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Abstract
The welding characteristics of 7075 aluminum alloy and DP980 dual-phase steel sheet were systematically studied by the 
friction plug-riveting spot welding technology. The effects of different welding parameters on the weld formation, tensile 
strength, and microstructure of welded joints were analyzed. The complete metallurgical joining interface was formed 
between the rivet and steel plate. A partial metallurgical joining interface was formed between the circumferential surface of 
the rivet shaft and the aluminum alloy close to the steel sheet. However, the position of the rivet head did not form a metal-
lurgical joining with the aluminum alloy. During the welding process, the area of the rivet interface underwent severe plastic 
deformation by frictional heat and down pressure; thus, there was a violent interaction between the plastically deformed 
metal and the surrounding aluminum alloy. The molten aluminum infiltrated into the rivet at the most of sample joints. The 
penetration of aluminum had a negative effect on the shear load. The maximum shear load of the joint was 14.374 kN. There 
were two types of fractures: the internal fracture of the rivet and the fracture of the steel/steel friction interface. When the 
fracture mode was an internal fracture of the rivet, the shear load was generally greater than the steel/steel friction interface.

Keywords  7075 aluminum alloy · DP980 steel · Spot joining · Intermetallic compound · Mechanical properties

1  Introduction

In the twenty-first century, the design of structural parts has 
been put forward at higher demand in the field of aerospace, 
aviation, and autom​obile industries. Now, it has become 
a hot topic. Recently, Al alloys have been used widely in 
body manufacture. Even a whole aluminum body was used 
to achieve lightweight in some high-end car brands, such as 
BMW 5 Series, Weilai ES8, and Audi A8. Currently, with 
the growing use of Al alloys, advanced high-strength steel 
was designed into automotive structures because they have 
the best comprehensive performance combined with moder-
ate price. Hence, lightweight vehicles reduce tail gas emis-
sions to achieve energy savings. However, the challenge of 

welding AA/AHSS will inevitably be encountered in the 
hybrid automotive body structure industry.

There is no doubt that there are enormous differences 
in the physical and chemical properties of steel/aluminum 
materials. Yang et al. [1] joined steel to aluminum joints 
made using fusion-based techniques, which typically have 
poor mechanical qualities. In a related investigation by Ma 
et al. [2], the intermetallic compound layers with different 
thicknesses can be obtained by changing the heat input. Li 
et al. [3] observed the formation of multiple intermetallic 
compounds in the welded joints. The most tricky question 
was that a series of intermetallic compounds would be gen-
erated by fusion welding.

At present, the traditional resistance spot welding technol-
ogy had been widely used in body manufacturing. However, 
Al alloy joining to ultra-high-strength steel was difficult with 
this technique. Qiu et al. [4] indicated that the intermetal-
lic compounds have an obvious impact on the tensile shear 
strength of the A5052/SPCC joint. Azhari-Saray et al. [5] 
reported that the visible interface was formed on the Al/HEA 
side. Chen et al. [6] found that the thickness of IMC was the 
main factor affecting the failure mode and mechanical prop-
erties of joints, though the thickness of IMCs was effectively 

 *	 Shuhai Chen 
	 shchen@mater.ustb.edu.cn; shchenhit@gmail.com

1	 School of Materials Science and Engineering, University 
of Science and Technology Beijing, Beijing 100083, 
People’s Republic of China

2	 The College of Mechanical Engineering and Applied 
Electronics Technology, Beijing University of Technology, 
Beijing 100124, People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-023-11999-6&domain=pdf
https://context.reverso.net/%E7%BF%BB%E8%AF%91/%E8%8B%B1%E8%AF%AD-%E4%B8%AD%E6%96%87/automobile


1244	 The International Journal of Advanced Manufacturing Technology (2023) 128:1243–1254

1 3

shrunk by adjusting the conditions. In essence, the resist-
ance spot welding is subordinate to fusion welding. So, the 
intermetallic compounds can not be completely eliminated. 
Except that, the self-piercing riveting (SPR) technology also 
plays an important role in body manufacturing. Karathana-
sopoulos et al. [7] found that the joint quality depends on the 
rivet leg thickness and mold depth. When the value of a high 
tensile strength steel plate is lower than 500 MP, Abe et al. 
[8] found that high-quality joints with aluminum alloy plates 
can be achieved by using traditional self-piercing technol-
ogy. Mori et al. [9] reported that the joining range for self-
piece riveting can be expanded by optimizing the shape of 
the die. Karathanasopoulos and Mohr [10] found that the 
use of high-strength rivets and bottom sheet is conducive 
to increasing the peel strength of joints. Similarly, there are 
some limitations for metal materials with a strength higher 
than 800 MPa.

