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Abstract: Hydrogen plays an important role in the [ormation of quench cracks ol structural stecls. To clarily hydrogen ab-

sorption and desorption during heat treatment of AISI 4140 steel, thermal desorption spectrometry (TDS) analysis

was carried out for the specimens in the as-rolled, as-quenched. and quenched and tempered conditions. Results show

that hydrogen content increased [rom 0. 127 X 107° in the as-rolled specimen to 0. 316 X 107° in the as-oil-quenched

specimen. After tempering at 200 °C, the hydrogen content in the oil-quenched specimen decreased to 0. 155X10 7,

and the peak temperature of hydrogen desorption increased from 200 to 360 ‘C. From the dependence of hydrogen

content in the as-quenched specimens on austenitizing time, it can be deduced that hydrogen absorption occurs during

austenitizing, The simulation of hydrogen absorption contributes to a better understanding on the distribution of hy-

drogen during the heat treatment in structural steels.
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Structural steels such as AISI 4140 with high
strength and good toughness have been widely used
after they are quenched and tempered. However,
quench cracking, which is a fatal problem. may oc-
cur for these steels if the quenching process is not
well controlled. It has been believed for a long time
that residual stress caused by phase transformation
and thermal stress is responsible for quench cracking
of the as-quenched steel, which has extremely high
strength and very low toughness. Recently, Lin and
McMahon regarded quench cracking as hydrogen-
emanated from the identical appearance of the frac-
ture surfaces of quench cracking and hydrogen-in-
duced cracking'™. They found that quench cracking
could be avoided by plating the steel with nickel,
and concluded that hydrogen might be released by
the breakdown of water molecules that contact the
steel surface during quenching™?. However, it has not
been clarified whether the amount of hydrogen that
might be absorbed during quenching is high enough
to cause cracking. It might be too low to be accu-
rately determined by the conventional analysis tech-

nologies for hydrogen measurement.

In recent years, thermal desorption spectrome-
try (TDS) analysis has been used to measure hydro-
gen content in steels with especially high accura-
cy' 2?1, For example, Akiyama et al. ' carried out a
lot of TDS analysis on hydrogen absorption of a sim-
ilar steel JIS SCM435 during atmospheric exposure,

. This work aims to

the amount being as low as 10
investigate hydrogen absorption and desorption by
TDS during heat treatment of AISI 4140 steel, which
may suffer from quench cracking during water quench-
ing. It also aims to understand whether the amount
of hydrogen that might be absorbed during quench-

ing is high enough to cause cracking.
1 Experimental

A commercial AIST 4140 steel with the chemical
compositions shown in Table 1 was selected for the
present study. Hot rolled bars of the steel of 12 mm
in diameter were machined into specimens of 9 mm
in diameter and 40 mm in length.

The specimens were heat treated before hydrogen
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Table 1 Chemical compositions of the AISI 4140
steel investigated mass %4
C Si Mn P S Cr Mo Fe
0.11 0.18 0.75 0.015 0.007 1.01 0.18 Balance

measurement by TDS analysis. Some specimens
were heated to 860 ‘C in an air furnace and austen-
itized at the temperature for a holding time in the
range of 5— 300 min, followed by oil quenching to
room temperature. The as-oil-quenched specimens were
surface polished to remove the oxide layer in 15 min
and kept in liquid nitrogen to avoid hydrogen release
before TDS analysis. All these specimens were ana-
lyzed by TDS in 1 week after heat treatment. It is
generally believed that the hydrogen release in such
a short period at liquid nitrogen temperature is very
little. The measurement results of these samples
which were performed in random sequence showed
good regularity. This further proves that the scheme
is reasonable and accuracy. The other specimens
were also heated to 860 °C in an air furnace and aus-
tenitized at the temperature for 90 min, followed by
oil quenching, water quenching and air cooling to
room temperature respectively. One of the oil-quenched
specimens was further tempered at 200 °C for 120 min.
The as-quenched specimens., the quenched and tem-
pered specimen, and one as-rolled specimen were al-
so surface polished to remove the oxide layer for hy-
drogen content measurement by TDS in 24 h after
heat treatment.

The thermal desorption spectrometry system
used in this work was imported from Japan to ana-
lyze the mass of hydrogen contained in steel pieces.
The high measurement accuracy of hydrogen con-
centration can reach 10™%, making it one of the most
effective equipments of hydrogen content analysis
for steels at present, Before TDS analysis, the speci-
mens were {irst ultrasonic cleaned for 5 min, and then
put into the TDS machine. The time for preparing
TDS analysis of all the specimens was kept around
30 min. The specimens were heated from room tem-
perature to 800 °C in a vacuum furnace at the heating
rate of 100 °C/h, and hydrogen desorption rate was
measured by Q-mass and recorded automatically. The
recorded data were processed and converted into
TDS curve and hydrogen content by the support
software-Hydrogen Calculation Software. TDS curve
showed the variation of hydrogen desorption rate
with heating temperature, and the hydrogen content
for the specimen measured was obtained by the amount

of hydrogen desorption divided by the mass of the

specimen.
2 Results and Discussion

2.1 Effect of quenchant on TDS curve and H content

Fig. 1 shows TDS curves of the AISI 4140 steel
in different heat treatment conditions. For the as-rolled
specimen, one hydrogen desorption peak at around
300 °C is found and the hydrogen content corresponding
to this peak is 0. 127 X 10
Table 2. Since the as-rolled specimen has been kept

