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Abstract In the present study, a number of joints were fabri-
cated successfully on DH36 marine steel sheet in underwater
wet based on friction taper plug welding (FTPW). The influ-
ences of the plug and hole geometry parameters combination
on the quality of welded joint forming were first investigated.
It was found that tapered holes and plugs were the preferred
choice and a suitable cone angle range was obtained. Using
the preferred hole and plug designed further expand the range
of welding parameters to explore process parameters influence
on the welding quality. Bonding mechanism and microstruc-
tural evolution to FTP welds were investigated with multiple
observations. Mechanical properties of the obtained joints
were also evaluated with tensile and Charpy impact tests by
reference to AWS D3.6 Underwater Welding Code. The best
result is found as the joint welded with 7500 rpm and 40 kN
which has 535.6 MPa ultimate tensile strength, 22.5 % elon-
gation, and 42.5 J impact energy at bonding line.

Keywords Underwater wet welding - Friction taper plug
welding - Geometry parameters - Bonding mechanism
microstructures - Mechanical properties

1 Introduction

Underwater welding is an effective method for repairing dam-
aged metal components and structures during construction

P4 Lei Cui
cuileitju@163.com

Tianjin Key Laboratory of Advanced Joining Technology, School of
Materials Science and Engineering, Tianjin University,
Tianjin 300072, People’s Republic of China

and operation of submarine pipelines and offshore platforms
[1]. However, underwater welding is more difficult in com-
parison to that performed at open air because of: limited vis-
ibility, higher pressure, hydrogen content in weld metal and
higher cooling rates, which contribute to the formation of
welding defects. These phenomena reduce the underwater
weldability of higher-strength steels [1-3]. In order to solve
the problems of underwater welding, researchers have been
working to find better underwater welding processes in recent
years. Traditional underwater welding techniques based on
fusion welding can be classified as wet welding, dry welding,
and local cavity welding. But experiments and engineering
practices show that there are still thorny problems using un-
derwater wet fusion welding, such as arc instability, weld po-
rosity, hydrogen embrittlement, etc.[2, 4-6].

Friction taper plug welding (FTPW),as a new solid-state
joining process derived from friction welding, was invented
by The Welding Institute (TWI) in 1992 [7]. FTPW is
regarded as a promising repairing technology which involves
rotating a consumable plug co-axially into a blind hole drilled
in advance under an applied load. Both frictional heat and
axial load would perform in the process so that the plug ma-
terial is softened, and as the process continues, the consum-
able rod is further deposited continuously in the blind hole to
form a sound weld [8, 9]. This welding method enjoys great
advantages as a solid-state welding, such as no defects related
to fusion welding, low cost consumables, and environmental-
ly friendly. Most importantly, FTPW process is greatly suited
for automated and remote control so that it can be performed
as a repair technique in deep underwater condition and other
hazardous environments [7, 10].

In the FTPW process, there are four main parameters: axial
force, rotating speed, burn-off, and forging force [11-13].
ROTATING SPEED refers to the rotational speed of the plug
materials which produce a relative velocity at the faying sur-
face and provide sufficient frictional heat. And rotational
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speed has effects on the mechanical properties of the FTP
welded joints. AXIAL FORCE means the force imposed on
the plug axially and needs to be high enough to generate
adequate friction force and sufficient frictional heat. Thus,
the faying surface could be contacted intimately and the
welding process is consecutive. BURN-OFF is the length con-
sumption of the plug materials during welding to fill the blind
hole totally. Burn-off mainly depends on the geometrical sizes
of the samples. FORGING FORCE refers to the force which
needs to be slightly higher than the axial force applied axially
on the plug at the end of the friction welding process. Besides,
the geometrical shape and dimensions of the plug and the hole
are also important factors which should be considered.

