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Abstract: The microstructure and mechanical properties of ultra-high-strength steel weld joints were
examined for the effect of ultrasonic treatment. ER120S-G welding wire is necessary for welding
4 mm thick ultra-high-strength steel. After that, the weld toe region underwent different parameters
of the ultrasonic stress relief process. As a means of surface treatment for weld seams, noticeable
grain refinement and the formation of a fine-grained layer were observed in the weld toe region
after ultrasonic treatment. The blind hole method was used to measure residual stresses in the weld
seam, which indicated a transition from tensile stress to compressive stress in the treated portion
of the joint. Different ultrasonic treatment processes resulted in a significant increase in hardness
values near the weld toe region during hardness testing. The hardness of the weld joint that was
treated with ultrasound increased initially but then stabilized after increasing the frequency. The
ultrasound-treated joints showed a significant improvement in both tensile strength and fracture
elongation, as demonstrated in the tensile tests.

Keywords: 2000 MPa ultra-high-strength steel; ultrasonic treatment; weld residual stress; microstructure;
mechanical properties

1. Introduction

The strength, hardness, and toughness of the new ultra-high-strength steel produced
has significantly improved since the continuous improvement of steel smelting and since
rolling technology was introduced. In fields such as aerospace, national defense, and
shipbuilding, they are slowly taking the place of traditional high-strength steel and becom-
ing a vital critical material [1–3]. The balance between strength and toughness becomes
more challenging for steels with higher strength [4–6]. Currently, research on the per-
formance enhancement of ultra-high-strength steel primarily focuses on improving the
steel’s microstructure and refining grain size. Kimura Y et al. [7] studied the mechanical
properties such as strength, ductility, toughness, and resistance to the delayed fracture of
ultra-fine grain martensitic high-strength steel and analyzed the effect of high-strength
steel grain size on mechanical properties. Dolzhenko P et al. [8] analyzed the explanation
for grain structure modifications in ultrafine-grained steel during plastic deformation. Li,
JH et al. [9] provided a summary and discussed the main reasons behind the superior
mechanical performance of three commonly used martensitic steels, as well as the strength-
ening/toughening mechanisms of the steels. In order to enhance the future application of
ultra-high-strength steel, it is essential to strive for superior mechanical performance in a
new and innovative direction. It is anticipated that the next generation of high-strength
steel will demonstrate even better outcomes in machining and welding processes, which
will be critical for its production applications [10,11].
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Welding is a common method for connecting and processing ultra-high-strength steel.
Despite this, it is facing multiple challenges in the current production processes. During
the welding of ultra-high-strength steel with fine grain strengthening, the base material
undergoes phase transformation and grain growth in the heat-affected zone. This leads to
a significant reduction in the mechanical properties of the welded joint, as mentioned in
references [12–15]. In addition, for steel with ultrafine-grained reinforcement, the welding
heat input is bound to cause grain growth [16–18]. Moreover, because ultra-high-strength
steel is highly durable and has a distinct grain structure, it can be challenging to control
welding deformation, resulting in significant stress after the welding [19]. Therefore, when
welding ultra-high-strength steel, it is essential to control welding deformation and residual
stresses using pre-weld heating and heat treatment.

Sisodia R P S et al. [20] carried out a thorough investigation into the issue of heat-
affected zone (HAZ) hardening of dual-phase (DP) steel during laser welding. They
analyzed and compared the joint characteristics, microstructure, and mechanical properties
of 1 mm thick dual-phase steel and evaluated the influence of post-weld heat treatment
(PWHT) on the strengthening of laser-welded joints. Alipooramirabad H et al. [21] sig-
nificantly reduced residual tensile stress in multi-pass high-strength steel welds using
heat treatment. Often, relying on post-weld heat treatment to reduce weld residual stress
is a time-consuming task. Furthermore, local treatment of larger structural components
presents challenges that can limit the application of heat treatment [22].

