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Abstract: In this paper, the effect of surface ultrasonic rolling treatment (SURT) on surface properties
of T4003 cold metal transfer (CMT) welded joints was studied. Surface topography and microstructure
changes of the welded joint surface before and after SURT were observed by optical microscope and
scanning electron microscope. The hardness and residual stress distribution of welded joint were
measured by a microhardness tester and X-ray diffractometer. The change of corrosion resistance of
welded joints was studied by electrochemical polarization curve measurement. The results show
that surface roughness (Ra) of the weld zone, heat affect zone (HAZ), and base metal after SURT
was reduced to 0.320 µm, 0.156 µm, and 0.227 µm, respectively, and surface morphology became
smooth. The plastic deformation layer and working hardening layer were formed at the welded joint.
The degree of plastic deformation of the weld zone was more serious than that in the base metal,
and grains in weld zone was obviously refined. The thickness of plastic deformation layer was about
100 µm. The surface hardness in the weld zone was highest, which is about 420 HV. The refinement of
grains and the increase of surface hardness can improve the fatigue life of welded joint. After SURT,
the residual stress in the welded joint changes from residual tensile stress to residual compressive
stress, which can also improve fatigue life of the welded joint. Surface corrosion resistance of welded
joints after SURT was improved due to smooth surface and the formation of fine grains layer.

Keywords: surface ultrasonic rolling treatment; T4003 stainless steel welded joint; surface residual
stress; surface morphology; corrosion property

1. Introduction

In recent years, with the increasing of train capacity, material property for truck bodies are increasingly
high [1,2]. T4003 stainless steel, which is a new type ultra-low carbon ferritic stainless steel, is widely
used in railway vehicle manufacturing due to its excellent corrosion resistance and wear resistance [3].
Welding is an important production technique of stainless steel. But the mechanical properties of T4003
stainless steel will be deteriorated after welding. The result of Taban et al. [4] shows that the ferrite grains
are coarsen after the welding test, and the toughness of steel is reduced. Cold metal transfer (CMT)
welding has advantages of less spatter and higher welding quality. However, the disadvantages of CMT
is that a large residual tensile stress in a welded joint is formed after welding treatment. The formation of
residual tensile stress will affect the welded joint performance and accelerate the formation of fatigue
cracks [5]. According to previous research results, surface peening technology can change the residual
stress of the surface. After surface peening treatment, the residual stress at materials surface transforms
from residual tensile stress to residual compressive stress [6,7]. However, surface peening would increase
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surface roughness of material surface. The increase of surface roughness can cause stress concentration
and affect the properties of materials. Surface ultrasonic rolling technology is a novel surface strengthening
technology. It combines ultrasonic impact energy with static load to treat material surface to improve
material property. Surface ultrasonic rolling treatment (SURT) can greatly improve surface hardness,
corrosion resistance, reduce surface roughness, and change surface residual stress distribution. The change
of material property after SURT can enhance the service life of materials [8,9]. In the past, the research
of surface ultrasonic rolling is mainly about the plate materials. The research about influence of surface
ultrasonic rolling treatment (SURT) on the performance of welded joint is less common.

This paper studies the effect of SURT on surface properties of a T4003 stainless steel welded joint.
Optical microscope and scanning electron microscope were used to observe and analyze surface
morphology and surface structural changes of welded joint before and after SURT. The surface roughness,
microhardness, and residual stress distribution were measured, respectively. Finally, an electrochemical
corrosion test was used to study the change rule of surface corrosion resistance of welded joint before
and after SURT. The research results can lay a foundation for the application of ultrasonic rolling
treatment technology.

2. Experimental Materials and Methods

In this paper, test material was T4003 ferritic stainless steel, and its chemical composition is shown
in Table 1. The thickness of T4003 ferritic stainless steel plate was 6 mm, and the received material
was cold rolled. The yield strength and tensile strength of T4003 ferritic stainless steel were 350 MPa
and 480 MPa, respectively. The TPS 500i cold metal transfer (CMT) welding machine was used to
carry out flat plate welding of T4003 ferritic stainless steel. Welding parameters were shown in Table 2.
The welding groove was 60◦ V groove. Before welding, the flat plate was cleaned by anhydrous
ethanol alcohol. There is no backing gas in the welding test. The shielding gas in the welded test was
98% Ar + 2% CO2. The welding solid wire in the welded test is ER308LSi, its diameter was 1.2 mm,
and its chemical composition is also shown in Table 1. The macroscopic morphology of T4003 stainless
steel welded joint is shown in Figure 1.