Some researchers have conducted a series of investigations
to explore the factors affecting quality of FTP-welded joints
[11-16]. Meyer examined two different approaches to study
the influence of the stud and hole shape on the quality of the

weld. In the first approach, a hole with a flat bottom was
selected with studs with different tip designed. In the second
approach, chamfered studs and hole bottoms were used. The
results indicated that the hole shape, rather than the stud geo-
metrical dimension has a major influence in achieving bond-
ing of the FTPW joint [11]. Hattingh et al. studied the influ-
ence of rotational speed, forging force, and burn-off on weld
defects and mechanical properties in AISI 4140 steel FTSW.
They found that the maximum tensile strength of FTPW joints
could achieve 94 % of the parent material when low forging
force, high rotational speed, and high burn-off process param-
eters were selected [13]. Cui et al. investigated weld perfor-
mances of S355 low alloy structure steel with 6500~7500 rpm
rotational speed and axial force of 20~40 kN in air conditions.
It was found that defect-free welds exhibit favorable tensile
properties of which 548.3 MPa ultimate tensile strength and
27.5 % maximum elongation could be reached [14]. Yin et al.
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Table 1  Welding parameters and sample number for investigating different geometry dimensions influence on the quality of weld forming
Sample ID Welding parameters
Rotational speed (rpm) Axial force (kN) Forging force (kN) Burn-off (mm) Forging time (s)
A-1 (B-1/C-1/D-1/E-1/F-1/G-1) 7000 25 30 15 10
A-2 (B-2/C-2/D-2/E-2/F-2/G-2) 30 35
A-3 (B-3/C-3/D-3/E-3/F-3/G-3) 35 40
A-4 (B-4/C-4/D-4/E-4/F-4/G-4) 40 45

studied formation process and bonding characteristics through
burn-off increasing experiment, and proposed the importance
of burn-off value in achieving defect-free weld [16].

In our former study, Cui et al. explored the primary process
of underwater FTPW and typical microstructures and mechan-
ical properties of welded joints on such steels. It was found
that such process could perform in underwater wet condition
at 7000 rpm rotational speed and various axial force ranged in
30~50 kN. The obtained joints exhibit good bonding qualities
between the hole sidewall and plug material and have no any
metallurgical defects. The mechanical properties of the obtain-
ed welded joints could match the requirement of marine use
[17]. However, the geometry of the plug and hole will not only
directly affect the selection of welding parameters, but also
influence welding defects forming. Moreover, extensive in-
vestigation in open literatures about the influence of geomet-
rical parameters on the underwater FTP welded joints has not
found. Hence, we thought that it would be very interesting and
of practical importance to explore how the geometrical param-
eter change will affect the welding quality. Furthermore, in the
present investigation, we also broadened the welding param-
eter settings and further discuss their influences on the weld
qualities, microstructures, and mechanical properties.

2 Experimental procedures

The material used for the base metal and plug is normalized
DH36 steel with the basic microstructure of ferrite and pearlite
and the chemical composition of (wt %) 0.18 C, 0.5 Si, 0.57
Mn, 0.31 Nb. The basic properties of the steel (test value) are
of 160 HV( hardness, 361 MPa yield strength, 531 MPa ul-
timate tensile strength, 23.5 % elongation, and 157 J V-notch
impact energy at —20 °C. In order to investigate influence of
geometrical dimensions of the blind hole and plug on the
welded joint forming, seven different geometrical parameters
of plug and corresponding plug hole are designed based on
our initial research, which mainly include cylindrical hole and
plug (type A and B), cylindrical combination tapered hole and
plug (type C and D), tapered hole and plug (type E, F, and G).
Details of the hole and plug are shown in Fig. 1. For facilita-
tion analysis of the geometric shape influence, the rotational

speeds were selected primarily as 7000 rpm. And, for each
rotating speed, the applied axial force was in the range of
25~40 kN in steps of 5 kN. Details of the process parameters
and the sample name were listed in Table 1. In order to facil-
itate discussion, in Table 1, the welded joints obtained from
Fig. 1 marked as A~G plug and hole are respectively defined
as A~G. During welding, welding peak torque also was col-
lected for investigating the variation geometrical parameters
effect on the welding torque. In particular, all welding trials
were conducted under the condition that the experimental
plates and welding areas were totally immerged in the water
for simulating the underwater wet condition.

