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The hydrogen embrittlement behavior of two low-carbon medium manganese
steel welding joints was elucidated using a slow strain rate tensile experiment,
hydrogen permeation experiment, and hydrogen concentration test. The
fracture starting position becomes heat-affected zone (HAZ) after hydrogen
charging. The hydrogen concentration of HAZ is higher than weld material
(WM) for two welding joints after hydrogen charging for both 1 h and 2 h. The
hydrogen embrittlement susceptibility of the welding joint with high hydrogen
concentration, which contains about 0.03 Ti in both WM and HAZ, is larger
than the welding joint that does not contain Ti. When the hydrogen charging
time of the Ti-contained welding joints increases from 1 h to 2 h, the frac-
tography of WM changes from small shallow dimples (hydrogen enhanced
localized plasticity) to quasi-cleavage and cleavage (hydrogen enhanced
decohesion), and the fractography of HAZ changes from quasi-cleavage (hy-
drogen enhanced decohesion) to intergranular (hydrogen enhanced decohe-

sion).

INTRODUCTION

Hydrogen embrittlement (HE) is considered a
severe issue of high-strength steel, essentially for
welding joints of high-strength steel, because of its
inhomogeneous microstructures and high internal
stress.!” Many researchers found that the main
influences of HE susceptibility are chemical compo-
sition, strength, residual stress value, and hydrogen
concentration.®* Until now, two types of HE mech-
anisms have been established and widely accepted,;
one type is based on the viewpoint of “brittle,”
including internal pressure theory and hydrogen
enhanced decohesion (HEDE) theory, and the other
type is based on the viewpoint of “ductile,” including
hydrogen enhanced localized plasticity (HELP)
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theory and adsorption induced dislocation emission
(AIDE) theory.’'* Essentially, these mechanisms
involve the interaction between microstructures
and hydrogen in steels.''*

Recently, low-carbon medium manganese steels
have attracted significant attention due to their
good tradeoff between mechanical properties and
material cost.’®'® The toughness improvement was
obtained via introducing metastable austenite by
inter-critical annealing, which can stabilize at room
temperature via enrichment of C and Mn.%%23
Martensite is generally recognized as one of the
most sensitive phases to HE because of its high
brittleness and hardness. However, retained
austenite (RA) introduced by inter-critical anneal-
ing treatment is considered the most insensitive
phase to HE.?*2® Until now, we have studied the
HE of medium manganese steels and found that HE
susceptibility is related to the dislocation density of
martensite matrix and the stability of RA. However,
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the microstructures of welding joints are very
different from BM.?*3! Due to their chemical
composition characteristics, medium manganese
steels are difficult to weld. Therefore, the
microstructures and mechanical properties of med-
ium manganese steel welding joints are very impor-
tant for applying medium manganese steel. Yoo has
investigated the correlation between microstructure
and mechanical properties of the heat-affected zone
(HAZ) in Fe8Mn0.06C steel welding joints and
found that the presence of RA contributed to an
increase in toughness and a decrease in ductile-
brittle transition temperature.?

In addition, HE susceptibility is significant for the
welded joints serviced in the marine environment.
In particular, microstructures and hardness of HAZ
have significant influences on HE.**-3” Zhang found
the change in HE susceptibility from high to low
was coarse-grained HAZ (CGHAZ), fine-grained
HAZ (FGHAZ), inter-critical HZA (ICHAZ), and
base metal (BM) because lower hydrogen diffusivity
can impede the embrittlement behavior.?® In addi-
tion, several studies have described that hydrogen
permeation behavior is essential to evaluate the HE
of welding joints.?>*3° Lan studied two welding joints
with and without post-weld heat treatments and
found that the tempered membranes have a lower
effective diffusion coefficient and higher density of
hydrogen traps due to newlgf formed carbides acting
as hydrogen trapping sites.”® Furthermore, medium
manganese steels are often used to construct off-
shore platforms.?”~*° Therefore, studying the hydro-
gen diffusion and HE behaviors of medium
manganese steel welding joints is very significant.
However, the hydrogen diffusion and HE behavior
of medium manganese steel welding joints have
rarely been studied.

In the present study, two high-strength medium
manganese steel plates were welded using gas
metal arc welding. The hydrogen permeation exper-
iments were employed to study the relationship
between hydrogen diffusion behavior and
microstructures of welding joints. Slow strain rate
tensile experiments of welding joints after different
hydrogen charging times were employed to study
the HE of welding joints. The concentrations after
hydrogen charging for different weld metal (WM)
and HAZ times were measured using the melt
extraction method. The hardness of different weld-
ing joints was tested using a Vickers hardness
tester to study the relationship between hardness
and HE.