Table 1. The chemical composition of T4003 ferritic stainless steel and ER308LSi welding wire (wt.%).

Materials C Si Mn P S Cr Ni Ti N Fe

T4003 ≤0.03 ≤1.0 1.00–2.50 ≤0.04 ≤0.015 11.00–13.00 0.30–1.0 0.1–0.35 ≤0.025 Bal.
ER308LSi 0.018 0.61 1.91 0.011 0.017 19.84 9.95 - - Bal.

Table 2. Welding parameters of T4003 ferritic stainless steel plate.

Welding
Current/A

Arc
Voltage/V

Wire Feed
Rate m/min

Welding Rate
mm/min Gas Flow l/min Stick Out/mm Gap/mm

220 22.8 9.2 360 15 12 0

The H+B6063 surface ultrasonic rolling machine was used to treat surface of T4003 stainless
steel welded joint, as shown in Figure 2. The frequency was 20 kHz, static pressure was 0.2 MPa,
the current was 1 A, the linear velocity was 2 m/min, transverse feed was 0.2 mm, and the amplitude
was 0.07–0.008 mm.

After the surface ultrasonic rolling test, surface microstructure and rolling surface morphology
of welded joint were analyzed by Zeiss Supra field emission gun scanning electron microscope
(FEG-SEM, Carl Zeiss, Jena, Germany). Surface roughness of the welded joint was measure by Leica
three-dimensional microscope (Leica Microsystems, Heidelberg, Germany). The corrosion method
of metallographic samples was electrolytic corrosion with 10% oxalic acid solution. The corrosion
parameters were as follows: voltage 6 V, current 5.8 A, and corrosion for 1 min. The surface hardness
was measured by a FM-700 hardness tester (Future-Tech Corporation, Kawasaki, Japan) with a load of
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2.45 N and dwell time of 15 s. The residual stress tests of the welded joint before and after SURT was
carried out with i-XRD X-ray residual stress tester (Proto Company, Wensor, Canada). The type of
tube ball was Cr-ka, the test voltage was 20 kV, the operating current was 4 mA, and the diffraction
Angle was 156.4◦. The Angle meter was used for accurate measurement during the test process.
The exposure time was 10 s, the spot size was 2 mm, the diffraction plane was (211), the Bragg Angle
was 2θ is 156.41◦, the peak positioning method is Gaussian, and there was 80% gain correction P/G(s).
The polarization curves of the welded joint were measured by PARSTAT2273 electrochemical analysis
station (Princeton Applied Research, Oak Ridge, USA). The electrolyte is an aqueous solution of NaCl
with a concentration of 3.5%. Electrochemical parameters: reference electrode (Ag-AgCl electrode),
auxiliary electrode (platinum electrode), the tested sample area is 1 cm2.The measured potential was
−1.0 V ~ +1.0 V, and scanning speed was 0.005 V/s.Metals 2020, 10, x FOR PEER REVIEW 3 of 11 
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3. Results and Discussion

3.1. Surface Morphology

Figure 3 shows the surface morphology of T4003 stainless steel welded joint before and after SURT.
The difference of surface morphology of the welded joint is obvious before and after SURT. Before SURT,
the surface morphology of welded joint is very unsmooth, and there are peaks and troughs at welded
joint surface, as shown in Figure 3a,c. However, after SURT, the welded joint surface morphology
became obviously smooth. No peaks and troughs at the welded joint are observed, as displayed in
Figure 3d,f.
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(a–c) Surface morphology before surface ultrasonic rolling treatment (SURT). (d–f) Surface morphology
after SURT. (a,d) Weld zone. (b,e) Heat affect zone (HAZ). (c,f) Base metal.

There are many peaks and valleys on the welded joint surface before SURT, as shown in Figure 3a,c,
which cause obvious stress concentration. Arola et al. proposed the formula of stress concentration
factor for machined surface [10]:

Kst = 1 + n
(

Ra
ρ

)(
Ry
Rz

)
, (1)

where Kst is stress concentration factor, Ra is the average roughness, Ry is the difference in peak and
valley height in the surface contour, Rz is ten-point roughness, ρ is the radius of the contour valley,
under shear stress n = 1, and under average tension n = 2. The value of Ry and Ra before SURT is
higher than that after SURT. Therefore, the peaks and valleys of the welded joint before SURT can
cause the increase stress concentration factor to lead to increase of stress concentration. The research
results of Kapoor [11] et al. showed that the Hertz contact stress level of around the rough peak is
8 times higher than that of smooth surface. The stress concentration of a welded joint is the main factor
to lead to fatigue failure [12]. However, there were no obvious peaks and valleys on the welded joint
surface after SURT, as shown in Figure 3d,f. Therefore, fatigue life of welded joint can be significantly
improved after SURT.