Then the type G plug and hole geometry combination was
used to determine the welding parameters influence on the
quality of FTP welded joints. Six different axial forces and
three different rotational speeds were selected with this

Table 2 Welding parameters for investigating variation welding
parameters influence on the quality of weld forming

Sample Rotational Axial Burn- Forging Forging

ID speed force off force time
(rpm) (kN) (mm)  (kN) (s)

A 7500 25 15 30 10

B 30 35

C 35 40

D 40 45

E 45 50

F 50 55

G 7000 25 30

H 30 35

I 35 40

J 40 45

K 45 50

L 50 55

M 6500 25 30

N 30 35

(¢} 35 40

P 40 45

Q 45 50

R 50 55
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Table 3 Tensile and impact test

results Sample ID Defect examination Tensile property 0 °C impact energy (J)
o, (MPa) 5 (%) Failure location

A Defect free 461.5 15.5 BL -
B Defect free 392.7 7.5 BL 36£5.5
C Defect free 470.8 14.0 BL 31.7£35
D Defect free 535.6 225 BM 42.5+6
E Defect free 495.2 14.0 BL 27+£3.5
F Defect free 300.5 0.5 BL 15.5+4
G Lack of bonding 476.3 16.5 BL -
H Defect free 468.1 15 BL 27+3
1 Defect free 523.5 18.5 BL 30.5+3.5
J Defect free 450.5 7.0 BL 155+1.5
K Defect free 524.1 16.5 BL 39.5+8.5
L Defect free 520.3 18.5 BL 21.5+1.5
M Lack of bonding 3245 1.0 BL -
N Lack of bonding 355.1 1.5 BL -
(0] Lack of bonding 398.7 2.5 BL -
P Defect free 418.5 2.0 BL -
Q Lack of bonding 330.0 1.0 BL -
R Unweldable

geometric shape. For convenience of discussion, detailed
welding parameters and samples welded successfully with
the mentioned parameters are numbered A~R as illustrated
in Table 2.

An OLYMPUS GX51 optical microscope (OM) was used
for defect examinations and preliminary microstructural ob-
servations on the cross-sections of samples etched with 4 %
nital solutions for about 15 s. Detailed examinations were
conducted on the Hitachi-S4800 field emission scanning elec-
tron microscope (FE-SEM) with an electron backscattered
diffraction (EBSD) system as the sample was polished with
an electrolyte consisting of 650 ml alcohol, 100 ml perchloric
acid, and 50 ml distilled water at 31 V for 25 s at 20 °C.
Moreover, thin foils of samples were also examined by
Tecnai G2F20 transmission electron microscopy (TEM).
Hardness distribution (HV () of the FTP weld was evaluated
using 432SVD Vickers hardness tester with a 20 x 20 points

matrix throughout the weld on the sample welded with
7000 rpm rotating speed and 35 kN axial force. To evaluate
the welding quality, tensile property (20 °C) and Charpy V-
notch impact property (0 °C) were examined and then
contrasted to the requirement of AWS D3.6 Underwater
Welding Code [18]. Under each parameter, three standard ten-
sile specimens and impact specimens were machined. The
average value of the three test results was adopted. Details
of tensile and impact samples are shown in Fig. 2a, b.

3 Results
3.1 Macro observations for different geometry parameters

Figure 3 shows type A and B plug and hole geometry obtained
joints cross-sectioning macrostructures. In the case of type A
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Fig. 3 Macro observation of
types A and B underwater welded
joints

welded joints, the welding process can be realized in
the range of 25~35 kN axial force with a rotational
speed of 7000 rpm. When the axial force reached
40 kN or above, peak torque of the welding process
reached the hydraulic motor maximum output torque
150 Nm (as shown in Fig. 7 A curve), thus resulting
in the welding process stalling owing to overload.
Observing type A welded joints macro morphology, lack
of bonding defects are found at the bottom of the plug
hole chamfered and initial side wall. Higher magnifica-
tions for this kind of defects are shown in Fig.4a, b.
Lack of bonding in a FTP weld is in fact the initial
interface between the blind hole and plug which has
not yet been bonded in the welding process. It forms
likely at the bottom region where round is located. One
main reason in forming lack of bonding may be of the
insufficient heat generation and material flow in the be-
ginning period of FTPW process. In type B welded
joints, weld root forming and the filling quality had
improved, but at the part region of initial plug hole side
wall had not yet realized fully metallurgical connection.