Qi chao et al. [23] conducted various heat treatments on 316L austenitic stainless
steel added and manufactured via a laser powder bed melting process for the first time
to systematically study the evolution of residual stress, microstructure, and mechanical
properties. During the laser additive manufacturing process, 316L stainless steel exhibited
significant residual compressive stresses. After 2 h of post-treatment annealing at 400 and
650 ◦C and 5 min of solution annealing at 1100 ◦C, moderate to complete stress relief
was achieved by 24%, 65%, and 90%, respectively. Chi et al. [24] utilized an integrated
post-treatment process that involved heat treatment (HT) and laser shock peening (LSP)
to alter the microstructure and mechanical properties of Ti17 titanium alloy. The results
showed that the combined treatment of HT and LSP resulted in severe plastic deformation
of the surface layer, leading to a high level of compressive residual stress on the surface.
Meanwhile, after laser shock wave treatment, high-density dislocations and mechanical
twins were observed in the rough phase, which gradually evolved into the fine phase. HT
and LSP treatment ensured that the original ultimate tensile strength was maintained, but
the sample’s elongation was significantly increased by 15%.

In addition, Ji Xiangyu et al. [25] analyzed the formation and evolution mechanism of
residual stress during the solid solution heat treatment process of 316L/Q235B composite
plates and reduced the level of residual stress by improving the solid solution heat treatment
process; Liu Zichen et al. [26] used simulation to elucidate the impact of post weld heat
treatment differences on the relief effect of residual stress; B. Shakeri et al. [27] investigated
the mechanism of the effect of cast iron phase transformation on residual stress under
isothermal heat treatment; E. Heidari et al. [28] provided the possibility of improving the
mechanical properties of materials via ablation and rolling methods.

The advantages of ultrasonic treatment include energy efficiency, high efficiency, and
lightweight equipment over heat treatment methods. In the welding field, ultrasound is
being applied and researched gradually. Feilong Ji et al. [29] coupled ultrasonic energy with
the arc deposition process to study the effect of ultrasonic intensity on the microstructure
and mechanical properties of ER70S-6 steel alloy during the direct energy deposition arc
(DED-Arc) process. To analyze the propagation and vibration distribution of ultrasonic
waves in the matrix, numerical simulation methods were employed. The study shows that
increasing ultrasonic intensity expands the grain refinement area from the center of the
melt pool to the surrounding area and alters the grain morphology from coarse columnar
to fine equiaxed. In recent years, it has gradually become an ideal method for treating
joints after welding. Applying ultrasonic impact treatment to both sides of the weld toe
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region can bring about several benefits. It can enhance the material’s fatigue resistance,
reduce stress concentration at the weld toe, and generate a compressive stress layer in the
impacted area. This, in turn, can improve the microstructure near the surface of the impact
location, as evidenced by research studies [30,31]. GRM Ali et al. [32] studied the influence
of ultrasonic shot peening on the mechanical properties of TIG welded joints made of
low-carbon steel. As the ultrasonic treatment intensity increased, the tensile strength of
the welded joint showed a trend of decreasing at first and then increasing. Furthermore,
the microhardness of the treated surface was elevated via ultrasonic treatment, causing
a decrease in the weld’s bending performance. ZhiQiang Liang et al. [33] made use of
ultrasonic rolling to harden the surface of ultra-high-strength steel (45CrNiMoVA) while
also investigating the progression of fatigue life on the surface of ultra-high-strength steel.
The results show that ultrasonic rolling increased the residual compressive stress amplitude
on the surface of ultra-high-strength steel, affecting the depth of the hardness layer and
ultimately improving the material’s mechanical properties.

