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S T R E N G T H  R E D U C T I O N  OF METALS U P O N  H Y D R O G E N  

CHEMISOtLPTION AT T H E  TIP  OF A C R A C K  

V . M .  K o r n e v  UDC 539.375 

When hydrogen interacts with the freshly formed surface, the interatomic bonds at the tip of a 
crack in the single crystal of a metal are known to break. The decrease in the brittle strength of 
the single crystals of metals in the presence of hydrogen in the crack compared with the strength 
of the same metal in the absence of hydrogen is estimated quantitatively using comparative 
criteria of brittle strength. 

In t roduc t ion .  "Adsorption of surfactants from the surroundings by a deformable solid has been 
found long ago to affect markedly the deformation and strength properties of a body" [1, p. 645] (see also [2]). 
"... Chemically assisted fracture is ubiquitous, but there are no systems understood so well that the preceding 
ideas have been applied in a quantitative way" [3, p. 117]. 

In the present paper, we study the process of brittle fracture of the single crystals of cracked metals in 
which either a surfactant is absent or there is hydrogen which reacts with the freshly formed surface at the 
crack tip. To estimate the strength of single crystals, Novozhilov's modified discrete criterion of brittle strength 
is used in the first case (interatomic forces, which are described using the Morse potential, act in the vicinity of 
the crack tip), and a modified criterion of brittle strength in the second. To do this, chemical transformations 
occurring at the crack tip are taken into consideration: the freshly formed surface of a deformable solid adsorbs 
a surfactant (hydrogen). 

The values of the critical lengths of bond-failure cracks were obtained on the basis of the two criteria at 
a given level of loading, and they usually differ by an order of magnitude. If the critical lengths of bond-failure 
cracks obtained according to the sufficient criterion are regarded as a basis of calculations, the critical load of 
crack initiation decreases severalfold in the presence of hydrogen. Thus, chemically enhanced brittle fracture 
of the cracked single crystals of metals is described quantitativdy in the form of comparative brittle-strength 
criteria. 

1. Mechanica l  Mode l s  t ha t  Take into Account  Physicochemical  Transformat ions  at  the  
Tip of a Crack. There are many papers dealing with the effect of hydrogen on brittle fracture of metals (e.g., 
[4-9]). Attention has been given mainly to hydrogen embrittlement when the crack growth is controlled by the 
adsorption of atomic hydrogen. The existing theories are mainly descriptive. To estimate quantitatively the 
effect of hydrogen on brittle fracture, the ideas developed at Rebinder's school seem to us most appropriate 
[1, 2, 9]. Hydrogen adsorption on a metal, hydrogen diffusion in a metal (reversible embrittlement), and the 
formation of hydrides affect markedly the strength properties of metals [9]. We note that Uina deformable 
metal, the number of active centers that are capable of interacting increases; the activated chemisorption of 
hydrogen occurs in this case . . . .  In a hydrogen-enriched metal, the crack growth is promoted by hydrogen 
chemisorption at the crack tips rather than by hydrogen diffused in the metal matrix" (see [9, p. 9]). 

We shall pass from the description of the physicochemical process of fracture to the construction of 
mechanical models. We consider single crystals of metals with planar cracks. Let tensile forces ~oo acting 
along the normal to the crack plane be applied to a solid. We consider two cases: 

(1) any surfactant is absent in the crack (model No. 1); 
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(2) the hydrogen in the crack reacts with the freshly formed surface of a metal at the crack tip (model 
No. 2). 

For simplicity, planar problems of a crack are analyzed for a simple square Bravais lattice. 
Figures 1 and 2 show both cases [the atoms of metal single crystals are indicated by open circles, 

and hydrogen atoms by filled circles; physical models of a cracked single crystal are shown at the top, and 
mechanical models at the bottom (only the right tip of the crack in the crystalline lattice is given)]. The 
C~.rtesian coordinate system is located according to the position of the right crack tip in physical models or 
the position of the right tip of a cut in mechanical models (the crack in mechanical models is simulated by 
a bilateral cut). The loaded section of the cut, which simulates the forces of interatomic interaction at the 
crack tip (A is the length of the section), is shown at the bottom d Fig. 1; thus, the mechanical problem is 
partially linearized. 

