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Project Introduction
Modern multimaterial vehicles require joining of various lightweight materials, such as aluminum (Al) and 
magnesium (Mg) alloys and carbon fiber reinforced polymers (CFRP), with advanced high-strength steels 
together to form a high-performance and lightweight body structure. A variety of joining methodologies 
(e.g., resistance spot welding, adhesive bonding, linear fusion welding, hemming, clinching, bolting, riveting) 
have been attempted by the automotive industry to join different materials. Often, these joining techniques are 
limited to only certain material combinations. For capital and operational cost, automobile original equipment 
manufacturers need to limit the number of joining technologies implemented on an assembly line.

In Phase I of the Joining Core Program, we investigated the versality of ultrasonic-based spot-joining (UJ) 
processes to join different material combinations [1, 2]. Ultrasonic spot welding (USW) is one of the major UJ 
processes which is a solid-state joining method that produces weld joints by localized high-frequency 
tangential vibration under moderate clamping pressure. The temperate rise during a USW process is generally 
not sufficient to melt the material. Instead, the high-temperature and pressure at the interface induce rapid 
diffusion between the substrates to form the joint. In Joining Core Program Phase I, we successfully 
demonstrated the ability of joint DP590 steel and AZ31B Mg alloys with a reasonably high-strength, including 
bare steel to Mg that were considered to be unweldable as they are metallurgically immersible, through USW 
process innovations assisted by extensive physics-based process modeling.

However, a number of technical challenges still remain in the prevention of successful application of USW for 
automotive body structures. They include challenges to produce consistent joint quality for many welds to 
assemble large metal body structures. This is particularly challenging due to the lack of understanding of 
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complex ultrasonic wave propagation and interaction with other spot welds in a large structural assembly. In 
addition, further research is required to extend the USW to other material combinations for further 
lightweighting of multimaterial auto-body structures.

Objectives
The primary objective of this project is to further explore, understand, and extend the unique characteristics of 
UJ—the ability to metallurgically bond immiscible material pairs and the acoustic softening phenomenon—to 
various lightweight material combinations in an assembly of a lightweight multimaterial vehicle. The targeted 
outcomes will be a versatile, ultrasonic-based solid-state spot joining technology to join representative 
component level coupons in which multiple UJs are required. The outcome will include extending the joining 
technology to join a variety of lightweight dissimilar material stack-ups including Al, CFRP, Mg, and steel.

Approach
The project is divided to three major tasks to ensure risk mitigation and successful completion. These main 
tasks are:
 FY 2021: Making multiple USW joints in large steel-Mg coupons and obtaining an average joint 

strength at least 80% of that is obtained in single-joint coupons.
 FY 2022: Extending USW method to join large Al-steel and Al-Mg coupons consisting of multiple 

joints and obtaining an average joint strength at least 80% of that is obtained in single-joint coupons.
 FY 2023: Using one UJ variant to join polymer-metal structural stack-ups.

The following sub-tasks were planned to meet FY 2022 milestones:
 Sub-Task 1: Feasibility study to extend USW to join Mg-Al and Al-steel in single-joint lap-shear 

coupons.
 Sub-Task 2: Perform microstructural analysis and mechanical tests on single Mg-Al and Al-steel 

coupons.
 Sub-Task 3: Apply thermal-mechanical and model-based numerical tools to assist the process 

development to join multiple Mg-Al and Al-steel joints in component level structures.

Results
In Phase II, we developed an innovative strategy to join large coupons with consistent weld quality and 
strength. We identified that different welding energy levels were required depending upon the part geometry 
and joint location. Hence, a wide range of welding energy was systematically investigated to join single-joint 
lap-shear Al-steel and Al-Mg coupons in FY 2022. For the study, Al was 1-mm-thick 6022, steel was 1-mm-
thick DP590 with a galvanized surface coating, and Mg was 2-mm-thick AZ31B.

Plots of the peak lap-shear tensile strength as a function of ultrasonic energy for the single-joint Al-Mg and Al-
steel coupons are shown in Figure II.4.1.5.1(a) and (b) respectively. Al-Mg USW coupons were made using 
three welding power levels (e.g., 1000W, 2500W, 3500W). The welding energy varied from 250–3500 joules 
(J). The maximum value of the peak strength occurred at ~1000J welding energy regardless of which power 
was used. On the other hand, for Al-steel USW coupons, only one welding power was used, where the welding 
energy varied from 500–3000J. The peak lap-shear strength monotonically increased from 1.6–4kN.

