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Theory of hydrogen-assisted crack growth 
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A model for hydrogen-induced cracking is proposed and developed on the assumption that 
hydrogen enters the embrittling process zone (EPZ) ahead of the crack,tip and promotes localized 
plastic flow which is proportional to its concentration. The formulae of the criterion for crack 
propagation, KrH, and the crack growth rate dl/dt, are derived and applied to the experimental data 
of AISI4340 superhigh-strength steels. 

1. I n t r o d u c t i o n  
As is well known, the presence of hydrogen at or near 
the tip of a crack which leads to slow crack growth 
and delayed fracture in medium- to high-strength ma- 
terials, remains a controversial subject, although sev- 
eral mechanisms have been proposed to explain this 
phenomenon on a microscopic level [1 3]. In brief, 
the microphysical features for hydrogen-induced de- 
layed fracture [4-6] can be described as follows. 
There is an embrittling process zone (EPZ) at a char- 
acteristic distance, d*, ahead of the crack tips. Hydro- 
gen diffuses to the EPZ under the action of the local 
chemical-mechanical driving force. When its concen- 
tration attains a critical value, hydrogen will aid local- 
ized plastic flow, while the dislocation sources begin to 
activate the production of high-density slip-bands and 
pile-ups against the microstructure defects in the EPZ, 
and then to induce secondary cracks. With the propa- 
gation of the secondary crack, and coalescence with 
the main crack, the main crack advance finally occurs. 
Here the characteristic length, d*, reflects the sensitive 
degree of materials microproperties to hydrogen, and 
is a very important geometric parameter which can be 
determined by the microstructure of the materials. 

The above physical features are peculiar to the 
crack-tip environment in the process of hydrogen em- 
brittlement fracture; one aspect reveals the micro- 
mechanisms of fracture, while also sketching detailed 
physical pictures for hydrogen accelerating the de- 
layed plastic deformation, which results in the slip- 
band cracks. It is a typical fracture in which the 
microcracks nucleate, grow and coalesce with the 
main crack due to dislocation pile-ups caused by local 
plastic flow against the microstructure defects within 
the EPZ ahead of the crack-tip. In this paper the crack 
propagation mechanisms is discussed quantitatively 
for an external hydrogen environment. 

2. Hydrogen-induced cracking model 
and the conditions for microcrack 
nucleation 

Based on the above analyses, a cracking model can be 
proposed in which hydrogen induces the activation of 
dislocation sources and then produces delayed plas- 
tic deformation resulting in slip-bands microcrack in- 
itiation within the EPZ. In this model, the most 
fundamental embrittling mechanism is assumed to be 
hydrogen weakening the cohesive force between metal 
atoms, but the cracking mechanism, which induces 
microcrack nucleation, is slip-band cracking caused 
by the delayed plastic deformation. 

To express the conditions for microcrack nucleation 
with respect to the above cracking models, we have 

C,(t)  = C~ (1) 

of >/ ~* (equality a t x  = d*) (2) 

where Equation 1 indicates that the local concentra- 
tion of hydrogen must attain a critical value within the 
EPZ, and Equation 2 shows the local stress must 
reach or exceed the critical stress. The calculation of 
cy* depends on the cracking mode of slip-bands. To 
evaluate existing experimental data [7, 8], the pile-up 
models of Zener-Stroh, Cottrell, and the equivalent 
Griffith crack dislocation array may be selected as the 
dislocation models of slip-band cracking proposed in 
this paper. Thus, calculation of cy* is very easy. 

A rigorous calculation of the hydrogen concentra- 
tion may be a difficult task, due to the evolution of the 
EPZ and the mathematical difficulties in obtaining 
analytical transient solutions of the relevant stress- 
assisted diffusion equation. To obtain the critical 
concentration of hydrogen, C*, we can construct a 
deformation potential model for the diffusion of 
hydrogen to crack-tip regions which can be found in 

0022-246l  �9 1992 Chapman & Hall 3203 



the papers of McMullen et al. [9]. The hydrogen 
diffusion equation is given by Fick's law as 

~C O 02C D 0 / - / / C  OV \  
= kr x \ ) (3) 

where D is the diffusion coefficient, k is the Boltzmann 
constant, T is the absolute temperature, and 