%, as shown by H-peak in

for a very long time before TDS analysis., hydrogen
in the as-rolled specimen may not diffuse out by ex-
posure at room temperature, and it is non-diffusi-
ble, which can also be seen from the relatively high
peak temperature of hydrogen desorption at 300 C.
It is believed that the non-diffusible hydrogen is not
responsible for hydrogen-induced cracking®™ . Thus,
the non-diffusible hydrogen in the as-rolled specimen
does not have much relation with quench cracking.
Compared with the as-rolled specimen, the as-
quenched specimens, no matter the quenchant is oil,
water or air, show an additional hydrogen desorp-
tion peak at 200 °C, as shown in Fig. 1. The hydro-
gen content corresponding to this low temperature
peak is 0. 21310 *—0.300X10
peak in Table 2. According to previous results, the hy-

5, as shown by L-
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Fig. 1 TDS curves of specimens in as-rolled, as-quenched,

and quenched and tempered conditions

Table 2 Hydrogen content in the specimens under

different heat treatment conditions 10 °
o L-pecak H H-peak H Total H
Specimen
content content content
As-rolled — 0.127 0.127
As-water-quenched 0. 300 0. 098 0.398
As-oil-quenched 0.243 0. 073 0.316
As-air-quenched 0.213 0. 060 0.273
Quenched and tempered — 0. 155 0. 155
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drogen corresponding to this peak may diffuse out
and it is diffusible, which means this peak will dis-
appear if the specimen is exposed at room tempera-

ture for a relatively long time'®!

. This peak may also
disappear if the as-quenched specimen is tempered at
200 °C for 120 min (Fig. 1). It is proved that diffusi-
ble hydrogen is responsible for hydrogen-induced
cracking, and it may occur if the diffusible hydrogen
content reaches a critical value, the so-called critical
hydrogen content'®!.

The hardness and strength for the as-quenched
specimens of the AISI 4140 steel are very high, and
the as-quenched specimens may have high suscepti-
bility to hydrogen-induced cracking. The critical hy-
drogen content of hydrogen-induced delayed fracture
steel JIS-SCM435 at the
strength of 1450 MPa was measured to be less than
0.10X 107° Thus, the diffusible hydrogen con-
tent in the range of 0.213X107°—0.300X10"° in
the as-quenched specimens of the AISI 4140 steel
seems to be high enough to cause hydrogen-induced

for a similar tensile

cracking. It indicates that hydrogen may play an im-
portant role in the formation of quench cracking dur-
ing quenching, as proposed by Lin and McMahon'*'.

From Table 2, it can also be seen that the hy-
drogen content of the as-quenched specimens is also
dependent on the quenchant. The as-quenched speci-
men for the oil quenchant has the hydrogen content
higher than that for the air quenchant and lower
than that for the water quenchant. This difference
can be explained by Lin and McMahon, in which it
is regarded that hydrogen might be released by the
breakdown of water molecules that contact the steel
surface during quenching'''. However, it is unlikely
that all the hydrogen corresponding to the low tem-
perature peak of the as-quenched specimens is intro-
duced from the quenchant during quenching, since
the as-quenched specimen for the air quenchant is al-
so high. Hydrogen absorption may also occur before
quenching the steel.

2.2 Effect of austenitizing time on TDS curve and H
content

Fig. 2 shows some TDS curves of the as-quenched
specimens after austenitized at 860 ‘C for different time
and quenched into oil. It is apparent that the low
temperature peak for hydrogen desorption at around
200 C varies with austenitizing time, indicating that
hydrogen absorption depends on austenitizing time.

Fig. 3 shows the variation of hydrogen content
(L-peak) in the as-quenched specimens with austen-
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Fig. 2 'TDS curves of the as-oil-quenched specimens
after austenitizing at 860 ‘C for different time
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Fig. 3 Variation of hydrogen content in as-oil-quenched

specimens with austenitizing time

itizing time. Despite the two points for the long aus-
tenitizing time, the other points show an increasing
tendency of the hydrogen content with austenitizing
time. This indicates that the hydrogen is mainly ab-
sorbed during austenitizing instead of during quenching,
The

hydrogen substances in the furnace or on the surface

which was proposed by Lin and McMahon'!',

of specimens are most likely to become the major
source of hydrogen and hydrogen absorption may oc-
cur continuously during austenitizing until a satura-
tion state is reached. The last two points in Fig. 3
show the hydrogen concentration decreased slightly.
It is presumably due to the reduction of hydrogen
traps such as dislocations and grain boundaries,
which might decrease with increasing austenitizing
time and reducing the solubility of hydrogen in steel.

