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Abstract
Samples of 4-mm-thick 6082-T6 aluminum alloy were subjected to friction stir welding (FSW), and the different lazy “S” 
morphology of joint cross section and weld surface was obtained corresponding to five groups’ welding parameters. 
Based on the diffusion and kinetics equation of the oxygen–aluminum interface film, a vortex current model of lazy 
“S” motion trajectory composed of (A → B → C → D → E) five points which was affected thermomechanical action by 
temperature field, non-Newtonian fluid and stress field was provided. It was found that the oxygen–aluminum interface 
film theory not only explained the growth mechanism of lazy “S” and the phenomenon that the lazy “S” on the weld 
surface disappeared as the welding speed increases, but also clarified the reason why there is no significant difference 
in cross-section lazy “S” width. In addition, the vortex current model of the accumulation area at the back of the stirring 
tool illustrated the regularity of the movement trajectory forming of the cross-section lazy “S” and the variation of the 
position of the lazy “S” of the weld surface deviated from the weld centerline.
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1 Introduction

Friction stir welding (FSW) is a new revolutionary solid-
state welding technology [1–4] and has been widely used 
in aerospace, high-speed rail transit, ship and automobile 
industries, due to its good mechanical properties of joints, 
smokeless dust and arc pollution in welding process, less 
loss, and so on. At the same time, it also has some short-
comings, such as keyhole, hole, lack of penetration, lazy 
“S,” etc. [5]. At present, studies on the lazy “S” are relatively 
rare. Researchers in the following studies have proposed 
some research results on the lazy “S.”

C. RAJENDRAN et al. [6] found that the tool tilt angle has 
a significant effect on the weld strength. The welded joint 
with no hole and tunnel defects can be obtained from 
tool tilt angle of 1° to 3°. Okamura et al. [7] reported the 
initial oxide layer during FSW and its effect on mechanical 

properties of 6N01 Al alloy. They suggested that a lazy “S” 
remained as a vestige of the oxide layer in the cross-sec-
tional stir zone for FSW parameters, the width of the oxide 
traces found after etching ranges between 10 and 50 μm 
and concluded that the lazy “S” in the stir zone did not 
affect mechanical properties of the weld. Wanjara P et al. 
[8] determined that with increasing weld pitch, the occur-
rence of lazy “S” in the weld nugget of friction stir welded 
AA6061 became increasingly pronounced. A weld pitch of 
0.48 mm/rev minimizes stir zone softening while limiting 
the formation of lazy “S.” Ren S R et al. [9] compared the 
butt and stir-in-plate welds and indicated that the lazy “S” 
did not show up in the welds of stir-in-plate welds and 
two welds exhibited similar tensile properties and frac-
ture characteristics. Chen huabin et al. [10] and Okamura 
Hisanori et al. [11] found that there are a large number 
of spherical or rod-like oxides alongside the lazy “S,” and 
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they also believed that the lazy “S” was formed because 
the interfacial oxide layer after being crushed by the stir-
ring pin could not combine with the base metal. Sato et al. 
[12] studied the lazy “S” in the weld line of 1050 aluminum 
alloy, indicating that the existence of continuous oxide 
film is a feature of FSW joint, which is easy to cause cracks. 
A. Scialpi et al. [13] found that shoulder grooves with dif-
ferent shapes of stirring tool have great influence on clarity 
and elongation of lazy “S.” Wang weibing et al. [14] believe 
that the lazy “S” is the material demarcation line and there 
is a cavity behind the stirring tool. Ren et al. [15] made 
a comparative study of FSW and FSP of 7075Al-T651 and 
clearly pointed out that the oxide layer of the initial butt 
surface led to the formation of the lazy “S” and pointed 
out that removing the surface oxide layer before welding 
cannot completely eliminate weld joint for lazy “S.” Thomas 
[16] designed three-groove stirring tool and found that the 
oxide film on the joint surface can be better destroyed by 
the stir tool during the welding process of the lap joint, 
promoting the full flow of weld metal and improving the 
mechanical properties of the joints. Xie tengfei et al. [17] 
used different pin-shaped stirring tools and found that the 
lazy “S” is more easily formed when using conical smooth 
surface stirring pin and can reduce the welding speed and 
improve the fluidity of plasticized metal of the weld. It is 
observed that the lazy “S” on the joint surface will not dis-
appear, but be discontinuously distributed. At present, the 
research on lazy “S” mainly focuses on the morphological 
characteristics under the process parameters and whether 
improving the metal fluidity of the weld under FSP can 
eliminate lazy “S.” However, lazy “S” cannot be simply elimi-
nated by the change of welding process. In this paper, we 
compared the microstructure of joints under five groups of 
welding parameters and illustrate the growth mechanism 
and movement trajectory variation law of lazy “S.”

