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Abstract: In this paper, the research on control of intermetallic compound during aluminum/steel friction stir lap welding is reviewed. Sev-
eral means that improve the properties and quality of the joints are presented by controlling the IMCs layer. The thickness of IMCs layer
is controlled by the processing parameters, tool structure and aided processing, and the types of the IMCs are controlled by the processing
parameters and the addition of the interlayer design. Advantages and disadvantages of the above methods are discussed. A new research di-
rection with a large-lift angle structure of the tool is also proposed for the development of the aluminum/steel welding technology in this

paper.
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1. Introduction

With the increasing requirement for lightweight structures in
aerospace, automotive, rail transit and other fields, aluminum/steel
heterogeneous metal composite structures have attracted more and
more attention for their characteristics of high quality, low cost,
meeting different service conditions and energy saving and environ-
mental protection'. The connection of dissimilar materials of alu-
minum and steel has been fully applied to some structural parts of
aircraft, automobiles and ships. Therefore, solving the connection
problem of aluminum/steel dissimilar materials is the key to realize
the large-scale application of aluminum steel composite structural
parts.

At present, the connection methods for aluminum/steel compos-
ite structural components mainly include bonding, riveting, and
welding. However, there are some disadvantages for bonding and
riveting, such as poor heat resistance and airtightness, increased
structural weight, and low fatigue strength. It is difficult to achieve
the requirements of lightweight and high-strength structure because
of the above factors*®. Welding technology with its high reliability,
high strength, and good sealing properties has become the preferred
method for aluminum/steel heterogeneous metal connections. The
significant differences in thermal, physical, and chemical properties
between aluminum and steel increase the difficulty of welding’.
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superjsd@163.com (Shude JI)
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Therefore, the development of high-reliability welding methods be-
comes the important issue for obtaining the high-quality joint of
aluminum/steel.

For the traditional fusion welding, high heat input leads to the
difficulty of precise control, the formation of brittle intermetallic
compounds and reduction of the joint properties. Brazing welding
depends on the brazing filler metal, which reduces the heat input
and the generation of intermetallic compounds, but the defects of
porosity and slag inclusion are prone to forming®*"
dissimilar metal connection is more inclined to solid phase welding.

Friction stir welding, as a typical solid phase connection technol-
ogy, the most outstanding advantage of this technology is a lower
heat input and a shorter high temperature residence time, which
control the growth of intermetallic compounds, reduce the welding
stress and avoid the defects such as cracks and pores. It has become
an effective way to achieve high-quality joint""°. Based on a large
number of researches, it has been found that the high reliability and
high-quality joints obtained by FSW are more dependent on the in-
terfacial behavior, which is affected directly by the IMCs of alumi-
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Therefore, the crucial issue of the connection of the aluminum/
steel dissimilar metal is attributed to the control of the IMCs, that
is, the control of IMCs layer thickness and IMCs types, as shown in
Fig.1. The thickness of IMCs layer is controlled by the processing
parameters, tool structure and aided processing, and the types of
the IMCs are controlled by the processing parameters and the addi-
tion of the interlayer design, as shown in Fig. 1. In this paper, the
control means of IMCs in aluminum/steel dissimilar metal friction
stir lap welding(FSLW) are reviewed, and the development is pro-
posed based on the improvement of joint load capacity, which pro-
vides a new research direction for the improvement of aluminum/
steel dissimilar metal welding technology.
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Fig. 1. Factors affecting mechanical properties.

2. Way of lap welding

The hardness of steel is higher than that of aluminum and the up-
per layer is more affected by the tools. In order to reduce the dam-
age and extend the service life of the tools, the tool without pin is
chosen when the steel is on the upper side of aluminum during the
friction stir lap welding, as shown in Fig.2. Fraction heat is trans-
ferred through the steel side to the aluminum side, causing the alu-
minum surface to melt and weld. However, in order to obtain a
high-quality joint, as the upper plate, there are strict requirements
on the thickness of steel because of its lower thermal conductivity.
The thickness of the upper plate is less than 1 mm **.