As a solid-state welding, friction stir spot welding is one 
of the representative methods. Because the heat input is 
lower than the melting point of the base metal, the forma-
tion of intermetallic compounds can be avoided effectively. 
Li et al. [11] reported that the mechanical properties of the 
joint can be significantly improved when the sleeve down-
force mode is used. Compared with the traditional FSSW 
joint, the strength of the joint obtained by the keyhole-
refilled friction stir welding method is increased by 56.33% 
[12]. When the material is non-coated mild steel, Takeoka 
et al. [13] found that scrubbing refilled friction stir spot 
welding technology has more advantages than traditional 
FSSW technology, which can obtain a higher joint load. 
Yu et al. [14] found that the thickness of the intermetal-
lic compound layer increased as the sleeve distance, and 
the maximum shear strength value is 7.31 kN. However, 
traditional friction stir spot welding leaves a keyhole at the 
joint which brings many unfavorable consequences. On this 
basis, the stirring head was optimized and transformed. The 
keyhole-free joint was realized by the relative movement 
between the pin and sleeve.

In response to the problems of the above methods, a 
new approach of solid-state spot welding method has been 
posted and developed in recent years. The friction bit join-
ing (FBJ) is also known as friction unit welding or friction 
element welding. This method is developed by combining 
the principles of tribology and mechanical fastening. In 
this study, it is called friction plug-riveting spot welding 
technology. Huang et al. [15] found that the joint interface 
was divided into three regions: separation interface region, 
partial metallurgical bonding region, and complete metallur-
gical region depending on the degree of metallurgical bond-
ing of materials. Miles et al. [16] reported that the joining 
interface between the rivet and the high-strength steel was 
the main source of joint strength. Furthermore, Miles et al. 
[17] identified that the flat design can obtain a higher lap 

shear strength, but the stability of the fluted design is better 
than the flat design. Lim et al. [18] discussed that the GA 
coating layer on steel plates can greatly improve corrosion 
resistance. With the increasing number of corrosion cycles, 
Lim et al. [19] found that the joint strength of specimens 
without adhesive decreased significantly. Squires et al. [20] 
pointed out that an adhesive with a thickness of up to 500 
mm can increase the tensile load by 50%. Although fric-
tion plug-riveting spot welding has made certain research 
progress, there are still many gaps in the research on the 
formation mechanism of joints and the influence of weld-
ing parameters on the microstructure and performance of 
the joint. Revealing the interaction mechanism between the 
riveted metal and the Al alloy near the friction interface has 
important significance to enhance the joint quality.

In this study, the welding characteristics of 7075 alu-
minum alloy and DP980 dual-phase steel were systemati-
cally studied by the friction plug-riveting spot welding tech-
nology. The influence of welding process parameters on the 
joint formation, microstructure, and mechanical properties 
was investigated, and the relationship between the joint for-
mation mechanism, microstructure, and mechanical proper-
ties was discussed.

2 � Experimental procedure

2.1 � Experimental materials

The base materials were 2-mm-thick 7075 and 1-mm-thick 
DP980. The microstructure of DP 980 was composed of 60% 
martensite and 40% ferrite with a nominal ultimate tensile 
strength of 980 MPa. The joining bits were made from 1045 
steel. All sheets were cut into coupons with dimensions of 
39 mm in width and 125 mm in length with an overlap of 39 
mm in the joint area. The nominal chemical compositions of 
the material are given in Table 1. The mechanical properties 
of the base material are shown in Table 2. Figure 1 shows 
the schematic diagram of the structure and size of the rivet.