2  Experiment

The material used in this study is 6082-T6 aluminum alloy 
with a thickness of 4 mm. The surface oxide film is removed 
by grinding the welded sheet. The welding process was 
performed on FSW-LM-XL16-2D gantry-type numerical 
control friction stir welding machine. As shown in Fig. 1, 
the diameters of the stirring tool shoulder and the length 
of the stirring pin are 12 mm and 3.85 mm, respectively; 
the stir pin is conical threads and milling three sloping 
planes on the side. The tilt angle of the tool was 2.5° and 
the penetration depth of the shoulder was 0.1 mm, and 
other welding parameters are shown in Table 1.

After welding, the weld was sectioned and prepared 
using standard metallographic techniques. The speci-
mens were ground with 400 grit papers to 1500 grit 

papers, polished by high-speed polishing machine, elec-
tropolished by 15% perchloric acid solution and etched 
by 20% NaOH solution. The microstructures of the weld 
were observed by optical microscopy EPIPHOT-300 (OM, 
Nikon). The microstructure was analyzed by SEM (Gemini 
Supra 40).

3  Results and discussion

3.1  Macroscopic metallographic of joints

Figure 2 shows the cross-section metallographic mor-
phology of different welding parameters after corrosion. 
The WNZ zone in Fig. 2 (a) ~ (e) presents the unique mor-
phology of friction stir welding: there a black winding 
line can be seen, which is called lazy “S” by scholars, 
and there are holes in the shape of square blocks at the 
bottom of the weld as shown in Fig. 2e. The difference 
in metallographic morphology of cross section can be 
observed obviously with the increase in welding speed, 
the decrease in effective heat input and the increase in 

Fig. 1  Schematic diagram of stirring tool

Table 1  Welding parameters

Welding speed Low Level Medium level Higher level
Rotating speed

1200r/min 50 mm/min 400 mm/min 1500 mm/min
500 mm/min
600 mm/min
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cooling time of specimen. The bottom width of WNZ 
riverbed is obviously larger than other welding param-
eters, and the boundary between TMAZ zone and HAZ 
zone is the shape of convex. Also, the shape tends to be 
inverted hill due to the excessive heat flux and metal 
plastic flow. When the welding speed is 400 mm/min 
in Fig. 2b, the bottom width of riverbed becomes nar-
rower, but TMAZ zone is still convex. In Fig. 2c, d and e, 
TMAZ does not appear in the shape of convex, which 
is a macroscopic phenomenon caused by the change 
of mechanical action stirring tool. When the welding 
speeds are 500  mm/min and 600  mm/min, the cross 
section is the standard riverbed joint morphology and 
the corresponding mechanical properties are excellent. 
From the macrometallographic point of view, there will 
be hole defects due to the inadequate metal plastic flow 
when the welding speed is too high and when the weld-
ing speed is too low and excessive metal plastic flow will 
make the shape of the weld tend to hill shape expend-
ing the TMAZ and HAZ area, Therefore, unreasonable 

welding speed parameters should be avoided in engi-
neering application.

Figure 2f shows the welding joint which was influenced 
by stirring tool is divided into four areas; the areas from 
zone I to zone IV are the influence area of shoulder, the 
influence area of stirring pin, the influence area of stirring 
pin and the influence area of the bottom of stirring pin, 
respectively. The schematic diagram of lazy “S” motion 
trajectory under five groups of parameters is shown in 
Fig. 2g. At the same place, all of lazy “S” starts from RS side 
of the upper end face and grows to AS side, forming sharp 
angle on AS side and extending toward the center area 
to the bottom of the weld, and the difference is that the 
lazy "S" has a large tilt angle at a low welding speed and 
we cannot find the inflection point at AS side. The turning 
point affected by stirring pin appeared in area II due to 
the low welding speed; as for other parameters, the lazy 
“S” located at the AS side in area I. At medium horizontal 
welding speed, the lazy “S” in zone II grows from the first 
inflection point to the center of WNZ and has a large incli-
nation angle. At high horizontal welding speed, the first 
inflection point crosses the center of WNZ through zone II 
and extends to zone III. Zone III is only affected by stirring 
pin, the morphology of lazy “S” under five parameters in 
this zone is different and they all surround the centerline 
of the weld, because the temperature of zone III during 
welding is about 465 °C [18] lower than zone I which is 
536 °C [19]; therefore, the plastic flow of Al matrix is slow 
and uniform. The matrix material of the end of the stirring 
pin is subjected to downward extrusion in zone IV and the 
heat loss adjacent to the lining plate is very high, which 
leads to the insensitivity of matrix material flow at the bot-
tom of WNZ and the lazy “S” is perpendicular to the bottom 
line. If the parameters are not selected properly, the lazy 
“S” will develop into an impermeable defect at the bottom.