In order to promote the atom diffusion and material flow be-
tween the steel and aluminum, the aluminum is usually placed on
the top of the steel, which is also benefit to deformation of alumi-
num and ensures a long service life of the tools. When the alumi-
num is on the upper side of steel during the friction stir lap weld-
ing, the schematic is shown in Fig.3.”

a

e e
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In addition, the low solubility of iron in aluminum leads to the
formation of the brittle IMCs. Aluminum atoms are relatively more
active, and the migration of aluminum to iron subjected by the pin
of the tool is relatively sufficient during the friction stir lap weld-
ing. Iron-rich compound will be formed due to a long-time diffu-
sion of the atom, which is subjected by the multiple action of the
high temperature, shoulder pressure and pin*"*'. Therefore, the alu-
minum placed on the top of the steel is usually used during the fric-
tion stir lap welding, and the IMCs layer is formed under the high
temperature because of the limited solubility of the Al into Fe on
the interface of overlap joint.

3. Effect of the IMCs layer thickness on proper-
ties

Comparing with the mechanical connection, metallurgical con-
nection will be formed at the Aluminum/steel interface due to the

production of the IMCs, enhancing the strength of the joints*. How-
ever, the volume of the phase will be changed because of the exces-

FeAl; FeAls

b Steel

Al alloy

Fig. 2. Schematic diagram and microscopic morphology of welded structure steel upper and lower aluminum:
a. schematic diagram; b. interface topography™.
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Fig. 3. Schematic diagram and microscopic morphology of welded structure under aluminum upper and lower steel:
a. schematic diagram; b. interface topography™.

sive IMCs layer thickness, resulting in the local stress and the crack
propagation, reducing the load capacity of the joints. When the
thickness of the IMCs layer is less than 2 um during FSLW be-
tween 5083 aluminum alloy/steel, there is not any adverse effect
for the quality of the joint”. The failure load increases with the in-
creasing of the IMCs layer thickness. The thicker of the IMCs
layer, the more likely to form the cracks and accelerate crack propa-
gation™*,

Therefore, the thickness of the IMCs layer has an important ef-
fect on the properties of the joints. Superior joints properties are ob-
tained by controlling the thickness of the IMCs layer. According to
the current research status, the means of controlling the thickness
of the IMCs layer include processing parameters, tool structures
and aided process.

3.1 Control of the IMCs layer thickness by processing pa-
rameters

Heat input has great influence on the IMCs layer thickness and
the weld forming**’. When the heat input is lower, it is difficult for
the material around the tool to plasticize with a poor flow ability,
accompanying by the formation of various defects*. When the heat
input is higher, there is a severe softening issue at the interface of
the joints, resulting in a thicker IMCs layer. Controlling the heat in-
put (including welding speed, rotational speed, insertion depth and
inclination angle of the tool, etc.) contributes to an appropriate
IMCs layer thickness, obtaining superior properties of the joints™.

Table 1 records the research of different scholars about the effect of
the rotational speed and welding speed on IMCs thickness.

Plastic deformation during aluminum/steel FSLW is affected by
the changing of the rotational speed and welding speed®. The thick-
ness of the IMCs layer at the interface decreases with increasing
the welding speed, and increases with increasing the rotational
speed™. Dehghani et al.”'studied the welding speeds of 14 mm/min,
28 mm/min and 40 mm/min at a constant rotational speed, and
found that at the lower welding speeds, a thicker IMCs layer was
formed at the aluminum-steel interface, which was not good for the
joint properties, as shown in Fig.4. When the welding speed was in-
creased to 40 mm/min, the thickness of IMCs layer was reduced
due to the decrease of heat input, and a better connection property
was obtained. However, the IMCs layer cannot be formed at the
aluminum/steel lap interface by reducing the ratio of the rotational
speed to the welding speed blindly™.

Based on the above researches, it is found that when the ratio of
rotational speed to welding speed is too small, the thickness of the
IMC:s layer is too thin because of the low heat input, which cannot
achieve the best performance or even leads to the invalid connec-
tion”. When the ratio of rotational speed to welding speed is too
high, a thicker IMCs layer is formed by the higher heat input, caus-
ing the defects and the crack propagation. It is necessary to adjust
the heat input by controlling the ratio of rotational speed to welding
speed to obtain the most suitable IMCs layer thickness and the opti-
mal joint performance.

Table 1 Summary of the effect of the rotational speed and welding speed on IMCs thickness.

