Arch. Metall. Mater. 70 (2025), 1, 515-524

DOIL: https://doi.org/10.24425/amm.2025.152572

XU-YANG WANG®', CHENG-WANG TANG®?, WEN-JIAO DAN®?"

EXPERIMENTAL INVESTIGATION OF HYDROGEN EMBRITTLEMENT IN POST-FIRE Q690 WELDMENTS

The evaluation of the mechanical properties of post-fire high-strength steel welds, particularly for secondary applications in
medium- and large-scale infrastructure, is of critical importance in engineering. This study investigates Q690 high-strength steel
welds subjected to heat treatment at 300°C, 500°C, 700°C, and 800°C for 20 minutes, followed by air cooling. Electrochemical
hydrogen charging, uniaxial tensile testing, and fracture morphology analysis were employed to examine the mechanical properties
of these welded components after fire exposure. The effects of hydrogen embrittlement on the mechanical properties and fracture
modes of Q690 welds were analyzed, and a hydrogen embrittlement sensitivity index for the welding joints was proposed. The
results of the study show that the heat treatment temperature has a significant effect on the hydrogen embrittlement susceptibility
of welded structural components. Higher heat treatment temperatures and longer hydrogen charging times lead to a decrease in
the mechanical properties of the material, which is characterised by a flatter and smoother macroscopic fracture surface, while the
microscopic fracture pattern is characterised by micro-voids. Hydrogen-induced deformation leads to the accumulation of structural
defects, such as micro-inhomogeneities and micro-voids, due to increased hydrogen concentrations. Consequently, the material’s

resistance to brittle failure is diminished.
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1. Introduction

High-strength steels are essential for constructing high-rise
buildings and long-span structures due to their excellent strength,
ductility, lightweight properties, and remarkable earthquake
resistance [1]. However, the increasing size and complexity of
buildings, coupled with greater fire intensity, negatively affect
the mechanical properties of these steels [2-4]. Zhao et al. [5]
demonstrated that induction tempering of Q690 steel acceler-
ates heating rates, reduces energy consumption, and enhances
the microstructure and mechanical properties more effectively
than conventional methods. Li et al. [6] studied the influence of
post-weld heat treatment (PWHT) on carbide precipitation and
impact characteristics in the coarse-grained heat-affected zone
(CGHAZ) of Q690. They observed tempering embrittlement at
PWHT temperatures of 520-570°C, which increased crack ini-
tiation rates during rapid loading. Dan et al. [7] investigated the
cooling effects (300-800°C) on Q345, Q460, Q550, and Q690
steels, proposing a predictive equation and noting a significant
reduction in mechanical properties above 600°C. Tang et al.
[8] developed a stress-strain relationship model for structural

steel exposed to fire, highlighting decreased mechanical prop-
erties after cooling from temperatures above 500°C, although
fire-affected bridges often retain sufficient strength. Chiew et
al. [9] explored secondary heating effects on S690 steel plates
and found considerable strength loss at higher temperatures,
whereas performance below 400°C remained stable. Villalobos
et al. [10] examined hydrogen tempering in alloy steel, report-
ing strengths of 700-900 MPa and ductility of 9-11% in untem-
pered steel, while tempered steel displayed reduced strengths
of 650-850 MPa.