V = 5Edl3 x (4) 

is the deformation potential which gives a driving 
force for hydrogen diffusion to the EPZ, and the 
physical meanings resulting from the gradient of the 
dilation field. Ed is the deformation potentials for 
hydrogen in metals, q is the singularity order of the 
strain field, M is the control parameter of the crack-tip 
strain field, and [3 is an experimental constant. In the 
highly plastic extended zone, 

and 

/q+ 
M = ~t(COD) = (5) 

2~ysE 

q = 1 (6) 

where K~ is the Mode I stress intensity factor, (Yys is the 
yield stress, E is Young's modulus, and COD is the 
crack opening displacement. 

Solving Equations 3-6 simultaneously, 

CoD t e x p [ ~ ( K g  ~ ]  (7) 
Ca(t) - (a - ~ ) d *  LoKla kC~ys~/_j 

where Co is the concentration of hydrogen in the 
absence of external stress, (a - d*) is the EPZ size. At 
the critical stage, because t = t,, the incubation time 
required to form a microcrack, we have 

CoD [- Ea[J ( K 2 "~-] 
C PI (a - d*)d* t" expL6--ffffi ~ o ~ E )  J " " " "  (8) 

3. Criterion for hydrogen-induced 
crack propagation: calculation of KIH 

In view of the arguments presented in the previous 
sections, if and only if, the plastic flow induced by 
hydrogen within the EPZ reaches a critical state, the 
secondary crack initiates and the main crack propa- 
gates. Accordingly, we can simplify the calculation of 
Kin as in Fig. 1, and the physical meanings can be 
explained as the n dislocations which can be viewed as 
a large dislocation for d* ~> nb at x = d* ahead of the 
main crack, interacting with the main crack which 
results in propagation of the crack. According to exist- 
ing experimental information, we know that disloca- 
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Figure 1 Schematic representation of the EPZ and the crack-dis- 
locations interaction model for calculating threshold stress intensity 
in hydrogenous environment. 
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tion densities (nb) (b is the Burgers vector) is propor- 
tional to the concentration value of hydrogen Cn. 
Without loss of generality, it is always possible to 
postulate that 

nb = aCH (9) 

where ~ is a dimensional constant. 
To calculate the stress intensity factor at a micro- 

scopic level, we have the formulae [10] 

{~ 12 = 2~3A 2 lim ( -  x) f2(x)  

_ ~ b  x + o  ( 1 0 )  

2n( 1 v) 

where f (x)  is the dislocation densities of the crack 
body which can be calculated as follows 

f o ~tb f (x) dx gnb 1 
_,2n(/  2_ v)(d* - x----~ + 2n(1 - v)d* + cr = 0 

(11) 

where I is the crack length. Inserting Equations 9 and 
11 into Equation l0 

g(2nl) 1/~ o~C H 
K1 = ~(2nl) 1 / 2 -  

2n(1 -- v) [ d * ( / +  d*)] 1/z 

02) 
In the absence of hydrogen, i.e. Cn = 0, K~ = K~c, the 
fracture toughness which corresponds to the initiation 
of unstable crack propagation; here 

KIc = o(2~le) 1/2 

l GleE (13) 
~ - n(1- -- v ~  (the critical crack length) 

In the presence of hydrogen, once Cn = C*, this cor- 
responds to KI = Kin, the threshold stress intensity 
factor, then the crack begins to propagate. Accord- 
ingly 

B(2~lc)1/2 { ~C~I } 
KIC - -  Kin - 2n(1 -- v) [d*(lr + d*)] 1/2 

(14) 

This is the fundamental equation to determine 
Km which is based on the new proposed cracking 
models. 

