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Hydrogen-induced slow crack growth generally exhibits three distinct stages of crack
growth kinetics, and stages I and II are hydrogen diffusion-controlled. A model describing
the crack growth kinetics of stages I and II due to internal hydrogen is proposed, based on
the linear-elastic fracture mechanics, stress-induced hydrogen diffusion theory and
hydrogen-enhanced decohesion mechanism for hydrogen-induced cracking. The model
predicts the crack growth rate da/dt of both stages I and II as a function of the stress inten-
sity factor Kj and initial hydrogen concentration level. Some experimental data reported in
literature are used to validate the model and a good agreement is obtained.
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Hydrogen-induced slow crack growth is a well-known phenomenon in metals
science [1-2]. The kinetics of crack growth has been widely investigated by means of
both experimental testing and theoretical modelling. For instance, previously, Gerberich
et al. [3] investigated the crack growth kinetics of AISI 4340 high-strength steel after
cathodical hydrogen-charging, and provided a short-time diffusion correlation for the
kinetics. Andreikiv et al. [4] presented an overview regarding the theoretical aspects of
hydrogen-induced crack growth kinetics and pointed out that further theoretical investi-
gations of the kinetics should be directed toward the development of analytical models
taking into account the influence of various supply mechanisms of hydrogen to the
potential crack initiation sites. Moody et al. [5] tested the slow crack growth induced
by internal hydrogen in iron-based alloy IN903. Singh and Altstetter [6] studied the
effect of various levels of internal hydrogen concentration on the crack growth in 301;
304 and 310S stainless steels. Andreikiv and Rudavs’kyi [7] obtained an approximate
solution of hydrogen diffusion problem in the vicinity of the crack tip and established
the dependence of the crack growth rate on the crack tip opening displacement. In addi-
tion, Gangloff et al. [8] studied the cracking in modern ultra-high-strength Monel K-500
steel induced by internal hydrogen through combined experimental testing and theore-
tical modelling. Hembara et al. [9] proposed an experimental-theoretical approach to
predict the crack propagation and to determine the residual durability of vessels in
gaseous hydrogen.

In the above studies, typical three distinct stages of crack growth kinetics descri-
bing the crack growth rate da/dt as a function of the stress intensity factor (SIF) K|
(Fig. 1) are reported. The rate of stage I, which is the stage nearest to the Kj; (the
threshold SIF for the hydrogen-induced slow crack growth below which no crack
growth will occur even in the presence of hydrogen), is strongly dependent on the ap-
plied K, while the rate of stage Il is less affected by K. In some cases the crack growth
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ally independent of Kj [4-6]. As K] is
further increased to be close to the critical
SIF Kjc of metal, the da/dt increases lar-
gely and is again strongly dependent on
K (stage III). The stages I and II have
been established as the hydrogen diffu-
sion-controlled process [4-7]. It is belie- I
ved that when the hydrogen concentration
at the prospective crack initiation site
ahead of the crack tip is accumulated to ¢
K

rate of stage II is even found to be virtu- A T
1
K,

dal/dt

exceed a critical value through stress-
induced hydrogen diffusion [10], a new

\)

microcrack will initiate at this prospective &

site and then it will coalesce with the ori- Fig. 1. Typical three distinct stages
ginal crack tip, resulting in the increment of crack growth kinetics due
of the crack length i.e. crack growth. By to hydrogen in metals.

repeating this process the crack grows
longer and longer, eventually causing the complete fracture of metals.

A very simple model describing the crack growth kinetics i.e. da/dt ~ K; of stages
I and II for metals containing internal hydrogen is derived based on the linear-elastic
fracture mechanics, stress-induced hydrogen diffusion theory and hydrogen-enhanced
decohesion mechanism of hydrogen-induced cracking. Experimental data in [3, 5-6]
were used to verify the model.

Procedure of the model. In general, the driven force for diffusion of hydrogen in
metals is the gradient of chemical potential p, which is a function of hydrogen concen-
tration C, temperature 7 and hydrostatic stress ;. For the region ahead of the loaded

crack tip, due to the presence of very high local stress, the p is mainly stress-depen-
dent, thus

n=po —Qoy, )
where | is a fixed value; oy, is the hydrostatic stress; and Q is the partial volume of an
interstitial hydrogen, 3.818 A® for most steels. According to the linear-elastic fracture
mechanics, the o, field ahead of the crack tip for plain strain conditions under Mode-I
loading can be expressed as

p _Gxx+cyy+czz _ 2(1+V) KI
h = = .