Table 3 shows the variation of surface roughness value of T4003 ferritic stainless steel welded joint
at different positions before and after SURT. For the weld zone, before SURT, surface roughness value
(Ra) is large. The surface roughness value at the weld zone reaches to 1.817 µm, the minimum value is
only 0.593 µm, and the difference value between maximum value and minimum value is 1.224 µm.
The surface roughness value of heat affect zone (HAZ) varies from 1.331 to 4.671 µm, and the difference
between maximum value and minimum value is 3.340 µm. Surface roughness value of the base metal
varies from 1.081 to 3.361 µm, and the difference value between maximum value and minimum value
is 2.280 µm. However, after SURT, the weld zone, HAZ, and base metal of surface roughness reduce to
an average value of 0.320 µm, 0.156 µm, and 0.227 µm, respectively. The percentage decline of surface
roughness value after SURT is about 70%, 94%, and 89%, respectively.

It can be concluded that surface roughness of a welded joint after SURT is greatly reduced,
and surface morphology became smooth. The reduction of surface roughness will significantly
improve fatigue performance of welded joints [13].
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Table 3. The variation of surface roughness of T4003 ferritic stainless steel welded joint before and after
SURT (unit: µm).

Samples Weld Zone HAZ Base Metal

Non-surface ultrasonic rolling sample

0.593 4.671 1.081
1.817 2.577 2.083
1.275 2.796 3.087
0.636 2.699 3.361
0.993 1.331 1.192

Average value 1.060 2.810 2.160

surface ultrasonic rolling sample

0.292 0.107 0.390
0.312 0.143 0.282
0.318 0.126 0.159
0.297 0.228 0.154
0.381 0.176 0.148

Average value 0.320 0.156 0.227

3.2. Surface Microstructure

Figure 4 shows the variation of surface microstructure of the T4003 stainless steel welded joint
before and after SURT. The austenite wire was used in the welding test. Therefore, the microstructure
of the weld zone was austenite and a small amount of ferrite. The microstructure of the HAZ is ferrite
and a small amount of Martensite, and the microstructure of the base metal is ferrite. The evolution of
the microstructure of the welded joint is similar to the result of Zhang et al. [14]. The obvious plastic
deformation was formed in the weld zone, HAZ, and base metal after SURT.Metals 2020, 10, x FOR PEER REVIEW 6 of 11 
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Figure 4. Surface microstructure of T4003 ferritic stainless steel welded joint before and after surface
ultrasonic rolling. (a–c) Surface morphology before surface ultrasonic rolling. (d–f) Surface morphology
after surface ultrasonic rolling. (a,d) Weld zone. (b,e) HAZ. (c,f) Base metal.

For the weld zone, the microstructure had no obvious change before SURT, and surface morphology
was very uneven, with obvious peaks and troughs, as shown in Figure 4a. The surface microstructure of
weld zone exhibited significant plastic deformation after SURT. The thickness of plastic deformation layer
was about 100 µm. Moreover, the surface morphology was obviously smooth, as shown in Figure 4b.
The degree of plastic deformation in the HAZ was less than that of the weld zone; the depth of plastic
deformation layer in HAZ was only about 70 µm. For the base metal, the depth of plastic deformation
layer was only about 50 µm. There was a large amount of austenite in the weld zone. The austenite in
the weld zone, as a soft phase, can accelerate the plastic deformation. Therefore, the thickness of plastic
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deformation layer in the weld zone is largest. The refinement of grain can improve strength and toughness
of welded joint.

Due to large amount of plastic deformation in the near surface of welded joint, the plastic
deformation in the near surface was analyzed by use of electron backscatter diffraction (EBSD).
The EBSD micrographs of the weld zone and base metal after SURT are presented in Figure 5.
The obvious plastic deformation is produced, and the grain shape transform equiaxial to lath. This is
due to the ultrasonic impact process, the ultrasonic impact on welded joint surface tens of thousands
of seconds. The fraction of high angle grain boundary (HAGB) is increased, and grains are obviously
refined. The degree of grain refinement of the weld zone is more severe than that of the base metal.
According to the research results of Izotov et al. [15] and Tao et al. [16], the refinement process was
that, firstly, the dislocation walls were formed. Then, as the degree of plastic deformation increased,
the dislocation density was increased. As the balance between dislocation multiplication rate and
annihilation rate is reached, the dislocation walls change to sub-boundaries. Finally, the sub-boundaries
would evolve into the HAGB with the increase of plastic deformation. The grain refinement can
improve fatigue property and surface properties of a welded joint [17].