The variation of hydrogen content with austen-
itizing time can be described by an exponent equa-
tion, as shown in Fig. 3. According to Fick’s second
law of diffusion in a long cylinder™, the apparent
hydrogen diffusion coefficient in the AISI 4140 steel
at the austenitizing temperature of 860 C can be cal-
culated to be about 1. 75X 10 * m?/s, which is two
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orders higher than that in a similar steel JIS-SCM

. The ferritic body cen-

435 at room temperature
tred cubic (bce) or body centred tetragonal (bct)
structure has a higher hydrogen diffusion rate and a
lower solubility than the austenitic face centred cu-
bic (fce) structure at the same temperature’'. But
in this study, the temperature factor can make the
hydrogen diffuse faster in austenite at high tempera-
ture than in martensite at room temperature.

Cu=C..+0.72(C,—C..)exp(—22. 2Dt /d*)

(D
where, Cy is the real time hydrogen concentration;
C, is the initial hydrogen concentration; C.. is the

saturated hydrogen concentration; D is the hydro-
gen diffusion coefficient; ¢ is the austenitizing time;
and d is the diameter of cylindrical specimen.
According to the fitting equation, the hydrogen ab-
sorption reaches a saturation value of about 0. 48X 107°¢
when the austenitizing time is long enough. The hy-
drogen content is high enough for hydrogen-induced
cracking of the as-quenched specimens of the AISI
4140 steel. The introduction of high concentration
hydrogen should cause much more attention.

2.3 Hydrogen distribution with austenitizing time

The actual distribution of hydrogen in steel is
very complex which often depends on hydrogen
traps™™. According to the TDS results for the AISI
4140 steel, the absorption of hydrogen might occur
mainly during austenitizing. Using the hydrogen dif-
fusion coefficient of 1.75 X 10 ? m”/s obtained for
the AISI 4140 steel at the austenitizing temperature
of 860 C, the variation and distribution of hydrogen
concentration with austenitizing time are simulated
by the finite difference method. The results describe
the process of hydrogen entry into the steel during
the heat treatment, which can help us better under-
stand the distribution of hydrogen. Long cylindrical
specimen can also be simplified into one-dimensional
model along the radial directiont® .

Figs. 4 and 5 show the variation of relative hy-
drogen concentration in the hydrogen diffusion mod-
el with austenitizing time and the variation of rela-
tive hydrogen concentration in the hydrogen diffu-
sion model with different radius position in cylindri-
cal sample. The radius of the sample, R, starts
from the central axis of the cylindrical sample and
ends at the surface. C;/C,, which is called the rela-
tive hydrogen concentration, equals the internal hy-
drogen concentration of the sample divided by the
hydrogen concentration of the sample surface which
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Fig. 4 Variation of relative hydrogen concentration with
austenitizing time obtained by numerical calculation
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Fig. 5 Distribution of relative hydrogen concentration along
radial direction of the cylindrical sample obtained by

numerical calculation

is regarded as a constant for environmental hydrogen
concentration.

Fig. 4 shows that the relative hydrogen concen-
tration of the sample surface (R=4.5 mm) grows very
fast and approximates to 1 in a short period of time
due to the high hydrogen diffusion capacity at high
temperature. At the same time, the internal hydrogen
concentration of the sample also grows very fast. The
internal hydrogen concentration in the center of the
cylindrical specimen (R =0 mm) reaches 90% of C,
after austenitizing for 90 min. The simulation results
and experimental results can be well matched.

Fig. 5 shows the distribution of relative hydro-
gen concentration along the radial direction with
austenitizing time. It can be seen that hydrogen dis-
tribution is steep at the austenitizing time of 30 min.
With increasing austenitizing time, the hydrogen
distribution is becoming flatter. The relative hydro-
gen concentration at the center of the specimen rea-
ches over 70% of the saturated hydrogen content at
the austenitizing time of 60 min. The hydrogen con-
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tent of the sample is almost saturated when the aus-
tenitizing time exceeds 120 min.

From the above results, it can be concluded
that hydrogen absorption during austenitizing should
be carefully controlled to avoid quench cracking of
the AISI 4140 steel. Actually, avoidance of quench
cracking by plating the steel with nickel, which was
proposed by Lin and McMahon™!, might also effec-
tively hinder hydrogen entry into the steel during

austenitizing as well as during quenching.
3 Conclusion

Hydrogen absorption and desorption during
heat treatment of AISI 4140 steel have been investi-
gated by means of TDS analysis. It can be concluded
that hydrogen absorption occurs mainly during aus-
tenitizing in the air furnace, and the hydrogen con-
tent absorbed can reach 0.48X107°, which is high
enough for hydrogen-induced crack. To avoid quench

cracking of the AISI 4140 steel, hydrogen absorp-
tion during austenitizing should be carefully controlled.
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