cosg, 2)
3 3 2 2

where v is the Poisson’s ratio. Under the gradient p, the force acting on a hydrogen

atom is

f=-Vu. 3)
The velocity of the hydrogen atom is thus
- Df D
=——=——(Vp), 4
V=T ST (V) “

where D is the hydrogen diffusivity; k& is the Boltzmann constant. The component of
velocity towards the crack tip » = 0 is
D 1 DQ K
W Chd L S S (5)
kT 3on KT 3% 2
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Thus, after time ¢, all the hydrogen atoms within radius » = R can arrive at the
immediate crack tip » = 0 [11]. Then R is

2/5
ne [5(1+v).DQKI . Cosﬂ

12d2n kT

The area of the region with » =R is

4/5
R 1+v) DQK
ap=]" L B[ j ry) DOKY ™)
T2 2°10)| 12\2n kT
where f is the Beta function. Assuming that all the hydrogen atoms arriving at » = 0

finally concentrate in the small zone ahead of the crack tip, which is generally known
as the fracture process zone (FPZ), the hydrogen concentration cgpy in this FPZ is thus

(6)

co A

®)

Crpz =
Appz
where ¢( is the initial uniform concentration, Agpz is the FPZ area. When the cppz
reaches the critical value ¢, for crack initiation, a new microcrack initiates in the FPZ,
and then it coalesces with the original crack, resulting in the crack length increment.
For the increment time, one can get

4/5
¢ 1 9 510+v) DQK
ccr — 0 B[ j ( ) . 1 At , (9)

where At is the time interval between two crack increments. Thus, the crack growth
rate can be approximately determined as

dt At 1232 kT co B(1/2,9/10)

-5/4

@NAL_S(IJFV).E.AL.K .{CCJ—AFPZ } , (10)
where AL is the so-called characteristic fracture distance, i.e. the distance between the
crack initiation site and the original crack tip. Eq. (10) indicates that the hydrogen-in-
duced slow crack growth rate increases linearly with increasing K, being in agreement
with the experimental results reported in [3] for lower K;. However, the experimental
data have demonstrated that there is a threshold value for the Kj, i.e. the threshold SIF
for hydrogen-induced crack growth, K, below which no crack growth will be obser-
ved even in the presence of hydrogen (Fig. 1). Thus, it seems that only the part excee-
ding the Kjy, i.e. (K1—Kjs,), drives the process. Thus, Eq. (10) should be modified as

-5/4
da 50 +v DQ A
W) DD ALy~ Ky | Sz __| ()
" 1oan KT 0B(1/29/10)

Eq. (11) is the proposed simple model for the hydrogen-induced slow crack
growth kinetics in metals, which describes the dependence of crack growth rate on the
SIF K and initial hydrogen concentration level cq.

Validation with experiment data. Experimental data on da/dt ~ K; for the iron-
based IN903 alloy, 304 stainless steel and 4340 high-strength steel, as reproduced in
Fig. 2 from the studies of Moody et al. [5], Singh and Altstetter [6] and Gerberich et al.
[3], respectively, are used to validate the model, i.e. Eq. (11).
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To apply Eq. (11) the parameters AL, Appz, and ¢ of the three metals are
required. The matrix carbide spacing was established as the characteristic fracture
distance for the IN903 alloy because slip band fracture was observed for this alloy after
hydrogenation [5]. Thus, the AL of the IN903 alloy in [S] was taken as the average
matrix carbide spacing of the alloy, i.e. 19.5 um, as suggested by Moody et al. [5]. The
characteristic fracture distance of the 304 steel in [6] is unknown. However, a fraction
of intergranular fracture was observed in the 301 steel which was investigated together
with the 304 steel by Altstetter et al. in [6]. Average grain size can be taken as the
fracture distance for intergranular fracture [3]. Since both 304 and 301 steels are
unstable Cr—Ni stainless steels, the AL for the 304 steel are approximately taken as the
grain size of the steel, i.e. about 100 um, as demonstrated by the SEM fracture surface
pictures [6]. The characteristic fracture distance of the 4340 high-strength steel is also
taken as the grain size of the steel, i.e. 20 um, as suggested by Gerberich et al. [3]. It is
reasonable to assume that the FPZ is a circular zone and the crack initiation site is
located in the centre of the FPZ, so, Lypz = 2AL with Lgpyz is the length of FPZ along
crack plane, thus the Agpz is

Appz, = (AL)* . (12)