Experimental process

Scholar - - - Conclusion
Experimental material Regulation means
) Rational speed and @ Higher rotational speed is beneficial to the formation of IMCs.
Ibrahim* A516-70 steel and AA5052 ) ) ) ] )
welding speed ® Lower welding speed will lead to connection failure.
s . ) ® With the increase of welding speed, the IMCs layer will gradually become thinner.
Dehghani®! AA5186 and mild steel Welding speed . . . . o . .
® The joint will show higher tensile strength with increasing the welding speed.
AA6063 and zinc-coated ) ® The IMCs layer is an important structure to connect Al and steel.
Das® Rational speed ) . o ) .
steel ® Good bonding performance can be obtained within a certain heat input range.
4w AA6061-T6 and ultra-low ) ® The thickness of the IMCs layer decreases with increasing welding speed.
Boumerzoug Welding speed ) ) . )
carbon steel ® The shear strength increases by increasing the welding speed.
) 33 . @ Increasing the welding speed will obtain a thin IMCs layer, thereby obtaining good
Kimapong AAS5083 and SS400 steel Welding speed
performance.
al . @ The pin tip close to the steel will form a continuous and thin connection layer.
Wei AA1060 and SUS321 steel Insertion depth o o ) .
® The pin tip penetrating into the steel will generate thicker IMCs layer.
Chitturi** AA5052 and 304 steel Insertion depth ® The thickness of IMCs layer becomes thicker with increasing the insertion depth.
55 ) ) ® The IMCs will become thicker with the pin inserted into the steel 0.1mm.
Chen’ AAG6060-T5 and mild steel  Insertion depth

® The thickness of the IMCs layer less than 2.5 um contributes to the superior joint.
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Fig. 4. Influence of different process parameters on thickness®'

In addition to the rotational speed and welding speed, the inser-
tion depth of the tools, as another an important factor controlling
the heat input, also affects the thickness of the IMCs layer. The con-
tinuous IMCs layer is formed when the pin comes close to the steel
surface™, as shown in Fig.5. On the contrary, when the pin is
away from the steel, the effective IMCs layer cannot be formed or
even leads to the invalid connection.

When the pin is inserted into the steel side, the steel is extruded
into the aluminum side, forming a mechanical interlock connection
which is beneficial for the joint properties®. A thicker IMCs layer
will be formed due to the excessive insertion into the steel, which
reduce the joint strength®. Furthermore, a reasonable range of the
insertion depth of the pin has been provided, when the insertion
depth of the pin into the steel is 0.1mm-0.5mm, a more significant
flow of the material and a higher quality joint are presented”. With
the increasing of the insertion depth of the pin, a hook-like struc-
ture is formed, resulting in a thicker IMCs layer™, as shown in
Fig.o.

Fig. 5. Comparison of different depths.*'

It has also been proved that as the insertion depth of the pin in-
creases, the IMCs layer becomes discontinuous, resulting in a de-
cline in the joint bearing capacity. When the pin is inserted into a
suitable location, a microscopic zigzag interlocking structure and

TMAZ - Al TMAZ - Al RS
; a2l
- )
HAZ - Al NZ - Al HAZ - Al

Outer hook
interface

C

Fig. 6. a. A schematic representation of the interfaces and different depth: b. 0.05 mm; c. 0.2 mm; d. 0.4 mm.*®
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thinner IMCs layer are formed at the interface. It is necessary to set
an optimal distance of the micro-insertion into the steel to obtain
the mechanical interlock with good IMCs**’.

3.2 Control of the IMCs layer thickness by tool structures

Due to the insertion depth of the pin has a great influence on the

IMCs layer thickness and it is not easy to precisely control the
amount of insertion depth, improving the tool structures has been
considered as an effective means to control the IMCs layer thick-
ness, obtaining good results. In order to obtain a good connection
effect, the researchers designed different shapes of pins based on

cylindrical and conical shapes, as shown in Table 2.

Table 2 Summary of different shape pins

Experimental process

Scholar

Experimental material Regulation means

Conclusion

Reza-E-Rabb? AA6061-T651 and Rolled
eza-E-Ral

Dovetail-shaped pin
Homogeneous Armor

Wang® AA6022-T4 and mild steel ~ Pins with bumps
Wei® AA1060 and SUS321 Cutting pin
Ambrosio AA6061-T6 and SPCC steel Hemispherical shape pin

® The growth of IMCs in dovetail is inhibited.