As of now, the mechanical properties of newly developed ultra-high-strength steel
have been constantly evolving. However, research on the development of welding processes
for ultra-high-strength steel remains limited. Additionally, the main research direction
to address problems such as easy deformation and excessive residual stress during the
welding process is mainly focused on heat treatment methods. There is a relative lack
of research on the improvement of weld microstructure and properties via ultrasonic
treatment [34]. In the production of bulletproof vehicles, steel plates with a thickness
of less than 6 mm are typically used and the welding method employed is segmented
welding, which is fixed in advance by spot welding. Generally, the length of the welds
is not more than 30 cm. Based on this, the size of the test steel plate is determined. The
steel plate involved in this article is a new trial-produced steel plate and there is currently
no model available. It has broad application prospects in protection due to its exceptional
mechanical properties, making it of significant research value. The focus of this paper is on
the newly developed ultrafine-grained high-strength steel that has a grade of 2000 MPa.
The microstructure and properties of a MAG homogeneous weld joint were studied after
applying ultrasonic treatment to the weld toe region. The purpose of this study was to
provide a reference for welding production, as well as to eliminate residual stress and
improve the mechanical properties of welds.

2. Experimental Procedure

The thickness size of the 2000 MPa ultra-high-strength test steel plate is 4 mm, which
has extremely high strength and hardness. ER120S-G was used as the filler material.
The chemical composition of the material is shown in Table 1. A butt joint with a total
length of 200 mm was made using a traditional I-shaped groove following the American
Welding Society [AWS: America, AWS D1.4/D1.4M-2005]. After thorough cleaning, the
plates were securely clamped onto fixtures that were part of an automated welding plat-
form. The 2000 MPa-grade ultra-high-strength steel is shown in Table 2 in terms of its
mechanical properties.

Table 1. Chemical composition of 2000 MPa-UHSS.

Material
Chemical Composition/Wt. %

C Co Mn Si Cr V Mo Ti Ni Ca Al

2000 MPa-UHSS 0.36 0.006 0.18 0.102 1.116 0.005 0.268 0.065 0.018 0.072 0.072

Table 2. Mechanical properties of the welding materials.

Material 0.2% Yield
Strength/MPa

Ultimate Tensile
Strength/MPa Elongation/% Hardness

Value/HV

2000 MPa-UHSS 1761.66 ± 21.4 2108.84 ± 18.6 10.35 ± 1.0 664.3 ± 17.3
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The MAG welding method was used to connect the ultra-high-strength steel plates
with 2000 MPa. The single-side welding and double-side forming technique was employed.
The Fronius TPS5000B power supply was employed for welding and the KUKA 16 robot
was used to automate the process. The weld seam had good formation and no visible defects
on its surface. To ensure the accuracy of subsequent experiments, non-destructive testing
was conducted on the weld using micro X-ray flaw detector XXG-2505 (Leeb, Chongqing,
China). The results indicated that the weld quality was Level I.

Using the UIT-300 (EPT, Tianjin, China), ultrasonic impact treatment was applied
to both sides of the weld toe region on both sides of the welded plates and on both the
front and back. After ultrasonic treatment, the weld toe region showed varying degrees of
concave deformation. To investigate the effects of ultrasonic treatment on the residual stress,
surface microstructure, hardness, and tensile strength of 2000 MPa ultra-high-strength steel,
samples were taken both before and after the treatment was applied to the weld seam.
Following that, the impact of ultrasonic treatment on the microstructure and mechanical
properties of welded joints was investigated. Table 3 provides detailed information on
the automated welding process parameters and ultrasonic treatment parameters, while
Figure 1 shows the experimental equipment and sampling positions.
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Figure 1. Experimental process and specimen cutting. Welding equipment includes (a) KUKA 16;
(b) Fronius TPS5000b. After non-destructive testing (c) of the weld seam, (d) UIT-300 is used
to perform ultrasonic treatment on both sides of the weld toe and samples are taken before and
after treatment.
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Table 3. Welding and ultrasonic treatment parameters.

