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[ Abstract] The internal micro-cracks with the critical length about 30 Bm and thickness less than 1Hm were introduced
into the pure titanium samples by uniaxial tensiorr compression low cycle fatigue method. The experimental results indicate

that the internal fatigue micro-crack clearly evolves from the original penny-shaped crack into a string of spherical voids in

the longitudinal section plane of the fatigue sample after the vacuum diffusive healing at the high temperature. The quantr

tative relationship between the radius and the spacing of spherical voids depends on the crack position ( within grains, on

grain boundaries or transgranular sites) and its orientations within the grain. The diffusive healing, the related thermody-

namics and mechanism, and the effect of the surface tension anisotropy on the relationship between void diameter and void

spacing are also discussed.
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1 INTRODUCTION

Titanium and its alloys with particular properties
are widely used in many industry fields. They un-
avoidably undergo various damages in service. The
nucleation and growth of internal fatigue micro-cracks
have deleterious effects on the strength and toughness
of the alloys. High temperature healing of the inter-
nal fatigue micro-cracks can cause partial or complete
recovery of mechanical properties, and ensure the re-
liability of the structures with the low cost.

There was much investigation on internal crack
healing over the past 40 years''™ "', most of which
was focused on the morphology evolution of the inter-
nal crack, particularly its mechanism. Based on the
investigation on the infinite long liquid cylinder' !,
the morphology stability of many materials was stud-
ied with the perturb method ' ™. From the dy-
namic point, all factors related to the diffusion behav-
ior will affect the crack healing process. As the initial
boundary condition of the atom diffusion, the shape
and size of cracks have dominant effects on its mor-
phology evolution during the healing.

Up to now, the major investigation of the crack
healing was focused on the porous materials such as
cracked ceramics. In this paper, the investigation is
performed on the internal micro-crack healing behav-
ior of the commercial pure titanium.

2 EXPERIMENTAL

The test material is commercial pure titanium

TA; with a purity of 99% . After the cold extrusion
the materials was annealed at 750 £10 ‘C for 3h.
The recrystallized grains were equiaxed with the aver-
age size about 30 Pm. The yield strength of the mate-
rial is 350 MPa; the fracture strength is 475 MPa,
and the reduction in area is about 55% .

Low cyclic fatigue tests were performed in
MTS880 machine, and were carried out under an u-
niaxial symmetric tension-compression load with a
cyclic frequency of 0. 5SHz and a sine wave at 298 K.
The load direction was parallel to the symmetric axis
of the specimen.

The healing treatment was carried out by a vacu-
um diffusive annealing under vacuum of 10” > Pa at
1200 C for 2h. The crack morphology was observed
by means of the scanning electron microscopy
(SEM), and the observed plane was the side ( longi-
tudinal) section parallel to the symmetric axis of the
specimen.

3 EXPERIMENTAL RESULTS

Fig. 1 shows the fatigue life ( N¢) in the low
cyclic deformation at the strain ranges ( A€ 2) from
4% 10" % to 1. 5% 10" % at room temperature. The
M anson- Coffin relationship is given by

(AE2)N{2'= 0. 056 (1)

Fig. 2 shows the low cyclic fatigue cracks located
on the longitudinal section parallel to the load direc
tion in the pure titanium sample, observed by SEM.
It indicates that the fatigue cracks mostly locate at the
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Fig.1 Fatigue life in low cyclic deformation
and M ansorr Coffin curve for pure titanium

Fig. 2 Fatigue crack located on
longitudinal section of pure titanium sample

sub-surface or penetrate to the surface of the samples
with the length of millimeters and the width more
than 1Hm. With increasing the cyclic strain, the
amount of the fatigue cracks increases and the ratio of
the internal crack number to the total of fatigue
cracks increases too. Fig.3 shows the representative
internal fatigue crack that is almost a beeline in two-
dimension and a penny-shaped in three dimension,
with the critical length about 30 Hm and the width
less than 1 Pm.