® Mechanical interlocking and metallurgical bonding are formed.

® The lap weld will fail along the aluminum above the aluminum/steel inter-
face with a smaller hook height.

@ The cutting pin avoids the wear of the pin.

@ Joints are formed by some serrated structures.

® The growth of IMCs can be greatly inhibited by the hemispherical shape pin.

@ The thickness of IMCs can reach 2-2.5 nm.

A superior effect in controlling the IMCs is provided by the dif-
ferent structures of the tools, promoting the material flow and form-
ing the higher quality joints. The new needle modified according to
the cylindrical and conical needle is shown in Fig.7.

H13 holder

Shoulder (H13 tool steel)

Fig. 7. Different shape pins.”*"%

The tool structure with cutting pin changes the material flow by
the small pump at the tip of the pin without increasing the heat in-
put, reducing the hook-like structure and inhabiting the growth of
the IMCs layer. However, the tip of the pin is prone to wear during
welding by using this tool structure®. Cutting the thread on the pin
does have the effect of enhancing the flow of the material, which is
conducive to the impact of the aluminum material on the steel sur-
face at the lap interface to form an effective metallurgical bond-
ing®. Dovetail pin is developed to control the thickness of the
IMCs layer and the over-combination between the Al and steel by
using the thermocouple temperature sensor at the tip of the pin®.
The continuous IMCs layer with complex composition is obtained
by the tool structure with hemispherical pin inclining to the retreat-
ing side™. In addition, a new tool structure is proposed to control
the penetration of steel to aluminum side and avoid the formation
of the hook-like structure, obtaining a continuous interface with zig-
zag structure®, as shown in Fig.8.

The special shape of the stirring pin can indeed obtain different
joint interface morphologies and IMCs types by driving the flow of

Fig. 8. Different shape needles and interfaces: a. the cutting pin;
b. the hemispherical pin; c. the enlarged pin®**%

the material. The above scholars have studied the special shape of
the stirring pin that is slightly inserted into the steel side; Through
the shape of the stirring needle and the material driving effect of
the thread pair on the needle, it is theoretically effective to design a
stirring with a diversion tank on the surface for diffusion welding
that does not penetrate the steel side.

3.3 Control of the IMCs layer thickness by aided process

In order to obtain the continuous IMCs layer and improve the
softening degree of the material, the aided process is introduced in
the friction stir welding and all-right research results are achieved,
such as, the ultrasonic vibration, friction stir brazing and fusion arc
welding and other methods®. Table 3 summarizes the methods of
adding other auxiliary processes for friction stir welding of alumi-
num steel.

Ultrasonic vibration has significant advantages in welding, in-
cluding softening the base material, decreasing the load of welding,
increasing the interface width of the mixing zone, improving the in-
terface bonding capacity. Moreover, failure load and welding effi-
ciency are also enhanced significantly. More importantly, the thick-
ness of the brittle IMCs layer is reduced by the decrease of the peak
welding temperature®*’as shown in Fig.9 because of the addition
of the ultrasonic vibration.

In addition to the external auxiliary device, the multi-pass weld-
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Table 3 Summary of the aided process.

Experimental process

Scholar - - - Conclusion
Experimental material Regulation means

. . ) . ® The thickness of IMCs layer decreased to 0.71 mm with ultrasonic vibration.

Liu® AA6061-T6 and Q235 steel With or without ultrasonic o o :
® The plastic fluidity of the material is significantly improved.
. ) ® Double-pass welding eliminates defects and the IMCs at key positions, forms
" AA6061-T651 and galvanized  Single-pass and double- ) ) )

Wang’ a strong aluminum-steel interface adhesion,

steel pass welding process

Leitao®’ AA6082-T6 and S355J2 steel ~ Multipass welding
By-passing current-metal

Liu® AA6061 and Q235 steel ] )
inert gas welding

Zhou™ AA6061 and Q235 steel Adding the Al interlayer.

® The welding strength is improved by double-pass welding

® The formation of IMCs in the bonding interface is inhibited.
® The thickness of the IMCs layer can be reduced to less than 1.5 pm.

