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Abstract: Fe Al compound at the interface of steet mushy AF28Pb bonding plate was studied quantitatively. The rela
tionship between ratio of Fe Al compound at interface and bonding parameters such as preheating temperature of steel

plate, solid volume fraction of AF28Pb slurry and rolling speed, was established by artificial neural networks perfectly.
T he results show that when the bonding parameters are 546 C for preheating temperature of steel plate, 43.5% for solid

volume fraction of AF28Pb slurry and 8. 6 mm/s for rolling speed, the reasonable ratio of Fe Al compound corresponding

to the largest interfacial shear strength of bonding plate is obtained as 71. 5% . T his reasonable ratio of Fe Al compound is

a quantitative criterion of interfacial embrittlement, that is, when the ratio of Fe Al compound at interface is larger than

71.5% , interfacial embrittlement will occur.
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1 INTRODUCTION

Steek AF28Pb bonding plate is an ideal material

of neotype bearing'' !

, which are widely needed in
machinery and automobile fields'“® . For this bond-
ing plate, interfacial structure is very important. It
determines the interfacial mechanical property. Fe Al
solid solution and Fe-Al compound are the component
materials of interface of steekr AF28Pb bonding plate.
When interface is completely made up of Fe Al solid
solution ( for example the interface formed by the
bonding of solid steel to solid AF28Pb), interfacial
mechanical property is generally lower, usually only
about 40 MPal”!. When interface is entirely made up
of Fe Al compound (for example the interface formed
by the bonding of solid steel to liquid AF28Pb), the
interface becomes brittle, and interfacial mechanical
usually of about 60

When interface is made up of Fe Al com-

property is not very high,
MPa'®.
pound and Fe-Al solid solution ( for example the inter-
face formed by the bonding of solid steel to mushy AF
28Pb), interfacial mechanical property can increase to
about 70 MPal®. Therefore, it is very important to
determine the interfacial structure of steekAF28Ph
bonding plate quantitatively.

It is well known that the formation of interface

is the result of diffusion of Al atoms into steel sub-
strate and reaction with Fe atoms!'”'. Therefore, the
bonding parameters, which can influence the diffu-
sion and reaction of Al atoms in bonding, have impor-
tant effects on the interfacial structure of steebAl
28Pb bonding plate.

In this work, the interfacial structure of steel
mushy AF28Pb bonding plate was studied quantita-
tively. The relationship between interfacial structure
and bonding parameters (such as preheating tempera
ture of steel plate, solid fraction of AF28Pb slurry
and rolling speed) was established by artificial neural
networks, and the reasonable interfacial structure was
determined.

2 EXPERIMENTAL

The materials used in this experiment were 08Al
steel plate with thickness of 1. 2 mm and AF28Pb
(mass fraction, %) alloy which contains 1. 0% Si.

The experimental procedures were as follows.

1) Treating the steel plate surface. Defatting
and descaling the surface to get fresh surface. Then
immersing the surface in 7% aqueous solution of flux
(K2ZrFe) at 90 C. The immersing time was 1 min.
These conditions could form a 10 Pm-thick flux layer
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on the surface of steel plate, which prevents the fresh
surface from oxidizing. At last stoving the steel plate
for 1 min at 200 C in order to remove the water in
flux layer.

2) Preparing AF28Pb slurry. Electromagnetic
mechanical stirring technique was used to prepare AF
28Pb slurry! 'l The precision of solid volume frac-
tion of AF28Pb slurry was *1%.

3) Conducting steeFmushy AF28Pb bonding.
The experimental equipment is shown in Fig. 1. The
length of pouring mouth is 200 mm. The diameter of
roller is 320 mm. The precision of temperature is X1
‘C. The precision of rolling speed is F0.1 mm/s,
and the thickness of bonding plate is 2. 5 mm.

Steel plate preheating apparatus
/ Al-28Pb slurry

. // ORoller

Rolling direction

F O

ing plate

Steel plate 1

O—+0

Pouring mouth —p '+

Fig. 1 Sketch of steeFmushy AF28Pb

bonding process

4) Cutting up the bonding plate into testing
samples for SEM experiment using linear cutting
method. The sample was a block of 10 mm X 10 mm
x 2.5 mm. One side of this sample must be carefully
ground, polished, eroded, cleaned and dried. The
content of etching liquid was 0. 5% HF, 1.5% HCI,
2.5% HNO3 and 95.5% H,0.

5) Conducting SEM experiment to observe the
interfacial structure.