The structure of the bit needs to meet the following 
requirements: (1) The bit can drill well through the top 
layer (or layers) of material. In this work, the tip of the 
rivet was designed to be a tapered structure that can con-
centrate pressure on a point. This design was conducive to 
crushing the aluminum in a state of thermoplastic state and 
extruding the aluminum circumferentially; (2) the upper 
part of the rivet must cover the extruded aluminum. There-
fore, the head of the rivet was designed with a hat-shaped 
groove, which can not only cover the aluminum well but 
improve the cleanliness of the workpiece surface. In all 
configurations, the aluminum sheet was on the top, while 
the steel sheets were underneath.
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2.2 � Materials and methods

Figure 2 shows the appearance of friction plug-riveting spot 
welding equipment. The welding structure mainly consists 
of rotary motion components, axial motion components, 
chucks, servo motors, sensors, and so on. The end face of 
the rotating motion component was a mandrel shaft with a 
hexagonal groove. Furthermore, with the purpose of attract-
ing the rivet, a laminated magnet was placed in the groove. 
The rotational movement of the mandrel shaft was controlled 
by the rotary servo motor with a maximum speed of 4000 
rpm/min. The axial movement of the spindle was controlled 
by the axial servo motor. The axial servo motor and ball 
screw were joined by the horizontal conveyor. The rotational 
motion of the axial servo motor was transmitted to the ball 

screw by the horizontal conveyor. The fixed plate on the ball 
screw was joined to the main shaft; thus, the ball screw can 
drive the main shaft to move axially. The grating scale was 
used to measure the axial displacement, and the measured 
result was fed back to the system to ensure the accuracy of 
axial displacement. At the same time, there was a pressure 
sensor in the middle of the chuck to measure the pressure 
during the welding process.

2.3 � Metallographic characterization

The cross-sectioned joints were mounted and polished using 
different grades of abrasive paper (250, 400, 600, 800, 1200, 
1500, and 2000). Finally, the rough-polished samples were 
continued to be polished with 1.5-mm diamond paste. An 
optical microscope and SEM were used to characterize the 
microstructures and macrostructure of the joints.

2.4 � Experimental stage

Figure 3 is a schematic diagram of the friction plug-riv-
eting spot welding process. The welding process could be 
divided into three stages. The first stage was the drilling 

Table 1   Chemical composition of DP 980, AA7075-T6, and 1045 (wt%)

Base Chemical composition (wt%)

C Mn Si Cr S P Fe Cu Mg Zn Ti Ni Al

DP980 0.15 1.44 0.32 0.02 0.007 0.011 Bal. - - - - - -
AA7075-T6 - 0.3 0.4 0.18–0.28 - - 0.5 1.2–2 2.1–2.9 5.1–6.1 0.2 - Bal.
1045 0.43–0.5 0.6–0.9 0.17–0.37 0.25 0.035 0.035 Bal. 0.25 - - - 0.25 -

Table 2   Mechanical properties of test materials

Base Yield strength 
(MPa)

Tensile strength 
(MPa)

Elongation 
(%)

DP980 703 1009 16
AA7075-T6 462 524 11
1045 355 600 16

Fig. 1   Schematic diagram of the structure and size of the rivet

Fig. 2   Friction plug-riveting spot welding machine
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stage. This stage was performed invariably as the bit 
rotates at 2500 rpm/min and descends at a rate of 1.8 
mm/s. The distance plunged by the bit was 2 mm. The 
second stage was the metallurgical stage when the bit cut 
through the top sheet. The joining bit was fed and rotated 
at a higher speed, and the bit continued to descend, caus-
ing frictional heating at the interface between the bit tip 
and bottom sheet. Thus, the steel was quickly turned into 
the thermoplastic state at the interface. The metallurgical 
bonding of rivets and steel plates was achieved. Further-
more, the rivets and the upper aluminum plate also form 
a mechanical bonding. The third stage was the retraction 
stage. After the joining was completed, the spindle of 
the welding machine was stopped very rapidly and then 
restarted to separate the joining bit from the weld, and 
the welding was completed. The entire process requires 
no surface preparation, pilot holes, or pre-drilling. Due to 
the elastic deformation of the equipment structure under 
high pressure, the actual welding displacement was less 
than the set displacement value.

The parameters of the drilling stage remain unchanged. 
The influence of process parameters was mainly studied 
in the metallurgical stage. The main goal of this study is 
to investigate the influence of process parameters on joint 
forming and mechanical properties (Table 3). The interac-
tion mechanism between Al alloy, rivet, and steel sheet dur-
ing the welding was revealed.