Hydrogen embrittlement (HE) presents significant chal-
lenges for high-strength steels in hydrogen-rich environments,
often causing brittle fractures under stress levels well below
the yield strength. Post-fire conditions can promote hydrogen
gas production via complex chemical reactions. Liu et al. [11]
employed slow strain rate tensile tests to demonstrate how hy-
drogen diffusion and accumulation increase material brittleness.
Wang et al. [12] studied notch tensile strength in bearing steel
(yield strength: 1305 MPa) under electrochemical hydrogen
charging and found strength reductions correlated with increased
hydrogen concentrations, particularly under high stress concen-
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tration factors. Tiwari et al. [13] introduced a novel hydrogen
charging method using a hydrogen-saturated segment as a cath-
ode in an alkaline solution under uniaxial loading. This method
showed that hydrogen alters mechanical properties by occupying
traps such as dislocations and grain boundaries. Djukic et al.
[14] explored HE mechanisms in structural carbon steel, iden-
tifying hydrogen-induced dissociation (HEDE) and hydrogen-
enhanced local plasticity (HELP) as processes dependent on
local hydrogen concentrations. Wang et al. [15] analyzed the
relationships among threshold stress intensity, crack propagation
rates, and the hydrogen diffusion coefficient in 30CrMnSiNi2
steel. Their results indicated that yield strengths above 1360
MPa are unaffected by the diffusion coefficient, while below
this threshold, higher diffusion coefficients increased threshold
stress intensity and decreased crack propagation rates. Allen
et al. [16] conducted tensile tests on two types of advanced
high-strength steel (AHSS) after hydrogen charging, using
molecular microscopy to measure hydrogen concentrations.
Their model linked hydrogen diffusion and mechanical prop-
erty degradation, introducing a two-factor approach to predict
recovery from embrittlement. Venezuela et al. [17] found that
hydrogen reduced ductility and promoted shear fractures in
MS1700 martensitic high-strength steel, attributing its suscepti-
bility to hydrogen embrittlement to its high carbon content and
martensitic structure, which facilitate hydrogen trapping. Saha
et al. [18] studied hydrogen embrittlement in medium-carbon
high-strength steel at varying tempering temperatures, revealing
that dislocation density and precipitate morphology strongly
influence HE sensitivity.

This study investigates the sensitivity of heat-treated
Q690 high-strength steel weldments to hydrogen embrittle-
ment through electrochemical hydrogen charging and uniaxial
tensile testing, complemented by scanning electron microscopy
(SEM) for fracture morphology analysis. The research explores
the influence of hydrogen charging duration on embrittlement
properties, examining hydrogen diffusion, hydrogen-induced
damage, and the mechanisms behind transformation and fracture
modes. An improved hydrogen embrittlement testing method
was developed to accurately assess the embrittlement resist-
ance of Q690 weldments. This approach provides insights into
hydrogen diffusion and accumulation in Q690 steel and their
effects on mechanical properties, helping to mitigate structural
failures and extend the service life of Q690 steel in applications
such as bridges, buildings, ships, and other critical infrastructure.

2. Materials and Experiments

The material selected for this study was Q690 high-strength
steel weldments. The sample consisted of sheet metal with
a total length of 100 mm and a thickness of 4 mm. The chemi-
cal composition of the material is provided in TABLE 1, while
the sample dimensions are illustrated in Fig. 1 [19]. A 25 mm
hydrogen charging section was positioned at the center of the
sample. Prior to welding, a 60° V-groove with a depth of 2.5 mm
was milled along the joint interface. The groove dimensions are
depicted in Fig. 2.
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Fig. 1. Schematic diagram of weldment specimen and beveling
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Fig. 2. Welding Bevel Schematic

Welding was conducted using carbon dioxide gas-shielded
welding (80% Ar + 20% CO,) with a welding current of 200 A
and a voltage of 22 V. The material was allowed to cool naturally
to room temperature after welding. The welding wire used in this
experiment was MG80-G, which conforms to the GB/T-39281
[20] standard. This solid welding wire, protected by mixed gas,
is specifically designed for high-strength steel and has a diameter
of 1.2 mm. The chemical composition of the welding wire is
presented in TABLE 2 [21].

The heat treatment experiments were conducted with four
groups, each comprising five standard samples, resulting in
a total of 20 samples. For the tensile tests, three samples were
tested at each temperature and hydrogen charging duration, while

TABLE 1
Q690 high strength steel chemical composition table (mass fraction %)
Chem. Comp. C Si Mn S P Nb v Ti Cr Ni Mo B
vValue <0.18 <0.6 <2.0 <0.03 <0.03 <0.11 <0.12 <0.2 <1.0 <0.8 <0.3 <0.004
TABLE 2
Chemical composition table of welding wire (mass fraction %)
Chem. Comp. C Mn Si S P Cr Ni Mo Cu
Value <0.11 1.40~1.85 | 0.40~1.00 <0.025 <0.025 0.25~0.60 | 1.20~2.40 | 0.20~0.60 <0.50




two additional samples were used for fracture analysis. The
Q690 high-strength steel welded parts were heated in a muffle
furnace at a rate of 20°C/min to target temperatures of 300°C,
500°C, 700°C, and 800°C. Each sample was maintained at the
designated temperature for 20 minutes before being removed
and air-cooled to room temperature. The experimental data and
corresponding specimens are shown in Fig. 3.

