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DISLOCATION-DIFFUSION MECHANISM OF FATIGUE CRACK FORMATION

S. Pilecki*

INTRODUCTION

When a metal is loaded, dislocations move from the interior towards the
surface. The causes and consequences of this phenomenon are varied and
numerous [l - 3]: (a) in a field of external loads, the dislocations move
with certain velocity, depending on material structure, stress, temperature,
etc.; (b) near to the surface there are forces which attract dislocations;
(c) oxide-coatings may cause the process of dislocation escape to be more
difficult or easier; (d) dislocations (and point defects) escaping to the
surface develope a surface relief, the roughness of which increases with
increasing stress amplitude and with increasing number of cycles applied;
(e) the surface relief leads to initiation of microcracks.

CHANGES IN DISLOCATION DENSITY DESCRIBED BY A DIFFUSION EQUATION

Dislocation motion is governed by many complicated processes. These pro-
cesses involve the displacement, meeting, multiplication, blocking, cscaping
and annihilation of dislocations themselves, as well as dislocation nd
point defect/point defect interactions. The exact mathematical description
of such processes is not possible, however, the description of werage
results of displacement of various objects, including dislocations [8], is

possible by use of equations of diffusion. If we introduce into the diffu-
sion equations additional terms expressing the effects of %o called posi-
tive and negative sources, we can describe the additional density changes,
caused by multiplication and/or annihilation processes,

This author obtained a system of such equations for the densitics of
moving and immobile dislocations [4, 5] and for the concentration of point
defects and their colonies [6]. The average total density of dislocations,

P, is described by the equation

p - 2
3y = Dple + Bo - Cp (1)

where A is the Laplace operator and Dp, B and C are factors of dislocation
diffusion, multiplication and annihilation, respectively, In a specimen
with circular cross-section the initial condition is p(F, 0) * pe(r) and
boundary condition o (R, N) = 0, where r = r/R, and R denotes the radius

of specimen cross-section. An analysis of the approximate analytical
solution of equation (1) makes it possible to evaluate p(r, N) in the
fatigue process, the role of a surface layer, etc. [5].
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11k1ng Lnto account the influence of a botential field, U T, 0) we ave the
= > ( 0), v

90 _ pvU
N = Dp¥ (Ve + B

) + Bo - Cp? . (2)
Considering a flux of dislocations, J, not influenced by Vo, we have

_ YU obl
g = o
Pp® %1 = PpP kT (3)

where % is the length of the dislocation segments bectween pinning points.

Lhanges in the dislocation density, p(N), in the whole volume of thicker
specimens are controlled by the processes of dislocation multiplication

and anplhllation, while appreciable changes in o(r), caused by diffusion
occur 1n_the thin surface layer only. Thus, we use equation (1) to Aesc;ibe
o(r, 3) in the specimen core and equation (3) or equation (9) to evaluate
the dislocation drift from the surface layer to the surface. This approach
seems to pe the one possible way to treat the problem to a first approxi-
mation, since equation (2) can not be solved analytically.

Motion of a dislocation may be treated as a th y- p
ermall activated rocess of
1 formula:

Q
D, = b2 .k
X bV exp( T (4)

where v denotes the frequency of atom vib i 12 .
. } : ration (v = 10°°-10'°Hz
is the activation energy for kink motion. i

We can get a similar equation for Dp:

Q
= D
Pp = by exp (- ) (5)

wher? vDsden?Ees the vibration frequency of dislocation segments
izgi;nlo ;éotthd[lf]) and QD is the activation energy for dislocation
T . € dislocation moves in a potential fi i ati j
Frequency is ecuut tos I ield, dislocation jump

Q¥

D D
V. e -
p &XP (-~ (6)

”S:e~WD = OH denotes the work done by the sum of external and internal

;hvez?:i;nge=t§ex+oin, gnd H =‘b2b’ is an ”agtivation volume' where b' is

o f~\ qt the d}slocgtloq moves in vibrations. As the dislocation
P trequency in the direction favoured by the external stress is greater

than in the revers i i i rift velocit v, for the affected
e direction there is a d i 2
dislocations given by: & ’ 7

Q
v * by oxp(- By &i gbib', _ . obgb'. 1
y Dpr( kT) sinh (- T ) = DD sinh(- o ) = 7
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which for small stresses, 0 << kT/H, reduces to

aglb'
v =Dy 7 (8)

Dislocation flux, J, is then:

oH, 1 oib! (9)

J = pv = pDD51nh(— ET) = pDD T

6
In cyclic stress the sign of J varies periodically. If a given micro-region
of a material is loaded symmetrically, the difference between the disloca-
tion flux in the positive and negative directions is nil. If stress condi-
tions are not symmetric, a net flux occurs. Such a situation always exists
in the surface layer, where - even if external loads are symmetric - local
forces acting upon dislocations are not symmetric because of the influence
of the surface.