3.2  Lazy “S” on the weld surface

Figure 3 shows the metallographic morphology of lazy 
“S” on the weld surface with different welding speeds. As 
shown in Fig. 3a, the welding speed is low, the width of 
the lazy “S” was measured at 3.56 mm, the shape of lazy 
“S” is like a cloud strip and the edge extends radially with 
needles, and the cloud strip is located on the RS side. As 
shown in Fig. 3b, when the welding speed is 400 mm/
min ~ 600 mm/min, the width of the lazy “S” was meas-
ured at 2.13 mm, the lazy “S” is irregular wavy and the edge 
extends to both sides of the matrix in a needle shape. The 
edge is not radial and the wavy line is located on the RS 
side. Figure 3c shows that the width of lazy “S” is 0.42 mm, 
the macroscopic lazy “S” is lath and the needle-like edge 
disappears. Similarly, the lath-like lazy “S” is located on 
the RS side. Figure 3d shows that the width of lazy “S” is 

Fig. 2  Metallographic micromorphology of cross section at differ-
ent welding speeds: (a) 1200–50, (b) 1200–400, (c) 1200–500, (d) 
1200–600, (e) 1200–1500, (f ) WNZ lazy “S” zone map, (g) The lazy "S" 
motion trajectory diagram
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only 0.25 mm, and the macroscopic observation shows a 
lighting-like zigzag line with smooth edge transition which 
is located on the RS side. When the welding speed is high, 
the macromorphology is smooth and lazy “S” has not been 
observed as shown in Fig. 3e.

Figure 3f is a schematic diagram of the regularity of 
weld surface lazy “S.” The morphology of lazy “S” changed 
with the change in welding speed; when the welding 
speed is low, the matrix material near the shoulder is vis-
cous, the flow resistance is small and relative sliding is 
easier. At the same time, the centrifugal force generated 
by the rotation of the shoulder throws the quasi-liquid alu-
minum matrix to the edge, which causes the edge of lazy 
“S” to be elongated into a needle-tip shape; at medium 
welding speed, the edge burr gradually decreases and 
eventually tends to be rounded. The horizontal coordinate 
platform is lazy “S” width. It is found that the line width 
along the axis direction is shortened in turn and the lazy 
“S” width of welding speed of 600 mm/min is shortened by 
more than 1/10 compared with that of 50 mm/min’s. The 
height of the vertical coordinate platform indicates that 
the lazy “S” deviates from the position relationship of the 
RS side edge. It can be observed that the platform height 
decreases with the increase in the welding speed, which 
means that the lazy “S” gradually moves away from the 
center of the weld to the RS side.

3.3  Micromorphology of lazy "S"

The welding speed is 600 mm/min and 1500 mm/min, and 
the local micromorphology of lazy "S" is shown in Fig. 4. It 
was found that the morphology of lazy "S" was similar to 
that of groove and spherical particles remained in groove. 
Y. Tao [20] et al. And Q. L. Dai [21] found that  Al2O3 particles 
remained in and around the lazy "S" by EDS analysis. EDS 
method was used to analyze the spherical particles marked 
by red circle in Fig. 4a and b, which were chemical compo-
sition consisting of Al and O, and it can be inferred that the 
material composition was  Al2O3. It is further proved that 
lazy "S" is formed in clusters of  Al2O3 particles. Z. ZHANG 
et al. [22] believed that the morphology of lazy "S" was 

Fig. 3  Metallographic morphology of weld surface at different 
welding speeds: (a) 1200–50, (b) 1200–400, (c) 1200–500, (d) 1200–
600, (e) 1200–1500, (f) schematic diagram of the regularity of weld 
surface lazy “S”

Fig. 4  SEM morphology of lazy "S": (a) 1200–600, (b) 1200–1500
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related to welding parameters and the lazy "S" became 
more and more complete and clear with the increase in 
welding speed. The width of the lazy "S" depends on the 
size range and distribution density of  Al2O3 particles, so 
the oxidation film on the surface of the workpiece is an 
important factor affecting the morphology of the lazy "S".