EXPERIMENTAL METHODS
Gas Metal Arc Welding Experiments

Two 30-mm-thick low carbon medium manganese
steel plates (BM A and BM B) with different
compositions were studied using the gas metal arc
welding method, where the welding wires corre-
sponding to BM A and BM B are welded materials A
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and B (WM A and WM B), respectively. The
chemical compositions of the two BMs and WMs
are shown in Table I; 0.031% and 0.036% Ti were
added to BM A and WM A but not added to BM B
and WM B. Another noticeable difference is that the
Ni content of WM A is 3.39%, which is higher than
that of WM B (2.21%). Hot-rolled plates of 30 mm
thickness were heated to 820°C for half an hour,
then water-quenched to room temperature, and the
quenched steels were annealed at 630°C for half an
hour to gain some RA. The microstructures of the
two BMs are tempered martensite with about 25%
RA, and the tensile properties of the two BMs are
listed in supplementary Table SI (refer to online
supplementary material).?3° After pre-heating at
200°C, five passes of welding were performed on
double bevel butts using the parameters: current
300 A, voltage 33V, and welding speed
30 cm min!; shield gas was composed of 80% Ar
and 20% CO.,, and the corresponding heat input was
about 20 kJ cm~!. Then, post-weld bake treatment
was carried out for 120 min at 200°C and air cooled.
The specimens of electrochemical hydrogen perme-
ation experiments and slow strain rate tensile
experiments were sampled from the welding plates
after welding, as shown in supplementary Fig. S1.

Electrochemical Hydrogen Permeation
Experiment

The hydrogen permeation experiment was carried
out using a Fe-HP-12 hydrogen permeation tester
based on the principle of the Devanathan-Sta-
churski double electrolysis cell, and the Fe-HP-12
hydrogen permeation tester met the standard ISO
17081-2014.*! Steel specimens are extracted from
the surface of the welding joint and parallel to the
rolling plane with the dimension of 50 x 80 x 1
mm?, as shown in supplementary Fig. S1, and the
hydrogen charging area is circular, about 7.07 cm?.
The oxidation side of the membranes was electro-
chemically deposited with a nickel coating in an
aqueous solution of 125gL! NiSO,7H,0,
22.5 g L' NiCly6H,0, and 20 g L' H;BO; at a
current density of 10 mA cm 2 for 1 min prior to
mounting. Then, a constant potential of 250 mV
(versus saturated calomel electrode) was applied on
the oxidation side in a 0.1 M NaOH aqueous
solution. Until the residual current density
decreased to 2 pA ecm 2, the charging side was filled
with 0.1 M NaOH + 1 M NayS aqueous solution,

Table I. Chemical compositions of two BMs and
WMs (wt.%)

C Si Mn Mo Ni Ti
BM A 0.069 0.18 4.38 0.21 0.26 0.031
WMA 0.111 0.54 1.63 0.49 3.39 0.036
BM B 0.065 0.20 5.45 0.16 0.31 /
WM B 0.088 0.51 1.75 0.51 2.21 /
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and a constant current density of 5 mA cm 2 was

applied. Each welding joint can be regarded as a
whole to analyze the effect of microstructures on
hydrogen diffusion. This situation is closer to the
actual engineering application environment of weld-
ing joints because almost all the welding joint
should be covered in the exposed region (see sup-
plementary Fig. S2). As this figure show, the width
of WM is about 21 mm, and the exposed area mainly
contains about 80% WM and 20% HAZ.

The permeation current (I), steady-state hydro-
gen permeation flux (J4), and time reaching a value
of J(¢)/Jss = 0.63 (t1ag) Were directly obtained from
the hydrogen permeation oxidation current curves.
Effective hydrogen diffusion coefficient (D),
hydrogen permeation flux (J), and the summation
of the sub-surface concentration of hydrogen in
interstitial lattice sites and reversible trap sites
(Cor) were calculated based on Egs. 1, 2, and 3.41

Doy = g (1)
J(t) =195 2)
Cor = Ty (3)

Here, S is the exposed area in the oxidation cell, F'
is the Faraday constant (96,485 C mol '), and L is
the thickness of specimens. Additionally, when the
effect of hydrogen traps on hydrogen diffusion is
dominant, the effective diffusion coefficient can be
roughly expressed by the following equation.**

1
Degr = Dy, (1 + Ni{%ﬁR) (4)

where Nt is the number of hydrogen trapping sites,
N, is Avogadro’s constant, and Dy, is the lattice
diffusion coefficient reported as 9.5 x 1072 m? 7!
in pure iron.*?