@ The FS interlayer is composed of highly refined and equiaxed grains.

@ A defect-free Al/steel weld was obtained.

RS P =

(WY UVeFSW

[FSW|

[(2)] UVeFSW

[UVeFSW|

Fig. 9. The difference between with and without ultrasonic vibration®

ing process is also applied to aluminum steel welding with the re-
peated action on the weld. A good metallurgical connection is
formed because of the welded material flow fully under the mul-
tiple action of the pin. However, due to a metallurgical connection
cannot be formed with a small insertion, the insertion depth is
strictly controlled under this process™®’. Although the friction stir
brazing with pure aluminum as the middle layer solves the above
problems and reduces the tool wear, aluminum is prone to deforma-
tion and fracture because of the insufficient heat input and large di-
ameter shoulder without pin®. Arc and friction stir hybrid welding
(AFSHW)is developed by combing the arc welding and the FSW.
The steel surface is coated with a pure aluminum intermediate layer
using MIG, and then FSLW multi-pass welding. The growth of the
IMCs layer is inhabited by the appropriate heat input and a great
mixture of the material is promoted, forming a good connecting in-
terface®. Similarly, the IMCs layer can be thinned by welding the
intermediate layer of aluminum by friction stir surfacing”. The re-
sults obtained by multipass welding, hybrid welding and friction
stir surfacing are shown in Fig.10.

4. Effect of IMCs types on properties

Due to the formation of the IMCs types has an important effect
on the toughness of the joint during aluminum/steel welding pro-
cess, the IMCs types are another important factor affecting the

properties of the joints except for the IMCs layer thickness™.

The main types of the IMCs formed by aluminum/steel welding
are classified as Al-rich IMCs (FeAl, FeAl,, FeAl,, Fe,Al,; and so
on) and Fe-rich IMCs (FeAl, Fe,Al and so on). There are great dif-
ferent effects between these two types IMCs on the properties of
the joints. When there is a high content of Al-rich IMCs types at the
interface of aluminum/steel joint, the joint presents a high brittle-
ness, resulting in crack propagation and reducing the joint strength.
Fe-rich IMCs types often exhibit a higher toughness™. It has been
proved that the Fe-rich IMCs types are superior to the Al-rich IMCs
types for joint properties, improving the fracture toughness and in-
terfacial strength®**'*>7, Table 4 summarizes the research on how to
obtain different types of IMCs.

Therefore, the researchers suggest that joints properties can be
improved by adjusting the IMCs types, and optimizing the welding
parameters is an important means to control the IMCs types. The re-
searchers explored the formation of Fe-rich compounds under dif-
ferent process parameters, and concluded that with the increase of
rotational speed, the temperature required for the formation of Fe-
rich compounds was provided. The lower welding speed means that
the interface has a relatively longer time to complete the transition
from Al-rich to Fe-rich, but too large transfer ratio will accelerate
the growth of the IMCs layer™. It is found that when the rotational
speed of the needle and the welding speed reach a certain balance,
the interface will change from Al-rich IMCs to Fe-rich IMCs, but
when the heat input continues to increase on the balanced process
parameters, it will be beneficial to the formation of Al-rich
IMCs*.

In addition, the researchers identify that IMCs types can also be
controlled by introducing an intermediate layer in the aluminum-
steel interface””. For example, it has been proved that the plastic
flow ability of the aluminum-steel interface will be improved be-
cause of the addition of Zn interlayer. With the increase of Zn inter-
layer thickness, Al-rich IMCs types at the interface will be trans-
formed into Fe-rich IMCs types™”.

4.1 Control of the IMCs types by processing parameters

A large number of studies have shown that the aluminum-steel
interface at high welding speed is not enough to have enough heat-
ing time to generate IMCs. For the lap welding of aluminum and
steel, All,Fe, and AL,Fe, were observed at the interface by reducing
the welding speed™. Reducing the welding speed will prolong the
holding time of welding, enhance the diffusion ability between at-
oms, and further transform into FeAl,, while increasing the amount
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Fig. 10. A schematic diagram of the three processes.
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Table 4 Summary of the research on different types of IMCs.