3.4  Oxygen–aluminum interface film

At present, many scholars generally believe that the cause of 
formation of lazy “S” can be simply explained by the fact that 
 Al2O3 accumulates in WNZ with the plastic flow of the matrix 
metal and  Al2O3 is insoluble in the matrix material, a groove 
formed through the cross section after corrosion; however, 
they neglected the influence of the formation mechanism 
of oxide film on the composition of lazy “S” before and after 
friction stir welding. Figure 5a shows that air  O2 is chemi-
cally adsorbed on the Al plate, changing oxygen atoms into 
 O2−ionic state,  O2− dissolves in Al matrix and reacts with 
interfacial ionized  Al3+ in the form of ion by reverse lattice dif
fusion:4Al3+ + 3O2− = 2Al2O3. Ionic state  O2− enters the gap of 
Al crystal structure to form octahedral crystal structure, and 
 Al3+ is in the gap of oxygen ion; ionic-state  Al3+and  O2− grow 
layer by layer along the main axis direction of [0001], and 
 O2− along the direction [1–210] and [10–10] forms the crystal 
plane (11–20); only two-thirds of the gap has  Al3+ as shown 
in Fig. 5b. After polishing the surface of the specimen within 

60 s, a single amorphous oxide film will be formed instan-
taneously and the thickness of oxide film depends on the 
oxidation rate and diffusion rate of oxide layer. It is found 
that the thickness of oxide film in natural state extends from 
0.5 nm to 4 nm [23].

The oxide film has different crystal structure and thick-
ness in natural conditions and during welding, which directly 
affects the shape and mechanical properties of after welding 
the lazy “S.” Hart [24]and Smeltzer [25]considered that the 
oxidation kinetics curve was a parabola and the thickness of 
the oxide film was divided into two levels according to the 
temperature and the oxide film on the substrate is island-
like and grows layer by layer as shown in Fig. 6. Expression 
of oxidation reaction rate is:

(1)r = k
(

Al
3+
)a
(O2−)

b

Fig. 5  a) Chemical diffusion 
diagram of  Al2O3, (b)  Al2O3 
layered structure model

Fig. 6  Oxidation film growth mechanism diagram Fig. 7  Welding interface model
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In formula (1), r is the reaction rate;  Al3+ and  O2− are the 
concentration of the reactant; and a and b are the power 
exponent:

In formula (2), k is the rate constant; A is the frequency 
factor; R is the molar gas constant; T is the thermodynamic 
temperature; and E a is the activation energy. At room tem-
perature, the concentration gradient driving force of r/k 
shows a large slope for dynamic curve and the oxidation 
rate is very fast, which explains the reason why  Al2O3 can 
be produced instantaneously in a very short time; at the 
same time, the growth rate of  Al2O3 can be controlled by 
the electron field. Because the temperature is low and 
interfacial diffusion driving force is very small, the ability 
of  Al3+ cation to transition outward is limited. Although 
the concentration of  O2− adsorbed is high, the thickness 
of oxide film is limited. The interfacial  Al2O3 nuclei grow 
continuously around the interface, initially forming a ther-
modynamically stable first layer of amorphous oxide film 
and the thickness will not increase with the time increas-
ing. Documents [19]have tested the maximum tempera-
ture in the nugget zone which reached 536 °C. The tem-
perature rises rapidly, the r on the dynamic curve tends 
to be straight line, the activation energy of  Al3+ atom and 
the migration ability of  Al3+ atom increase, the transition 
of  Al3+ is no longer limited by the electric field force, the 
growth mechanism is no longer the outward migration 
of  Al3+, but the inward chemical diffusion of adsorbed 
 O2− along the oxide film interface. Continuous and rapid 
formation of  Al3+rich second-layer amorphous oxide film 
was formed on the first layer of oxide film by new  Al2O3 
crystal nucleus, and the thickness of the oxide film can 