Metals 2020, 10, x FOR PEER REVIEW 6 of 11 

 

 
Figure 4. Surface microstructure of T4003 ferritic stainless steel welded joint before and after surface 
ultrasonic rolling. (a–c) Surface morphology before surface ultrasonic rolling. (d–f) Surface 
morphology after surface ultrasonic rolling. (a,d) Weld zone. (b,e) HAZ. (c,f) Base metal. 

Due to large amount of plastic deformation in the near surface of welded joint, the plastic 
deformation in the near surface was analyzed by use of electron backscatter diffraction (EBSD). The 
EBSD micrographs of the weld zone and base metal after SURT are presented in Figure 5. The obvious 
plastic deformation is produced, and the grain shape transform equiaxial to lath. This is due to the 
ultrasonic impact process, the ultrasonic impact on welded joint surface tens of thousands of seconds. 
The fraction of high angle grain boundary (HAGB) is increased, and grains are obviously refined. 
The degree of grain refinement of the weld zone is more severe than that of the base metal. According 
to the research results of Izotov et al. [15] and Tao et al. [16], the refinement process was that, firstly, 
the dislocation walls were formed. Then, as the degree of plastic deformation increased, the 
dislocation density was increased. As the balance between dislocation multiplication rate and 
annihilation rate is reached, the dislocation walls change to sub-boundaries. Finally, the sub-
boundaries would evolve into the HAGB with the increase of plastic deformation. The grain 
refinement can improve fatigue property and surface properties of a welded joint [17]. 

 
Figure 5. The EBSD micrographs of T4003 ferritic stainless steel welded joint after SURT. (a–c) Base 
metal. (d–f) Weld zone. Red lines: High angle grain boundary (HAGB), ＞10°; blue lines: low angle 
grain boundary (LAGB), 2–10°. 

Figure 5. The EBSD micrographs of T4003 ferritic stainless steel welded joint after SURT. (a–c) Base
metal. (d–f) Weld zone. Red lines: High angle grain boundary (HAGB), >10◦; blue lines: low angle
grain boundary (LAGB), 2–10◦.

3.3. Surface Hardness

The microstructural evolution of welded joint after SURT can lead to the change of the variation
of surface hardness. Figure 6 shows the variation of hardness of the T4003 stainless steel welded joint
at different depth from surface before and after SURT. The variation rule of hardness in the weld zone,
HAZ, and base metal is similar. With the increase of depth from surface, the hardness is gradually
reduced. After SURT, surface hardness in weld zone is highest, which is about 420 HV. The surface
hardness in HAZ is similar to that in the base metal, which is about 260 HV. According to results of
Figure 4, there is a large amount of plastic deformation in the surface layer after SURT, which leads to
the increase of hardness. After SURT, the hardening depth in the weld zone can reach to 1500 µm,
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the hardened region in HAZ can reach to 750 µm, and the hardening depth in the base metal can also
reach to 600 µm. According to the Hall-Peth relation equation [18]:

σs = σ0 + kd−
1
2 , (2)

where σs is yield strength, σs = 3.577 HV [19], σ0 and k are constants with a value of 43 MPa
and 22 MPa/mm−1/2, respectively, based on literature [20], and d is the grain size. After surface
ultrasonic rolling treatment, the refinement of grains can enhance the yield strength of a welded joint.
Therefore, the hardness of a welded joint is increased due to the refinement of grains.
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3.4. Surface Residual Stress

The existence of residual tensile stress can significantly affect the welded joint performance.
The residual compressive stress can greatly improve the metal performance [21]. Figure 7 shows the
variation of residual stress before and after SURT. A large amount of residual compressive stress was
generated on the welded joint surface after SURT. Compared with the traditional surface processing
method, SURT can transform from the residual tensile stress to the residual compressive stress and
reduce the surface damage. It can be seen from Figure 7, the residual stress is residual tensile stress at
about 19 mm from the weld toe before SURT. However, after SURT, the residual stress is converted to
the residual compressive stress, and the maximum compressive stress is −732 MPa. At the position
from the weld toe of 60 mm, the welded joint surface is not treated by SURT. Therefore, the residual
stress is still residual tensile stress.