Cross-sectioning observation results of type C and D
obtained joints are shown in Fig. 5 and welding peak
torque are drawn in Fig. 7c, d curve. Compared with
FTPW welding process in type A and B welded joints,
peak torque in type C and D FTPW welding process
decreases significantly. However, with the increasing of
axial force from 25 to 40 kN, the peak torque dramat-
ically increases. As with type A geometry welding tri-
als, the 40 kN axial force leads to a too-high peak
torque to the welding system in type D geometry
welding trials, which results in the interruption of the
welding process. Moreover, there still exists an obvious
lack of bonding weld defects at the side wall of the
hole in these two types of welded joints. The results

indicate that type C and D geometric parameters applied
can reduce the peak torque in a certain range, which
broaden the range of welding parameters can be imple-
mented, but the welding quality of joints have not been
improved significantly.

Figure 6 presents macrostructure of type E~G ob-
tained welded joints. In the E~G three types of
welding joints in addition to E-4 joint existence, a
small amount incomplete filling defect at the bottom
of the hole, other joints were not found formation of
defects. Moreover, as shown in Fig. 7 E~G curve, the
peak torque could be reduced to the range of
60~90 Nm by using tapered plug rod and hole combi-
nation, and the growth rate of the peak torque also
decreases with the increase of welding pressure.
Comparing E~G curve in Fig. 7, it is found that the
change of hole cone angles at 18°~24° range do not
produce significant effect on peak torque. This sug-
gests that the welding parameters can be adjusted in
a large range to type E~G plug and hole design, which
improve the adaptability of FTPW process.

Fig. 4 Typical welding defects in underwater FTPW weld: lack of
bonding defect at weld root
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Fig. 5 Macro observation of
types C and D underwater FTPW
welds

3.2 Macro observations for different welding parameters

The type G hole and plug was selected particularly to further
expand the scope of the welding parameters. Cross-sectioning
observation results of all the obtained joints are shown in
Fig. 8. In most of the welding conditions when the rotational
speed is equal or higher than 7000 rpm a lot of sound welds
could be obtained, but lack of bonding defects are observed in
the welds mostly in lower rotational speed of 6500 rpm. From

Fig. 6 Macro observation of
types E, F, and G underwater
FTPW welds

@ Springer

the experimental results, it can be proposed that, in such hole
and plug design, defect-free welds can be extensively obtained
in underwater wet condition without any additional measures.

The welding process window for FTPW DH36 steel in
underwater wet condition based on the present study is shown
in Fig. 9. It is found that at the condition when axial force
lower than 20 kN is used, the welding process cannot be
performed owing to combination action of insufficient weld
energy input and rapid cooling rate of water medium. Proper
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Fig. 7 Variation of peak torque with the variation of welding force in
different geometry parameters of the hole and plug

welding parameters for underwater FTPW are confirmed as
the rotational speed ranging from 7000 to 7500 rpm and the
welding force in the range of 30~45 kN. At relatively low
rotational speed of 6500 rpm, obvious lack of bonding defects
are found in most of the joints (Samples M~Q). Moreover,
when a combination parameter of 6500 rpm rotational speed
and 50 kN welding force is used, the welding system stalls

owing to the overload of the hydraulic motor. So the result for
Sample R is missed.