(2)k = Aexp(−Ea∕RT )

reach 200 nm [26]. The continuous high temperature dur-
ing welding transforms the oxide film from amorphous 
recrystallization to crystalline γ-Al2O3. As shown in Fig. 7, 
with the continuous welding process, the oxidation film 
growth is under the condition of high temperature; as the 
welding speed decreases, the ability to absorb  O2− at the 
 Al3+-rich oxide film interface in the heat-affected zone at 
the interface to be welded gradually increases and the 
thickness of the oxide film increases step by step, which 
explains the phenomenon of the wide difference in the 
upper surface lazy “S” width in Fig. 2. There is no lazy “S” 
on the weld surface with the welding speed at 1500 mm/
min; this is due to the fast welding speed, small value of T 
and r and low oxidation reaction rate. Thus, the thermo-
dynamic ability of the interface absorbed  O2− inward dif-
fusion reduces which leads the second amorphous oxide 
film to be not easy to grow. The generated oxide film dis-
perses on the weld surface under the mechanical force 
of the shoulder as shown in Fig. 8. During welding, the 
interfacial oxidation zone combines tightly and squeezes 
out excess air from the gap, and according to the oxidation 
film formation mechanism, the first layer of oxide film is 
formed in the interfacial oxidation zone at room tempera-
ture; however, the interfacial oxidation zone is in a high-
temperature state; with the decrease in welding speed, 
there is not enough  O2− to react with  Al3+-rich oxidation 
film interface to generate oxide film with thickness of hun-
dreds of nanometers, which only transforms to a stable 
crystalline oxide film. This reasonably explains that there is 
no difference in the width of lazy “S” of cross section under 
different welding speeds.

3.5  Lazy “S” evolution analysis

The plastic flow of aluminum matrix material is a kind of 
vortex phenomenon, which was affected thermomechani-
cal action by temperature field, non-Newtonian fluid and 
stress field; an understanding vortex model is constructed 
to explain the motion trajectory of lazy “S” under thermo-
mechanical action, ignoring the influence of stirring tool 
inclination angle. In Fig. 2f, the friction heat generated 
coulomb model in different areas of temperature field 
along the thickness direction which is shown as follows:

In formula (3), Q represents heat flux; μ is friction coef-
ficient; f1 is under-shoulder pressure; n is rotation speed; 
and r1 is shoulder radius.

(3)QI = �f1
(2�r1)

2

n

(4)Qz = ∫
r2+tan�Lz

r2

��
1

n
f2r

2dr

Fig. 8  Distribution diagram of  Al2O3 on weld surface
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In formula (4), z denotes (II, III, IV); λ is a constant; f2 is 
the positive pressure on the end face of the stirring pin; 
r2 is the end radius of the stirring pin; α is the cone angle 
of the stirring tool; and L is the length of the stirring pin.

Vortex model is generated by temperature field as 
follows:

In formula (5), Jn denotes the strength coefficient,vn is 
the welding rate and�n = 2�n.

Torque force is applied to the boundary of vortex field 
as:

(5)Jn = Loop Strength∕Vortex Strength =

∬
A

∬ vnds

∬
A

∬ �nd�

(6)�S = 2��f1∫
ry

r3

r2dr

(7)�SAZ = 2��(f1 + f2cos�)∫
ry

rx

r2dr

(8)�p = 2��f2cos�∫
ry

rx

r2dr

In formula (6) ~ (9), �S represents the shoulder torque; 
�SAZ is the (I, II) zone torque; �p is the end-face torque of 
parallel stirring pin; �v is the end-face torque of vertical 
stirring pin; and r3 is the top radius of stirring pin.

As shown in Fig. 9a, a softened peeling layer is formed 
at the front of the stirring tool; with the change in welding 
speed, the peeled matrix material forms an instantaneous 
cavity at the back of the stirring tool, a step length of the 
cavity span is ( S = K

Vn

n
 ) and the matrix material in the peel-

ing layer flows into the step-length cavity. Under the 
downward force of the stirring tool, the oxide film follows 
the matrix material to fill the cavity in a vortex mode, as 
shown in Fig. 9b. With the continuous welding, a large 
number of filling cavities form an accumulation area at the 
back of the stirring tool. A → B → C → D → E five-point con-
nections form the cross-section morphology of the lazy “S.” 
Firstly, we consider the softening degree of the metal in 
the temperature field, and it can be seen from formulas (3) 
and (4) that the high temperature of  QI heat flux near the 
shoulder area I is about 540 °C, which makes the plastic 
flow of the aluminum matrix produce a thin viscous flow 
state and its flow resistance is very small and the stirring 
tool moves rapidly, Qz gradually decreases along the 