Welding
Current/A Wire Feeding

Speed/(m·min−1) Voltage/V Welding
Speed/(m·min−1)

152 0.7 23 0.35

ultrasonic
treatment

Number Frequency/kHz Speed/(mm·s−1) Amplitude/µm Probe diameter/mm
1 10

3.5 25 3
2 15
3 20
4 25

3. Results and Discussion
3.1. Microstructure and Joint Morphology

The microstructure and joint morphology at various positions of the ultra-high-
strength steel-welded joint are shown in Figure 2. The microstructure and grain size
of the welded joint have changed significantly from the 2000 MPa-grade ultra-high-strength
steel base material microstructure. Figure 2b shows that the weld seam area is primarily
made up of lower bainite. Due to the ultra-high-strength steel base material’s very small
structure, the cooling process near the fusion line and the heat-affected zone is relatively
slow, resulting in slight supercooling. In this scenario, a smaller degree of undercooling
prevents the growth of a martensite structure near the fusion line in the weld area, resulting
in a dominated weld structure made up of fine bainite. In addition, the low degree of
supercooling causes the weld area to be dominated by equiaxed grains and the central
structure of the weld to have no specific grain growth direction. In the area near the fusion
line, some dendrites grew perpendicularly to it and the grain size was significantly larger
than in the central area.

As the temperature increases, the ultra-high-strength steel’s fine-grained structure
gradually transforms into austenite near the fusion line on the side of the heat-affected
zone, as shown in Figure 2c. The removal of the welding heat source results in rapid
cooling, leading to the formation of significant coarse lath martensites, as demonstrated in
Figure 2d. Due to this, the hardness in this area could be significantly higher than in the
weld seam area. Unlike traditional high-strength steel, the experimental steel grade hardly
forms a widmanstatten structure in the coarse-grained heat-affected zone (CGHAZ). In the
zone that is heat-affected closer to the weld (Figure 2e), the heat input is less, resulting in a
lower temperature gradient experienced by the grains during phase transformation. This
leads to the formation of smaller martensitic grain structures. Also, there is less residual
tensile stress generated beyond the weld seam. The grain’s distortion and stretching
degrees are not as significant as they are in the proximity of the weld, which also reduces
grain growth.

As the distance from the weld seam increases, changes in the microstructure of the
base material can be observed in the intermediate critical heat-affected zone (ICHAZ) of
the joint (Figure 2f). The heating temperature in this area is not sufficient to initiate the
transformation of the austenite phase in the base material. Tempering is the only process
the base material undergoes, which results in a slight increase in grain size. At the grain
boundaries, carbide precipitation also happens.
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Figure 2. Metallographic structure of welding joints of UHSS. The boundary between the WZ, HAZ,
and BM structure is clearly visible in the (a) macroscopic metallography. As the distance from the
weld increases, the microstructure and grain size of the welded joint undergo significant changes
(b–g). The microstructure of the WZ is dominated by lower bainite and the HAZ is dominated by
lath martensite.

The weld toe regions on both sides of the weld experience changes in joint morphology
after applying ultrasonic treatment, as shown in Figure 3. Ultrasonic treatment results
in a noticeable concave deformation of the weld toe region. Gradually increasing the
treatment frequency causes the concave deformation at the weld toe region to become
more pronounced. Due to the formation of a significant amount of lath martensite and the
increase in grain structure, the ductility of HAZ is reduced compared to the base material
and weld. The primary concentration zone for residual tensile stresses is also located in
this area. Upon increasing the treatment frequency to 25 kHz, both sides of the concave
curve formed by the impact exhibit outward deformation of the weld metal and some areas
show tiny cracks. Excessive ultrasonic frequency can lead to the destruction of the surface
structure of the weld, which in turn affects the mechanical properties of the joint [35].

Ultrasonic treatment of high-strength steel is accomplished using an ultrasonic probe
with a diameter of 3 mm. At the processing location, concave deformation occurred after
the weld toe was applied to the joint continuously and appropriately using an ultrasonic
probe. Therefore, its essence is extrusion deformation and appropriate impact can compact
defects such as shallow cracks and pores on the surface of the weld seam, improving the
surface flatness at the weld toe position. At the same time, it is essential to control the
plastic deformation that occurs during the extrusion process. Moreover, the weld toe region
is within the coarse-grained heat-affected zone, which has a higher stiffness level, a coarser
grain composition, and a lesser grain boundary area. Under ultrasonic treatment, plastic
deformation is limited, and the surface is susceptible to extrusion cracks.
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Figure 3. Surface deformation and crack defects of weld toe under SEM. Under ultrasonic treatment,
the surface of the weld toe undergoes concave deformation (a). When the ultrasonic treatment
frequency reaches a certain value (25 kHz), small impacting cracks appear on the treated surface (b).