Hydrogen Charging and Melt Extraction
Experiments

To determine the hydrogen concentration in WM
and HAZ of welding joints after different hydrogen
charging, the melt extraction experiments were
carried out using the LECO TCH-600 hydrogen
analyzer. The specimens were taken in the same
region as the reduced parallel section of tensile
specimens. The specimens are cylinders with 6-mm
diameter, which are the same size as the reduced
parallel section. Hydrogen was electrochemically
charged into the entire specimens in an aqueous
solution of 5 vol.% H,SO, containing 0.3 g L~*
NH,SCN at 1mAcm 2 for 1h and 2h at room
temperature. After hydrogen charging, WM and
HAZ were sampled for hydrogen concentration
tests, respectively, and the time between hydrogen
charging and melt extraction experiments was < 2

min. Meanwhile, to distinguish the concentration of
diffusible hydrogen and trapped hydrogen, hydro-
gen concentration tests were also conducted after
being exposed to air for 60 h.

Hydrogen Charging and Slow Strain Rate
Tensile Experiment

Tensile specimens with 30-mm gage length and 6-
mm diameter were prepared perpendicular to WM,
and hydrogen charging conditions were the same as
in the melt extraction experiment. The time
between after hydrogen charging and slow strain
rate tensile experiment was also within 2 min. Slow
strain rate tensile tests were conducted on these
specimens using the AG-XPLUS100KN universal
testing machine at a constant strain rate of
6.7 x 10 5571 at 298 K. The stress-strain curve is
recorded, and the total elongation and reduction in
the area after fracture are measured. Fractography
observation was undertaken using a scanning elec-
tron microscope (SEM, FEI QUANTA 600) operated
at 20 kV. Two embrittlement indexes were defined
to evaluate HE susceptibility quantitatively:

ELunchar edeLchar ed

EllOSS = ElfnTgedg X 100% (5)
RIAuncharged —RIA har,

RIA g, = et MAsaea 100 (6)

where EL is the total elongation, RIA is the
reduction in area, and the subscript loss,
uncharged, and charged represent the plasticity
loss, the specimens without hydrogen charging, and
the specimens with  hydrogen  charging,
respectively.

Microhardness and Microstructural
Characterization

The hardness and the distribution of welding
joints have great influences on the properties of
welding joints. This study measured the hardness in
the region of welding joints and parts of adjacent
BM after multi-pass welding. Meanwhile, the con-
tour maps of hardness distribution were drawn
according to the hardness test results. Since the
welding joints in this study are symmetrical along
the thickness and weld direction, only a quarter of
the welding joint was tested every 0.5 mm along the
horizontal and vertical direction. Hardness tests
were carried out using Vickers hardness by a 500 g
load.

The different regions of welding joints, such as
WM, fusion line (FL), CGHAZ, and FGHAZ, were
observed using an optical microscope (OM, Leica
DMIRM), and the metallographic specimens of
welding joints were etched in a 4% Nital solution
for 20 s. A transmission electron microscope (TEM,
FEI Tecnai G2 F20) was used to understand the
delicate microstructures of WM and HAZ, and the
TEM specimens were twin-jet polished in a solution
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containing 6 vol% perchloric acid alcohol solution at
27V and — 20 °C. Electron backscattering diffrac-
tion (EBSD, FE-SEM ZEISS ULTRA 55) is used to
confirm the RA content in HAZ. The EBSD speci-
mens were electro-polished in 6% perchloric acid
alcohol solution at 15 v for 16 s.

RESULTS
Microstructures of Welding Joints

Figure 1a and d shows the microstructures of WM
A and WM B, which are composed of acicular ferrite.
CGHAZ of two welding joints is all composed of lath
martensite, and the prior austenite grain size of
welded joint B (WJB) is a little larger than welded
joint A (WJA) (Fig. 1b and e). As shown in Fig. 1c
and f, the FGHAZ of two welding joints comprises
lath martensite. The difference in grain sizes of the
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two weld joints is mainly due to the addition of Ti to
WJA, which can refine the grains. Figure 1g and h
shows the detail of the FL of WJA and WJB. FL
contains lath martensite and acicular ferrite, which
are only about 20-30 um wide.

Ti mainly regulates the microstructure and prop-
erties of steel through grain refinement (TiN) and
precipitation strengthening (TiC) in steel.** The
morphology of TiN precipitated at high temperature
is cubic, while TiC precipitated at low temperature
is very small spherical. Figure 2 shows the repre-
sentative TEM microstructure of WM A, CGHAZ A,
WM B, CGHAZ B, and the magnified TiN and TiC
precipitates in WJA. As Fig. 2a and ¢ shows, some
TiN and TiC precipitates appear in WM A, and TiC
almost disappears after the welding process (Fig. 2b
and d). This is because the precipitation and
existence temperature of TiN exceeds 1300°C.*°

Fig. 1. Optical micrographs of different regions of different weld joints.