Numerical solution of equation (1) made possible an estimation of:

(a) approximate values of B, C and Dp for various materials; (b) mutual
relations between the values of these factors; (c¢) rates of dislocation
density increase till saturation; (d) the influence of various factors
(e.g., initial dislocation density, diameter of specimen) on the rate of
increase of dislocation density, etc. [8].

The value of the dislocation multiplication factor, B, strongly influences
the rate of increase in dislocation density, p(N). A comparison of com-
puted results with available experimental data shows that the factor B has
the following values: in copper single crystals B = 1 - 0.5; in cogper
and aluminum polycrystals B = 10°'-107?; in aluminum alloys B = 10~ -107";
in steels and steel-like materials B = 107*-107°.

The value of the dislocation diffusion coefficient, Dp, is cstimated from
equation (1) and equation (5). An analysis of equation (1) made by
assuming Dp to be constant shows that dislocation density can increase if
Dp is not too large in comparison with B, namely if:

5. 78
B > DD>\1 3 A = ——R‘Z— . (10)

No increase in dislocation density over the whole cross-section occurs if
B/Dprl1~ 1. From this condition, necessary to stop the process of disloca-
tion density growth in whisker-like simple crystals (R = 2.5 um), we
obtain Dy = 10-'?B and, as in such a material B = 1, by = 1044,
this value of Dp we have B/Dp: = 10°-10%" for thicker specimens
(R = 0.001 = 0.1 m). The surface layer of such specimens is very thin,
of the order of a micrometer. It is only in this layer that dislocation
diffusion influences the average dislocation density o(r, N) and in the
remaining part of the cross-section the distribution of p(r) is constant.
As in various materials, under similar loading conditions, the B/DDA1
relation is almost the same [8], the thickness of the surface layer does

not depend on material.

Using

The value of Dp = 10~'? is obtained in the presence of an ultimate stress
0 = 0..+0:_. In such conditions the value of Q;-W, in equation (6) seems
ex*0j n-"p > ex10-'%m
L.

to be reduced to zero and then from equations (5) and (6) with b = :
we obtain vp = 1.6x107Hz. This result is in good agreement with published
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o - -19 ;
tE;lb Qy = 1.6x10 J, we have finally at room

n the maximal dislocation density (density of the satura-
does not depend on the value of Dp. Our calculations
€ase P1ip can be expressed by the simple formula

(1n

Ny experiments that py. = 1013—1017m‘2. It means that
and finally ¢ = 10‘2&5T0“3. :

lal_plim depends on stress amplitude, the B/C ratio
§351ngvapplied stress. On the other hand, this ratio
in various materials, as the dislocation density under
ditions is not very dependent on material.

ime they do not depend on the initial conditions. In
epend only on the values of factors controlling the
our case these factors are the coefficients B, €, Dp

Feltner and Laird [7] show that the average dislocation
tgr cycling, as well as dislocation distribution (dis-
sions) in materials of wavy (three dimensional) slip
on the initial dislocation density and distribution or
t means that the process of changes in dislocation den-
diffusional character and in saturation conditions
dypamic equilibrium between the processes of disloca-
,_dlffusion and annihilation. Thus, in these materials
tion density depends on the actual stress amplitude
the constants B, C and Dp, independent of external

the di;location density and distribution in materials
(two dlmensional) slip mode depends strongly on prior
1S shows that in these materials the factors B, C and
when influenced by external conditions [8]. Luk4¥ and
[10], however, that the eéxtremely high dislocation
P mode material produced by grinding, cannot be changed
It means also that these materials may be sensitive to
specific conditions the B, C and Dp factors need not

matgriqls with stable or unstable B, C and DD factors
are in full agreement with experimental data on the
1n amplitude and/or temperature on the saturation den-

"Lty in copper and Cy + 7.5% Al-alloy, obtained by Feltner et al [7] and
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RATE OF FATIGUE CRACK FORMATION