The microstructural changes at the weld toe region after ultrasonic treatment are
depicted in Figure 4. Plastic deformation is evident on the weld toe surface after the 20 kHz
ultrasonic treatment. Despite the microstructure becoming more refined and uniform, the
surface oxide film layer of the weld seam remains intact. Significant changes have been
made to the grain arrangement and orientation in the weld seam area, resulting in a lot
of grain boundary dislocations [36]. There is a smoother flow between the weld seam
region and the heat-affected zone. In addition, carbide precipitation is found at the grain
boundaries in the plastic deformation region after the ultrasonic impact. These factors
together contribute to an increase in microhardness in the treated surface layer [37].

In previous studies on the impact of ultrasonic treatment on the microstructure of
lightweight materials, it was found that high-frequency ultrasonic treatment may cause
tissue damage to lightweight carbides [38]. To investigate whether ultrasonic treatment has
caused changes in the microstructure of the weld seam, XRD phase detection was performed
on the surface of the treated weld toe. Detection position 1 is the weld seam area, and
detection position 2 is the fine-grained layer. The inspection results indicated that the phase
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structure of the weld zone remained unchanged after ultrasonic treatment. Combining
metallographic analysis, the microstructure of the weld seam is mainly bainite (110), with
a small amount of the Co3Fe7 phase (200) and the Ni·Cr·Fe (211) compound generated.
After ultrasonic treatment, the fine grain layer on the weld toe surface underwent grain
refinement without undergoing phase transformation.
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3.2. Residual Stress

Residual stress testing was carried out at the midsection of the ultra-high-strength
steel weld, four millimeters from the weld seam, before and after ultrasonic treatment.
Figure 5a shows the locations where the strain gauge is placed during residual stress testing.
The ultrasonic treatment frequencies of 10 kHz, 15 kHz, 20 kHz, and 25 kHz were used
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to measure residual stress values near the weld. This aimed to investigate the effect of
frequency on the elimination of residual tensile stresses in the welded joint.
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Figure 5. The effect of ultrasonic treatment on residual stress in welds. The measurement point is
located at a distance of 4 mm from the middle section of the weld seam (a). After ultrasonic treatment,
the residual stress distribution of the welded joint is more uniform and the residual stress changes
from tensile stress to compressive stress (b–e).

Figure 5b–e presents the comparison between the residual stresses of the original and
ultrasonic-treated welds. The weld’s initial state has an average maximum residual stress
of 171.8 MPa and an average minimum residual stress of 86.35 MPa. Compared to σx and
σy, the shear stress values measured around the weld seam were smaller, approximately
10% of σx and σy. It can be concluded that the 4 mm thick ultra-high-strength steel plate
filled with ER120S-G wire experienced minimal plastic deformation following welding.
Based on the original welding data, it was discovered that there is a notable disparity in the
extreme residual stress levels present in the welded joints. The average values of maximum
and minimum residual stresses differ greatly and the residual stress is mainly residual
tensile stress.
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After ultrasonic treatment, the residual stresses in the welded joint gradually decreased.
The residual tensile stresses in the welded joint were transformed into compressive stresses,
which enhanced the joint’s deformation resistance. Furthermore, the welded joint’s distribu-
tion of compressive stresses was improved via ultrasonic impact, leading to a more uniform
stress concentration in the joint. With the continuous increase in ultrasonic treatment
frequency, the residual compressive stress values generated in the welded joint have also
gradually increased. At approximately 20 kHz, the ultrasonic frequency caused the rate of
increase in residual compressive stress to slow down and stabilize, ultimately resulting in a
residual stress value of around 45 MPa.

