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Abstract

This paper presents the relationship between the fluid vortexes in the melted domain and the key-hole diameter in 
plasma arc welding (PAW). The application of 4-Dimensional innovated X-ray image technology for material flow 
observations. The advanced PAW experiment was conducted with the use of different orifice diameters. It was 
found that there are two fluid vortexes (a vortex pair) in the melted domain in PAW. When the keyhole boundary 
changes, there is a big change of the relative contour of each vortex due to the orifice diameter variation. Each 
vortex’s relative profiles are dependent on the mass transfer and convection flow in the melted domain. An 
enormous vortex is created at the lower part of the weld pool. When the orifice diameter increases, the plasma 
arc column is expanded, and the vortex at the top side of the weld pool is much bigger and longer. The findings 
can be used to develop simulation algorithms for the PAW and Additive Manufacturing process, especially for 
the development of intelligent manufacturing processes based on metal welding and fused deposition principles.

Key words: Plasma arc welding; X-ray observation; 4-Dimensional image; material flow; key-hole.

Tóm tắt	
Bài viết trình bày về mối quan hệ giữa dòng xoáy chất lỏng trong vùng nóng chảy và đường kính lỗ khóa khi hàn 
hồ quang plasma (PAW). Ứng dụng tia X để cải tiến hình ảnh 4 chiều quan sát dòng vật liệu hàn. Thí nghiệm 
PAW nâng cao được thực hiện với việc sử dụng các đường kính lỗ khác nhau. Người ta phát hiện ra hai dòng 
xoáy chất lỏng (một cặp xoáy) trong miền nóng chảy khi PAW. Khi ranh giới lỗ khóa thay đổi thì có sự thay đổi 
lớn về đường viền tương đối của mỗi dòng xoáy do sự thay đổi đường kính lỗ khóa. Cấu hình tương đối của mỗi 
dòng xoáy phụ thuộc vào dòng chuyển khối và dòng đối lưu trong vùng kim loại lỏng. Một dòng xoáy lớn được 
tạo ra ở phần dưới của vũng hàn. Khi đường kính lỗ tăng lên, cột hồ quang plasma được mở rộng và dòng xoáy 
ở phía trên của bể hàn lớn hơn và dài hơn. Các phát hiện này có thể được sử dụng để phát triển các thuật toán 
mô phỏng khi PAW và in kim loại, đặc biệt là để phát triển các quy trình sản xuất thông minh dựa trên nguyên lý 
hàn nóng chảy và kết tinh kim loại.

Từ khóa: Hàn hồ quang plasma; quan sát bằng X-ray; hình ảnh 4 chiều; dòng vật liệu; lỗ khóa.  

Reviewers: 1. Prof.Dr. Ha Minh Hung
                   2. Assoc.Prof.Dr. Pham Van Bach Ngoc

1. INTRODUCTION

Material flow in welding and Additive Manufacturing 
(AM) is a critical factor in un-derstanding the mechanism 
and efficiently controlling their processes [1-2]. The 
behav-ior of material flow in welding and AM has 
been attended by many researchers [3-4]. In order to 
investigate these phenomena, X-ray innovative image 

technology is an ideal approach [5-6], since X-ray can 
transmit through the metallic. The change of the matter 
density can affect the absorb ratio of X-ray incidents to 
create a contrast on the captured image.

