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ABSTRACT. Delay fracture is an environmental embrittlement occurring when materials, environment and stress
interact with each other and also a form of hydrogen induced material deterioration. It is a leading factor
inhibiting the further improvement of strength of steel and iron material. Hence this study analyzed the
improved low-carbon Mn-B type ultra-high strength steel plate (1500 MPa) which were processed by
conventional heat treatment and heating forming technique and explored the effects of tempering temperature
and heating forming technique on the performance of hydrogen induced delay fracture, which provides a
reference for the actual application of such kind of steel plate.
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INTRODUCTION

which enters steel is extremely harmful. For many materials, even a trace of hydrogen can induce delay fracture

through diffusion and enrichment. Hence the diffusion and enrichment of hydrogen in metals is the premise
and bridge for delay fracture [1-3].
Delay fracture of high-strength steel is a manifestation of hydrogen embrittlement of metals. According to the source of
hydrogen, hydrogen embrittlement can be typed into environmental hydrogen embrittlement and internal hydrogen
embrittlement [4 - 6]. Environmental hydrogen embrittlement is induced by the invasion of hydrogen generated from
corrosion reaction which happens when materials are exposed to the air for a long time. For instance, delay fracture may
happen to bolt used in bridge if it is exposed to moist air or rain. Internal hydrogen embrittlement is induced by the
gathering of hydrogen that enters steels in the process of thermal processing, acid pickling and electroplating towards
stress source [7 - 9]. For instance, electroplated bolt may crack in a short time after loading.
Delay fracture can result in the damage of high-strength steels within the designed load-carrying capacity. Materials with
higher grades are of higher risks of delay fracture. Delay fracture is difficult to be detected and usually happens suddenly
[10]. Recently, accidents induced by hydrogen induced delay fracture of high-strength steels happen frequently. Delay
fracture has become a batrier for the development of high-strength steel. A large number of evidences have suggested
that, the delay fracture of high strength steel have brought huge threatens to industries such as modern motor,
architecture, mechanics and light industry. When the strength of steel is over 1200 MPa, the steel would be highly
sensitive to hydrogen induced delay fracture [11 - 12]. Till now, several researches have studied the delay fracture behavior
of high-strength and ultra high strength steel plat [13]. However, we attach less importance to the delay fracture resistance
of low-carbon Mn-B steel plate [14], especially the delay fracture performance of low-carbon Mn-B steel plate which has

I I igh-strength steel is usually mixed with hydrogen during smelting, processing and using. Generally, hydrogen
igh gth 1 i lly mixed with hydrogen during lting, p ing and using. G lly, hydrog
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been processed by hot forming. With the rapid development of hot forming technology, it is urgent to evaluate the delay
fracture behavior of hot formed ultra high-strength steel plate. On account of this, this study processed a kind of low-
carbon Mn-B ultra high-strength steel plate with conventional thermal processing and hot forming technique and studied
the effects of tempering temperature and hot forming process on its hydrogen-induced delay fracture resistance, which
can provide a reference for the actual application of such kind of steel plate.

MATERIALS AND METHOD

Experimental material
he material used in the test was the improved Mn-B cold-rolled steel plate (1500 MPa) which was self-developed.
I It was produced using techniques of rotating furnace, external refining, continuous casting and continuous rolling.
The thickness of steel plate was 1.5 mm. Its chemical components and their mass fractions were as follows: Si
(0.85), C (0.20), Mn (1.60), S (0.002), P (0.006) and B (0.0015). The experimental steel was first heated into 950 °C and
then cooled with water after 20-min insulation. The hardened martensitic structure obtained was tempered at 100, 200 and
400 °C sequentially for 120 min and then cooled in the air. The process is shown in Tab. 1.

No. of samples Heat treatment system
1 /
2 100°C%120min, air cooling
3 950 °C X 20 min, water cooling 200°C%120min, air cooling
4 400°Cx120min, air cooling

Table 1: Heat treatment system of experimental materials.

Experimental method

To test the tensile performance of the experimental material in quenched state at different tempering temperatures, a
tensile experiment was carried out on tensile sample using material testing machine. Constant-load notch tensile
experiment was used to evaluate the resistance of the experimental material. The ratio of critical fracture stress o, to

notch strength oy, i.e., delay fracture strength ratio . /o, was used to evaluate the delay fracture resistance of the

experimental materials. The higher the value was, the better the delay fracture resistance was.