Upon review of the relevant literature, it was discovered that both the initial residual
tensile stresses and the residual tensile stresses caused by ultrasonics were comparatively
low compared to traditional high-strength steel. This is due to the ultrafine grain structure
in ultra-high-strength steel. This structure enhances the release of residual stresses after
welding, resulting in lower residual tensile stresses compared to traditional high-strength
steel. Moreover, when the weld seam undergoes deformation due to impact, it produces
residual compressive stress. In such a scenario, the fine-grained structure plays a significant
role in absorbing the impact and the larger grain boundary area provides more space
for grain movement during deformation. This results in the residual compressive stress
value of ultra-high-strength steel after treatment being lower than that of traditional high-
strength steel.

3.3. Hardness

Figure 6 displays the Vickers hardness measurement locations and microhardness
distribution of the welded joint at different ultrasonic treatment frequencies. The microhard-
ness measurement load is set to 500 g and the load holding time is 10 s. The results of the
microhardness test reveal that the hardness of the weld seam, coarse-grained heat-affected
zone, and fine-grained heat-affected zone of the welded joint is significantly affected by the
ultrasonic treatment.
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Figure 6. Microhardness distribution of welded joints under four different ultrasonic treatment
frequencies (10 kHz, 15 Hz, 20 kHz, and 25 kHz). As the frequency of ultrasonic treatment increases,
the average hardness of the joint significantly increases. The maximum microhardness appears in the
fusion line zone (around 620 HV), while the minimum microhardness appears in the tempering zone
(355 HV~375 HV).

The hardness test of welded joints is conducted in the horizontal direction of the cross
section. Due to the symmetrical distribution of the joint structure, the hardness test is only
conducted on one side of the welded joint. The microhardness testing points are shown in
Figure 6. The hardness line is located 1 mm from the surface of the base metal and passes
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through the weld zone, fusion line, CGHAZ, GRHAZ, ICHAZ, and ultra-high-strength
steel base metal in sequence.

The welded joint in the original state has significant differences in hardness at dif-
ferent locations. The structure of the central weld area is mostly lower bainite, and the
microhardness is between 355 and 375 HV. A large hardness gradient is formed by the
sharp increase in hardness of the weld area near the fusion line. The reason for this is that
the temperature at the peak of the thermal cycle is the highest on both sides of the fusion
line. As a result, the cooling rate is faster, which leads to a relatively coarse, entangled grain
structure. Additionally, a significant amount of high-hardness lath martensite is produced
on one side of the base metal. The combination of these factors leads to a high hardness on
both sides of this area, of which the microhardness measurement in this area is between
550 and 570 HV. With increased distance from the weld, the size of the martensite grain
with a lathed shape decreases gradually. In most cases, a decrease in grain size leads to an
increase in hardness. However, the relatively low cooling rate caused by being far away
from the weld seam also delays the occurrence of martensitic phase transformation, thereby
producing other low-hardness phase structures such as bainite in the heat-affected zone,
resulting in a gradual decrease in the hardness of the heat-affected zone. The hardness of
the heat-affected zone near the tempering zone has been reduced to about 400 HV. There
is a lack of high-hardness phase structure in the tempering zone, which results in a low
thermal cycle peak temperature. Compared to the structure of the base metal, only a small
amount of grain growth and carbide precipitation occurred in the tempered zone. The
hardness of this area dropped below that of the base metal because of grain growth and
the precipitation of carbides did not stop it from happening. The minimum hardness in
the tempering zone is about 380 HV and, as the influence of the welding thermal cycle
decreases, the grain growth in the tempering zone decreases and the hardness gradually
increases. Near the critical heat-affected zone, the joint hardness has reached 90% of the
hardness of the base metal.