3 � Results

3.1 � Characteristics of the joints

Cross-sections of friction plug-riveting spot welded joint 
are shown in Fig. 4. During the processing, the joining bit 
was rotated at a speed of 3400 rpm and plunged into the 
sheet at 2.6 mm/s and the distance plunged by the bit was 
3.6 mm. The friction plug-riveting composite spot weld-
ing joint consisted of three parts: rivet, 7075 aluminum 
alloy, and DP980. The hat-shaped rivet can well wrap the 
extruded aluminum alloy, which effectively improved the 
cleanliness of the workpiece surface. The upper layer of 
aluminum was bulged from the lower layer, which was far 
away from the location of the spot joint. The bulge was 
caused by the bit material between the joining layers dur-
ing the welding cycle. Furthermore, the band-like struc-
tures appear on both sides of the rivet (Fig. 4d).

Figure 5 shows the microstructure of the friction plug-
riveting spot welded joint. Figure 5a is the base metal of 
the rivet, consisting of ferrite and pearlite. Figure 5b is 
the interface between the steel plate and the rivet, and 
the lower part is the base metal of the steel plate, which 
consisted of ferrite matrix and martensite. Figure 5c is at 
the junction of the rivet with the aluminum alloy in the 

Fig. 3   Schematic diagram of friction plug-riveting spot welding process. a Hole turning stage. b Metallurgical stage. c Spindle parking and 
retraction stage

Table 3   A relevant table of parameters

Process parameters Relevance to the process

RPM Thermal input
Spindle pressing speed Reaction time
Spindle depression depth Solder joint diameter

Fig. 4   Macroscopic topography of the joint cross-section
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circumferential direction with a streamlined structure. The 
aluminum alloy in the streamlined structure was formed 
by the extrusion of the “hook,” and the circumferential 
friction was generated by the rotation of the rivet.

The microstructure of the rivet is enlarged, as shown in 
Fig. 6. No metallurgical joining is formed between the rivet 
head and aluminum, as shown in Fig. 6b. The bottom of 
the rivet underwent severe plastic deformation, which was 
extruded by the downforce. The violent interfacial reactions 
between extruded steel metal and aluminum alloy appeared 
to form a metallurgical connection, as shown in Fig. 6c. 

Figure 6d shows that these band-like structures contain a large 
number of aluminum components. Point A is mainly Fe-Al 
intermetallic compounds via an EDS elemental analysis with 
an atomic percentage of Fe/Al being 28.28:71.72; this phase is 
most likely Fe2Al5. Therefore, the band structure was formed 
because of the penetration of aluminum alloy into the rivet.

The microstructure of the outer edge of the interfacial 
region is shown in Fig. 6e. Some aluminum alloys were 
not fully extruded, which still exist in some areas between 
the rivet flash and steel plate, but aluminum alloy also 
reacts with the steel to form intermetallic compounds.

Fig. 5   Microstructure of the joint

Fig. 6   Microscopic topography of the joint cross-section
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To conclude, a complete friction welded interface was 
formed between the rivet and DP980 steel, which formed a 
complete metallurgical bonding. The severe plastic defor-
mation metal in the circumferential direction of the rivet 
also has sufficient interface reaction with the Al aluminum; 
thus, a good metallurgical joining was formed. However, 
no metallurgical joining was formed in the area, where no 
noticeable plastic deformation occurred. Furthermore, a cer-
tain amount of aluminum alloy penetrated into the rivet by 
the complex reaction and thermal action, which would form 
a band-like structure.

3.2 � Influence of process parameters on the joint 
forming

The macroscopic topography of the joint obtained at the dif-
ferent spindle depression depths is shown in Fig. 7 at a rotat-
ing speed of 3400 rpm and a plunge speed of 2.8 mm/s. The 
distance plunged by the bit was 2.8 mm, as shown in Fig. 7a; 
the filling state of the rivet head was not good, and the form-
ability was poor. Simultaneously, no aluminum alloy was 
penetrated into the rivet to form a band-like structure. With 
the further increase of plunge distance, the phenomenon of 
the aluminum alloy infiltrating into the rivet appeared and 
the filling state of the rivet head was good.

Therefore, the penetration of the aluminum alloy was sup-
pressed when the distance of plunged was small, but the 
formability was poor.

The macroscopic topography of the joint obtained at the 
different spindle rotation speeds is shown in Fig. 8 at the 
spindle pressing speed of 2.8 mm/s and the pressing amount 
of 3.6 mm. The joints were well joined, and the phenomenon 
of aluminum alloy infiltrating into the rivet occurred.