To avoid the size effect of thin plate shape samples on hydrogen absorption and dehydrogenation behaviors, the
experimental steel plate with a thickness of 6.0 mm was processed into a round bar sample with a size of 5 X 40 mm.
Then electrochemical hydrogen charging was performed on NaOH solution (0.1mol/L); the current density used was 4
mA/cm?and the process lasted for 72 h. After hydrogen charging and sutface grinding, the content of hydrogen in the
sample was tested using thermal desorption spectrometry (TDS); the heating temperature was 800 °C and the heating rate
was 100 °C/h. Activation energy of hydrogen traps in the sample was tested by vatying the heating rate of TDS. The
content of hydrogen of hydrogen filled sample was measured at different time points; in this way, the diffusion coefficient
of hydrogen in the experimental material was calculated. Besides, the notched tensile sample was loaded in corrosive liquid
under the effect of critical stress for 100 h. The working segment near the corroded notch was cut using wire cutting. To
estimate the critical hydrogen content of the experimental material, the content of hydrogen was measured using TDS as
well after grinded with 1000 # abrasive paper.

Constant-load delay fracture experiment, electronic hydrogen charging experiment and test with TDS were catried out on
experimental materials in conventional quenching state and at different tempering temperatures to study the delay fracture
resistance as well as behaviors of hydrogen absorption and effusion and discuss over the effects of quenching and
tempering temperature on the delay fracture resistance of the experimental materials.

RESULTS AND DISCUSSION

Mechanical performance of experimental materials
ig. 1 shows the changes of tensile performance of the experimental materials along with tempering temperature. It
F can be seen that, the experimental material had high strength and good plasticity; tensile strength weakened after
tempering at 100 °C, whereas yield strength improved. In different states, elongation fluctuated, but slightly. Only
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when the material was tempered at 400 °C, elongation decreased under the effect of temper embrittlement.
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Figure 1: Vibration tendency of the mechanical performance of the experimental materials along with tempering temperature.

The delay fracture resistance of experimental materials

Fig. 2 and 3 show the curves for applied stress — time of failure (S-T) in notched tensile experiment. It can be seen that,
time of failure increased with the decrease of applied stress. Compared to samples in quenching state, the S-T curve of
samples at different tempering temperatures moved towards upper right first and then left lower when the tempering
temperature rose to 400 °C. It indicated that, tempering processing improve the delay fracture resistance of the
experimental materials; and samples processed at tempeting temperature of 200 °C had the highest critical fracture stress
and the longest fracture lifespan (Fig. 3).
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Figure 2: Curves for stress — time of failure of the experimental materials in quenching state in notched tensile experiment.

Results of notched tensile experiment carried out on the experimental materials are shown in Tab. 2. Fig. 4 and 5 show
the vibrations of critical fracture stress and delay fracture strength ratio of the experimental materials along with the
changes of strength and tempering temperature. It can be seen that, critical fracture stress and delay fracture strength ratio
of the expetimental materials except for samples processed at a tempeting temperature of 400 °C gradually increased with
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the decrease of tensile strength or the increase of tempering temperature. With the decrease of strength of notch samples,
critical fracture stress and delay fracture strength ratio of the samples increased first and then decreased. Though the
strength of the samples processed at a tempering temperature of 200 °C reduced for 6.65%, the critical fracture stress
improved for 51.14% and the delay fracture strength ratio improved for 61.97%. It indicated that, proper tempering
processing after quenching could greatly improve the delay fracture performance when the strength was slightly weakened.
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Figure 3: Curves for stress — time of failure of the experimental materials in different states in notched tensile experiment.

Quenching 100 °C tempeting 200 °C tempering 400 °C tempeting
state state state state
Smooth tensile strength R, MPa 1488 1466 1399 1102
Notch tensile strength ox, MPa 1759 1781 1642 1455
Critical fracture stress o., MPa 874 1162 1321 1134
Delay fracture strength ratio oc/on 0.497 0.652 0.805 0.780

Table 2: Results of delay fracture experiment.

Hydrogen absorption and effusion behaviors of the experimental materials

Delay crack of high-strength steel is correlated to the hydrogen in steels and the hydrogen absorbed from the
environment and in corrosion process. Hence we explored hydrogen absorption and effusion behaviors of round bar and
plate samples.