The hardness distribution of the welded joint changed significantly after being treated
with ultrasonics. First, under the ultrasonic treatment frequencies of 10 kHz, 15 kHz, 20 kHz,
and 25 kHz, the overall hardness of the welded joints increased significantly. The highest
level of hardness in the welded joints for all four ultrasonic frequencies occurs in the fusion
line area, just below the ultrasonic impact weld toe. The maximum hardness is around
620 HV. The study revealed that the 10 kHz ultrasonic frequency has a significant impact on
the hardness of welded joints up to a depth of 1 mm. Moreover, as the ultrasonic frequency
increases, the depth at which the maximum hardness occurs also increases. However, the
maximum hardness remains unchanged. In the weld zone, when the processing frequency
reaches 20 kHz, the peak hardness of the welded joint no longer increases. At this time,
the hardness of the central weld area is approximately 560 HV and gradually increases to
approximately 620 HV as it approaches the fusion line. When the processing frequency is
lower than 20 kHz, as the ultrasonic processing frequency increases, the hardness gradient
in the weld area gradually decreases; thus, the hardness distribution becomes more uniform
and gentle.

The hardness gradient in the heat-affected zone is reduced by applying ultrasonic treat-
ment, which eliminates the difference in hardness values caused by grain size variations
between coarse and fine-grain zones. As the frequency of ultrasonic treatment increases,
the hardness of the heat-affected zone significantly increases. At 25 kHz, the hardness of
the heat-affected zone is higher than 550 HV during treatment. The hardness alteration in
the tempering zone is in line with that in the heat-affected zone. Ultrasonic treatment has
little effect on the hardness of the critical heat-affected zone and the area near the substrate,
with no significant change in hardness.

To sum up, the welded joint’s overall hardness increases significantly after ultrasonic
treatment, the hardness gradient is reduced, and the joint hardness distribution becomes
more uniform. Further analysis of the impact of ultrasonic treatment on joint hardness:
The change in the hardness of welded joints mainly depends on the response of the grain
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size and microstructure to ultrasonic impact. According to the tissue analysis in Figure 4,
ultrasonic treatment does not cause major changes in the tissue morphology and grain size
at the hardness measurement location. When it comes to tissue morphology, structures with
high hardness are more resistant to plastic deformation and their hardness remains constant.
However, low-hardness areas such as weld areas and fine-grained heat-affected zones
undergo significant hardness increases due to compaction caused by ultrasonic treatment.
Similarly, the grain size also responds to sonication. Compared to the coarse-grained region,
under the same treatment frequency, the grain boundary area of the fine-grained region is
larger, leaving more space for the formation of dislocations and slips. This is reflected in
the change in hardness value, with a greater increase in hardness in the fine-grained area.

3.4. Tensile Strength

Tensile tests were conducted on the welded joints treated with an ultrasonic frequency
of 20 kHz and the results were compared with those of the samples in their original state.
Figure 7 depicts the locations of failure and fracture before and after ultrasonic treatment.
The fractures occurred in the welding zone, along the centerline of the weld. A preliminary
analysis of the fracture surfaces of the tensile samples before and after ultrasonic treatment
reveals that the original-state weld fracture surface is relatively smooth with a stepped
pattern. In contrast, the fracture surface of the state that was treated with ultrasonics has
distinct granular structures. Both before and after ultrasonic treatment, there are evident
tearing surfaces around the fracture surface, and the fracture surface in the ultrasonic-
treated state shows a slight necking.
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Figure 7. Fracture location of tensile specimen. The fracture necking of the ultrasonic-state sample is
more pronounced than that of the original-state sample.

Figure 8 shows the stress–strain curves and test data that are associated with the
tensile samples. In the original state, the yield strength and tensile strength of the weld
seam are between 960~1005 MPa and 1170~1250 MPa, respectively. Additionally, the
fracture elongation is around 2% (1#, 3#). After ultrasonic treatment with a frequency of
20 kHz, the ultrasonically treated sample 2# and sample 4# showed improved mechanical
properties. Among them, the yield strength of the ultrasonic tensile specimen is increased
to 1080~1120 MPa, and the ultimate tensile strength is increased to 1280~1370 MPa (2#, 4#).
In addition, the fracture elongation of welded joints has been improved.
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Figure 8. The effect of ultrasonic treatment on the tensile strength of welds. Ultrasonic treatment
improves the tensile properties of welded joints.