Plasma arc welding (PAW) is an advanced joining 
technology with superior character-istics, including 
the following: high current density, constricted and 
compressed arc plasma, and high plasma jet velocity. 
This is because there is a copper orifice with a small 
diameter hole inside the torch construction. This orifice 
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has two functions: dis-charging the primary arc plasma 
and orientating the plasma column in ring form and 
straight. This is a critical fracture that is different from the 
traditional Tungsten Inert Gas (TIG) welding processes. 
PAW has many applications in manufacturing industries, 
including making steel structures [7], shipbuilding [8], 
automobile [9] and aerospace engineering [10, 11]. 
Recently, it has received the enormous attention of 
scientists and engineers, especially under the impacts 
of AM. In the 1970s, the US’s National Aero-nautics and 
Space Administration (NASA) applied this technology to 
produce the rocket body [12]. In another effort, Boeing 
and GE companies fabricated the aluminum body of 
the airplane by the variable polarity plasma arc (VPPA) 
process [13]. Zhang et al (2010), presented the studies 
about the plasma flux on the top surface and the defor-
mation of the keyhole channel [14] to investigate the 
fundamental nature of the VPPA technology. It was 
well-reported that the thermodynamic fluid flow of the 
melted do-main in PAW is beneficial information for 
understanding the mechanism in the weld-ing, AM, and 
material processes [15,16]. In order to understand the 
thermodynamic phenomena of fluid flow in PAW, a lot 
of experiments and simulations have been done with 
the use of high-speed imaging cameras (HSVC) [16]; 
and it was concluded that the keyhole exit information 
at the bottom surface of the keyhole is importantly 
neces-sary to consider the stability of the melted 
domain [17,18]. Nguyen et al (2017), inves-tigated 
the behavior of the keyhole on the bottom surface of 
the keyhole, and the results showed that during the 
arc plasma switch-off period, there is a change of the 
keyhole contour, and it then became stable at several 
milliseconds [19]. By diversification of shielding gas 
composition, the physical nature change of the arc 
plasma column is the leading cause of the variation of 
the arc pressure and the current density, which leads 
to variations of the keyhole contour and effects on 
the diversion of fluid vortexes on the melted domain 
surface. The Marangoni force was reversed [20,21], 
and the corre-lation among eddies in the weld pool is 
the main factor that causes the welding defects on the 
surface of the jointed structure, such as the undercut 
[22]. In order to enhance the capability of joining the 
thick plates, a novel hybrid welding technology with the 
combination of the PAW torch and the MIG torch was 
applied; and the results implied that the plate of 12 mm 
thickness could be welded with the use of one welding 
pass, without a root groove and a gap between the 
workpieces [23]. The formation mecha-nism of physical 
metallurgy was also studied, and it was concluded 
that the microstruc-ture behavior and mechanical 
properties are important considerations when studying 
the nature of material processes [24]. There have been 
many studies about the micro-structure behaviors and 
mechanical properties related to the PAW process, 
including the investigation about the microstructure 

and mechanical properties of the dual-phase steel 
DP600 with a thickness of 6mm [25]; and the dissimilar 
material joint between the ultra-high-strength steel and 
aluminum alloy (Al-Si) was also studied [26]. In order to 
apply the PAW process to weld aluminum and its alloy, 
the microstructures and properties of Al-Mg alloy were 
investigated with the VPPA variant [27]. There also 
have been efforts to apply the VPPA process in welding 
aluminum and its alloy, in which Bin et al. (2018) 
presented the visualization of the molten pool images of 
A5052P aluminum alloy using tracer particles; and the 
findings provided the essential knowledge to explode 
the sufficient identification about the heat transport and 
convec-tion in the melted domain [28].

As mentioned above, the PAW process has been 
investigated and documented with many publications. 
However, there is a lack of investigations that consider 
the combi-nation among the input parameters (welding 
parameters) with the arc plasma nature, the change 
of heat mass transfer, fluid flow thermodynamic 
nature, crystallization in weldment, and microstructure 
behaviors. The mechanical properties related to 
the PAW process have been well-documented to 
understand insightfully about the technology; however, 
the production effectiveness of the technology is still 
relatively low, and its applicable expansion was slow 
down as well. In order to elucidate the complex nature 
and to increase the application scope of the PAW 
processes and related technologies, the investigations 
were done to observe the plasma arc and the material 
flow of the weld pool [22]; and it was concluded that 
the thermodynamic phenomenon is based on the 
heat input under the change of welding parameters 
[29]. Furthermore, the eddies inside the weld pool 
influence the profile and mechanical strength when 
the welding parame-ters are changed [30]. In addition, 
the relationship between the eddies and welding sur-
face defects was considered with the change of the 
welding current [31]. The copper orifice is the essential 
component in a PAW torch because it can affect arc 
plasma char-acteristics. It is the fountainhead to causes 
the molten pool behavior, weldment crystal-lization, and 
microstructure. However, these phenomena have not 
yet been well-inves-tigated and documented. In order 
to find a new understanding of the relation between 
the fluid vortex in the melted domain and the orifice 
diameter, we present and discuss the change of the 
fluid vortex inside the melted domain under the change 
of the copper orifice diameter.