Physical formulations of the problem are distinguished by the absence or presence of a surfactant 
(hydrogen) in the crack, and mechanical formulations are distinguished by the presence or absence of the 
loaded section of the cut in the vicinity of the crack tip. 

The atomic radii of metals and the parameters of the crystal lattices of metals are considerably larger 
(by one or two orders of magnitude) than the size of atomic hydrogen or a proton (see [10, Table 3.1, Appendix 
5]). The proton radius can be estimated to be rH+ ~ 0.53.10 -10  m ,  since the size of the hydrogen atom is 
r H ---- 0 . 5 3  �9 1 0  - 1 0  m, which facilitates the penetration of hydrogen into the crack tip. Hydrogen is adsorbed 
by the formed surface of a metal. 

Let metal hydrides of a uniform or variable molecular composition be formed at the crack tip because 
of chemisorption [4, 7]. The hydrides formed break completely or partially the forces of interatomic interaction 
ot a metal single crystal at the crack tip only for superstressed interatomic bonds. The forces of interatomic 
interaction are assumed to be absent at the crack tip. We ignore the change in the volume during the formation 
of hydrides and the strength of a hydride at the crack tip. In this case, any forces associated with wedging and 
intermolecular interaction are absent at the crack tip and a mechanical model is obtained (Fig. 2). Hydrogen 
supply into the crack tip is limited by diffusion and, hence, the above consideration is true only for quasistatic 
loading. It is noteworthy that the weak effect of hydrogen on the strength characteristics of metals was shown 
in high-speed deformation in experiments. 

A comparison of mechanical model Nos. 1 and 2 makes it possible to conclude that metal deformation 
(Fig. 2) is facilitated by stresses ~roo applied at infinity owing to a decrease in rigidity compared with metal 
deformation shown in Fig. 1. For A --, 0, model No. 1 is continuously transformed into model No. 2. 

2. Br i t t l e -F rac tu re  Cr i t e r i a  Tha t  Take into Account  t he  Effect of a Su r f ac t an t  at  the  Tip of 
a Crack. We shall consider cracked metal single crystals with vacancies. As Novozhilov in [11], we introduce 
the discrete-integral criteria of brittle strength (the two-dimensional case) for the weakest monolayer of atoms 
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in the case of sharp bond-failure cracks [12-14]: 

I jf ~yCx, 0 )~  ~ 6~m. (2.1) 
kre 

0 

Here ~y are the normal stresses at the crack tip (these stresses act deep in the metal single crystal with a 
crack of length 2l), Ozy is a rectangular coordinate system (Figs. 1 and 2), re is the spacing between the 
atomic centers, n and k are numbers and moreover n I> k i> 1 (/r is the number of acting interatomic bonds), 
nre is the averaging interval, ~m and 5Crn are the theoretical strengths in the absence [15] and in the presence 
of a surfactant in the crack, respectively, and 5 is a parameter; note that 5 = 1 for the first mechanical model 
and 5 ~ 1 for the second mechanical model. The parameter 5 describes chemically enhanced fracture: the 
theoretical strength of a metal can decrease in the presence of a surfactant. "It is known that the bonding 
forces of the superficial metal atoms are changed and redistributed owing to chemisorption; moreover, the 
lattice parameter increases. Hence, the chemisorbed hydrogen at the crack tip will facilitate the rearrangement 
and break of the interatomic bonds of a metal. Since the influence of a chemisorbed atom is long-term, . . .  
this can change significantly the strength of interatomic bonds" [9, p. 10]. However, the author is not aware of 
concrete numerical results on the decrease in the theoretical strength of a metal in contact with a surfactant. 