3 RESULTS AND DISCUSSION

3.1 Relationship between content of Fe- Al conr
pound and bonding parameters

For AF28Pb slurry, primary solid particles dis-
tribute in liquid uniformly. In process of steelmushy
AF28Pb bonding, the primary solid particles and liq-
uid in the uniform AF28Pb slurry contact with steel
plate in some proportion respectively. The difference
of diffusion and reaction capability between liquid and
solid Al atoms results in the interface which is made
up of FeAl compound and Fe Al solid solution alter-
natively!” '?. This interfacial structure is periodic as
shown in Fig. 2. Thus one period can be used to de-
termine the interfacial structure of steeFmushy Al
28Pb bonding quantitatively. L/ L is named as ratio
of Fe-Al compound at interface. L is the length of
Fe Al compound in one period. L is the length of one
period, namely, the sum of L and L ,(the length of
Fe Al solid solution in one period) . The experimental
data ( average value) of ratio of FeAl compound at
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interface are shown in Table 1.
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Fig. 2 Interface of steekmushy AF28Pb

bonding plate

In steeFmushy AF28Pb bonding, the bonding
parameters such as preheating temperature of steel
plate, solid volume fraction of AF28Pb slurry and
rolling speed have some influences on ratio of Fe-Al
compound at interface. There exists a complicated
nonlinear relationship between bonding parameters
and ratio of Fe-Al compound at interface. This rela
tionship is rather difficult to or can not to be predicted
by conventional regression method.

Artificial neural networks ( ANN) have been
widely used to realize modeling, estimation, predic
tion, diagnosis and adaptive control in complex non-

1137131 " The back-propagation (BP) net-

linear system
work is a multilayer feedforward and fullconnected
neural networks. It has strong associative memory
and generalization capabilities, and can approximate
any nonlinear continuous function with an arbitrary
precision. T herefore artificial neural networks can be
used to establish the model about the relationship be-
tween bonding parameters and ratio of Fe-Al com-
pound at interface in steeFmushy AF28Pb bonding.
A threelayered feed-forward neural networks
system with 3 neurons in the input layer, 2 in the
hidden layer and 1 in the output layer was used in this
investigation as shown in Fig. 3. Layer 1 is the in-
put layer which uses linear elements Z{, Z> and Z3
representing preheating temperature of steel plate,
solid volume fraction of AF28Pb slurry and rolling
speed, respectively. Layer II is the hidden layer
which uses nonlinear elements. The input of element
J is N; which is the sum of the outputs of layer [ af-
ter timing weight respectively, and the output of ele-
ment J is ¥; which is the result of the nonlinear func

tion of N, f (x). Layer III

is the output layer which uses only one nonlinear

named as
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Table 1 ANN training and predication points

. Solid volume
Preheating temperature

Rolling speed

Ratio of Fe Al compound/ %

Sample of steel plate/ C irliztﬁ;x; (;}f {{mmes™ Y T — Relative error/ %
1 150 40 10 2.0 2.0 0.0
2 200 40 10 4.8 4.9 2.1
3 350 40 10 20.3 19.7 2.9
4 450 40 10 52.5 53.8 2.5
5 500 40 10 56.2 56. 1 0.2
6 550 40 10 83.1 84.3 1.4
7 600 40 10 85.8 84.9 1.0
8 550 15 10 98.6 97.3 1.3
9 550 20 10 94.7 95.1 0.4
10 550 25 10 93.2 94.2 1.1
11 550 30 10 85.3 87.6 2.7
12 550 35 10 83.9 83.9 0.0
13 550 45 10 65. 1 66. 4 2.0
14 550 55 10 46. 8 47.9 2.4
15 550 60 10 44.0 45.9 4.3
16 550 40 2 100 100 0.0
17 550 40 5 93.2 9.1 1.0
18 550 40 20 28.6 28.1 1.7

19° 250 40 10 5.5 5.6 1.8
20 650 40 10 77.6 75.3 3.0
21" 550 50 10 53.1 53.4 0.6
2. 550 40 15 41.3 40.9 1.0

* —Testing sample

[ II 1

Fig.3 Back-propagation structure of ANN

element whose input N is the sum of the outputs of
layer II ( Y;) after timing weight respectively, and
the output, also the output of ANN, is the ratio of
Fe Al compound at interface (H) which is the result
of the nonlinear function of N named as f (x). Vj; is
the connection weight between the input layer and
the hidden layer. W; is the weight between the hid-
den layer and the output layer.

The learning algorithm could be summarized as
follows.

1) Selecting the learning rate Tl= 0. 1, momen-
tum coefficient a= 0.1 and Z4= Y3= - 1.

2) Taking a group of random numbers within
(= 0.5, 0.5) as the initial values of Vj; and W;.