2. MATERIAL AND METHOD

In this study, a plasma welding torch (100WH, 
Nippon Steel Welding & Engineering Co., Ltd) and a 
welding source (NW-300ASR, Nippon Steel Welding 
& Engineering Co., Ltd) were the leading welding 
equipment. To protect the backside of the weld pool, 



NGHIÊN CỨU KHOA HỌC

36 Tạp chí Nghiên cứu khoa học, Trường Đại học Sao Đỏ, Số 2 (85) 2024

a back-shielding gas protector is attached to the 
backside of the workpiece. The shield-ing gas is 
supplied to this apparatus to protect the weld pool 
and the crystallization process without the negative 
influence of the air. The copper orifice diameter inside 
the welding torch is 2.0mm and 2.4mm. Other welding 
conditions are summarized in Table 1.

In order to measure the fluid vortex of the melted 
domain, two X-ray observation systems are used, as 
shown in Figure 1, in which the X-ray sources transmit 
throughout the melted zone of the workpiece; and the 
X-ray signals are printed on the films (X-ray films). These 
films are captured by two high-speed imaging cameras 
simultaneously. As a result, four-dimension images of 
the melted domains are detected. The detailed setup 
parameters are shown in Table 2. The details of the 
measurement method were well-documented in our 
recent papers [20, 30, 31].

Fig 1. Diagram of 4D X-ray observation and analysis 
system

Table 1. Welding parameters

Parameters Value (unit)

Set back of tungsten electrode 3 (mm)

Welding DC current 120 (A)

Arc length 5 (mm)

Plasma gas flow rate 1.7 (l/min)

Shielding gas flow rate 3 (l/min)

Parameters Value (unit)

Back shielding gas flow rate 7.5 (l/min)

Welding velocity 3 (mm/s)

Workpiece SUS304 thickness 
4 (mm)

Table 2. Setup parameters for the four-dimension 
observation system

Parameters Value (unit)

X-ray source 1 225 (kV), 3.5 (mA)

X-ray source 1 230 (kV), 1.0 (mA)

HSVCs frame 1000 (pfs)

X-ray inclination angle 30 (degrees)

Tracer particle (tungsten) diameter 0.3 (mm)

The four-dimension images are finally converted into 
the actual velocity, distance and dimension values 
using the tracer analysis software. It is noted that two 
HSVC are synchronously controlled.

3. RESULTS AND DISCUSSIONS
3.1. Weld bead cross-section and keyhole contour

The weld bead cross-section and keyhole contour are 
presented in Figure. 2 (a) and (b) with the copper orifice 
of 2.0mm and 2.4mm diameters, respectively. The 
width of the top bead is about 5.5mm with the nozzle 
of 2.0mm diameter and about 6.9mm with the nozzle 
of 2.4mm diameter. The width of the bottom bead is 
about 2.6mm (2.0mm diameter orifice) and 2.9mm 
(2.4 mm diameter orifice). The keyhole diameter at 
the upper side of the weld pool is about 4.6mm with 
a nozzle of 2.0mm diameter and 4.9mm with a nozzle 
of 2.4mm diameter. The bead width is about 2.2mm 
and 2.4mm, respectively, at the weld pool’s lower side. 
The inclination angle of the rear kerf of the weld pool is 
largely increased. They are about 150 and 250 and in 
the cases of the nozzle of 2.0mm and 2.4mm diameter, 
respectively. The inclination angle of the front kerf of 
the weld pool is about 160 and 190 in the cases of 
the nozzle of 2.0mm and 2.4mm diameter, respectively. 
The deviation between the torch centerline and the 
keyhole centerline on the lower side of the weld pool 
was higher with the nozzle of 2.4mm diameter due to 
the deduction of plasma pressure and heat flux from; 
therefore, the keyhole and the weld bead were wider, 
especially on the upper side in the case of the nozzle 
of 2.4mm diameter. There is no welding defect such as 
undercut, convex, rein-forcement, and burn-through in 
both cases.