Making use of the mechanism of dislocation diffusion described above it is
possible to estimate the flux of dislocations escaping toward a free sur-
face. It may be expressed by equation (3) or (9); it is especially high in
the surface layer, as load asymmetry is greater there than elsewhere and the
value of & is high too (as the saturation density is never reached). Let

us consider a microcrack lying in the plane perpendicular to the specimen
axis. The formation of an intrusion and such a microcrack of an area,

Acr (A¢ pax = A-Ag), is possible if in a specific microregion of the surface
layer a number of dislocations, S, of known length, L, and Burgers vector,
b, escapes to the surface. Thus:

AC =SLb (125

As the number of dislocations (of known L and b) escaping to the surface
In unit time is J, we can express the number of cycles, N, during which the
crack area developes to the size of Ao, dividing equation (12) by equation
(3):
A F KT
_ (

T oop Dy b 2 (153

where F denotes frequency of cycling. As Ac pax = A-Ag, we have

_(A-Ag) F kT

Np & e T
f agp DD b 2

(14)
The rate of crack area development is given by the anmulul

dA
£=ZL8p oy (13)

dN T F KT D

[nfluence of Various Parameters Upon the dAC/dN Rate

As we see, the mechanism of fatigue crack formation, t.e., of its initiation

and growth, appears to be invariable over the whole range of N, 0 s N < Ng,
however it can be more or less intensitve, depending on actual values of
factors in the above equations. The value of the flux is very low in the
initial stage of cycling, but it increases rapidly with in¢reasing N and

Ls extremely high at the crack tip, because the dislocation density in the
vicinity of the crack tip is especially high [1, 2, I1], and o is extremely
high there, also. Thus, generally dA_/dN as a function of N is not constant,
but it may be almost constant in separate AN ranges. Such a state is
especially possible when the saturation density is already achicved

L. It seems almost certain that point defects contribute to the formation
of a fatigue crack, too, and the number of point defects escaping to
the surface ought to be some function of the number of escaping dislo-
cations. In order to study this problem it is necessary to solve a
system of equations describing point defect concentrations which is
connected with the system of equations of dislocation densities. We do
not deal with that problem in the present paper.
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e “oare constant), but there is not crack formed yet and then there
tre nooreasons for the increase of these parameters. In this stage, well
hhown as stage LD, JAC/dN = const. As we said, in all other stages there

cannot be a constant dA./dN value.

these conclusions show good agreement with the data in the literature.
‘hus, it follows from [11] that fatigue crack propagation rate increases
vith increasing maximum excess dislocation density, 8p, at the crack tip,
md Sp increases with increasing crack size.

“n the other hand, it follows from the above considerations that dA./dN
mught to depend on the material (differing dislocation mobility), although
s almost independent of the material.

I'he values of Dp and J depend on many parameters, both natural (e85
material type) and specifically created (e.g., various treatments). Thus,
cquations (3) and (5) show that J strongly depends on 0 and T. The increase
both of ¢ and of T leads to rapid increase of J; in such a case the rate

of crack growth increases and Ng decreases.

lhe environment and the surface oxide both have a large effect on the values
of flux J and on the rate of fatigue crack development. As the moving
dislocations approach the surface, they interact with the oxide coating.
Depending on oxide coating thickness and on water vapor presence in the
environment, the dislocations may or may not escape to the surface [1];

the value of J is then higher or less, respectively.

The chemical-thermal treatment causes the introduction of great numbers of
new obstacles into the surface layer. Thus, the value of % in equation (3),
the value of J and crack growth rate (equation (15)) decreases and Ng -
according to equation (14) - increases.

Cold-working of the surface layer increases the number of new dislocations.
Thus, the value of £ in equation (3) or (15) decreases and, as a consequence,
dA./dN decreases and Nf increases.

However, if stress amplitude is sufficiently high, both chemical-thermal
and cold-working treatments cannot prolong the fatigue life to infinity,
because the value of J cannot be diminished to zero [8]. Even if the
dislocation density produced by cold-working in the surface layer is
extremely high (and % is extremely small), the dislocations nearest to the
surface are able to leave the crystal. They open up a way toward the sur-
face for distant dislocations which can now escape from the interior, too,
and the process of dislocation diffusion developes, although more slowly
than in virgin material. Invention of such a treatment which would provide
more stable diminution of the dislocation flux toward the surface would
be very desirable.
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