Experimental process

Scholar - - - Conclusion
Experimental material Regulation means
. o ® The thickness of FeAl, is much smaller than that of Fe,Al;, so the compound
Tanaka’ Solid Fe and liquid Al Temperature o )
region is mainly composed of Fe,Al;.
) ® Al ,Fe,, Al,Fe, and Fe,Zn, were detected.
Ratanathavorn®  AAS5754 and DP800 steel Processing parameters . . . . .
® Al-rich (Fe,Aly) IMCs is easier to form at high welding speed.
AA6061-T6 and galvanized . . ) ® The addition of zinc foil effectively greatly prevents the formation of Fe,Al,,.
Meng®! Adding zinc foil ] )
steel ® The Al-Zn eutectic structure replaces the thicker IMCs.
@ The tensile shear load of the Zn-added joint presented an obvious increase of
Dong* Al-Mg-Si and 301L steel Adding Zn interlayer 41.3%.
@ Fe-Zn IMCs and Al-Zn eutectic are formed.
. . @ The diffusion layer was found at the interface, but not the IMCs layer.
Zhou”® AA6061 and Q235 steel Adding Al interlayer o _ .
@ The atomic migration and related interface bonding were enhanced.
) AA6022 and high strength . . @ A diffused layer with the thickness of 10 nm was generated at the interface.
Li” Adding Al interlayer o
steel @ The IMCs was not found at the joint.
. . . ® Al Ni, ,/ALLFe and AL,Ni were formed.
Chen® AAS5052 and stainless steel ~ Adding Ni interlayer o

@ The properties of the joint were improved.

of pressure will not further transform FeAl, but thicken it***", as
shown in Fig.11. The researchers conducted experiments with dif-
ferent reductions and found that the IMCs particles in the joint
were distributed on the boundary of the fine equiaxed grains, which
indicated that the region was more severely deformed, and then the
slender grains were transformed into fine equiaxed grains through
the dynamic recrystallization process™.

Changing the rotational speed of the stirring head can greatly af-
fect the heat input of the welding, and the welding speed can be
seen as the action time and cooling time of the material to be
welded. Some researchers have found that slowing down the cool-

ing time at the interface will be beneficial to the transition from Al-
rich to Fe-rich.

4.2 Control of the IMCs types by interlayer design

In the experiment of adding Zn interlayer, it was found that when
the joint with Zn interlayer and pin did not penetrate the upper alu-
minum plate, the interface diffusion layer changed from continuous
diffusion layer to uneven diffusion layer. Compared with the single
Fe-Al IMCs in the diffusion layer of the joint without Zn addition,
Fe-Zn IMCs and Al-Zn eutectic were formed in the joint with Zn
addition, as shown in Fig.12. The combination of galvanized layer
and low welding speed is more conducive to the formation of Fe-

2025026-7
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315 rpm-50.mm/min 315 rpm-63 mm/min

i Wum 100 um

Fig. 12. a. without addition; b. 50 pm Zn interlayer; c.

rich intermetallic compounds (FeAl)®*'.

Some scholars believe that pure aluminum can be used to inhibit
the formation of aluminum-rich compounds””. However, the diffu-
sion layer was found at the interface but no metal compounds were
found. The test of adding Ni interlayer proves that the IMCs types
are All,Fe,, AlFe, and AlFe, without Ni interlayer, which are
ALNi, AI3Ni, and AINi with Ni interlayer, respectively as shown in
Fig. 13. The joints of Al-Fe IMCs type are very brittle, while the
joints of Al-Ni IMCs type are mostly ductile. The bonding strength
between aluminum alloy and steel is improved by the Al-Ni phase
with better toughness. It effectively prevents crack propagation and
changes the crack propagation path, thereby improving the fatigue
strength of the joint**¥*,

5. Conclusion and prospect

A lot of research had been done on friction stir welding of alumi-
num and steel, but the core problem (increasing the joint load ca-
pacity) was still needed to be solved. According to the above refer-
ences, the strength of the aluminum-steel joint mainly depended on
the thickness of the IMCs layer. The load capacity of the joint was
reduced and prone to fracture because of the thicker brittle IMCs

1=
1

lu] 100
Hm
Aduminum Kal

28ky X1,888 18um B8B8 1Z 48 BEY

aed  18um 28081 16 48 BEC

100 pm Zn interlayer; d. 200 pm Zn interlayer.*

layer. It was difficult to obtain the thinner IMCs layer. In addition,
the effective connection could not be formed because of that con-
tinually reducing the heat input caused the incomplete diffusion of
atoms.

