh surface to contact
with aluminum liquid. Immersed the steel plate sur
face in flux ( KyZrFgs) aqueous solution for 1 min in
order toform about 10 pm-thick flux layer on the sur
face to prevent the fresh surface of the steel plate
from oxidizing . The concentration of the flux aqueous
solution was 7 % . The flux aqueous solution must be
heated to 90 C so as to increase the density of the
flux layer. Stoved the steel plate at the bottom of
cooling box for 1 min at 200 C in order to re move the
water in the flux layer. Fixed the cooling box onto
the supporting frame (the experimental apparatus was
shown in Fig.2) . Dropped the cooling box into the a-
luminum liquid to realize nonequilibrium diffusion of
aluminum atoms in cross direction in the innerpart of
solid steel base . After 4s, pumped the cooling water
into the cooling box im mediately to realize rapid solid-
ification from the steel side ( the cooling speed was
about 2 000 C/s) in order to obtain the interface of
solid steel and liquid aluminum under nonequilibrium

Entrance of water

\I“L
=3

T

Exit of water

| Cooling box

08 Al steel plate
Fig.1 Cooling box sketch

Cooling box
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| Heating furmnace

Fig .2 Experimental apparatus sketch

diffusion in cross direction, and raised the cooling box
at a speed of 10 m/s at the same time in order to ob-
tain about 4 mm-thick solid aluminum layer on steel
plate . The industrially pure aluminum liquid was re-
fined and its te mperature was 800 C . In order to pre-
vent liquid aluminum from oxidizing at high te mpera-
tures , a layer of preservative was used to cover the
surface of the aluminum liquid in the heating-furnace .
Disboarded the cooling box from the supporting frame
and cut the steel-aluminum plate from the cooling box
on a lath . Cut the steel-aluminum plate into blocks of
10 mmx10 mmXx 5.2 mm by linear cutting method.
Carefully ground, polished, eroded, cleaned and
dried the side of the block to make the sample for
electron probe microanalysis. The volume composi-
tion of the corrosive agent used was 0.5 %HF, 1 .5%
HCI, 2.5 % HNO; and 95.5 % H,O. At last, con-
ducted electron probe microanalysis to observe interfa-
cial structure and analyze its composition .

3 RESULTS AND DISCUSSION

Fig .3 shows the SEI micrograph of the interface
of steelFaluminum plate under nonequilibrium diffu-
sion in cross direction. The left dark side is aluminum
region ; the right white side is 08 Al steel base. The
juncture of aluminum and steel base is the interface .
It can be seen that the interface is made up of regions
1,2 and 3. Regions 1 and 3 which distribute at the
bulges of solid steel base are made up of the teeth
which grew from the contact surface to the steel base
inner. Fig.4 shows the AlK,line scan of region I .
Fig .5 shows the FeK, line scan of region 1 . From
these two figures, it can be seen that the composition
of the teeth is basically changeless. The results of
multt point composition gquantitative analysis of the
teeth are 39 % Fe, 61 % Al. According to the mass
fractions , the molecular formula of the tooth phase is
Alj;Fe,. So regions 1 and 3 are groups of Alj; Fey
teeth whose maximum length is about 10 pm. Region
2 distributes at the concave of solid steel base. The
results of multi point composition quantitative analy-
sis of region 2 shows that region 2 is Fe- Al solid solu-
tion whose Al content is less than 3 .5 % . Therefore ,
it can be said that there is no continuous middle brit-
tle layer at the interface of steel-aluminum plate under
nonequilibrium diffusion. Instead, the interface is
made up of groups of Al ; Fe, teeth at the bulges of
steel base and Fe- Al solid solution at the concaves of
steel base between the groups of Alj;Fe, teeth .