The Q690 welded parts were polished using SiC sandpa-
per, progressing sequentially from grit 200 to grit 2000. The
polished samples were then rinsed with alcohol and dried with
cold air. The remaining sections of the test pieces were coated
with epoxy resin to prepare a defined hydrogen charging surface.
The hydrogen charging section measured 25 mm in length and
10 mm in width, resulting in a total charging area of 2.5 cm?, as
illustrated in Fig. 4(a).

The electrolyte was prepared by dissolving 1 g/L. CHaN2S
in a 0.5 mol/L H2SOus solution, forming a mixed solution of the
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two compounds. During the hydrogen charging experiments, the
sample was connected to the cathode, and a platinum plate was
used as the anode. The electrolyte temperature was maintained
between 20°C and 25°C. The detailed hydrogen charging plan
is provided in TABLE 3, while the schematic diagram of the
hydrogen charging apparatus is shown in Fig. 4(b).

TABLE 3
Electrochemical hydrogen charging experimental
program
Heat treatment temperature Hydrogen charging time
O (h)
300
500
0.167,0.5, 1,2
700
800
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Fig. 3. Specimen heat treatment (a) Heat treatment process data and (b) Specimens after the heat treatment
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Fig 4. Q690 high strength steel weldment specimen drawing (a) Specimens for Electrochemical hydrogen charging and (b) Schematic diagram

of Electrochemical hydrogen charging
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Electrochemical hydrogen charging experiments were con-
ducted for equal durations at each heat treatment temperature to
evaluate the hydrogen-induced damage in Q690 high-strength
steel welded parts. The mechanical properties of the samples
were analyzed alongside the impact of hydrogen molecules
on the material’s mechanical integrity following hydrogen
charging. The tests were carried out at 300°C, 500°C, 700°C
and 800°C with electrochemical hydrogen charging times of
0.167h,0.5h, 1 hand 2 h, respectively [22]. The specific electro-
chemical hydrogen charging experimental protocols are shown
in TABLE 3.

In uniaxial tensile testing, the sample was subjected to
tensile evaluation at room temperature immediately after the
completion of the electrochemical hydrogen charging test. To
minimize hydrogen loss from the sample, the entire uniaxial
tensile test was completed within twenty minutes. The tensile
tests were performed using a SuSiUT5105 electronic universal
testing machine, which has a maximum tensile force capacity
of 100 kN and operates at a tensile rate of 3 mm/min. These
tests were conducted in strict accordance with GB/T 228-1987,
Tensile Test Methods for Metals [23].

Fracture morphology refers to the distinctive surface char-
acteristics formed when a material undergoes failure, providing
a detailed reflection of its mechanical behavior, microstructure,
and fracture mechanisms at the moment of failure. By closely
examining and analyzing the microstructural features of the
fracture surfaces in Q690 high-strength steel welded parts, valu-
able insights into the causes and progression of material failure
can be obtained.

For this study, fractured Q690 high-strength steel welded
parts were analyzed using a Zeiss EVO18 scanning electron
microscope (SEM) to conduct a detailed examination of the
fracture surface. This analysis specifically focused on the frac-
tographic characteristics and transformation patterns within the
overall fracture morphology of the Q690 high-strength steel
welded parts subjected to electrochemical hydrogen charging
under various heat treatment conditions.
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3. Experimental results and discussion

During the heat treatment of high-strength steel, an in-
crease in temperature within a specific range typically results
in a gradual increase in grain size, which generally leads to a
reduction in the steel’s strength [24]. Fig. 5(a) presents the ten-
sile stress-strain curves for Q690 high-strength steel weldments
subjected to various heat treatment temperatures. The data show
that the Q690 weldments without heat treatment at room tem-
perature exhibit the highest tensile strength, yield strength, and
elongation at break. However, as the heat treatment temperature
increases, a noticeable decline in the material’s mechanical
properties is observed [25,26]. At elevated temperatures, frac-
tures typically occur in the weld zone, which may be attributed
to welding defects, such as porosity. When the post-fire joint is
subjected to hydrogen exposure, the fracture location shifts to
the heat-affected zone. This suggests that the weld joint becomes
significantly more brittle at higher temperatures, which reduces
the overall elongation of the welded material [27].