Hydrogen absorption and hydrogen effusion behaviors of non-bearing experimental materials before and after hydrogen

charging.
After the round bar samples in different states were charged with hydrogen for 72 h at a cutrent density of 4mA/cm?, the

content of hydrogen was measuted using TDS at a heating rate of 100 °C/h. Besides, the content of hydrogen in samples
without hydrogen charging was also measured (Tab. 3).

Generally, hydrogen released at a temperature below 400 °C is called as diffusible hydrogen, whereas hydrogen released at
a temperature higher than 400 °C is called as non-diffusible hydrogen [15, 16]. As the delay fracture is the most obvious
when the temperature is near to room temperature, delay fracture is considered to be induced by diffusible hydrogen
released at room temperature rather than non-diffusible hydrogen released at room temperature [17, 18]. In this study,
hydrogen released at a temperature below 300 °C was regarded as diffusible hydrogen and hydrogen released at a
temperature above 300 °C was as non-diffusible hydrogen. Therefore, the hydrogen corresponding to the first hydrogen
effusion peak of materials processed at a relatively low temperature was diffusible hydrogen and the hydrogen
corresponding to the second hydrogen effusion peak of materials processed at a relatively high temperature was non-
diffusible hydrogen. Obviously, the content of diffusible hydrogen in the samples in quenching state was quite low, so was
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the content of non-diffusible hydrogen in the samples in tempering state. An obvious low-temperature hydrogen effusion
peak appeared in the hydrogen effusion curve of the hydrogen charged samples in quenching state or at different
tempering temperatures and the peak temperature was about 145 °C; but no obvious changes were observed in the high-
temperature hydrogen effusion peak. Besides, the low-temperature peak of hydrogen filled samples in tempering state was
the highest. With the increase of tempering temperature, the low-temperature peak of the samples decreased, but the high-
temperature peak had no obvious changes. It suggested that, the hydrogen absorbed after hydrogen charging was
diffusible hydrogen and the content of non-diffusible hydrogen had no obvious changes.
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Figure 4: Variation of critical fracture stress and delay fracture ratio of the experimental materials along with the changes of tensile
strength.

1400 1
1200 0.9
g 5
= ~
e 1000 08 b
“ ®
n n
H 800 07 ﬁ]
W c
o &
£ 600 06 ®
T 8
z 5
E 400 05 %
" &
= I
G200 04 °
0 03

10 100 200 400

Tempering temperature: i
—ag_ #-¢ 0 /0y

Figure 5: Variation of clinical fracture stress and delay fracture ratio of the experimental materials along with the changes of tempering
temperature.
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Fig. 6 shows the variation of the hydrogen content of the experimental materials in different states along with the changes
of tempering temperature. It can be seen that, the content of hydrogen in different states before hydrogen charging were
similar; the content of diffusible hydrogen was quite low; except for samples processed at a tempering temperature of 100
°C, the content of non-diffusible hydrogen in samples in different states was highly consistent; the content of hydrogen
significantly improved after hydrogen charging, a slight increase in non-diffusible hydrogen and a significantly increase in
diffusible hydrogen; as the tempering temperature increased, the content of hydrogen charged reduced (the content of
diffusible hydrogen decreased and the content of non-diffusible hydrogen remained unchanged).

Quenchin 100 °C 200 °C 400 °C
State of samples ustate S tempering tempering tempering
state state state
The content of diffusible

Samples without hydrogen (ppm) 0.0176 0.0081 0.0009 0.0031

hvdrogen The content of non-
C}Illargigng diffusible hydrogen (ppm) 0.0741 0.1677 0.0791 0.0834
(otiginal state) 1% Com(e;;mo)f hydrogen 4 5909 0.1758 0.0801 0.0857
The ;‘;gi‘:geﬁ(fpcgg‘;“ble 0.8629 0.6201 0.5452 0.4441

Hvdrogen-filled The content of non-
y o riples diffusible hydrogen (ppm) 0.1134 0.0951 0.1402 0.1443
Totl content of hydrogen ) 97 0.7136 0.6866 0.5882

(ppm)

Table 3: The content of hydrogen of the experimental materials in different states before and after hydrogen charging (non-bearing,
round bar samples).
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Figure 6: Vibration of the content of hydrogen of round bar samples in different states before and after hydrogen charging (Cq: the
content of diffusible hydrogen; Cn: the content of non-diffusible hydrogen; Ct: the content of hydrogen).