FGHAZ B, (g) FL A, (h) FL B.

(

a) WM A, (b) CGHAZ A, (c) FGHAZ A, (d) WM B, (e) CGHAZ B, (f)
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Fig. 2. TEM micrographs of different regions of two welding joints. (a) WM A, (b) CGHAZ A, (c) magnified TiC, (d) magnified TiN, (e) WM B, (f)

CGHAZ B.

The microstructure of CGHAZ of two welding joints
was composed of coarse martensite lath with high
dislocation density (Fig. 2b and f). The martensite
lath width of CGHAZ (0.5-1 um) was much wider
than WM (200-300 nm).

Supplementary Fig. S3 shows the representative
band contrast and phase images of HAZ A (a) and
HAZ B (b). RA is a critical phase for medium
manganese steel to increase strength and tough-
ness, and it is very significant whether there is RA
in the heat-affected zone. Supplementary Fig. S3
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shows that there is almost no RA in both HAZ A and
HAZ B, indicating that HAZ is only composed of
martensite.

Hydrogen Permeation Behavior
of the Welding Joints

As shown in Fig. 3, the hydrogen permeation
oxidation current of two welding joints rises rapidly
after penetrating through the specimens. There is
also an apparent phenomenon in which the oxida-
tion current of WJB is always larger than WJA,
which suggests that the hydrogen permeation resis-
tance of WJA is greater than that of WJB. Figure 3
also shows that the curves can be divided into two
stages after penetrating through the specimens,
where the curve of WJB decreases a bit after
reaching the highest point and then stays steady.
Still, the curve of WJA rises linearly and slowly
after rising rapidly for a certain period. Finally, the
hydrogen permeation oxidation current of the two
welding joints is almost the same.

Some important permeation parameters of the
two welding joints are listed in supplementary
Table SII. Here, the values of I and t1,, are directly
obtained from Fig. 3, and Jg, D, Cor, and Nt are
calculated by Eqs. 3, 4, 5 and 6. Supplementary
Table SII shows that t,, of WJA and WJB is
17.9 min and 14.7 min, respectively, and I3z WJA
and WJB is 3.93 x 10 ® A (the highest point at
about 30 min) and 4.14 x 10° A (the highest point
at 120 min). Dy of WJA and WJB was
155 x 100 "m®s ' and 1.89 x 10 "’ m?s 1,
which means hydrogen atoms in WJB diffuse faster
than WJA. Furthermore, the number of hydrogen
traps of WJB is less than WJA, which can also be
obtained from Nr.

6_
—~ 51
£,
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o sl
E —=— WIJA
= 2 —e— WIJB
'I_
0 30 60 20 120
t (min)

Fig. 3. Hydrogen permeation oxidation current density curve of
different welding joints.
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Hydrogen Concentration of WM and HAZ
After Hydrogen Charging

Figure 4 shows the hydrogen concentration of
WM and HAZ after hydrogen charging for 1 h, 2 h,
and 1 h with exposure to air for 60 h, where Fig. 4a
is the hydrogen concentration of WM and Fig. 4b is
that of HAZ. Overall, the hydrogen concentration of
WJA is larger than for WJB for all hydrogen
charging conditions, whether WM or HAZ. The
hydrogen concentration of HAZ is higher than that
of WM after hydrogen charging for both 1 hand 2 h
because HAZ contains a high density of dislocations,
which can trap many hydrogen atoms. Besides, the
hydrogen concentration in WM A after hydrogen
charging for 1 h and exposure to air for 60 h is much
larger than that of WM B. However, the hydrogen
concentration in HAZ of two welding joints under
the same hydrogen charging condition is almost
identical. This phenomenon is because some TiC
exists in WM A, but WM B does not. Compared with
the specimen after being exposed to air for 60 h, it
can be considered that most of the hydrogen atoms
in the specimens are indiffusible hydrogen atoms at
room temperature. So, it can be inferred that
hydrogen concentration differences between
charged and exposed specimens are diffusible
hydrogen concentrations, as listed in Table II.

Table II lists the diffusible hydrogen concentra-
tion of WM and HAZ of different welding joints. The
diffusible hydrogen concentration of HAZ is much
larger than for WM for all specimens because there
are many dislocations in HAZ, which are regarded
as reversible hydrogen traps. Meanwhile, the dif-
fusible hydrogen concentration in WM A is smaller
than in WM B, but the diffusible hydrogen concen-
tration in HAZ A is larger than in HAZ B under the
same hydrogen charging condition because WM A
contains more TiC. The reason why the diffusible
hydrogen concentration in HAZ A is larger than in
HAZ B would be that the primary austenite grain in
HAZ A is finer than in HAZ B because of the
addition of Ti.