Fig. 5(b) shows the linear trends for the ultimate tensile
strength (oy,), yield strength (o;), and elongation at break (5) of
the material. It is important to note that when the heat treatment
temperature reaches 800°C, the mechanical properties of Q690
welds drop to their lowest values. Specifically, o, decreases
from the initial 763.09 MPato 524.68 MPa, o, from 695.98 MPa
to 463.71 MPa, and J from 26.88% to 18.52%. The reduction
in tensile strength and yield strength of Q690 welds follows
a consistent trend, although the decline is relatively gradual.
It has been observed that, after high-temperature heat treatment,
precipitates in the carbon-rich zones of welded joints become
coarser and more numerous [28]. In welded joints, precipita-
tion in carbon-rich zones leads to an increase in carbon content
within the weld zone, which subsequently results in reduced
material elongation. This effect is attributed to the carbon solu-
tion strengthening mechanism [29].

The comprehensive tensile data of the specimen are shown
in TABLE 3. The loss rate of tensile strength (Aay,), yield strength

200

—=— Tengile Strength
—e— Yield Strength
—=— Elongation

¥

*h)

850 4

b

= 800 -
B,
%750 -

v
th
L 700

Elongation
)

F

0 200 400 600 800

ir

w
s0 650 -

11

600

Engineer
h
th
=
!

500

450

T T T T
[} 200 400 600 800
Temp (°C)

(b)

Fig. 5. Mechanical properties of Q690 weldments after various heat treatment temperatures (a) Stress-strain curves and (b) Mechanical parameters

vs heat treatment temperature



(Ao,) and elongation at break (AJ) at different heat treatment
temperatures is calculated as follows:

Aay = [(ap — 0)/ o) (1)
AO-S = |(0v - O-SO)/O-SO| (2)
AS = (3 — dp)/y| (3)

In these formulas, oy, o, and J denote the parameters after
hydrogen charging, while g, g, and d, represent the parameters
prior to hydrogen charging. According to the calculations, the
tensile strength of the material decreased by approximately 31%,
the yield strength by about 33%, and the elongation at break by
roughly 31%.

Hydrogen damage is one of the most complex phenomena
that significantly contribute to the degradation of the mechanical
properties of metallic materials. Unlike degradation processes
that occur in the absence of hydrogen, the kinetics of hydrogen
damage introduce a wide range of new and often unknown
factors, which complicate the understanding of the material’s
behavior under stress [30]. In order to investigate the hydrogen
damage performance of Q690 weldments subjected to different
heat treatment temperatures, electrochemical hydrogen charg-
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ing experiments were performed on these post-fire welded
components. The experiments were conducted under identical
time conditions to thoroughly assess the effect of hydrogen
molecules on the damage mechanisms affecting the Q690 wel-
ded parts.

Fig. 6 presents the tensile test curves for Q690 high-strength
steel weldments subjected to electrochemical hydrogen charging
after various heat treatment temperatures. At 300°C, as hydrogen
charging time increases, tensile strength gradually decreases
(Fig. 6a). At 500°C, tensile strength and elongation 0.167 hours
of hydrogen charging are similar to those of uncharged material.
However, the elongation at break decreased significantly at the
time of hydrogen charging for 2 h (Fig. 6b). These results for both
uncharged and hydrogen-charged samples clearly show that elec-
trochemical hydrogen charging significantly reduces both tensile
strength and elongation, increasing susceptibility to hydrogen
embrittlement [31]. As shown in Fig. 6(c), the tensile strength
of welded parts without hydrogen charging at 700°C and those
subjected to 0.167 hours of hydrogen charging are nearly identi-
cal. However, when the charging time is extended to 2 hours, both
tensile strength and elongation decrease significantly. During
electrochemical hydrogen charging, hydrogen atoms diffuse and
accumulate at stress concentrators and localized defects, reduc-
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Fig. 6. Tensile diagram of mechanical properties of Q690 weldments with different hydrogen charging times. (a) 300°C, (b) 500°C, (c) 700°C

and (d) 800°C
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ing toughness [32]. Hydrogen molecules enhance plastic sliding
through the Hydrogen Enhanced Localized Plasticity (HELP)
mechanism, promoting hydrogen-induced cracks and localized
embrittlement [33,34]. Even with localized plastic deformation,
hydrogen can lead to brittle fracture, further reducing the mate-
rial’s strength and elongation [35].