Fig. 4 shows several internal micro-cracks ob-
served by SEM on the longitudinal section plane of
the sample after vacuum annealing. It indicates that
the internal fatigue micro-crack is clearly evolved
from the original penny-shape to a string of spherical
voids. Moreover, the ratio of the spacing to the dir
ameter of the void with the similar orientations in one
grain are similar to each other. And the ratio of the
spacing to the diameter of the void with different ori-
entation in one grain is not clearly the same. The ra-
tio of the spacing to the diameter of the void in the
grain are clearly different from that in the neighbor-
ing grain. Same condition occurs on the grain bound-
aries compared with that within grains.

Fig. 3 Two-dimensional morphology of internal
fatigue micro-crack on longitudinal section
of pure titanium sample

Fig. 4 Two dimensional morphology of

spherical voids after vacuum annealing

Fig. 5 shows the representative morphologies of
four internal micro-cracks observed on longitudinal
section by SEM after annealing. In Fig.5(a), the
right part of the internal micro-crack is evolved into
three spherical voids, and the diameter of spherical
void near the crack tip is the smallest. The left tip is
broken to one spherical void, and symmetrical con-
cave and convex are formed in the middle part. In
Fig. 5(b), three spherical voids are formed in the
middle part of the internal micro-crack; the left tip is
broken to one spherical; and the symmetrical concave
and convex are formed in the right. In Fig. 5(¢), the
right part of the main crack entirely evolves into a
string of spherical voids, and the second crack also e
volves into an array of spherical voids. but the spacing
of the voids from the second crack is clearly larger
than that from the main crack. In Fig.5(d), the
whole crack entirely evolves into spherical voids, and
the void diameter in the middle is bigger than those at
crack tips, which will entirely vanish after continuous
shrinkage with increasing the time of annealing.

Fig. 6 shows the change of spacing with the dia
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Fig. 5 Typical morphologies of fatigue cracks after vacuum annealing
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Fig. 6 Spacing vs diameter of
spherical voids in longitudinal section plane

meter of spherical voids measured in the Fig. 5. The
void diameter ranges from 0.46 Hm to 1. 97 Pm, and
the void spacing ranges from 1. 1 Hm to 2. 54 Hm with
the ratio of diameter to spacing from 1. 1 to 2. 48 and
the average of 1.574. It is noted that the void mor-
phologies observed in the Figs.4 and 5 are two-dir
mensional in any longitudinal section plane of the
crack. On the viewpoint of the geometry, the void
diameter on two-dimensional section plane is less and
its average is 0. 7857/ 4 times the real size of the
threedimensional one. The void spacing on
two-dimensional section plane is less and its average is

(d/ N/arcsin(d/ N times the real size of the three

dimensional one (where d is the void diameter and A
is the spacing) . When prepare the samples, the sur-
face of voids can be corroded on etching sample so
that the void diameter is more than the real size on
the two-dimension, but the void spacing is not

changed.
4 DISCUSSION

4.1 Evolution mechanism of internal micro-cracks
by diffusive healing

On the surface of the internal fatigue micro-
cracks of pure titanium sample, the chemical potential
per atom ( H) is given by!*?

He = My = K (2)
K(K = K+ K») is the total curvature and
its value is always positive. K and K, are two prin-

w here

cipal curvatures of the crack surface, Vpis the chemr
Y is the
surface tension (assumed isotropic here) and Q is the

cal potential per atom on the flat surface,

atomic volume. The minus sign represents the con-
cave surface and the positive sign represents the con-
vex surface.