In order to accurately control the thickness of the IMCs layer
generated by the interface, it was necessary to accurately control
the temperature of the interface (heating time, peak temperature,
cooling time, etc.). For friction stir welding, the precise tempera-
ture parameters were controlled by the rotational speed, welding
speed, clamping mode, environmental temperature and other pa-
rameters, which was complicated and difficult in the conventional
process. Therefore, the composite process of optimizing joints by
adding other auxiliary processes based on friction stir welding has
been developed, and the auxiliary process of adding ultrasonic vi-
bration is more mature. Ultrasonic assisted technology is aimed to
achieve a good metallurgical connection of aluminum steel inter-
face under low heat input, but the process becomes complexity be-
cause of the new equipment and the high frequency oscillation of
ultrasonic has serious pollution to the working environment. More-
over, its practical application in engineering field remains to be
proved.

2025026-8



Journal of Advanced Manufacturing Science and Technology 5(4) (2025) 2025026

o]
T

&

Mechanical propertieskN)
2 2

With Ni Without Ni

Fig. 13. a, b. with Ni intermediate layer; c, d, e. without Ni intermediate layer; f. comparison of carrying capacity.”®

Micro-insertion process has been studied more in recent years.
Compared with traditional process, micro-insertion process has
many advantages. For example, a small length insertion into the
lower plate will destroy the original interface and form a continu-
ous and serrated mechanical interlock. In addition, the thicker
IMCs generated by the interface will be extruded into the welding
core with the insertion of the pin, resulting in the reduction of the

Lap interface

1500 rpm by UaFSLW

Fig. 14. Summary of methods.

IMCs layer thickness and enhancing the load capacity of the joint.
However, hook defects are easy formed and the pin will be de-
stroyed under this condition. There is still a certain distance be-
tween the micro-insertion process and the application in the engi-
neering field. According to the investigation of this paper, the main
factors affecting the formation of compounds are components, tem-
perature, pressure and flow, as shown in Fig.14.

34,75,83,86
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In addition to the above researches, it is also worth noting that
the shape and thread of the stirring pin play an important role in the
flow of the driving material®*”*. According to the effect of cutting
on the interface of aluminum and steel®, whether a conical stirring
pin with similar thread can be envisaged to further optimize the in-
terface effect. In the study of micro-penetration and non-
penetration of aluminum steel, the pin with this large-angle thread
is used as a pin to reduce the wear of the pin by driving the material
instead of increasing the penetration amount. Through the special
design of the screw groove of pin, the downward vertical flow on
the aluminum side is formed. The thickness of the IMCs layer is re-
duced and mechanical interlock is formed by the impact of material
flow on the interface.

In summary, since the formation of IMCs is the main factor af-
fecting the properties of Al-steel joints, the research on the control
of IMCs Al-steel joints is summarized in this paper. The results
show that the type of IMCs can be adjusted by adding intermediate
layer and joint with superior properties is obtained. For example,
the thickness of IMCs layer is reduced by adding Zn layer appropri-
ately, the formation of Al-rich Zn-Al eutectic is promoted and the
properties is improved. The distribution of IMCs can be controlled
by changing the welding parameters. For example, the formation of
brittle IMCs can be avoided and a thinner IMCs layer is obtained
by increasing the rotational speed and reducing the welding speed.
In addition, the IMCs also can be controlled by adjusting the inser-
tion depth of the tool. The macroscopic mechanical interlocking
and the microscopic saw tooth mechanical locking are enhanced
by the proper insertion depth, the retention of brittle IMCs is
avoided. Based on the summary of friction stir lap welding of alu-
minum and steel, good results can be obtained by using special
shape tools and other process optimization. Therefore, in the case
of non-penetrated aluminum plate, our team has designed and pro-
posed a tool with diversion groove for the characteristics of verti-
cal flow. This structure can theoretically obtain continuous IMCs,
which is of great help to the follow-up study of non-penetrated alu-
minum plate.
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