Slow Strain Rate Tensile Properties
and Fractography of the Welding Joints

Figure 5 is the engineering stress-strain curves
and shows that the ELs of WJA are lower than that
of WJB under all conditions. Figure 5 shows that
WJA-2 h fractured at the elastic stage. Figure 6
shows the total elongation, and the reduction in the
area of two welding joints with different hydrogen
charging times. Because the strength of the welded
joint is higher than that of BM, the deformation is
mainly concentrated in BM. Combined with EBSD
results, we can say that the uniform elongation
enhanced by RA through the TRIP effect mainly
occurs in BM. Figure 6 shows that the EL of
uncharged WJA is 13.2% and uncharged WJB is
19.8%, which is 6.6% more than in uncharged WJA.
Besides, the EL of WJA with hydrogen charging for
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Fig. 4. Hydrogen concentration after different hydrogen charging times. (a) WM; (b) HAZ.

Table II. Diffusible hydrogen concentration of WM and HAZ of different welding joints

Hydrogen charging time

WJA
WJB

DN = DN =
=pl=p= =

Diffusible hydrogen concentration (ppm)

WM HAZ
02+0.1 22405
04 +£0.1 2.7+ 0.6
02+0.1 21+0.1
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Fig. 5. Engineering stress—strain curves of different welded joints with different hydrogen charging. (a) WJA, (b) WJB.

2 h decreased to 0% and WJB remained at 3.9%.
Furthermore, the RIA of uncharged WJA is 68.8%,
which is almost the same as WJB, and the RIA of
the WJA with 2 h hydrogen charging decreases to
0%, but WJB remains at 5.3%. Another obvious
phenomenon shown in Fig. 6 is that EL linearly
decreases, but RIA exponentially decreases with
hydrogen charging time.

Table III lists the loss of EL and RIA of different
welding joints with different hydrogen charging
times. The effect of microstructures and residual
stress should be the main influences on the differ-
ence in failure regime between two welding joints.

The ELjss of WJA with hydrogen charging for 1 h is
59.1%, which is about two-thirds of hydrogen charg-
ing for 2 h, and similar trends have also occurred in
WJB. RIA, s of WJA with hydrogen charging for 2 h
is 100%, which is 10% more than that with hydro-
gen charging for 1 h, and similar trends have also
occurred in WJB. Another obvious phenomenon
shown in Table III is that the loss percents of
WJA with different hydrogen charging times are all
larger than WJB, which means the HE susceptibil-
ity of WJA is larger than WJB.

Observation of the fracture profile is shown in
Fig. 7a and b. Different from the specimens without
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Fig. 6. Total elongation (a) and reduction in area (b) of different welding joints with different hydrogen charging times.

Table III. Embrittlement indexes of different
welding joints

WJA WJB

Hydrogen chargingtime 1h 2h 1h 2h

ELioss (%) 59.1 100 429 80.3
RIA s (%) 90.6 100 84.4 927

c s HAZ a9
Fig. 7. Fracture profile and schematic diagram of fracture position of
welding joint. (a) WJA-2h, (b) WJB-2h, (c) schematic diagram.

hydrogen charging fractured at BM, the specimens
with hydrogen charging were fractured at WM and
CGHAZ, and the fracture surface is perpendicular
to the axis of the specimen. The schematic diagram
of the fracture location is shown in Fig. 7c.

Figure 8 shows the fractography of tensile speci-
mens of two welding joints. The macro-fractography
(Fig. 8a, d, g and j) was divided into two regions (A
and B) for all the specimens, where region A is WM
and region B is HZA. Region A of WJA with hydrogen
charging for 1 h (Fig. 8b) consists of small dimples