3.3 Microstructures

The overall morphology of a FTP weld can be divided
into four regions according to the inhomogeneity of ob-
servations: base metal (BM), filled zone or weld metal
zone (WM) forms from deposited plug materials, heat
affect zone (HAZ), and flashes form from both plug
materials and forged BM. Between the WM and BM,
there is a distinct dark line which is traditionally named
bonding line (BL) in friction welds [19, 20]. Observing
the microstructure near BL (Fig. 10a, b), it is found that
several fine equiaxed ferrite grains form along the initial
side wall of the blind hole. These fine grains comprise a
fine grain belt (FGB). The FGB is of nearly 60 um in
width and is distributed at the plug side along BL. The
SEM observation (Fig. 10b) proves that the metallurgi-
cal bonding behavior could be performed by means of
the nucleation of ferrite grains at the inner wall of the
blind hole. As shown in Fig.10c, the EBSD map indi-
cates that the ferrite grains in FGB are nearly equiaxed
and randomly orientated, and between the units there
are mostly high-angle grain boundaries. However, at

R

Unweldable

Fig. 8 Cross-sections of weld samples for all the successful welding conditions with type G hole and plug
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Fig. 9 Process window for FTPW of DH36 steel in underwater wet
condition when selecting type G hole and plug

the two sides of FGB where HAZ and WM are located,
lathy microstructures with obvious preferred orientations
are obtained.

Four typical areas marked as A, B, C, and D in Sample J
were selected to investigating the microstructure evolution
throughout the weld. The OM observations of regions A~D
are shown in Figs. 11a~d respectively. It can be observed that
in the four regions, lath-like structures dominated. Along the
length direction of WM where region A (upper region of
WM), B (middle region of WM), and C (lower region of
WM) are located, the lathy microstructure exhibits different
features. However, the microstructure of region D (HAZ) is
similar to that of region C.

Further, TEM observations on such regions of A~D are
shown in Fig. 12. As shown in Fig. 12a, the lath-like structure
in region A is identified as lath martensite with rare carbides
and some dislocations. In region B, as revealed in Fig. 12b,

Fig. 10 Microstructures of bond E%“ T
line in FTP welds: a OM (a) -
microstructures, b SEM ‘i;u
microstructures, and ¢ EBSD o
pattern i
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both upper bainite with carbides or carbon-enriched retained
austenite grains between bainite ferrite laths and lath martens-
ite can be observed. In region C, whose TEM microstructure is
shown in Fig. 12c, the upper bainite is characterized with a
sheave that contains several bainite laths that nucleate at the
boundary of prior austenite and grows parallel to each other in
the coarse prior austenite grain. As shown in Fig. 12d, the
microstructure of HAZ in the weld is similar to region C in
WM where several bainite laths could also be found.

Figure 13 reveals the band-contrast image and EBSD ori-
entation map of different regions on the weld. As shown in
Fig. 13a, the martensite laths would compose several blocks
or packets. Between different packets, there are seemingly
several high-angle boundaries of prior austenite grains. And
the martensite laths were mostly separated by low-angle
boundaries. In Fig. 13b, where the mixed bainite and martens-
ite are observed, the distinction for the two kinds of lathy
microstructures could be found hardly in both band contrast
and EBSD patterns. Figure 13c, d present EBSD map of re-
gions C and D which have similar microstructures mainly of
bainite. In these two regions, several small sheaves containing
bainite laths parallel to each other can be observed. However,
the size for both sheave and bainite lath in regions C and D is
finer compared with region B.

3.4 Mechanical properties

The hardness distribution throughout the cross-section of the
weld zone (test on Sample J) is shown in Fig. 14. It exhibits a
good match to the macro observations. The HV, cloud map
outlining the weld zone where HAZ, WM, FGB, and BM are
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Fig. 11 OM microstructures in
different regions of the weld 4 %
nital etched: a~d are the regions
marked A~D in Sample J as
shown in Fig. 8

included depicts the inhomogeneity of weld microstructures.
In HAZ, the hardness value ranged from 200 to 280 HV, and
going far away from BL to BM in horizontal direction, a
decrease tendency could be observed. However, in WM, the
hardness distribution seems more complicated. To the region
in WM adjacent to BL, where FGB is observed, the hardness
values are found in the range of 281~325 HV . Getting closer
in horizontal direction to the weld center line, the hardness
would increase significantly up to 450 HV, or higher. The

B
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highest hardness value is found in the upper location of WM
as the region marked in Fig. 11a where the highest value of
nearly 500 HV is reached. In the middle and lower regions
of WM, most of the testing points are of nearly
360~420 HV .