We shall consider the stress-strain state in the two cases: Cy has already been obtained in the fist case 
(see relation (2.6) in [12]) and, in the second case, ~r U is used as the classical representation of the solution with 
a singularity in the Griffith problem ~y(z, 0) = ~oo -b Kl/(2~rz) 1/2, where KI is the stress-intensity factor. 

Despite the fact that the stress-strain state of the systems, which correspond to both mechanical 
models, differs considerably in the vicinity of the crack tip, the brittle-strength criteria (2.1) have been 
formulated in a uniform manner. For model No. 1, the brittle-strength criterion coincides completely with 
NovozhUov's sufficient brittle-strength criterion with allowance for necessary improvements [11-I4]: the forces 
of interatomic bonding that actually act in a metal single crystal are modeled by a loaded segment of a cut, 
its length A is obtained from an energetic point of view, and it is related to the radius of separation of the 
forces of interatomic bonding. For model No. 2, a brittle-strength criterion proposed in a particular case for 
n -- k - I and 5 - 1 coincides with Novozhilov's necessary brittle-strength criterion [11], but it has a different 
physical meaning. 

After appropriate manipulations and transformations [12], if one assumes that A/ l  ,g~ 1 and re/l ~. 1, 
for the first case we obtain an equation for determination of the dimensionless parameter a = A/re: 

a + al/2(1 + a) arcsin(1/(1 + a) 1/2) = 0r/4)(1 - -  v 2 ) - l ~ .  (2.2) 

Here v is the Poisson ratio and ~ is a constant that depends on the potential of interatomic interaction. 
The choice of any potential determines the surface-energy density 7 - ~re~2m E-I  in the Grifflth problem, 
where E is the modulus of elasticity of a metal single crystal (see relations (2.4) and (2.5) in [12]). Andreev 
et al. [12] gave values of the parameter ~ for the Morse, Lennard-Jones, and Mie potentials and also for 
Morse's generalized potential. We shall discuss the effect of the parameter ~ in relation (2.2). This parameter 
iJ the characteristic constant for the chosen potential of interatomic interaction [12], and one can estimate it 
roughly as 2 < ~ < 10. For v - 1/3, solutions of Eqs. (2.2) were obtained for the Morse and Lennard-Jones 
potentials: a ~ 1.04 and a ~ 1.43, respectively. Thus, the Lennard-Jones potential exerts a more prolonged 
effect compared to the Morse potential. It is worth noting that, for fl --* oo, the solution of Eq. (2.2) is a - 0 
and, consequently, mechanical model No. 1 is continuously transformed into model No. 2 for A --. 0 (we note 
that stress-strain states that correspond to these models differ significantly). For the first case, computation 

results concerning the determination of the critical crack lengths 21*(1)~re at a prescribed level of loading 
~roo/#m were taken from [12, 13]. 

We pass to the second case. After appropriate manipulations for a sharp-tipped bond-failure crack in 
the presence of vacancies at the tip, we estimate the critical coefficient of the stress-intensity factor K~(2): 

K~(2)/~oo <~ (kS~,./nr - 1)(IrnrJ2) I12. (2.3) 

If one takes account of the known equality KI = ~oo(~l.t) I/2 for the Griffith problem (model No. 2), the 
~,,(2), 

critical crack length ~ . k  / r . ,  obtained according to the discrete-integral criterion, is related to the relative 

478 



TABLE 1 

1 2 3 

10 530 680 
20 2120 ] 2700 

100 53110 ] 67600 

[ 2t~)/'" ] 
4 

81 
361 

9801 

r )/or _'(_ 2 ) 

2.40 2.70 
2.35 ] 2.65 
2.31 I 2.61 

TABLE 2 

2l*O) a ~  I) o'm L]. 