and some microcracks, and region B (Fig. 8c) consists
of quasi-cleavage and lots of microcracks. Compared
with hydrogen charging for 1 h, WJA with hydrogen
charging for 2 h consists of quasi-cleavage (region A)
and intergranular fracture (region B). This is
because hydrogen atoms reduce the binding force of
closely packed plane atoms. Besides, there are some
small cracks perpendicular to the main crack in the
fracture. The cracks are secondary cracks caused by
the triaxial stress state and local stress concentra-
tion due to the aggregation of hydrogen atoms. When
hydrogen charging time increases, the grain bound-
aries of HAZ are damaged seriously. Therefore, the
fracture mode of HAZ of WJA was intergranular, and
the WM with low HE susceptibility fracture mode is
cleavage. However, WJB with hydrogen charging for
1 h consists of big and small dimples. Region A of
WJB with hydrogen charging for 2 h (Fig. 8k) con-
sists of quasi-cleavage (region A) and some dimples,
and Region B (Fig. 81) consists of trans-granular and
some microcracks (region B). Compared with WJA,
the intergranular fracture does not appear at HAZ of
WJB, and there are still many dimples in WM.
Additionally, comparing this macro-fractography of
two welding joints (Fig. 8a, d, g and j), a delamination
phenomenon that stratified cracks appeared in the
WJB. The pictures show that the HAZ of WJA is more
brittle than WJB, and the WM of WJA is also more
brittle than WJB under the same hydrogen charging
conditions. Overall, this fracture morphology indi-
cates that the HE susceptibility of WJB is lower than
WJA.

Hardness Distribution

Figure 9 shows the hardness distribution and
tested region of the two welding joints, including
WM, HAZ, and BM. Figure 9a and b shows the
tested regions of WJA and WJB, and Fig. 9¢ and d
shows the corresponding contour map of the hard-
ness distribution, respectively. Figure 9 also shows
that the WM average hardness of WJA was higher
than that of WJB, because WM A has a higher C
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Fig. 8. Fractography of the slow strain rate tensile specimens with different hydrogen charging times. (a, b, and ¢) WJA with 1 h hydrogen
charging. (d, e, and f) WJA with 2 h hydrogen charging. (g, h, and i) WJB with 1 h hydrogen charging. (j, k, and I) WJB with 2 h hydrogen

charging.

content and added small amount of Ti compaired
with WM B, although the microstructures of two
WNMs are all acicular ferrite. However, the FGHAZ
average hardness of WJA was lower than that of
WJB, especially at the welding pass near the

surface. This phenomenon is because the contents
of Mn in BM B are larger than that in BM A. The
hardness of the martensite in the FGHAZ will be
significantly increased with the Mn content. The
maximum hardness of WJA is about 405 HV500,
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which appears at the center and near the surface.
The maximum hardness of WJB is about 425
HV500, which is larger than WJA and appears at
the center and near the surface. Each welding pass
will give rise to a high hardness area, which appears
near each fusion line of each pass (FGHAZ). There
are two reasons for this phenomenon: the low base
metal temperature leads to a large cooling rate in
the first welding pass, which increases the disloca-
tion density of martensite, and the other is the
subsequent welding passes provide different tem-
pering times. The welded joints are tempered once
at the center of the steel plates, twice at the quarter
of the steel plates, and not tempered at the edge of
the steel plates. The hardnesses of BM of two
welded joints are almost the same, because the
630°C intercritical annealing heat treatment
reduces the dislocation density in the martensite
and introduces some RA.

DISCUSSION

Fracture Behaviors of Medium Manganese
Steel Welding Joints with Hydrogen Charging

In this study, the microstructures of two welding
joints are acicular ferrite (WM), martensite (HAZ),
and tempered martensite with RA (BM). In the
standard tensile tests of welding joints, namely
without hydrogen charging, the fracture position
usually appears in BM, whose strength is the
lowest. This phenomenon is because plastic defor-
mation first occurs in the region of low strength
(BM). With the increase in work hardening effect,
plastic deformation begins in the region that will
not deform before. However, the fracture position of
the specimens after hydrogen charging in the
present study was not located at the region of
maximum plastic deformation (BM). The fracture
occurs near the welding joint center where the
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plastic deformation is small, as presented in Fig. 7.
The fracture surface, which includes CGHAZ and
WMV, is perpendicular to the axis of the specimen
and crosses over FL. WM hardly deforms, and BM
deforms the most during tensile, but the fracture
position is in the transition region of deformation
and close to the WM side.

It is widely accepted that HE mechanisms of
welding joints are the HELP and stress intensity
model. Beechem proposed a model of stress field
intensity and fracture behavior at the crack tip and
hydrogen concentration.*® The fracture mode is
intergranular fracture when the stress field
strength factor is low, and hydrogen concentration
is high. Contrarily, when the stress field intensity
factor is high and the hydrogen concentration is low,
the fracture modes are quasi-cleavage and micro-
void aggregation fractures. The stress state in this
region is very complex, and the stress field intensity
factor is also large because some additional internal
stress will be produced because of the inhomoge-
neous deformation. Moreover, the original internal
stress in this region is also large, which will make
the HE susceptibility of welding joints larger. From
the viewpoint of microstructures, the coarse
martensite in CGHAZ also has high HE suscepti-
bility. Furthermore, from the fractography of tensile
specimens with hydrogen charging (Fig. 8), there is
a lot of cleavage fracture in CGHAZ of WJA after
hydrogen charging for 1 h, while the WM region is
composed of small dimples. However, there is no
obvious cleavage in CGHAZ of WJB, but the dimple
is small and shallow.