The curvatures are clearly different at the various
point of the penny-shaped crack surface so that it will
cause the difference on the chemical potential per
atom on the crack surface. The gradient of atoms
chemical potential becomes the driving force of atom
diffusion along the crack surface. The titanium atoms
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diffuse to the edges of the penny-shaped crack because
the surface curvature at the edges is bigger than that
at the other points. The edges of the crack recede to-
ward the center and the crack surface moves along the
normal moving direction. The normal velocity of the

crack surface is given by >
du_ powik 3
or = P8V (3)

where Bs= Ds\K/ kT, V3K is surface laplacian of
K, Ds is the surface atoms self-diffusion coefficient
(assumed isotropic), U is the number of diffusing
atoms per unit surface area, k is Boltzman’ s constant
and T is the healing temperature. Therefore, under
the initial condition and boundary condition of the
atom diffusion, the crack surface will move on the
rule described in the Eqn. (3), and the crack is re-
placed by a cluster of channel pores with a sphere in
the center.

All the channel pores are still unstable thermody-
namically and will continue to evolve because of the
longitudinal perturbation ( titanium atom surface self-
diffusion) . It can be thought that this evolution of
the channel pores is similar to that of an infinite long
cylinder that evolves into an array of spherical voids.
The transformation from the penny-shaped crack to a
lot of spherical voids results in a net reduction in total
interfacial energy of the system even when the total
volume of voids space remains constant. The atom
self-diffusion does not occur on the spherical void be-
cause the curvatures at every point are the same.
However, the spherical void will vanish after continu-
ous shrinkage by the atom self-diffusion from the
crystal to the void surface.

From above, the process of morphology evolu-
tion can be divided into three stages and the mecha
nism is shown in Fig. 7. At first, the edges of the
crack recede toward the center, and the penny-shaped
crack will evolve into a cluster of channel pores. Then
these channel pores break into an array of the spherr
cal voids with a spherical void in the center. Finally,
the spherical voids will vanish after continuous
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Fig. 7 Schematic representation of
evolution mechanism of ellipsoidal crack

shrinkage. It should be emphasized that these stages
could overlap each other due to the difference in the
size and the morphology of the cracks.

4.2 Change of system free energy during healing

In the first two evolution stages, the total vol-
ume of voids remains constant. The system free ener-
gy change AG is equal to the total surface energy
change, as given by

AG = Y(S- Sy (4)
where Sy is the initial area of internal micro-crack
surface and S is the surface area of total spherical
voids after healing. If the internal penny-shaped mi-
cro-crack is regarded as the ellipsoidal crack with the
diameter of L and the crack thickness of h, the ratio
of the diameter to the thickness of a crack (L/h) is
B. Assuming n spherical voids evolve from ellipsoidal
cracks with the same diameter and various B, the sur-
face energy can be expressed by

ol w3 vz L B
AG = TIXhY BY n"° - 2|[32+ 7. 1.
wl 5y JE ] (5

Fig. 8 shows the free energy changes AG/ T¥h*

as function of B and the total number of spherical

voids respectively. If B is bigger than By, for ellr
psoidal cracks breaking up into the equivalent number
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Fig. 8 Free energy changes as function of B and n
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of voids, or the total number of spherical voids is
smaller than n .., the system free energy changes are
always negative. In another word, the system free
energy always decreases for the appropriate size of the
internal micro-crack to evolve into voids. It is easy to
satisfy the above condition for the low cyclic fatigue
micro-cracks of the pure titanium, so they can be bro-
ken into spontaneously spherical voids by the vacuum
annealing.

If we regard the internal micro-crack with the
penny-shaped as the plate-shaped, the free energy
change is similar to the ellipsoidal crack. But the
number of spherical voids evolved from two shape
cracks is different with each other. Fig.9 shows the
changes in 7, ( maximum number of the spherical
void from the plate-shaped crack) and d win/ h (the ra-
tio of the minimum diameter of the spherical void to
the thickness) of the plate-shape as function of B re
spectively. The calculation results indicate that the
maximum number of voids evolved from the ellip-
soidal crack is more than that from the plate-shaped
crack and the minimum diameter of the void evolved
from the ellipsoidal crack is smaller than that from the
plateshaped crack with the same B. Moreover, the
diameter of voids from both of two shaped cracks is
always bigger than the original crack thickness, and
is two and three times the thickness of two shaped
cracks, respectively.