1 2 ] 3 

10 6.54 ] 2.40 
20 5.87 2.35 

100 5.42 2.31 

o.~') 

n - ~ 2  

14.7 3.27 
11.6 3.17 
9.79 3.09 

21.(2) a.*O) "31 

n----.3 

27.6 3.97 
18.7 3.82 
14.3 3.70 

21~z z) o.~ 1) 

n = 4  

48.9 4.60 
27.5 4.40 
19.1 4.23 

level of loading am/tr~ 2) by the relation 

r--: = %:2)  (2.4) 

The values of the critical lengths l*(k 1) and l*(k 2) of bond-faihre cracks were obtained based on the 
criteria (2.1) at a given level of loading o'm/o'oo for the first and second cases, respectively. In Table 1, the 
levels of loading are given in column 1, columns 2 and 3 refer to the critical lengths of cracks (model No. 1) 
for the Morse and Lennard-Jones potentials [12, 13], column 4 indicates the critical lengths of cracks (model 
No. 2).for an arbitrary potential of interatomic interaction when n = k = $ = 1 in relation (2.4), and columns 

5 and 6 indicate ratios of the critical loads of crack propagation for both models if the critical lepgths i~! ) of 
bond-failure cracks from columns 2 and 3 are used as the basis of e.~lculatious. As usual, the critical lengths 
of the cracks for the cases considered differ by an order of magnitude, and the critical load of crack initiation 
in the presence of hydrogen decreases severalfold even in the absence of vacancies. 

In compiling Tables 1 and 2, we ignored the possible decrease in the theoretical strength of a metal 
single crystal in the presence of hydrogen. With the corresponding experimental results on reduction of the 
theoretical strength, the critical parameters could be readily estimated by means of relation (2.4). 

If there are ~ c i e s  in front of a crack, the discrepancy between the critical parameters becomes more 
significant [13, 14]. Computation results in the form of a ratio of critical parameters are given in Table 2, 

where column 1 refers to the levels of loading, the even columns indicate the 2/~{1 l} values calculated for the 

Morse potential, and the odd columns list the r values for cracks of length 2l*(11} for four values of n and 
one acting bond k - 1. 

It follows from the analysis of Tables 1 and 2 that the variation in the level of loading in the 
averaging interval with one acting bond affects differently the ratios of the critical parameters 21"{11) /21"(12} 
and a~l)/a~ 2). The latter ratio depends weakly on these changes. 

Thus, chemically enhanced fracture of cracked single crystals of metals has been expressed 
quantitatively in the form of comparative brittle-strength criteria. 

Mechanical model No. 2 agrees well with the conclusions in [9, p. 10]: " . . . the presence of hydrogen in 
a metal matrix . . .  is not predetermining. The presence of chemisorbed hydrogen at the crack tip is the major 
cause of the decrease in strength properties . . . .  The changes of the strength properties of a metal do not 
depend on the method of hydrogen supply to the tip of a crack." 

R e m a r k .  Introduction of the parameter 5 ~< 1, which characterizes the decrease in the theoretical 
strength of a metal single crystal because of the presence of chemisorbed impurity (hydrogen) [see relation 
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(2.1)], has a clear physicM meaning. If the hydrogen atom penetrates into a metal, it can be regarded as a 
foreign atom in the atomic chain at the crack tip. Estimates of the theoretical strengths of ideal atomic chains 
and atomic chains in the presence of foreign atoms showed [16] that the strengths can differ by one or two 
orders of magnitude; note that ~ << 1. 

"The analysis performed has shown that hydrogen embrittlement is a particular case of the phenomenon 
of adsorptive facilitation of the deformation and fracture of solids, which was discovered by Academician 
P. A. Rebinder . . ." [9, p. 11]. Chemically enhanced brittle fracture of the cracked single crystals of metals 
has been expressed quantitatively in the form of comparable brittle-strength criteria. 

This work was supported by the Russian Foundation for Fundamental Research (Grant No. 95-01- 
00870). 
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