This suggests that cracks first form and propa-
gate at CGHAZ, then pass through FL and enter
WM, and finally lead to the fracture of the whole
specimen. Furthermore, the fractography of
CGHAZ and WM of WJA with hydrogen charging
for 2 h is intergranular and cleavage, respectively.
CGHAZ of WJB is a cleavage fracture, and some
cleavage also appeared in WM, which indicates that
the cracks also form in CGHAZ, propagate into WM,
and finally fracture. It is widely known that hydro-
gen atoms can reduce the binding force between
atoms, and the critical fracture stress of different
microstructures is different under different envi-
ronments. This phenomenon is because the critical
fracture stress of CGHAZ is reduced after hydrogen
charging. In summary, there are two phenomena in
this research. One is that the fracture position
occurs at HAZ because of its immense stress and
high hydrogen concentration, and the other is that
HE susceptibility of WJA is larger than WJB. This
can also explain why the fracture does not occur
where the deformation is the largest but at CGHAZ
and WM.

Influences of Chemical Compositions on HE
of Welding Joints

HE susceptibilities of the two studied welding
joints are very different because of the differences in
the compositions of steels. In this study, there are
two main differences in the chemical composition of
two welding joints. From the results of hydrogen
concentration, the hydrogen concentration of WJA
is larger than that of WJB because about 0.03% Ti
added in WJA causes some TiC precipitates to be
present in WM A. Ti can increase hydrogen concen-
tration after hydrogen charging. Ti has a strong
binding force with hydrogen atoms. The same
results of the hydrogen trap number in WJA are
much larger than those in WJB and were also
obtained at hydrogen permeation experiments, and
the calculation results are based on the curve
(supplementary Table SII). So, it can be inferred
that TiC increases the total hydrogen concentration
of WM, therefore increasing HE susceptibility. The
results show that the hydrogen concentration of
HAZ is much greater than that of WM, and HE
susceptibility is also much larger. On the other
hand, the microstructures of HAZ of WJA are
similar to WJB, which means the CGHAZ proper-
ties of two welding joints should be the same, but
the HE susceptibility of two welding joints is quite
different. It is well known that adding Ti and grain
refinement will increase the hydrogen concentration
in steel. Meanwhile, the total hydrogen concentra-
tion or diffusible hydrogen concentration in HAZ of
WJA is larger than in WJB under the same
hydrogen charging condition because of the strong
binding force between Ti and hydrogen atoms and
the grain refinement effect introduced by TiN. The
HAZ fractography of WJA changes from quasi-
cleavage to intergranular when diffusible hydrogen
increases from 2.2 ppm to 2.7 ppm. This means a
critical diffusible hydrogen concentration value
between 2.2 ppm and 2.7 ppm will change the
fracture mode of HAZ of WJA.

From the discussion above, it can be concluded
that Ti can increase HE susceptibility in WM or
HAZ. However, a small amount of Ti added to WM
is generally used to improve the weldability of low
alloy steels and also needs to be added to medium
manganese steels to avoid the austenite grain
growth during the heating process, thus improving
the strength and toughness. The traditional evalu-
ation of the effect of Ti on the weldability of steel is
not suitable for the situation considering hydrogen.
Therefore, the Ti content in BM and WM of medium
manganese steels should be controlled within a
reasonable range based on the premise that HE,
weldability, strength, and toughness are fully
considered.
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Different chemical compositions will also lead to
different hardness distributions. The maximum
hardness and the difference in hardness will affect
the quality of welded joints, though the existing
results are obtained through experience. The max-
imum hardness and hardness difference of Joint B
are greater than those of Joint A, but HE suscep-
tibility is lower than that of Joint A. It shows that
maximum hardness and hardness differences are
not the main influences on HE. Therefore, these
influences do not apply to the welding joint of
medium manganese steel containing some RA after
hydrogen charging. Another significant issue is that
the Mn content of the BM of WJA is 4.38%, which is
very different from WdJB (5.45%). However, the
effect of manganese content in medium manganese
steel on the HE susceptibility of welding joints is not
known clearly, and further studies are needed to
investigate the relationship between HE suscepti-
bility and Mn content. The main toughening mech-
anism is the austenite transformation-induced
plasticity effect, formed during inter-critical anneal-
ing after quenching. In addition, some studies have
shown that improving the stability of austenite is
also helpful in improving the resistance of HE
susceptibility.’*'* However, obtaining enough
stable austenite in welding joints is complicated
through ordinary methods. Therefore, it is neces-
sary to investigate a new method to improve the HE
resistance of medium manganese steel welding
joints by obtaining stable austenite.