The authors [5, 6] focused on the effect of initial hydrogen concentration level on
the crack growth rate. The Ky, values at various initial hydrogen concentration levels ¢
were given for the IN903 alloy and 304 steel, respectively. The authors [3] focused on
the effect of tempering temperature while keeping the initial hydrogen concentration
level constant. The Kj, values were given for the 3040 steel after tempering at various
temperatures. It is clear that under the Ky, action, the maximum hydrogen concentrati-
on at the crack tip through the stress-assisted diffusion can be taken as the critical hyd-
rogen concentration for crack initiation [10]. Hence the critical hydrogen concentration
is expressed as

20+ VK Q

er = Cmax = €0 p|: 3\/27‘5—AL kTi| ( )
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Based on the above mentioned, the parameters AL, Agpz, and ¢, for the IN903
alloy, 304 and 4340 steels are obtained (Tables 1-3). The other parameters used are
also given in Tables 1-3. The ¢y and K}, data were reproduced from [3, 5-6]. It should
be noted that the hydrogen diffusivity in the 304 steel is taken as that in the o' marten-
site phase, as suggested by Altstetter et al. in [6], because the 304 steel is unstable.
Under the action of K, the austenite phase ahead of the crack tip should be transformed
into the o’ martensite phase, consequently drastically increasing the apparent hydrogen
diffusivity in the 304 steel [6]. It is known that hydrogen diffusivity in the o' martensi-
te phase is about five orders of magnitude higher than that in the full austenite phase
[6]. In addition, for the 4340 steel it is known that a higher tempering temperature can
increase the number of effective traps such as precipitates and thus decrease the diffusi-
vity. The reported diffusivity for the high-strength steels ranges from 2-10"'2 (for the
steel with a large number of hydrogen traps) to 2-10~* m*/s (for the steel with few traps)
[13]. The diffusivity of hydrogen in the 4340 steel tempered at 300°C is taken as
2:107* m?s, as it gives the best fit to the experimental data. For the steel tempered at
other temperatures the diffusivity is assumed to decrease proportionally with increasing
tempering temperature (Table 3). Note that in Tables 1-3 it is shown that the critical
hydrogen concentration can be from several times to thirty times higher than the initial
average hydrogen concentration. This is in line with the results in literature. For in-
stance, the experimental results of Yu et al. [14] show that the accumulation coefficients
of hydrogen (a ratio of maximum hydrogen concentration to initial hydrogen concent-
ration) at the grain boundaries, various inclusions, and near the loaded notch tip of steel
can reach 2.2 to 11, 8 to 20, and 2.5 to 4.5, respectively. Balyts’kyi et al. and Dmytrakh
et al. have demonstrated similar results by experimental measurements or combined
measurements and numerical simulations [15-17].

Table 1. The parameters used for the IN903 iron-based alloy

Material Do d» Co, KI H> Cers
atenia m*/s pm appm (atom fraction) MPav'm appm
1876 35.9 20320
IN903 9.6-107° [12] 19.5 2900 26.3 16612
5000 223 21963
Table 2. The parameters used for the 304 stainless steel
Material D, d7 Co, Kl H Cers
atena m’/s um | wppm (weight fraction) MPa+/m wppm
6 105 130
15 78.5 150
o 25 70.5 197
304 9.3-107 [6] | 100
37 70.5 292
43 67 306
48 63 304

The da/dt for the three metals is predicted by Eq. (11) (Fig. 2). It is shown that the
predicted results are in good agreement with experimental data, indicating that the pro-
posed simple model i.e. Eq. (11) has a potential to predict the hydrogen-induced slow
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crack growth rate under the action of internal hydrogen. Particularly, the model accura-
tely predicts the transitions from stage I to stage II for all da/dt ~ K| curves.

Table 3. The parameters used for the 4340 high-strength steel

Material Tempering b, a a nf ()(’atom K Cer
temperature, °C m?/s pm Pflr3 action) MPa+/m appm
300 2:107° [13] 17.2 8.0
400 1-10°® 19.8 9.5
4340 20 2.6
480 51077 31.8 20.9
550 2.5107° 50.6 71.6

Taking the IN903 alloy as an example, Fig. 3 shows the calculated shape and size
of the region of r = R at (¢ = 1876 appm, K; =36.0 MPav/m and (co = 5000 appm,

Ky =225 MPa/m ), respectively. All hydrogen atoms in the region R enter into the

FPZ by stress-assisted diffusion and then cause crack initiation and growth. With in-
creasing co, the size of the region decreases, because there is no much difference bet-
ween the critical hydrogen concentrations of the two cases.
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Fig. 3. The calculated shape and size of the region of » = R under (¢, = 1876 appm,
K;=36.0 MPay/m ) (a) and (c, = 5000 appm, K; = 22.5 MPa/m ) (b)
for the IN903 iron-based alloy.

