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ABSTRACT

Fracture toughness tests were carried out on hydrogen-charged high strength steels,
AISI 4340 and 10B35, and the influence of hydrogen on fracture toughness was exam-
ined in detail on the basis of linear elastic fracture mechanics and fractography.
The experimental results show that sub-critical flaw growth assisted by hydrogen
occurs during fracture toughness testing. Accordingly, plane-strain fracture
toughness, Ky., of hydrogen-charged material evaluated according to ASTM procedure
E399 becomes apparently smaller than that of hydrogen-uncharged material due to
this sub-critical flaw growth characteristics. Moreover, it makes clear that hy-
drogen has no influence on critical flaw growth characteristics.
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INTRODUCTION

Considerable works on the problem of hydrogen embrittlement of high strength steels
have been conducted to date, where fracture toughness is believed to be influenced
by hydrogen (Carter, 1971; Stavros, 1970; Kawabe, 1974; Fukagawa, 1974; Ahmad,
1975; Thompson, 1977). However, exact and detailed studies concerning the influ-
ence of hydrogen on fracture toughness have not yet been made. A question arises
whether hydrogen causes the decreasing of fracture toughness or not.

In this work, plane-strain fracture toughness tests were carried out on hydrogen-
charged high strength steels, AISI 4340 and 10B35, according to ASTM procedure
E399, and the influence of hydrogen on fracture toughness was examined in detail on
the basis of linear elastic fracture mechanics and fractography.

MATERIALS
The materials used in this work were AISI 4340 and 10B35 steels. The chemical com—

positions are presented in Table 1. The heat treatment of specimens consisted of
austenitizing for 20 min at 1123 K, quenching in o0il, tempering for 2 hr at the ap-—
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propriate temperature (373 v 873 K), and quenching in water. The mechanical prop-
erties after heat treatments are presented in Table 2. The yield strength de-
creased with increasing tempering temperature, from 1569 MPa (tempering at 373 K)
to 1049 MPa (tempering at 873 K) in 4340 steel, and from 1588 MPa (tempering at
473 K) to 706 MPa (tempering at 873 K) in 10B35 steel.

SPECIMENS

The specimen geometries were compact type (CT) with dimensions of W = 51 mm and B
= 25.4 mm, 3-point bend type (3B) with dimensions of W = 10 mm and B = 5 mm, and
self - stressed WOL type (WOL) with dimensions of W = 51 mm and B = 25.4 mm, as
shown in Fig. 1. All the specimens were pre-cracked by fatigue at a sufficiently
low load (maximum stress intensity factor Ky < 18.6 MPavm) .

TABLE 1 Chemical Compositions (wt. %)

¢ Si Mn P S Ni Lb Mo Cu B
4340 0,36 10,30 ©.77 ~0.017 0,020 185 0,73 {0.18 Q.14
10B35 0,38 0.24 0,99 0.019 0.026 0.02 0.09 0.0l 0.0012

TABLE 2 Mechanical Properties
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EXPERIMENTAL PROCEDURE

ilydrogen was charged into the specimens by cathodic charging method without loading
in tap water. This cathodic charging was carried out at a constant current density
of 16 A/m? for 700 hr. Hydrogen concentration was 3 ~ 4 ppm (weight) regardless of
tempering temperature in 4340 steel. After pre-charging, the WOL specimens were
loaded by bolt and constant deflection delayed fracture tests were carried out.
liydrogen was charged continuously into the specimens during the tests. As a result
of sub-critical flaw growth assisted by hydrogen, the WOL specimens were pre-—

cracked further at a sufficiently low stress intensity factor (= KIscc)'
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The plane-strain fracture toughness tests were carried out on hydrogen-charged and
-uncharged materials in a laboratory atmosphere, according to ASTM procedure E399.

RESULTS AND DISCUSSIONS

Fig. 2 represents the results of the plane-strain fracture toughness, Kies values
obtained for the hydrogen-charged and -uncharged 4340 steel, as a function of tem—
pering temperature. As shown by Fig. 2, the Ky, value of the'hydrogen-charged ma-
terial becomes apparently smaller than that of the hydrogen-uncharged material,
particularly in the case that the tempering temperature are 573 and 673 K. The
similar results for the hydrogen-charged and -uncharged 10B35 steel are shown in
Fig. 3.