At the third stage, because the volume of spherr
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cal void and the surface area of the spherical void de-
crease, the titanium atom chemical potential at the
crack surface and the system free energy always re-
duce during the void shrinking, which can be predict-
ed that this process is spontaneous.

4. 3 Effect of surface tension anisotropy on rela
tionship between void diameter and spacing
The diameter and the spacing are two main pa-
rameters that represent the characteristics of the
spherical voids evolved from the internal micro-
cracks. The ratio of the diameter to the spacing of the
spherical voids is not the same for the different evolu-
tion stage. Considering the surface tension isotropy, a
longitudinal perturbation with wavelength bigger than
the minimum wavelength Ay, (27TR) will sponta-
neously increase in amplitude for a infinite cylinder
with the radius of R because the system free energy is
reduced, and so a unstable cylinder will evolve into a
line of spheres with increasing time. For a longitudi
nal perturbation with wavelength of A,, the velocity
in amplitude is the maximum, so the infinite cylinder
finally break up into an array of spheres with the
spacing A, and the radius r. The dominant diffusion
path can be identified by the ratio of the spacing to
the radius or the diameter of sphere. When the sur-
face atoms self-diffusion is dominant, A,/ R= 8. 89,
and A/ r= 4.73; and when the lattice atoms self-
diffusion is dominate, A,/ R= 12.96, and M./ r =
6.07!% 11
spacing would be A,= 2. 43d controlling by surface
diffusion and A,= 2. 94d by lattice diffusion' >'. The

finite cylinder with two hemispherical ends would

For bubbles formed within a grain, the

transform into two or more isolated pores when the
ratio of cylinder length to diameter was greater than
7. 2L18

pore size would be A,= 4. 41r controlling by surface
[9]

In this case, the spacing in terms of the final

diffusion

However, the surface tension is actually
anisotropic on the crystal surface and so the surface
tension of the infinite cylinder void is expressed by
Y(0) = Yo(1- af?) (5)
where Yo is the surface tension at the circular cross
section of the cylinder, 0 is the angle of the normal
vector of the arbitrary surface from that of the circu-
lar crosssection of the cylinder after the shape is
changed and a is a dimensionless number to indicate

the anisotropy. In this case, the minimum wave

length Ay, will change from 2TR to 2TTR J1- 2a.
The calculation result indicates that Ay, reduces
with increasing a, MAi» may be more than 2TTR at a
< 0 or less than 2TIR at a> 0. The spacing, the dr
ameter and their ratio of voids from the cylinder re-
duce with increasing a. The cylinder is unstable for
perturbation of any wavelength if the surface tension
is very anisotropic, i.e., a> 1/2. Thus, the quanti-
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tative relationships between the radius and the spac
ing of spherical voids depend strongly on the surface
tension anisotropy.

In the Figs. 4 and 5, assuming the lattice diffu-
sion also exists, the ratio of the spacing to the diame-
ter of spherical voids that form at the second or the
third stage of the evolution, is more than 2.21.
However, Experimental results show that the ratio
depends on the crack position ( within grains, on
grain boundaries or transgranular sites) and its orien
tations within the grain. In fact, most are near or less
than 2. 21 and much scattered.

S CONCLUSIONS

1) The two-dimensional internal fatigue micro-
crack is clearly evolved from the original penny-
shaped crack into a string of spherical voids in the
longitudinal section plane after the vacuum diffusive
healing at the high temperature.

2) The evolution consists of three stages. At
first, the edges of the crack recede tow ard the center,
and the penny-shaped crack evolves into channel
pores. Then these channel pores break into strings of
the spherical voids with a spherical void in the center.
Finally, the spherical voids vanish after continuous
shrinkage.

3) The surface energy anisotropy can affect the
relationship between void diameter and void spacing.
And the quantitative relationships between the radius
and the spacing of spherical voids depends on the
crack position (within grains, on grain boundaries or
transgranular sites) and its orientations within the
grain.
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