It should be noted that the plastic deformation ahead of the crack tip is not consi-
dered in Eq. (11). The presence of plastic deformation may reduce the stress at the im-
mediate crack tip, and then reduce the average velocity of hydrogen atoms approaching
to the crack tip, as a result, the time interval between two crack increments should
increase. Thus, although some assumptions are introduced into the model, since the
plastic deformation is not considered, Eq. (11) provides a conservative estimation of
the hydrogen-induced slow crack growth rate. This can be confirmed by Fig. 2 as it
demonstrates that a higher Kj brings a bigger gap between the predicted rate and expe-
rimental rate. A conservative estimation of the crack growth rate is acceptable for the
security and from a life design perspective.

CONCLUSION

A very simple model to predict the crack growth rate of stages I and II due to
internal hydrogen in metals based on the linear-elastic fracture mechanics, stress-
induced hydrogen diffusion theory and hydrogen-enhanced decohesion mechanism for
hydrogen-induced cracking is provided. The model describes the crack growth rate
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da/dt of stages I and 1II as a function of the SIF K; and initial hydrogen concentration
level ¢y. The predicted results match very well with the experimental data in literature.
The plastic deformation ahead of the crack tip is not considered in the model, thus the
estimation of the crack growth rate based on the model is slightly conservative for
higher K.

PE3FOME. TloBiNbHUIA PIiCT CIPUYMHEHMX BOJHEM TPILUH, SK MPABHIO, M€ TPHU Pi3HI
cranii. Pict Tpimmaun Ha cragiax I i Il BusHauae nudysis BoaHIO. 3anponoHOBaHO MOJENb, SKa
OMNHUCY€ KIHETUKY POCTY BOAHEBOI TPIIIMHU Ha MEPIIiil i APYTii CTasisX, BUKIMKAHOT MEXaHi4-
HUMH Hanpy>XCHHSIMH 1 TIOCHJICHOTO BOJHEM MEXaHi3My JAeKoresii mij 4ac BOJHEBOTO pPO3Tpic-
KyBaHHsI, HA OCHOBI JIIHIHHOT MeXaHIKU pyHHyBaHHS, Teopii nudy3ii BoaHI0. Mozesb 1a€e 3MOry
MPOTHO3YBaTH IIBUAKICTh POCTY TPIlMHK da/dt 3aiaekHO Bix KoedillieHTa iIHTEHCUBHOCTI Ha-
npyxeHb K| 1 mo4aTkoBoi KOHIEHTpamii BoxHI0. [l mepeBipku TeOpEeTUIHOT MO BUKOPHUC-
TOBYBaJM IOJaHI B JTepaTypi €KCIEPUMEHTANbHI Pe3ydbTaTH 1 OTPUMAIU iX 3aJOBUIBHY
301KHICTB.

PE3FOME. MenaneHHbIH poCT TPEIUH, BHI3BAHHBIX BOJOPOAOM, KaK IPaBUJIO, UMECT TPH
pasnmuuHbIX craguu. Poct Tpemuns! Ha cragusx I u II onpenenser muddysus Boxopona. Ipen-
JIO’KEHO MO/IEJIb, ONMCBIBAIOLIYI0 KUHETUKY POCTa BOJAOPOJHON TPELIMHBI HA MEPBOI U BTOPOH
CTaAUAX, BHI3BAHHOM MEXaHMYECKUM HANpPsyKEHHEM M YCHUIICHHOIO BOJOPOAOM MEXAaHU3Ma Je-
KOT€3UU IPH BOAOPOJHOM pAacCTPECKHBAHHMHU, HA OCHOBE JIMHEHMHOM MEXaHHKH pa3pylleHHMs,
teopun muddy3un Bogopona. Mojenb M03BOISET MPOTHO3UPOBATh CKOPOCTh POCTA TPEIIUHBI
da/dt B 3aBucuMocTr OT K03 PUIIMEHTa MHTEHCUBHOCTU HaIpshKeHUH Ki M Ha4aabHOW KOHIICHT-
pauuu Bogopoza. Jlis IpoBepKU TEOPETHUECKOH MOJIEIH UCIIOIb30BaH MIPECTABICHHBIE B JIH-
TepaType HKCIEPUMEHTAIbHbIE PE3YIbTAThl U NOTY4YHIN UX YIOBIETBOPUTEIBHOE COBIAJICHUE.
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