Tensile and impact test results indicate that the underwater
wet FTPW joints would perform acceptable mechanical prop-
erties in most of the welding conditions. As shown in
Fig. 15a, b, in relatively high rotational speed of 70000r

Fig. 12 TEM microstructures in different regions of the weld : a~d are the regions marked A~D in Sample J as shown in Fig. 8 of which the OM

microstructures are shown in Fig. 11
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7500 rpm of which defect-free welds are extensively obtained,
the ultimate tensile strength (UTS) for most of the samples
would reach the range of 450~530 MPa. The best tensile
property is found on Sample D whose UTS (535.6 MPa)
and elongation (22.5 %) are nearly equal to BM owing to
BM fracture mode during tensile test. However, the UTS of
samples welded with 6500 rpm rotational speed exhibit poor
tensile properties ranging from 320 to 421 MPa.

Figure 15¢ shows the 0 °C Charpy impact test results on
samples V-notched at BL. For all the samples, cracking occurs
and propagates along the path of BL. In defect-free welds
welded with the parameters of 7000~7500 rpm rotational

Fig. 13 Band contrast image and
EBSD orientation map for
different regions in the weld: a~d
are the regions marked A~D in
Sample J as shown in Fig. 8 of
which the OM microstructures are
shown in Fig. 11

speed and 30~45 kN axial force, most of the V-notch impact
energies could match the requirement for Class B Welds in
AWS D3.6 Underwater Welding Code where 19 J, the lowest,
and 27 J, the average are needed. The highest value of 42.5J
impact absorbed energy is obtained on Sample D that also has
good tensile property with the same level of the BM.

4 Discussion

From macro morphology results as shown in Fig. 3, 5, and 6,
compared with the cylindrical plug rod and hole, the tapered

@ Springer
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Fig. 14 Typical hardness distribution feature through the cross-section of
underwater FTPW joint

hole and plug combination often exhibit better welded joints
quality. This is attributed to the conical surface under axial
force that not only increases the contact area of the plug and
hole but can also provide the radial force, resulting in produc-
ing more friction heat and being beneficial to the plastic flow

of materials [11, 21]. However, the tapered plug and hole must
have good fitting dimensions to ensure the contact surface and
the bottom hole gap owning plenty of thermoplastic materials
with good fluidity. Moreover, as the welding trials conducted
in underwater wet condition, plug hole bottom area with the
welding process proceeding should be able to exclude internal
water, to prevent the residual bubbles in the welded joints,
which affects the welding quality. If the plug cone angle is
too small, there is no obvious difference with cylindrical plug
rod. But if the plug cone angle is too big, a larger diameter
plug is needed, which is beyond the bearing capacity of the
equipment. Besides, as shown in Fig. 7, tapered plug and hole
could reduce the peak torque into a suitable range, thus broad-
ening the range of welding parameters can be implemented.
Based on our present research results, suitable geometry pa-
rameters are obtained, that is : the hole cone angles change at
18°~24° range, and the plug cone angles are slightly smaller
than the hole cone angles of 2°~3° .