4. Rate of hydrogen-induced crack 
propagation: calculation of (dl/dt) 

When K~ > Kin, the crack grows into a steady stage. 
We confine our discussion to the case for the diffusion 
of dissolved hydrogen to the EPZ is a control process, 
hence the general expression for crack growth rate can 
be written as 

dl d* 
- ( 1 5 )  

dt t.  

where d* and t.  are as before. Substituting Equation 
8 into Equation 15, we have 

( o 
dt - a - d* ~H exPk6kTd* \ o y s E ]  ] 

(16) 



5 .  D i s c u s s i o n  

To discuss the influence of hydrogen environment 
pressure, P, on the threshold stress intensity factor, 
K~H, we can substitute Equation 8 into Equation 14. 
According to Sieverts' law, Co = SP 1/z, where S is the 
Sieverts constant for a metal lattice. Hence 

In (Kic -- KIH) 2 = Ao - A1K~H (17) 

~'2rt(1 ~ v)(a - d*)d* 
ao = 2 In [ ~t(2ztlc)l/2 D t , ~  

[d*(Ic + d*) ]}  (18a) 

Eal3 
A1 - (18b) 

3k Td * C~y~E 

Equation 17 indicates that K~n will decrease as the 
pressure, P, increases. This conclusion is good quali- 
tative agreement with the experimental observation. It is 
also interesting to notice that Equation 17 is the first 
fundamental relationship between P and K~ll derived 
from the idea of hydrogen accelerating local plastic 
flow. 

For a quantitative, calculation we can select the 
experimental data for AISI4340 superhigh-strength 
steel (Cyy~ = 1720 MPa, K~c = 66 MPa m 1/2) [11]. It is 
obvious that the Km "~ P relationships (Equation 17) 
will fit completely to the experimental curves if we 
take Ao = - 6.9757, A1 = 0.0129, as in Fig. 2. In the 
meantime, we can also obtain d* = 5.89 ~m, ~ = 3.48. 
(For this calculation, the respective parameters are 
assumed to be t = 1 0 0 s ,  E = - 2 . 0 1 e V ,  13=1, 
S = 1.26 x 10-8(H)/(Fe) (torr)-1/2, a = 10 gin, 
D = 1.23 x 10-10 m 2 s-1.) This calculated value of d* 
is in excellent agreement with the existing experiments 
[12]. During the calculation, the unknown parameters 
emerging in our discussion can either be measured 
experimentally or be calculated theoretically. Using 
the new model, we can calculate not only the concen- 
tration of hydrogen but also the number densities for 
activated dislocations. 
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Figure 2 Effect of H2 pressure on threshold stress intensity Kin: 
Experimental data (circles) [11] and regression analysis fit (solid 

line) of Equation 17. (Torr x 133 = Pa; k s i x / ~  x 1.10 = M N m -  3/2). 

Accordng to Equation 11, the value of (dl/dt) will 
tend to infinity for a ~ d* or for d* --* 0. The former 
corresponds to the EPZ size, (a - d*) tending to zero, 
which indicates that fracture takes place almost with- 
out the action of hydrogen, and the latter corresponds 
to no EPZ existing, which indicates that the crack wilt 
propagate unstably. Both cases indicate that the ma- 
terial approaches fracture toughness, K~c, thus, we 
have (dl/d0 tending to infinity. This also indicates that 
the rate formula (Equation 16) corresponds to the 
stage of Ki l  I ~< K~ < K~c. 

Comparing with the existing theoretical models, 
this theory emphasizes the particular function of EPZ 
in the process of crack propagation. The location for 
EPZ is always at a site where the local hydrostatic 
stress is maximum. It is thought that the macro incon- 
tinuity at trap sites near the location of the stress 
maximum, solely nucleates the microcrack, and the 
combined action of hydrogen concentration and local 
plastic flow result in the secondary crack initiation. 
The EPZ is not a point, but a body in which there are 
large microstructural defects. 

6 .  C o n c l u s i o n s  

1. It is proposed that the delayed cracking process 
resulting from hydrogen damage is the united action 
of both hydrogen inducing a lattice embrittlement 
thus weakening the cohesive force between metal 
atoms, and hydrogen accelerating the local plastic 
flow. The process for hydrogen-induced delayed frac- 
ture is viewed as a process driven by plastic flow, but 
not a cleavage. Accordingly, a micromechanism for 
hydrogen embrittlement has been developed. 

2. The theoretical formulae for Kin and crack 
growth rate have been derived from the new proposed 
model. All the results are universal and agree with the 
experimental data of Oriani and Josephic [11]. 
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