With the increase of the rotation speed, the position of 
the aluminum alloy infiltrating into the rivet has a downward 

flow trend. The increase of rotation speeds will sharply 
increase the circumferential frictional heat between the 
rivet and aluminum alloy and enhance the axial frictional 
extrusion heat between the rivet and steel plate. Because of 
the increased heat input, the volume of aluminum alloy will 
increase in the thermoplastic state, and the flowability of 
aluminum alloy also increases in the weld zone.

The rivet material at a high rotational speed made thinner 
layers of material to reach a thermoplastic state in a shorter 
time interval. At the thermal cycling conditions, thin lay-
ers of material were continuously stacked down with the 
rivet was pushed down continually. Therefore, the macro-
scopic performance has a downward flow trend where the 
aluminum alloy was penetrated into the rivet.

Figure 9 shows the macroscopic morphology of the joint 
at a rotation speed of 3400 rpm/min and a pressing distance 
of 3.6 mm, wherein the joints were well joined, and the 
phenomenon of aluminum alloy infiltrating into the rivet 
occurred. The influence of pressing speed was complex on 
the penetration, and the regularity was not noticeable.

3.3 � Influence of process parameters on the tensile 
properties

The variation bar charts of tensile properties of welded 
joints at the different spindle depression depths are shown 
in Fig. 10 at a spindle rotation speed of 3400 rpm/min and a 
pressing speed of 2.8 mm/s.

With the increase of spindle depression depths, the shear 
load of the joint increased first and then decreased. The rivet 
head has poor filling and poor formability with the lowest 
joint shear load strength, and the shear load strength was 
10.819 kN, and the amount of spindle depression depths 
was 2.8 mm. With the further increase of spindle depression 
depths, the contact area of the rivet with the steel/aluminum 

Fig. 7   Macro-morphology of joints under different spindle depression depths. a 2.8 mm. b 3.0 mm. c 3.2 mm. d 3.4 mm. e 3.6 mm
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in both the axial and circumferential directions increased. 
Thus, the area of a metallurgical bond increased, which 
enhanced the shear load of the joint. The joint fracture loca-
tion occurred at the frictional bonding interface between the 
rivet and steel plate. Therefore, the shear strength load of the 
joint was reduced at a pressing amount of 3.6 mm.

The variation bar charts of tensile properties of welded 
joints at the different spindle rotation speeds are shown in 
Fig. 11 at a spindle pressing speed of 2.8 mm/s and a spindle 
depression depth of 3.6 mm. With the increase of spindle 
rotational speed, the joint shear load decreased continuously. 
The shear load was the largest, and the maximum value was 
14.374 kN at a spindle rotation speed of 3000 rpm/min.

As the rotational speed of the spindle increased, frictional 
heating raised, which intensified the interfacial reaction. 
Therefore, the fluidity of aluminum alloy was enhanced in 

this region. Because of the increase of spindle speed, the 
band-like structure appeared; thus, the shear strength of the 
joint decreased.

The variation bar charts of tensile properties of welded 
joints at the different spindle pressing speeds are shown in 
Fig. 12 at the spindle rotation speed of 3400 rpm/min and 
the spindle depression depths of 3.6 mm.

The results show that the pressing speed has a complex 
effect on the shear load of the joint. When the press-
ing speed was 2.4 mm/s, the welding time was relatively 
longer. The aluminum alloy has sufficient time to diffuse 
into the rivet, which can form a band-like structure. Thus, 
the shear load of the joint decreased. Simultaneously, the 
shear load strength of the joint was the smallest with a 
minimum value of 11.607 kN. With the further increase 
of pressing speed, the welding reaction time was greatly 

Fig. 8   Macro-morphology of the joint under different spindle rotation speeds. a 3000 rpm/min. b 3200 rpm/min. c 3400 rpm/min. d 3600 rpm/
min. e 3800 rpm/min

Fig. 9   Macro-morphology of the joint at the different spindle pressing speeds. a 2.4 mm/s. b 2.6 mm/s. c 2.8 mm/s. d 3.0 mm/s. e 3.2 mm/s
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shortened. Therefore, the reaction time of aluminum 
alloy flowing into the rivet was reduced. The shear load 
strength of the joint was improved to a certain extent, and 
the joint load strength is 13.069 kN.