It is known that residual compressive stress of a T4003 stainless steel welded joint is produced
by SURT. The existence of residual compressive stress can greatly squeeze surface fatigue cracks.
Therefore, residual compressive stress can increase fatigue cracks close force and reduce the tendency of
the extension of cracks and effectively restrain the early fatigue crack formation. However, the surface
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tensile stress of a welded joint before SURT can accelerate the formation of fatigue cracks [22]. At the
same time, residual tensile stress can lead to stress concentration at peaks and troughs, not only
reducing the service life of the welded joint but also increasing stress corrosion on the welded joint
surface. Therefore, SURT can improve a T4003 ferritic stainless steel welded joint fatigue life.
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Figure 7. (a) Schematic diagram of measure residual stress. (b) Variation of residual stress of T4003
ferritic stainless steel welded joint before and after SURT.

3.5. Corrosion Property

The polarization curve in the weld zone and base metal before and after SURT was measured,
as shown in Figure 8. The corrosion parameters of the samples derived from Tafel polarization curves
are listed in Table 4. Before SURT, the corrosion potential (Ecorr) of the weld zone was about −0.61 V.
However, after SURT, the corrosion potential of weld zone increased to about −0.41 V. For the base
metal, before SURT, the corrosion potential was about −0.50 V, and, after SURT, the corrosion potential
increased to about −0.46 V. Before SURT, the corrosion potential of the weld zone (−0.61 V) was lower
than that of the base metal (−0.50 V). The reason is that the surface of weld zone was uneven, as shown
in Figure 3a. However, after SURT, the corrosion potential of the weld zone was higher than that
of the base metal. After SURT, the weld zone and base metal exhibited better corrosion resistance.
The increase of corrosion resistance of the weld zone is obvious.

As for the corrosion current density (icorr), after SURT, the current density of weld zone and base
metal was significantly lower than that before SURT, as shown in Table 4. Especially in the weld zone,
the corrosion inhibition efficiency(η) caused by SURT could reach to 79.05%. It indicates that the
corrosion resistance of the weld zone and base metal was enhanced after SURT.
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Figure 8. The variation of electric polarization of T4003 ferritic stainless steel welded joint before and
after surface ultrasonic rolling. (a) Weld zone. (b) Base metal.
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Table 4. Corrosion parameters of the samples derived from Tafel polarization curves.

Sample βa (mV/dec) βc (mV/dec) Ecorr (V) icorr (10−7A/cm2) η (%)

weld-untreated 68.719 −37.030 −0.61 −2.410
weld-SURT 54.941 −20.171 −0.41 −0.505 79.05%

base metal-untreated 28.580 −21.862 −0.50 −2.809
base metal-SURT 51.824 −24.130 −0.46 −1.188 57.71%

The reasons for the improvement of surface corrosion resistance were analyzed as follows: With the
increase of surface roughness, the welded joint surface can more easily release electron. This will
increase the corrosion rate of welded joint. This point is confirmed by Li et al. [23]. When the welded
joint is immersed into the corrosive solution, the smooth surface of the welded joint after SURT can
reduce the surface area in contact with the corrosive solution. Therefore, after SURT, the smooth
surface can reduce the corrosion rate of welded joint [24]. On the other hand, the existence of surface
residual compressive stress is beneficial to hinder the generation and expansion of surface cracks, so as
to improve the corrosion resistance of stainless steel.

4. Conclusions

In this paper, influence of surface ultrasonic rolling on surface microstructure and corrosion property
of T4003 ferritic stainless steel welded joint was studied. The surface microstructure, surface residual
stress and corrosion property before and after SURT was analyzed. The main conclusions are as follows:

(1) The surface roughness (Ra) of the welded joint after SURT is reduced, and the surface
morphology becomes smooth because SURT can flatten the convex positions at welded joint surface
due to the static pressure.

(2) After SURT, the plastic deformation layer and working hardening layer are formed at the
welded joint. The degree of plastic deformation of the weld zone is the most serious, and the grains in
weld zone is refined. The surface hardness in the weld zone is higher than that in the HAZ and base
metal. The refinement of grain and the increase of surface hardness can improve the fatigue life of a
welded joint.

(3) After SURT, the residual stress of welded joint changes from the residual tensile stress to the
residual compressive stress. The maximum compressive residual stress value in weld zone is about
−742 MPa. The production of residual compressive stress can improve the fatigue life of welded joint.

(4) The corrosion potential of the welded joint after SURT is higher than that before SURT, and the
current density is also lower after SURT. The surface corrosion resistance of the welded joints after
SURT is improved, owing to the formation of smooth surface and residual compressive stress.
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