Fig. 7 shows the variation in tensile strength (Fig. 7a),
yield strength (Fig. 7b), and elongation at break (Fig. 7c) as
a function of hydrogen charging time at different heat treatment
temperatures. As seen in Fig. 7a, the tensile strength decreases
consistently with increasing hydrogen charging time at all
heat treatment temperatures. At 800°C, a significant strength
reduction of about 8% is observed due to hydrogen exposure.
Figs. 7b and 7c further illustrate the changes in yield strength
and ductility. After heating to 800°C and charging with hydrogen
for 2 hours, the yield strength of the Q690 high-strength steel
welded parts is 525.17 MPa, and the ductility is 9.08%. Com-
pared to the uncharged condition, yield strength decreases by
approximately 11%, while elongation drops by about 51%. This
substantial reduction in ductility may be attributed to the higher
pearlite content and smaller grain size of the material, which
alter its tensile behavior [36]. Molecular hydrogen significantly
compromises both ductility and strength, promoting hydrogen-
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induced cracking and potentially leading to catastrophic brittle
failure, even below the material’s yield stress [37].

TABLES 4-7 present the calculated residual coefficients
for tensile strength, yield strength, and elongation at break of
materials subjected to various hydrogen charging times, fol-
lowing heat treatment at 300°C, 500°C, 700°C, and 800°C. The
impact of hydrogen exposure is primarily seen as a reduction in
toughness and the onset of brittle fracture. As hydrogen charging
time and heat treatment temperature increase, the residual values
for tensile strength, yield strength, and elongation of the Q690
welded parts show distinct trends. Notably, heat treatment tem-
perature strongly influences the elongation at break. As shown
in TABLE 4, when the heat treatment temperature is 300°C, the
elongation at break after electrochemical hydrogen charging
decreases from an initial 24.85% to 14.2%, corresponding to
a ductility loss of approximately 43%. At 800°C, post-fracture
elongation is further reduced from 18.52% to 9.08%, resulting in
a ductility loss of about 51% (TABLE 7). With increasing heat
treatment temperature, the material’s hydrogen embrittlement
(HE) sensitivity rises, particularly with longer hydrogen charging
times. Previous studies have shown that hydrogen accumulates
preferentially at the central austenite grain boundaries, signifi-
cantly weakening their cohesion strength [38].
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Fig. 7. Mechanical behaviors degradation of post-fire Q690 weldments with hydrogen charging time. (a) Tensile strength, (b) yield strength, and

(c) elongation



TABLE 4

Mechanical properties residual factors of post-fire Q690 weldments
after different hydrogen charging (300°C)

Temp |, (MPa)| o, (MPa) |6 (%) | a/om | o5/ow | 0/
300°C 73823 | 686.79 [2485| 1 | 1 | 1
300°C-Charging
o Bl 71637 | 652.86 | 22.68| 097 | 0.95 | 0.91
300 C_(')Cshﬁrgmg 702.76 | 635.74 | 19.86 | 0.95 | 0.93 | 0.80
300 szlﬁargmg 685.06 | 617.47 | 17.04| 0.93 | 0.90 | 0.69
300 nglﬁargmg 657.58 | 547.11 | 1420 | 0.89 | 0.80 | 0.57
TABLE 5

Mechanical properties residual factors of post-fire Q690 weldments
after different hydrogen charging (500°C)

Temp o, (MPa) | o, (MPa) | 0 (%) | 6p/04 | 65/64 | 010y
500°C 763.00 | 71694 [2238] 1 [ 1 | 1
S00°C-Charging | 735 43 | 687,95 |21.68 | 097 | 0.96 | 0.97
-0.167 h
200 (f(')cshﬁrgmg 711.07 | 66847 |[17.36| 0.93 | 0.93 | 0.78
200 c:1c1}11argmg 703.15 | 651.27 |13.20| 0.92 | 0.91 | 0.60
200 C:zci’largmg 63820 | 606.89 | 9.77 | 0.84 | 0.85 | 0.44
TABLE 6