The refinement of the surface grain structure in the welded joint after ultrasonic
treatment is responsible for this enhancement. Increased grain boundaries allow the
welded joint to withstand greater tensile strength due to higher deformation resistance. In
addition, on the premise that ultrasonic treatment does not cause surface cracks, the grain
boundaries in large areas provide more cushioning for deformation, thereby improving
the fracture elongation of the ultrasonic-treated sample. In low-speed tensile experiments,
the residual compressive stress generated via ultrasonic treatment could also enhance the
tensile properties. Compressive stress around the ultrasonic weld is generated as previously
mentioned and distributed evenly, leading to a decrease in local stress concentration. In
addition, appropriate compressive stress can improve the plastic deformation ability of the
material, which may also be an important factor in the significant increase in the elongation
at the break of ultrasonic tensile specimens.

Figure 9 depicts the SEM images of the fracture surfaces of the tensile samples. As
mentioned earlier, the fracture surface of the original tensile sample in the original state
appears relatively smooth, with only a few fine cracks observed due to hydrogen embrit-
tlement. Under scanning electron microscopy, it is possible to observe a quasi-cleavage
fracture characteristic of hydrogen embrittlement. In contrast, the tensile sample that was
treated with ultrasound has a transgranular ductile fracture morphology. The fracture
surface exhibits a dense distribution of small dimples, with dimple sizes around 3 µm.
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Figure 9. Fracture morphology of tensile specimens under SEM. The tensile fracture of the original-
state sample exhibits quasi-cleavage fracture characteristics caused by hydrogen embrittlement (a),
and a large number of small dimples were observed on the fracture surface of the ultrasonic-state
sample (b).

4. Conclusions

In this study, MAG welding was used to join ultra-high-strength steel with a grade of
2000 MPa. The impact of ultrasonic treatment on the morphology, microstructure, residual
stresses, and mechanical properties of the weld joint was investigated. The weld toe area
was treated with ultrasonics, which created a fine-grained layer on the treated surface. The
residual stress test results showed that ultrasonic treatment eliminated the residual tensile
stresses on both sides of the weld, thereby generating compressive stresses. Hardness and
tensile test results indicate that ultrasonic impact enhances the mechanical properties of the
welded joint. As follows are the specific conclusions:

(1) The ultrasonic treatment exerted a compressive effect on the weld toe, creating
a smooth transition at the weld toe. However, excessively high ultrasonic frequencies
led to the generation of fine cracks in the treated surface. After ultrasonic treatment, a
fine-grained layer was created on the treated surface, which refined the original grain
structure of the weld region. Additionally, the grain orientations were changed and a small
quantity of carbides formed in proximity to the fine-grained layer in the weld region.

(2) Ultrasonic treatment effectively eliminated the residual tensile stresses on both
sides of the weld, inducing compressive stresses and enhancing the reliability of the welded
joint. As the frequency of ultrasonic treatment increased, the hardness of the weld region
and the coarse/fine-grained heat-affected zone also increased. The frequency needed to
achieve peak hardness in the fusion line region was not very high. Increasing the treatment
frequency widened the high-hardness zones on both sides of the fusion line and reduced
the hardness gradient, resulting in a more uniform and gradual hardness distribution.

(3) The ultrasonic-state tensile samples showed a significant increase in yield strength
compared to the original state. The grain refinement caused by ultrasonic treatment had
a positive impact on the fracture elongation of the tensile specimens. Scanning electron
microscopy images revealed distinct fracture characteristics between the original-state
and ultrasonic-state specimens. In the original state, the joint specimen displayed a quasi-
cleavage fracture morphology, with fine cracks of hydrogen embrittlement observed on the
fracture surface. On the other hand, the ultrasonic specimen displayed a pronounced ductile
fracture characteristic, with numerous small dimples observed on the fracture surface.

Lastly, the main focus of this study is on how ultrasonic treatment affects the surface
microstructure and mechanical properties of the steel weld seam. There were no mentions
of any other properties of the steel, such as corrosion resistance, magnetic resistance, and
impact performance. The study of the impact of ultrasonic treatment on ultra-high-strength
steel welds requires more research on the missing parts.
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