However, a fractographic examination of the fracture surface of the hydrogen-

charged specimen reveals that sub-critical flaw growth assisted by hydrogen occurs
during the fracture toughness testing, as shown in Fig. 4.
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Fig. 4. Schematic illustration of the fracture surface of
the hydrogen-charged specimen revealing intergran-
ular cracking assisted by hydrogen.
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Typical load-displacement records of the hydrogen-charged and -uncharged materials
are shown in Fig. 5, As shown by Fig. 5, the load-displacement plot of the hydro-
gen-uncharged material is linear to maximum load. On the other hand, the load-dis-
placement plot of the hydrogen-charged material becomes nonlinear at a load sub-
stantially less than the maximum load. Thus, the K, value, determined according to
the method of 5 % less secant line in ASTM procedure E399, of the hydrogen-charged
material becomes apparently smaller than that of the hydrogen-uncharged material.
Furthermore, the Ky value of the hydrogen-charged material is judged to be the val-
id KIC value, because the specimen size and maximum load requirements are satis-
fied. Then, it can be expected that the nonlinearity is partly due to sub-critical
flaw growth during the testing.

5L & 473K Temper.
O 673K Temper.
0 773K Temper.

0 20 40 60 80
K, MPa/m

Fig. 6. Relations between the sub-critical crack extension
values, Aa, and the K; values (CT, 4340 steel).
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Fig. 7. Crack growth rate obtained in the constant deflec-
tion delayed fracture test (WOL, 4340 steel).
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Several hydrogen-charged CT specimens were loaded to different displacement values,
at which a fast fracture did not initiate, by the similar method of the fracture
toughness test. Then, each specimen was unloaded and the crack front was marked by
fatigue. The result shows that sub-critical flaw growth occurs at a sufficiently
low load and the value of stress intensity factor, Ky, corresponding to the load is
smaller than the Ky, value obtained here. Fig. 6 represents relations between the
sub-critical crack extension values, Aa, measured on the fracture surface of the
unloaded specimens and the Ky values in 4340 steel. For the sake of comparison,
the results of constant deflection delayed fracture tests using the WOL specimens
for the material used here are shown in Fig. 7, where the hydrogen assisted crack
growth rates, da/dt, are plotted as a function of Ky (Hirano, 1979). The sub-crit-
ical crack growth rate, da/dt, obtained here in the fracture toughness test is in
excellent agreement with that obtained in the constant deflection delayed fracture
test.
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Fig. 8. The K? values, the Ke values and the Aap,y values,
as a function of the increasing rate of stress in-
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tiesides, the plane-strain fracture toughness tests were carried out on the hydro-
gun—charged(CT specimens at a varying loading rate. Fig. 8 represents the K val-
ues, the K. values corresponding to the point of slow-to-fast fracture transition,
and the maximum values of sub-critical crack extension, Aap.., measured on the
fracture surface of the broken specimen, as a function of the increasing rate of
stress intensity factor, Ky = dKy/dt, in 4340 steel, where the KQ value is judged

to be the valid K. value according to ASTM procedure E399 in the case that Ky = 93
HPa/m/m;n. As shown by Fig. 8, the Ky value decreases and the Aap,x value increases
as the Ky value decreases. On the other hand, the change of Ky has little influ-
ence on the K.” value. The results on 10B35 steel are similar to those in the case

of 4340 steel, as shown in Fig. 9.

fig. 10 represents the results of fractographic examination. 1In the case of the,
hydrogen-uncharged specimen and of the hydrogen-charged specimen tested at high Kj,
there exists a stretched zone between fatigue pre-crack and fast fracture regions.
This means that crack tip plastic blunting occurs and then fast fracture initiates
(Kobayashi, 1977 and 1979). In this case, the Kj. value can be evaluated according
to ASTM procedure E399. On the other hand, in the case of the hydrogen-charged
specimen tested at low Ky, sub-critical flaw growth takes place instead of crack
tip plastic blunting. In this case, the Ky, value can not be evaluated according
to ASTM procedure E399. Difference between these two cases due to Kp should be
concerned with the diffusivity of hydrogen.

CONCLUSION

It is concluded that the Ky. value of the hydrogen-charged material evaluated ac-
cording to ASTM procedure E399 becomes apparently smaller than that of the hydro-
gen-uncharged material due to the occurrence of sub-critical flaw growth assisted
by hydrogen during the testing. The Kq value of the hydrogen-charged material is
decided mainly by sub-critical flaw growth characteristics, as shown in Fig. 11.

Moreover, it makes clear that hydrogen and KI have no influence on critical flaw

growth characteristics within the limits of this experiment. That is to say, hy-
drogen has no influence on fracture toughness of high strength steels.
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Fig. 10. Schematic illustrations showing the influence of
hydrogen and K; on fractographic features and
fracture processes.



1916

Ke K.
PIIIBX _________ X
4 PQ —————
o
_é o FJin i
=
o
o
— /
//; % less
< >
0.020, ecant line
KIscc Dispi t
isplacemen
Ky K, :

(a) Sub-critical flaw (b) Sub-critical flaw (c) Nonlinearity of load-
growth character- growth during the displacement plot due
istics K1, testing to sub-critical flaw

growth

Fig. 11. Sub-critical flaw growth characteristics and non-
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Ki. testing.
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