                                             (a)                                                                                             (b)

Figure II.4.1.5.2(a) shows the optical micrograph of a representative Al-Mg USW joint interface. A layer of 
Al/Mg intermetallic compound (IMC) was formed at the faying surface. The average thickness of the IMC 
layer for USW joints made with different energy under 1000W and 2500W was compared as shown in Figure 
II.4.1.5.2(b). These results suggest that a thin layer of an Al-Mg IMC layer is critical to obtain a strong lap-
shear strength. Overgrowth of the IMC layer would deteriorate the mechanical performance. Figure II.4.1.5.3 
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shows the micrographs of the Al-steel USW joint interface and the chemical composition at the center of the 
joint interface. A layer of Al-Fe-Zn ternary phase was observed.

                                             (a)                                                                                  (b)

Figure II.4.1.5.1 Peak lap-shear tensile load as a function of ultrasonic energy on single-joint (a) Al-Mg and (b) 
Al-steel coupons. Source: ORNL

                                             (a)                                                                                             (b)

Figure II.4.1.5.2 (a) Representative microstructure at the Al-Mg USW joints showing IMC at the interface and 
(b) the average IMC thickness as a function of welding energy of Al-Mg USW joints. Source: ORNL
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Figure II.4.1.5.3 Chemical composition of Al-steel joint interface at the center of the joint. Source: ORNL

Computational modeling of ultrasonic wave propagation in a metal sheet were utilized to assist the process 
development for joining large coupons consisting of five USW joints. Both elastic linear modal and thermal-
mechanical finite element analyses suggest that the mechanical and thermal responses are different when 
making joints at different locations. The linear modal analysis suggests that the amplitude of actual contact 

force between the sonotrodes and metal sheets varied with joint locations, even though a constant static 
clamping force (i.e., 1000N) was applied when making all five joints. For instance, they were 1748N versus 
1530N for the first and third Al-Mg USW joint. As a result, the resistance force at the first joint was higher, 

while the actual sonotrode vibration amplitude was smaller, which is consistent to the experimental 
measurement using a vibrometer, as shown in 

(a) (b)

                                          (a)                                                                                               (b)

Figure II.4.1.5.4(a) and Figure II.4.1.5.4(b). Further non-linear thermal-mechanical modeling shows a higher 
heat generation when making the first USW joint versus the third joint, as observed in 
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                                          (a)                                                                                                 (b)

Figure II.4.1.5.5(a), which is also consistent with the experimental measurements using an infrared camera 
shown in Figure II.4.1.5.5(b).

(a) (b)

                                          (a)                                                                                               (b)

Figure II.4.1.5.4 Measured sonotrode vibration amplitude during the (a) first and (b) third USW although the 
power setting was identical. Source: ORNL

                                       

                                          (a)                                                                                                 (b)
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Figure II.4.1.5.5 (a) Predicted and (b) measured temperature history showing a higher temperature occurred 
when making the first USW joint. Source: ORNL

Before utilization of the model, the trial-and-error experimental processes resulted in inconsistent weld quality 
at different weld locations for joining large coupons. Particularly for Mg-Al coupons, no effective joint was 
formed in the middle of the coupons (e.g., third joint). Great success has been achieved after adoption of the 
numerical models for better design and optimization of the process parameters. Figure II.4.1.5.6 and 
Figure II.4.1.5.7, respectively, plot the lap-shear mechanical strength results for each joint in the large coupons 
and the comparison with the reference joint strength obtained from the single-joint coupons. For Al-Mg, an 
overall average strength of 1.92 kN of the large coupons was achieved, which was 83.5% of the reference 
strength 2.3 KN obtained on the single-joint coupon. For Al-steel, the average joint strength of the large 
coupons was almost identical to what was obtained on the single-joint coupons. 

Figure II.4.1.5.6 Reference single joint strength and strength of each joint in large coupons of Al-Mg. 
Source: ORNL

Figure II.4.1.5.7 Reference single joint strength and strength of each joint in large coupons of Al-steel. 
Source: ORNL

Conclusions
The research and development in FY 2022 led to the following major achievement and findings:

 USW process is not only material-dependent, but also geometry-dependent. A process parameter set 
developed on single-joint small coupons cannot be readily applied to join large structures consisting of 
multiple joints.

 Numerical models can be adopted for better design and optimization of the process parameters.
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 USW is feasible to join large dissimilar metal coupons (e.g., Mg-steel, Al-steel, Mg-Al).
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