Mechanical properties residual factors of post-fire Q690 weldments
after different hydrogen charging (700°C)

Temp o-,,(MPa) O'S(MPa) 6(%) o'b/a,,() o-s/o-sﬂ 6/50

700°C 73437 | 67954 [2012] 1 [ 1 | 1
700°C-Charging

et E| 72183 | 669.61 | 18.72| 0.98 | 0.99 | 0.93
700 C_(')Cshﬁrgmg 71236 | 668.34 | 16.88| 0.97 | 0.98 | 0.84
700 C:lcﬁargmg 699.70 | 644.79 | 14.64{ 0.95 | 0.95 | 0.73
700 C:zcﬁargmg 63333 | 612.56 | 10.04| 0.86 | 0.90 | 0.48

TABLE 7

Mechanical properties residual factors of post-fire Q690 weldments
after different hydrogen charging (800°C)

Temp  |a, (MPa)[ o, (MPa) [3 (%) [y/om | o,/ | /0
800°C 61588 | 593.12 [1852] 1 | 1 | 1
800°C-Charging
ol r B 601,66 | 586.16 | 1744 | 0.98 | 0.99 | 0.94
800 C_(')Cshﬁrgmg 593.26 | 580.98 |15.20| 0.96 | 0.98 | 0.82
800 C:flﬁarg‘ng 569.28 | 553.74 | 1224 0.92 | 0.93 | 0.66
800 C:glillargmg 546.39 | 525.17 | 9.08 | 0.89 | 0.89 | 0.49
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Hydrogen molecules influence the elongation of the speci-
mens, with various parameters sensitive to hydrogen embrittle-
ment serving as indicators of hydrogen’s effects on steel. The
sensitivity to hydrogen embrittlement is quantified by the index
Iyg (0) [39], defined as:

0o represents the elongation without hydrogen charging, and
drdenotes the elongation following hydrogen exposure. The rate
of decrease in hydrogen-induced elongation of the material is
encapsulated by Iz (0). A higher value of I (6) indicates poorer
resistance to hydrogen embrittlement and greater sensitivity to
its effects. Fig. 8 shows the trend of the hydrogen embrittle-
ment sensitivity index for Q690 high-strength steel weldments
as the heat treatment temperature increases, under constant
hydrogen charging time conditions. The data reveal that for any
given hydrogen charging duration, the hydrogen embrittlement
sensitivity coefficient of Q690 welded components increases
consistently with temperature. Specifically, at a hydrogen charg-
ing time of 0.167 hours, the material’s plasticity decreases, and
its sensitivity to hydrogen embrittlement rises from 15.63% at
300°C to 35.12% at 800°C. When the hydrogen charging time
is extended to 2 hours, the hydrogen embrittlement sensitivity
index increases significantly, from 47.17% at 300°C to 66.22%
at 800°C. According to the NASA 8-30744 [40] standard for as-
sessing alloy hydrogen damage in the United States, the hydrogen
embrittlement sensitivity index (/z, 0) of the experimental steel
exceeds 50% when the hydrogen charging time reaches 1 hour.
This indicates severe hydrogen damage in the samples subjected
to an electrochemical hydrogen charging duration of 1 hour. The
diffusion depth of hydrogen can be calculated using the formula:

d =2Dt (5)