HE Mechanisms of WM and HAZ of Welded
Joints

HE mainly affects weld quality in the actual weld,
and hydrogen atoms first form in WM and then
enter HAZ, which comes from vapor, oil, and
combustion products of electrode coating during
the welding process. However, HE also affects
structural safety in the service environment con-
taining hydrogen, mainly from the marine environ-
ment, corrosion, and cathodic protection. From the
viewpoint of the HE mechanism, the principles that
hydrogen concentration and microstructures affect
HE are suitable for the two situations. As described
in the results above, the tensile specimens initially
crack at HAZ after hydrogen charging, indicating
that HAZ has significant HE susceptibility.

For the specimen of WJA after hydrogen charging
for 1 h, the fractography of WM is composed of small
shallow dimples and some large flat cleavage-like
regions. This shows that plastic deformation occurs
in many places but will not have been fully devel-
oped before the specimen fracture. Hydrogen first
promotes local plastic deformation according to the
HELP mechanism. However, the total hydrogen
concentration is high because of the existence of
TiC, and some flat surfaces were formed under the
HEDE mechanism. Finally, the specimen fractured
under the combined action of the HELP and HEDE
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mechanisms. Compared with WM, the fractography
of HAZ is quasi-cleavage. This is because the
microstructure of HAZ is martensite with high-
density dislocations, resulting in high hydrogen
concentration. Hydrogen atoms are segregated
along the closely packed surface of martensite,
weakening the binding force between atoms and
leading to quasi-cleavage fracture as per the HEDE
mechanism. When the hydrogen charging time is
extended to 2 h, which means diffusible hydrogen
concentration increases, the fractography of WM
changes from small dimples to quasi-cleavage and
cleavage. Like in WM, the fractography of HAZ
changes from quasi-cleavage to intergranular
because of the increase of diffusible hydrogen
concentration; this is further attributed to those
hydrogen atoms reducing the atomic binding force
between the closely packed surface and grain
boundaries owing to the HEDE mechanism.

For the specimen of WJB after hydrogen charging
for 1 h, the fractography of WM is composed of big
and small dimples, where the large dimples repre-
sent sufficient plastic deformation and the small
dimples represent insufficient plastic deformation.
Compared with WM, the fractography of HAZ is
composed of small shallow dimples, which indicates
the fracture mechanism of this specimen is HELP.
When the hydrogen charging time is extended to
2 h, the fractography of WM changes from big
dimples (HELP) to small dimples and quasi-cleav-
age (HELP and HEDE), and the fractography of
HAZ changes from small dimples (HELP) to cleav-
age (HEDE). In summary, the HE susceptibility of
WJB is smaller than in WJA.

CONCLUSION

In this study, the effects of chemical composition,
microstructure, and different hydrogen charging
times on the HE behavior of two low-carbon medium
manganese steel welding joints were studied using a
slow strain rate tensile experiment, hydrogen per-
meation experiment, and melt extraction experi-
ment. We obtained the following conclusions based
on the experimental results:

1. Inthe standard tensile test of welding joints, the
fracture position usually appears in BM. How-
ever, the fracture position becomes HAZ after
hydrogen charging. The crack started at HAZ
because of the high hydrogen embrittlement
susceptibility of martensite with coarse grain
size.

2. Hydrogen concentration of welding joint A

(WJA) is larger than in welding joint B (WJB),
and the hydrogen concentration of HAZ is
higher than that of WM after all hydrogen
charging conditions. Besides, the diffusible
hydrogen concentration of HAZ is much larger
than WM for all specimens.

3. The microstructures of WJA and WJB are
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similar, but the HE susceptibility of WJA is
larger than that of WJB. Because of the absence
of RA in HAZ, HE susceptibility is mainly
attributed to the hydrogen concentration in
HAZ, which is mainly affected by the Ti content.

4. When the hydrogen charging time of WJA
increases from 1h to 2 h, the fractography of
WM changes from small shallow dimples
(HELP) to quasi-cleavage and cleavage (HEDE),
and the fractography of HAZ changes from
quasi-cleavage (HEDE) to intergranular
(HEDE).

5. When the hydrogen charging time of WJB
increases from 1h to 2 h, the fractography of
WM changes from big dimples and small dim-
ples to small dimples and quasi-cleavage, and
the fractography of HAZ changes from small
dimples to cleavage.
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