Hydrogen absorption and effusion behaviors of experimental materials before and after loading
The notch tensile samples were loaded for 100 hours in corrosive liquid under critical stress. Then the corroded part was

cut down. After surface clearance, it was put into TDS to measure behaviors of hydrogen absorption and effusion, and
the measurements results are shown in Tab. 4 and Fig. 8. It can be seen that, the content of hydrogen in samples in four
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different states differs little before loading, and the hydrogen involved was non-diffusible hydrogen; the content of
hydrogen improved after 100-h loading in corrosive liquid, and the hydrogen involved was also non-diffusible hydrogen;
the content of hydrogen in samples in quenching state was the lowest, while the content of hydrogen in samples
processed at a tempering temperature of 200 °C was the highest, four times that of the sample in quenching state and two
times that of the samples processed at a tempeting temperature of 100 °C and 400 °C.

Quenching 100 °C 200 °C 400 °C

State of samples . . .
state tempering state  tempering state  tempering state

The content of

diffusible 0.0119 0.0081 0.0099 0.0185
hydrogen (ppm)

The content of

Samples before loading |\ giffusible 0.1160 0.0958 0.1121 0.1278
hydrogen (ppm)
T"tﬁl contentof 5 45gq 0.1045 0.1221 0.1466
ydrogen

The content of

diffusible 0.0839 0.0534 0.1629 0.0938
hydrogen (ppm)

The content of

Samples after loading 1 giffusible 0.3385 0.6466 1.6319 1.7968
hydrogen (ppm)
Total content of 0.4228 0.6997 1.7949 0.8518

hydrogen (ppm)

Table 4. The content of hydrogen of experimental materials in different states before and after loading (plate samples)
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Figure 7: The content of hydrogen of experimental materials in different states before and after loading (plate samples).

Activation energy of hydrogen trap of experimental matetials

The peak temperature of hydrogen effusion peak would change when heating rate in thermal analysis changed. Activation
trap corresponding to hydrogen effusion peak can be calculated according to the variation of the peak temperature [19 ~
20]. It is because that, hydrogen in traps can be gradually released by overcoming trap potential barrier when hydrogen
filled samples are heated at a certain heating rate and the process is controlled by the bulk diffusion of hydrogen in
samples. As the capability of every kind of trap trapping hydrogen is fixed, a peak value will appear in the curve of the
correlation between hydrogen effusion rate and temperature under certain heating condition. The capability of trap
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trapping hydrogen can be estimated qualitatively according to the peak value. The hydrogen effusion peak temperature
would change if the heating rate was changed; when heating rate increases and heating time reduces, hydrogen effusion
peak moves towards high temperature.

The correlation between heating rate and hydrogen effusion peak temperature [21] is:

E _a
P =A™ 1)
RT,

In the formula,

E, refers to activation energy of hydrogen trap,

@ refers to heating rate;

T} refers to hydrogen effusion peak temperature,

A is a constant

R is a gas constant.

After taking the logarithm of both sides of formula (1) and differentiation, we get

dn(p/T,") __E, @)
o1/ T,) R

It can be known from formula (2) that, In(¢/ T,?) and 1/ T, was in a linear correlation. Hence Fa could be calculated

using linear fitting method.
Hydrogen effusion peak temperature of hydrogen effusion curves of experimental samples processed at different heating

rates is shown in Tab. 5. The correlation between In(¢ / T,”) and 1/ T, could be obtained in Fig. 8. Besides, the value of

E, /R was obtained after solving slope with linear fitting, and then the value of activation energy E, was obtained.

Heatine rat Hydrogen effusion peak Hydrogen effusion peak
ei Cn%ha e State of samples temperature of diffusible temperature of non-diffusible
hydrogen, °C hydrogen, °C

Quenching state 152 396

100 100 °C tempering state 129 411
200 °C tempering state 132 411

400 °C tempering state 126 390

Quenching state 201 438

200 100 °C tempering state 179 430
200 °C tempering state 186 427

400 °C tempering state 160 408

Quenching state 260 465

400 100 °C tempering state 251 455
200 °C tempering state 244 453

400 °C tempering state 222 447

Table 5: Hydrogen effusion peak temperature of hydrogen effusion curves of experimental materials processed by different heating
rate.
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Figure 8. The correlation between In(¢/T,”) and 1/ T, of experimental materials: a) diffusible hydrogen; b) non-diffusible
hydrogen).