where D represents the hydrogen diffusion coefficient in the
material and t is the corresponding electrochemical hydrogen
charging time. Notably, the diffusion coefficient of hydrogen in
alpha iron at room temperature is relatively high, approximately
10 cm? - s7' [41]. Based on calculations, the hydrogen diffusion
depths for Q690 high-strength steel welded components after
hydrogen charging for 0.167 hours, 0.5 hours, 1 hour, and 2 hours
are 0.0334 mm, 0.1 mm, 0.2 mm, and 0.4 mm, respectively.
Several factors contribute to the reduction in plasticity of steel
due to hydrogen damage following electrochemical hydrogen
charging tests. First, the diffusion of hydrogen molecules into
the metal weakens the material’s structure by reducing the bind-
ing forces between metal atoms. Second, aggregated hydrogen
molecules may combine to form hydrogen gas or hydrides within
the metal, introducing additional stress due to volume changes.
Lastly, the presence of hydrogen molecules reduces the surface
bonding strength of the metal, promoting crack formation and
propagation, further compromising the material’s integrity.
Fig. 9 shows scanning electron microscopy (SEM) images
of'the fracture surfaces of Q690 welded tensile samples subjected
to different hydrogen charging times and heat treatment condi-
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70 tions. Notably, the tensile fractures consistently occur within
the heat-affected zone. As seen in the figure, the macroscopic
60 fracture surface of the sample without hydrogen charging at room
temperature is rough, while the microscopic fracture features
501 multiple dimples (Fig. 9a), indicative of a typical ductile fracture
5 with uniform size. At a heat treatment temperature of 300°C
= 407 and 2 hours of hydrogen charging, the macroscopic fracture
% 104 surface becomes smoother, with necking suggesting plastic
= deformation. Microscopic analysis reveals increased toughness
20 4 pits, indicating that the sample has not yet reached complete
—=— Charging-0.167h brittle fracture. At higher temperatures (700°C) with 2 hours of
10 : gﬁzgiﬁi?}f h hydrogen charging, the macroscopic fracture surface is flat and
—v— Charging-2h smooth, displaying corrugations and localized cracks. The mi-
0 ' ' ' ' croscopic fracture surface appears smoother after hydrogen

0 200 400 600 800

charging. As the heat treatment temperature increases, the micro-

Temp (°C) scopic surface becomes rougher, adopting a relief-like structure.

Fig. 8. Hydrogen embrittlement susceptibility index of post-fire Q690  The hydrogen-charged samples fail through a deconstructive
steel fracture mechanism, with widespread tearing and distinct brit-

20°C-2000x% : 20°C-5000x%

Charging-120m Lyl Charging-120min-2000x% Charging-120min-5000x
(b)

Charging-120min-50x '/ RUYTUE Charging-120min-2000x -« /(NI Charging-120min-5000x

(©)
Fig. 9. Fracture morphology of hydrogen charging weldment with different heat treatment temperatures for 2h (x50, x2000 and x5000) (a) at 20°C,
(b) at 300°C, (c) at 700°C



tle fracture characteristics. These observations demonstrate that
as the heat treatment temperature and hydrogen charging time
increase, the extent of hydrogen damage intensifies, resulting in
a gradual transition from ductile to brittle fracture.

4. Conclusions

This study investigates the hydrogen embrittlement

sensitivity of post-fire Q690 high-strength steel welds using
electrochemical hydrogen charging, uniaxial tensile testing,
and scanning electron microscopy (SEM) to analyze fracture
morphology. The key findings are as follows:

(M

()

3)

(1]

(2]

(3]

As the heat treatment temperature increases, the mechani-
cal properties of post-fire Q690 high-strength steel welds
significantly deteriorate. Key properties such as tensile
strength, yield strength, and elongation at break decline rap-
idly at higher temperatures, leading to deformation, fracture,
and other forms of damage. Between 300°C and 500°C, the
effects on tensile and yield strength are minimal. However,
when the temperature reaches 700°C to 800°C, a marked
deterioration in both strength and elongation is observed.
As the hydrogen concentration in the solution increases
with longer electrochemical hydrogen charging, hydrogen
atoms infiltrate the internal structure of the welds, further
degrading the material’s mechanical properties. Notably,
when the hydrogen charging time exceeds 1 hour, there
is a significant reduction in elongation at fracture, and the
hydrogen embrittlement sensitivity coefficient increases,
leading to more pronounced hydrogen-induced damage.
After electrochemical hydrogen charging, a significant
amount of hydrogen molecules is adsorbed on the surface
and diffuses into the material’s interior, accumulating
within the structure. As a result, the macroscopic fracture
surface becomes smoother, while the microscopic fracture
exhibits ductile characteristics, primarily micro-pores. The
influence of hydrogen on material deformation leads to
the accumulation of structural defects, including fracture
inhomogeneity and micro-pore formation. This increased
hydrogen concentration ultimately reduces the material’s
resistance to brittle failure.
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