When aluminum liquid contact with the solid
steel plate surface, the bonding behaviors such as
wetting , spreading, adsorption, diffusion and reac
tion would happen“o] . Because the steel plate surface
was roughened, it was scraggy, and this led to the
result that the thickness of the flux layer on the steel
plate surface was quite different. At the bulge of the
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Fig .3

Fig.b FeK,line scan

steel plate surface , the thickness of the flux layer h
was smaller, while at the concave of the steel plate
surface , the thickness of the flux layer H was larger,
as shown in Fig .6 . When solid steel plate contacted
with aluminum liquid, the flux on the steel plate sur
face began to melt and decompose . At the bulges of
steel plate surface , because the thinner flux layer was
firstly re moved, aluminum liquid contacted with the
solid steel plate surface primarily, and the bonding
behaviors such as wetting, spreading, adsorption,
diffusion and reaction happened firstly. It is well
known that the diffusion of aluminum atoms and the
trans mitting of energy into the solid steel base are
perpendicular to the tangent of the steel plate surface .
At the bulges of steel plate surface, the direction of
aluminum diffusion and energy transmitting was
pointed to the curvature center of solid steel plate

Flux layer

Aluminum liquid

FAN—
Steel base

A
Contact surface

Fig.6 Contact interface sketch

surface , and thus the te mperature and the concentra-
tion of aluminum in the steel base at the bulges of
steel plate surface were higher than those of smooth
surface. Therefore, the teeth at the bulges of steel
plate surface contain more aluminum and point to the
curvature center of steel plate surface, as shown in
Fig .3 . However, at the concave of steel plate sur
face , the thicker flux layer was finally re moved, the
liquid aluminum contacted with the solid steel plate
surface secondly , some of its heat energy had trans-
mitted into the steel base from the bulges of the steel
plate surface, the of this part of
aluminum was relatively lower, and the direction of

te mpc rature

aluminum atom’ s diffusion and energy transmitting
was divergent, therefore the temperature and the
concentration of aluminum atoms in the steel base at
the concave of steel plate surface were much lower
than those of smooth surface. So at the concave of
steel plate surface, only Fe- Al solid solution could
form . In addition, the total time of diffusion was on-
ly 4 s which was so short that aluminum atoms and
energy in steel base had not enough time to conduct
cross diffusion and trans mitting . Therefore , roughen-
ing steel plate surface , immersing flux at steel plate
surface and short-time diffusion resulted in nonequi-
librium diffusion of aluminum atoms in cross direction
in the innerpart of steel base , and formed the interfa-
cial structure with groups of Alj; Fe, teeth at the
bulges of steel base and Fe- Al solid solution at the
concaves of steel base. The rapid solidification avoid-
ed diffusion of aluminum atoms in cross direction in
the innerpart of steel base during natural cooling in
the air, and kept interfacial structure form under
nonequilibrium diffusion directly . So the interfacial
structure of solid steel and liquid aluminum under
nonequilibrium diffusion in cross direction was quite a
new one which increases the interfacial shear strength
of steeFaluminum bonding plate from about 60 MPa
to about 70 MPa .

4 CONCLUSIONS

In nonequlibrium diffusion experiment of solid
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steel and liquid aluminum , methods such as roughen-
ing solid steel plate surface , immersing flux on solid
steel plate surface and short-time diffusion could re-
sult in nonequlibrium diffusion of aluminum atoms in
cross direction in the innerpart of steel base success-
fully , and rapid solidification could keep the interfa-
cial structure of solid steel and liquid aluminum under
nonequilibrium diffusion in cross direction directly .
So there was no continuous middle brittle layer
( which formed in conventional diffusion) at the inter
face of solid steel and liquid aluminum under nonequi-
librium diffusion. Instead, the interface of solid steel
and liquid aluminum under nonequilibrium diffusion
was made up of groups of Alj;Fe, teeth ( which grew
from the contact surface to steel base inner) at the
bulges of solid steel plate surface and Fe- Al solid solu-
tion ( whose Al content was less than 3.5 %) at the
concaves of solid steel plate surface between the
groups of Alj;Fe, teeth .
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