3) Computing the outputs of all neurons layer by
layer, starting with the input layer as

4

nety = D ViZi  j=1,2 (1)
Y= f ( nety) (2)
net = _32W,-Yj (3)
H:f(jr;et) (4)
f(x)=(1=¢€ ")/(1+ ¢€) (5)

Vis and W3 offer thresholds for the neurons in

the hidden layer and output layer because the output
value of Z4 and Y3 are constant and equals to — 1.
4) Computing system error

_L P
E= 2Pn=2:‘(D"_ H,)? (6)

where P represents the total number of patterns,
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H , is the ANN outputs and D, the desired outputs.
5) If E is small enough or learning iteration is
big enough, stop learning.
6) Computing learning errors for all neurons lay-
er by layer:
§= (D= H)f"(net) (7)
G= W;Gf (net;), j=1,2 (8)
7) Updating weights along negative gradient of

E:
Wi(t+ 1)= Wi(0)+ MY+
af Wi(t)= Wi(1=1)] (9)
Vji(t+ 1): Vji(t)+ Tl@ZL-+
af Vii(t)= V(1= 1)] (10)

8) Repeating by going to Step 3).

Randomly selecting 18 samples to train the ANN
and the remaining 4 samples to verify the generaliza-
tion capability of the ANN. After 62 000 iterations,
the outputs H of the ANN are close enough to the de-
sired outputs D, not only for training samples but al-
so for testing samples. The results are shown in T able
1. The maximum of relative error is 4. 3% . This fact
shows that the ANN is good enough.

3. 2 Determination of reasonable ratio of Fe Al
compound at interface

T he reasonable ratio of Fe-Al compound at inter
face is corresponding to the largest interfacial mechan-
ical property. In the study on mechanical property of
steekmushy AF28Pb bonding, the bonding parame
ters for the largest interfacial shear strength were ob-
tained. They are 546 C for preheating temperature
of steel plate, 43.5% for solid volume fraction of Ak
28Pb slurry and 8. 6 mm/s for rolling speed. From
these bonding parameters, the reasonable ratio of Fe
Al compound at interface is 71.5% using the rela
tionship established by the artificial neural networks.

3.3 Discussion

For steeFmushy AF28Pb bonding, under the
conditions of low preheating temperature of steel
plate, large solid volume fraction of AF28Pb slurry
and high rolling speed, the diffusion and reaction of
Al atoms were limited. Fe Al solid solution formed at
the interface, but only very little Fe-Al compound can
be formed, so the ratio of Fe Al compound at inter
face is rather small. With increasing preheating tem-
perature of steel plate and decreasing solid volume
fraction of AF28Pb slurry and rolling speed, the dif-
fusion and reaction of Al atoms increase gradually.
More and more Fe Al compounds form at the inter
face, and thus the ratio of Fe-Al compound at inter
face becomes larger and larger.

At the interface, Fe Al solid volume solution
formed weaker bonding, and Fe-Al compound formed
stronger metallurgic bonding. When ratio of Fe Al
compound at interface was smaller, too more Fe Al

solid solution at the interface could result in the lower
interfacial mechanical property directly. So this inter-
facial structure with too little Fe-Al compound was
not good. However, when ratio of FeAl compound
at interface was too larger, too more Fe-Al compound
could result in interfacial embrittlement, and the in-
terfacial mechanical property also was lowered. When
the ratio of Fe-Al compound at interface was 71. 5%,
Fe Al compound at interface not only kept the strong
metallurgic bonding, but also avoided the interfacial
embrittlement. Thus the interfacial mechanical prop-
erty was the largest and this interfacial structure was
very reasonable. Therefore, 71. 5% was a quantita-
tive criterion of interfacial embrittlement, namely,
when ratio of Fe-Al compound was larger than 71.
5% , interfacial embrittlement would occur and the
interfacial mechanical property decreased. Fig. 4 is
the typical reasonable interface of steeFmushy Al
28Pb bonding. The right side is AF28Pb region. The
left side is 08A1 steel plate. Regions 1 and 3 are Fe-Al

compounds. Region 2 is Fer Al solid solution.

"X

Fig. 4 Reasonable interfacial morphology
of bonding plate

4 CONCLUSIONS

1) The relationship between ratio of Fe-Al com-
pound at interface and bonding parameters such as
preheating temperature of steel plate, solid volume
fraction of AF28Pb slurry and rolling speed in steel
mushy AF28Pb bonding can be established by artifi-
cial neural networks perfectly.

2) When bonding parameters are 546 C for pre-
heating temperature of steel plate, 43. 5% for solid
volume fraction of AF28Pb slurry and 8. 6 mm/s for
rolling speed, the reasonable ratio of Fe-Al compound
at interface of 71. 5%, corresponding to the highest
interfacial mechanical property, can be got.

3) The ratio of Fe Al compound at interface
should not be larger than 71. 5% . This value is a
quantitative criterion of interfacial embrittlement.
When ratio of Fe Al compound is larger than 71. 5%,
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interfacial embrittlement will occur.
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