Tab. 6 shows that, activation energy of diffusible hydrogen trap was close to hydrogen activation energy of MsC carbide in
42CtMo steel processed at a tempeting temperature of 600 °C (13.4 kj/mol) [22] as well as hydrogen trap activation
energy of FesC (18.5 kJ/mol) and hydrogen trap activation energy of grain boundary (17.2 kJ/mol) [23].

147



/o’

o4
(
F. Z. Lin et alii, Frattura ed Integrita Strutturale, 36 (2016) 139-150; DOI: 10.3221/1GF-ESIS.36.14 ('
Quenching 100 °C 200 °C 400 °C
state tempering state ~ tempering state  tempering state
Activation energy of diffusible hydrogen, 153 129 143 16.2
KJ/mol
Activation enetgy of non-diffusible

bdbiogm, 1) sl 63.9 118.9 119.6 79.5

Table 6: Hydrogen trap activation energy of experimental materials.

Diffusion of hydrogen in experimental materials

It was found that, hydrogen-induced crack was closely correlated to the local concentration of hydrogen [24]. As for
diffusible hydrogen, local concentration is determined by average content and diffusion process. Therefore, it is important
to study the diffusion process of diffusible hydrogen in samples. Fig. 9 shows the vibration of the content of diffusible
hydrogen in steels along with the changes of time. It can be seen that, the content of diffusible hydrogen in experimental
materials decreased with the increase of storage time; when the storage time exceeds 72 h, the concentration of diffusible
hydrogen in experimental steels was around 0. 15 X 10
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Figure 9: Effects of storage time after hydrogen charging on the concentration of diffusible hydrogen of experimental materials in
different states.

Carnerio Filho et al. [25] once studied the diffusion of hydrogen in steels based on the rules of decline of hydrogen
content of hydrogen-filled round bar samples which were stored for different periods of time. The equation of diffusion
of hydrogen in steels is:

C, =C,+0.72(C, —C, )exp(—22.2D¢ / d°) ©)

In the formula, C; refers to the concentration of diffusible hydrogen in steels at time point t; C © refers to the
concentration of diffusible hydrogen of experimental materials when t is equal to %; Cy refers to the concentration of
diffusible hydrogen when t = 0; d refers to the diameter of sample; D stands for diffusion coefficient of hydrogen in
experimental materials. The experimental results of experimental materials in different states were substituted into formula
(3); regression analysis results are shown in Fig. 9. It can be seen that, the diffusion coefficients of hydrogen in materials
processed by quenching, 100 °C tempering, 200 °C tempering and 400 °C tempering were D1 = 3.71 X 107, D, = 2.98 X
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107, D3 = 2.66 X 107 and D4 = 2.31 X 107 cm?/s. Obviously, with the increase of tempeting temperature, diffusion
coefficients of experimental materials would decrease.

To sum up, as for the improved Mn-B steel plate (1500 MPa), the delay fracture resistance of experimental material in
quenching state is the lowest, but tempering processing can significantly enhance the delay crack resistance. The delay
fracture resistance of the materials processed at 200 °C tempering temperature was the highest on the condition that the
strength of experimental materials decreased slightly. When tempering temperature was too high, for example, 400 °C,
then diffusion coefficient of hydrogen at room temperature was weakened due to the significant decrease of the strength,
but the resistance was still high than that of materials processed by quenching. With the increase of tempering
temperature, the diffusion coefficient of hydrogen at room temperature decreased. The content of non-diffusible
hydrogen of experimental materials in corrosive fluid under critical stress showed an obvious improvement after loading.
The quantity of hydrogen bearing by the samples in quenching state under critical stress was the lowest, while the quantity
of hydrogen of the samples processed at 200 °C tempering temperature was the highest. Under the effect of critical stress
and after 100-h loading in corrosive liquid, the content of hydrogen in samples showed a remarkable increase; besides, the
quantity of hydrogen processed by heat forming was higher than that of samples processed by quenching and samples
processed by quenching and 100 °C tempering, leading to the high delay fracture resistance. Hence, hot forming
processing can ensure a high delay fracture resistance of experimental materials and tempering processing can further
improve the delay fracture resistance of experimental materials.
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