(9)�v = 2��f2sin�∫
ry

r2

r2dr

Fig. 9  a Flow and stress 
profiles of matrix materials 
in friction stir welding; (b) 
lazy “S” trajectory model of 
vortex state; (c) flowcharts of 
materials in the cavity on the 
accumulation side
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thickness direction, making the matrix material near the 
shoulder present a viscous flow state and the matrix mate-
rial far away from the shoulder present a thermoplastic 
state (flow resistance is large) [27]. Secondly, the boundary 
torque of different metal vortex layers is different, the �S 
torque is big in the area I adjacent to the shoulder and the 
plastic flow is viscous state, which makes the AB section 
become a downward-inclined straight loop, while the B 
point is located at the edge of the cavity and far away from 
the shoulder. With the heat flux decreases, the aluminum 
matrix transits from viscous flow state to thermoplastic 
state and the flow resistance rises linearly and the B point 
reaches the maximum. Matrix material flows down to II 
area, and the shoulder force f1 in the formula�SAZ decreases 
rapidly. Under the effect of vortex strength and�v , plastic 
flow moves to the center of weld, which makes the BC sec-
tion form 30° ~ 45° downward gyration inclined line. Under 
the combined action of �v and�p , zone III makes the CD 
segment decrease vertically and the transition arc in this 
zone comes from 

�p

�v
>1; in the region IV at the end of stir-

ring pin, Qz is small in the expression and 
�p

�v
<1 and the 

weld is filled with thermoplastic matrix material which was 
subjected to a downward forcef2 , which makes the macro-
scopic appearance of DE segment a vertical line. When the 
welding speed is low, the heat input is high and the hold-
ing time of specimen is long and the vortex layer of viscous 
flow in SAZ region is thick, making the relative flow easier. 
The strength coefficient of J50 is small and the vortex 
strength is big, which leads the point B to go down to zone 
II. When the welding speed is high, the cavity volume 
formed by step size which makes the plastic flow matrix 
space too large; under the combined action of loop 
strength and�v , the downward flow velocity of the matrix 
is too fast and the inclination angle is increased, and it is 
observed that point C overshoots zone III and the lazy “S” 
at point C forms an uphill slope. The oxidized particles 
crushed by stirring pin move downward along the vortex, 
which results in the accumulation of  Al2O3 in zones I and 
II, and the width of the lazy “S” in zone III becomes nar-
rower due to the gradual increase in flow resistance, which 
indicates the existence of vortex. The vortex strength and 
�S on the upper surface are unchanged and the total 
amount of matrix material flowing into the accumulation 
area at the weld seam of the specimen remains 
unchanged, while the step length of the cavity increases 
with the increase in welding speed; because the edge of 
the cavity is in the thermoplastic state and the internal 
friction force is large, the matrix material flowing into the 
accumulation side adheres to the formation layer by layer, 
as shown in Fig. 9c, which explains the difference of the 
lazy “S” deviating from the center position on the surface 
of the specimen with different welding speeds.

4  Conclusions

1. All of the cross section of the joint with five groups 
of welding parameters showed the lazy “S”. When the 
welding speed was 1500 mm/min, the hole defects 
appeared at the bottom of the weld.

2. When the welding parameters range from 50 mm/min 
to 600 mm/min, the lazy “S” was found on the weld 
surface. Meanwhile, the line width and deviation from 
the centerline of the weld were changed regularly. But 
when welding parameters rose to 1500/mm/min, the 
lazy “S” on the weld surface disappeared.

3. The diffusion and kinetic equations of the oxygen–alu-
minum interface film explained the growth mecha-
nism of the lazy “S” in the friction stirs welding of alu-
minum alloy and the difference in the width of the lazy 
“S” on the weld surface.

4. The plastic flow of matrix material is a kind of vortex 
phenomenon, establishment of vortex model that 
lazy “S” trajectory is composed of a five-point line 
A → B → C → D → E. The five-point position relation-
ship is analyzed by the thermomechanical effects of 
temperature field, non-Newtonian fluid and stress 
field, illustrating the lazy “S” on macroevolution pro-
cess and further verifying the existence of vortex 
phenomenon. Because the edge of the cavity on the 
accumulation side is in the thermoplastic state and 
the internal friction force is large, quantitative matrix 
material is made attached to the corresponding posi-
tion, which explains the difference in the lazy “S” devi-
ating from the center of the weld surface.
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