Based on the cross-sectioning results as shown in Fig. 8, it
can be proposed that the FTPW process certainly has the po-
tential use for repairing and welding steel in underwater wet
conditions. The possible parameters for high-quality welds are
seemingly of rotational speed up to 7000 rpm and axial force

Fig. 15 a The ultimate tensile Zosz —=—7500rpm » —=—7500pm
strength, b elongation, and ¢ bond 1 (@) |~ 7000pm ] (b) —e—7000rpm
550 —A— 6500rpm| ] —A— 6500rpm

line impact absorbed energy for
underwater FTPW joints. Details
are illustrated in Table 3
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ranged in 30~45 kN. When a rotational speed lower than
6500 rpm is used, lack of bonding defects are likely to form
in the inner weld. When a too-low axial force (20 kN or lower)
is used, a balance of water cooling and frictional heat genera-
tion would be achieved owing to the insufficient welding en-
ergy input. In this balance situation, the frictional heat could
not transfer up to the plug any further, therefore the blind hole
fails to be fully filled. However, a too-high axial force (higher
than 50 kN) would cause the FTPW process to be stalled
owing to the overload of the welding power system.

Observation of microstructural evolutions indicates that the
microstructure for underwater FTP weld is mainly of lath
structures, but exhibits heterogeneous features (Figs. 11, 12,
and 13). This characteristic can also be reflected on the hard-
ness distribution map. In the upper region of WM (region A in
Sample J), the microstructure consists of several martensite
laths which form by both water quenching and forging effects
of the plug material. The upper WM has the highest hardness
on the weld cross-section (Fig. 14) whose values are ranged
from 450~500 HVo. In middle WM, where mixed micro-
structures of bainite and martensite can be found, the hardness
decreases to nearly 400 HV o owing to the decreasing amount
of martensite. In lower WM, a further decrease of hardness
lower than 360 HV, is observed. That is mainly caused by
the disappearance of martensite in this region, but a large
amount of bainite instead. It should be noted that although
similar microstructures of bainite are found in both HAZ
and lower WM, the strength of these two exhibits dif-
ferent levels. The much higher hardness in lower WM
than HAZ may be caused by forging action from axial
load during the welding process.

Metallurgical bonding between the initial hole sidewall and
plug material may be identified as the formation of new grain
boundaries (as shown in Fig. 10) by means of the combination
action from stress and heat at the welding interface. In welding
process, some of the equiaxed fine ferrite grains would form
along the hole sidewall. These ferrite grains that surrounded
the filled plug material compose a belt-like structure along the
hole inner sidewall.

Except for Sample D, all the tensile samples were fracture
at bonding line during tensile test. This indicates that, in most
of the conditions, the bonding strength at initial interface is
lower than the tensile strength of the base metal. But for
defect-free welds with relatively high rotational speed of
7000 rpm or 7500 rpm, the FTPW joints have favorable ten-
sile properties,where the ultimate tensile strength (UTS) for
most of the samples would reach the range of 450~530 MPa.
Besides, the BL V-notched fracture samples were all fractured
along the BL path and exhibit much lower impact absorbed
energies. This is mainly affected by the coarsening of the
austenite grains, the formation of coarse bainite and martensite
laths with obvious preferred orientations and local stress con-
centration [17].
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5 Conclusions

In this study, the influence of geometry and welding parame-
ters on the quality of DH36 marine steel FTP welded joints
underwater were investigated. The following conclusions
could be drawn:

(1) Tapered holes and plugs with the hole cone angles
changing at 18°~24° range, and the plug cone angles
slightly smaller than the hole cone angles of 2°~3° can
greatly improve the quality of underwater welding joints
and welding process stability.

(2) Defect-free welds could be obtained vastly by FTPW in
underwater wet condition without any protection mea-
sures. The optimized parameters are rotating speed
higher than 7000 rpm and axial force ranged from
30~45 kN.

(3) Metallurgical bonding between the hole and plug is per-
formed by means of ferrite nucleation at the sidewall of
the blind hole. The microstructure in weld zone would
involve upper and lower bainite, equiaxed ferrite, and
lath martensite.

(4) The hardness distribution cloud map indicates heteroge-
neous microstructure features of the weld zone. From
upper WM to lower WM, the hardness decreases from
500 HV]O to 360 HV]().

(5) FTPW joint welded with 7500 rpm and 40 kN exhibits
535.6 MPa ultimate tensile strength, 22.5 % elongation,
and 42.5 J impact energy at BL (0 °C).
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