T h e  s t r e n g t h  c a l c u l a t i o n  f o r m u l a 
is� =

N

mm2
=

14374N

�r2
=

14374N

�(3.25)2
≈ 433 MPa . The diameter of 

the rivet rod in the formula is 6.5 mm. While the tensile 
strength of 7075 aluminum alloy is about 524 MPa, the 
final calculation shows that the welding joint coefficient 
in this paper is 0.82, so the weld quality is reliable.

3.4 � Fracture analysis

It is seen that there were mainly two modes of fractures 
in the joint. The first fracture mode was the internal frac-
ture of the rivet, as shown in Fig. 13a. The fracture posi-
tion occurred in the rivet, and the remaining part was still 
tightly combined with the steel plate. The second fracture 
mode was broken from the friction interface, as shown in 
Fig. 13b. The lower end face of the rivet was completely 
separated from the lower steel plate. In this fracture mode, 
the metallurgical reaction between the rivet and the steel 
plate was insufficient. Thus, the joint strength was rela-
tively low in this mode.

The two fracture modes of the joints are shown in 
Fig. 14. Figure 14a shows the fracture surface in the rivet. 
There are a large number of dimples in the fracture area 
of the joint, which are microscopically ductile fractures. 
Therefore, there was relatively higher fracture strength. 
Figure 14b shows the fracture surface in the steel/steel fric-
tion interface. The fracture presents a cleavage step with a 
river-like pattern, and the steps are along the same direc-
tion, exhibiting microscopically brittle fractures. There-
fore, there was relatively lower fracture strength.

4 � Discussions

4.1 � Mechanism of aluminum infiltration

Figure 15 shows a schematic diagram of the aluminum 
infiltration process. Because the hardness and strength 
of the rivet were greater than the aluminum alloy, the 
rivet was in contact with the upper aluminum plate; the 

Fig. 10   Variation of the shear load of welded joints under different 
spindle depression depths

Fig. 11   Variation of the shear load of welded joints under different 
spindle rotation speeds

Fig. 12   Variation of the shear load of welded joints at the different 
spindle pressing speeds
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aluminum alloy can quickly reach a thermoplastic state 
under the high-speed rotating rivet. Simultaneously, the 
aluminum alloy was continuously extruded around the 
rivet. When the rivet was in contact with the lower steel 
plate, the tip of the rivet was subjected to high stress and 
then induced plastic deformation. The plastic alloy was 
gradually extruded into the interface. At this stage, the fric-
tion linear velocity was not high due to the small diameter 
of the rivet tail. Therefore, the interface temperature was 
not high in this process, and aluminum alloy only under-
went solid-state plastic deformation, as shown in Fig. 15b. 
As the aluminum alloy was continuously extruded, the 
temperature increased at the interface. Because the DP980 
steel has higher strength and hardness than the rivet, the 
entire rivet was crushed in the high-temperature area, 
which induced a cake-like structure by the radial strain. 

Nevertheless, the DP980 steel basically does not have a 
noticeable plastic deformation, as shown in Fig. 15c. The 
peripheral linear velocity of the rivet was greater than the 
central linear velocity. As a result, the peripheral tempera-
ture of the rivet was higher than the central temperature. 
Therefore, the crushed and extruded metal reacted with 
the aluminum alloy at the interface and even melt the alu-
minum alloy at the interface.

With pressing the rivet, the plastic deformation metal 
of the rivet near the friction interface accumulated. As 
the pie structure continued to expand, the extruded metal 
reacted more violently with the aluminum alloy, as shown 
in Fig. 15d. After reaching a certain time and temperature, 
the metallurgical joining along the interface between the 
deformed pie metal and the DP980 steel began to form. 
As the interfacial friction proceeded, the metallurgical 

Fig. 13   Macroscopic fracture 
morphology and fracture form 
of the join. a Internal fracture of 
the rivet. b Interface fracture

Fig. 14   Micromorphology of 
the fracture surface of the joint. 
a Internal fracture of the rivet. 
b Fracture of the steel/steel 
interface
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joining was intensified so that the joining strength 
increased between the pie and the DP980 steel. In addi-
tion, the deformed metal of the rivet accumulated along its 
axial direction, and then, the range of plastic deformation 
expands upward. The position of the peak tangential strain 
was shifted upwardly at the circumferential edge of the 
rivet because of the increase of frictional resistance. As a 
result, a new peak tangential strain zone was formed. With 
the increase of plastically deformed metal, a new pie-like 
structure was formed on the original pie-like structure 
during the continuous pressing of the rivet, as shown in 
Fig. 15e. As the friction process continues, it was possible 
to form multiple pie-like structures.