3.2. Material flow behavior in melted domain

Four-dimensional vortex images of the melted domain 
in both cases of the nozzle of 2.0mm and 2.4mm 
diameters are expressed in Figure 2 (c) and (d), 
respectively.
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(a): D2.0mm      (b): D2.4mm

(c): D2.0mm       (d): D2.4mm

Fig 2. Cross-section and keyhole contour (a, b) and 
4D material flow at the melted domain (c, d) for two 
cases of the keyhole size with the copper orifice of 

2.0mm & 2.4mm diameters.

There are two movement directions of tracers at the 
melted domain in both cases of the nozzle of 2.0mm 
and 2.4mm diameters. After moving over the front part 
of the key-hole, some tracers motived in the clockwise 
direction and backward at the upper side, and some of 
them went in counter-clockwise and backward at the 
lower side of the weld pool. From this trend of tungsten 
particles, it can be concluded that there are two eddies 
in the melted domain: (1) in upwards at the upper side 
of the weld pool and (2) down-wards at the lower side 
of the weld pool. As a result of this convection inside 
the melted domain, a vortex pair with the upper vortex 
was created, following the eddy at the upper side of 
the weld pool; and similarly, a vortex pair with the lower 
vortex was created, following the eddy at the lower side 
of the weld pool. In the case of the nozzle of 2.4mm 
diameter, when tracers move around the upper side, 
their velocity was enormously increased upwards and 
backward around the rear kerf of the keyhole. After 
that, it moved down to a neutral place of the workpiece 
before turning back to the rear kerf of the keyhole. 
When tracers were located at the lower side of the 
weld pool, they were rapidly accelerated downwards 
and backward around the rear kerf of the keyhole. They 
were then transferred upwards to the middle part of the 
workpiece before turning back to the keyhole.

Based on the movement of tungsten particles, it can 
be noticed that two fluid vortices were formed in the 
case of the nozzle of 2.4mm diameter. The vortex at 

the upper side of the weld pool is much stronger than 
the vortex at the lower side of the weld pool. In the 
case of the nozzle of 2.0mm diameter, when tracers 
are located at the upper side, they move upward and 
then in a backward tendency inside the weld pool and 
behind the keyhole. After that, it sunk to a neutral place 
before coming back to around the keyhole. When 
tracers were at the lower side of the weld pool, they 
rapidly moved in downwards and then in backward 
at the front kerf of the keyhole. They were then trans-
ported upwards before turning back to the rear kerf of 
the keyhole.

Consequently, two vortexes were formed, and the 
lower vortex was much larger and more robust than 
the upper vortex. A large amount of plasma gas and 
plasma jet was pushed out downward inside the 
keyhole with a nozzle of 2.0mm diameter. This re-sulted 
in a border vortex at the lower side of the weld pool. 
In the meantime, a major amount of plasma gas and 
plasma jet was blown along the melted domain surface 
and the keyhole surface in the upward direction in case 
of the nozzle of 2.4mm diameter, leading to creation 
of an enormous vortex at the upper side of the weld 
pool. This con-vection is suitable with the change of the 
keyholes profile as expressed in Figure 2 (a, b). The 
highest speed of tracers at the melted domain is about 
0.34m/s at the lower side with the nozzle of 2.0mm 
diameter and is about 0.29m/s at the upper side with 
the nozzle of 2.4mm diameter.

4. CONCLUSIONS

In this paper, the PAW experiment to investigate the 
behavior of the fluid vortex inside the melted domain 
was conducted and analyzed. The following are the 
main findings. Firstly, two vortices are formed at the 
melted domain. This mechanism is mainly based on 
the activation of the shear force due to the high plasma 
flow from the torch. Sec-ondly, the behavior of the shear 
force is principally decided based on the change of the 
keyhole contour. Therefore, the relative value of each 
vortex largely varies based on the change of welding 
parameters. This relative strength of each vortex is 
considered to decisively govern the heat transportation 
and material flow behavior at the motel domain and the 
occurrence of the welding defects.

The findings of a study provide further understanding 
about the relationship among the welding parameters 
with the material flow behavior and the crystallization 
process, not only limited to the PAW process but also 
applied for other welding and AM processes. Finally, the 
findings can be used to develop simulation algorithms 
for the PAW and AM process, especially for developing 
innovative manufacturing processes based on metal 
welding and fused deposition principles.
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