When the welding process was just completed, the 
interface temperature between the cake-like structure was 
relatively high. Thus, the aluminum alloy near to the cake-
like structure was partially melted at the interface. Locally 
micro-melted aluminum alloys underwent interfacial reac-
tions at the edges of the interface. Eventually, the inter-
metallic compound was formed. However, the tangential 

strain will not reach zero immediately between the final 
formed pie structure and rivet. The newly formed interface 
intermetallic compound was very brittle and has no ability 
to plastic deformation, which was torn. A small amount 
of molten aluminum alloy was penetrated into the interior 
of the torn crack as the process proceeded. The aluminum 
alloy continuously reacted with the fresh rivet material 
to form new intermetallic compounds. When the tangen-
tial strain decreased to zero, the micro-molten aluminum 
alloy solidified and the whole process was accomplished. 
Eventually, a band-like structure was formed, as shown in 
Fig. 15f.

4.2 � Relationship between mechanical properties 
and aluminum infiltration

The band-like structure was composed of brittle intermetal-
lic compounds, which has a negative effect on the mechani-
cal properties of the joint. When the length of the band-
like structure was longer, the mechanical properties of the 

Fig. 15   Schematic diagram of the mechanism of aluminum infiltration



1253The International Journal of Advanced Manufacturing Technology (2023) 128:1243–1254	

1 3

joints were weakened. Figure 16 shows the influence of 
the fracture position of the joint on tensile properties. The 
fracture positions of samples 1, 4, 7, 9, 12, and 13 occurred 
inside the rivet, and the fracture positions of samples 2, 3, 
5, 6, 8, 10, and 11 occurred at the friction interface. The 
average values of shear strength for two fracture positions 
were Ninner=12.998 kN and Nboundary=12.005 kN, respec-
tively. Therefore, the tensile properties of internal fracture 
of the rivet were greater than the friction interface. Fig-
ure 17 shows the effect of aluminum infiltration length on 
fracture modes.

The weak zones have two positions of the friction inter-
face and the band structure. The friction interface strength 
is related to the degree of metallurgical bonding between the 
rivet and DP980. The more sufficient metallurgical bond-
ing led to greater interface strength. The band structures 
were influenced by the molten aluminum penetration into the 
rivet. More aluminum infiltrated the rivet; more intermetallic 
compounds were generated inside the rivet, which weaken 
the overall mechanical properties. However, the metallur-
gical bonding and aluminum penetration were affected by 
the friction heating input. The higher heating input induced 
more sufficient metallurgical bonding, but more severe alu-
minum penetration.

5 � Conclusion

The friction plug-riveting spot welding solid-phase joining 
between AA7075 aluminum alloy and DP980 high-strength 
steel was performed. The morphology, mechanical proper-
ties, and fracture behavior of welded joints were revealed. 
Conclusions are summarized as follows:

(1)	 The high-strength aluminum/steel was successfully fabri-
cated by the friction plug-riveting spot welding method. 
The maximum tensile shear load of the joint was 14.374 
kN. The joints exhibited two fracture modes: a fracture 
in the rivet and a fracture in the friction interface. When 
the fracture mode was in the rivet, the shear load was 
greater than that in the friction interface.

(2)	 A good metallurgical bonding was formed at the inter-
face between the rivet and DP980 steel. The interfacial 
reaction also occurred between the rivet and part of the 
aluminum alloy near the DP980 steel area, which also 
form a metallurgical joining, but the upper of the rivet 
and aluminum alloy was non-metallurgically joined.

(3)	 A complex thermal-mechanical interaction occurred in the 
zone of the rivet/steel sheet friction interface. The micro-
melted aluminum alloy penetrated into the inside of the 
rivet. The infiltration induced the formation of a band-
shaped intermetallic compound structure with a negative 
influence on the mechanical properties of the joint.

Ninner =
Gross load

Total number
=

77.989

6
= 12.998 kN

Nboundary =
Gross load

Total number
=

84.037

7
= 12.005 kNFig. 16   Influence of fracture location on tensile shear strength

Fig. 17   Effect of aluminum infiltration length on fracture mode
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