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ABSTRACT

A fractal model for intergranular fractures in nanocrystals is proposed to explain the
dependence of fracture toughness with grain size in this range of scale. Based on positron
annihilation and internal friction experimental results, we point out that the assumption
of a constant grain boundary thickness in previous models is too simplified to be true.

PACS NOS: 05.90.+m; 61.70.Ng; 62.20.Mk

1 INTRODUCTION

In 1984, Mandelbrot et a/M showed that fractured surfaces are fractals in
nature and that the fractal dimensions of the surfaces correlated well with the
toughness of the materials. Later on, one of the present authors''' analyzed
the critical crack extension force with the fractal model and pointed out that
the true areas of the fractured surfaces in materials are actually larger than
those indicated by the data obtained by macroscopic measurements. The
effective critical crack extension force would thereby be larger than a crack
with a flat fractured surface.

In the intergranular fracture case, the crack propagates along zigzag grain
boundaries. This crack line can be considered as a Koch curve in 2-D plane.
Experiments on hydrogen-cracking in WCrMnSiNi^A Steels showed that in
spite of the fractured surfaces are all inter- trans- granularly mixed character,
an approximate constant value of fractal dimension in double logarithm plots
was obtained in the range 2jim < £,- < 50^m'3' (f,- is the yardstick). It
seemed the measured fractal dimension to be a little smaller than that had
been estimated in Ref.[2]. The reason is that the distribution of the crystal
orientations is random and the crack prefers to propagate along a path to
consume less energy.

In Ref.[2], one of the present authors pointed out that the critical crack
extension force estimated by the fractal model would deviate from the Hall-
Petch relationship. For the typical intergranular cracking case, the power of
grain size in the reletionship would be -0.26 instead of -0.5 and would change
from -0.26 to a maximum value -1.23 if the density of mobile dislocations is
high enough. It means that HatLPetch relationship does not work when the
mechanism changes to be intergranular cracking.

We know that the Hall-Petch relationship on yield stress was based on
the concept of dislocation pileups in individual grains. The grain size depen-
dence on fracture stress was based on the simiSarity of mechemical behaviour
of dislocation pileups to microcracks. However, in very fine-grained materi-
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als, pile-ups may not form when the grain size is less than a critical value
lc (the dislocation spacing in the pileup)'4', The grain boundary plays the
important role in this case. In practice, determination of dislocation mecha-
nisms operating at these extremety small grain size is difficult; dislocations
have not been detected to date.

We propose a fractal model for intergranular cracking in micro- and
nanocrystals to establish the relationship of fracture toughness with grain
size in these ranges of scale.

2 THE ROLE OF TRIPLE JUNCTIONS

It has recently been suggested that triple junctions (i.e., intersectionlines
of three or more adjoining crystals) form an important component of the
microstructure at very small grain size'4'. The triple junction volume fraction
displays a greater grain size dependence than the grain boundary volume
fraction at these grain sizes. It has been reported earlier that increasing triple
junction volume enhanced the bulk ductility in polycrystalline materials and
hence softening occurred. Therefore, it has been suggested that the onset of
decreasing hardness with decreasing grain size occurs at a grain size where
the triple junctions begin to comprise a significant volume fraction of the
bulk specimen volume. For the above explanations, we think, there are two
problems must be solved:

1. Ductility does not always lead to softening. The Hall-Petch relation-
ship is an example. A reduction in the grain size to the micrometer level is an
increase both in the yield strength and fracture stress. The above inference
on softening is not unique.

2. The assumption of a constant grain boundary thickness in the calcula-
tion of grain boundary volume fraction is in contradiction with our positron
annihilation and internal friction results. Our experimental results showed
the grain boundary thickness changes with grain size. The grain boundary

volume fraction also displays strong grain size dependence.

3 THE GRAIN BOUNDARY THICKNESS
RELATION TO GRAIN SIZE

It was found that positron annihilation technique can be used for the esti-
mation of the thickness of grain boundaries'5'. All these values of the volume
fraction and thickness for the Zn-22wt%Al alloy are shown in Fig.l and Fig.2,
respectively.

We think that the thickness, S, is not a constant. If it is , the volume
fraction may be inversely proportional to the grain size.

where v is the volume fraction and 2r is the grain size. However, Fig.l
shows that the volume fraction of grain boundary displays a greater grain
size dependence than r"1 apparently.

Fig.2 showed the calculated values of grain boundary thickness from mea-
sured values of grain size and volume fraction by positron annihilation tech-
nique. They showed strong dependence on grain size though the absolute
values are thicker than that measured by other techniques due to the high
sensitivity of positrons to the defect concentration near grain boundaries.
The grain boundary thickness measured by this method includes the transi-
tion layer from the grain boundary to the bulk.

Another experimental evidence is the internal friction studies on a —
Fe grain growth'6'. The values of Snoeck peak, Q^j are functions of the
grain size and temperature when carbon atoms are saturated in the a — Fe

solid solution. Fig.3 showed the Q~^ values of satuated a — Fe solution
of variours grain size samples under different temperatures. If the grain
boundary thickness is a constant, the lines should be parallel. However, at



the same temperature, the Qj value showed a more decrease for the smaller
grain size sample. This also showed that smaller grain size materials have
thicker grain boundaries.

The above experiments were done with samples of microcrystals and of
usual grain size alloys. But, we think , in nanocrystals, the grain boundary
thickness would depend on the grain size even stronger due to its requirement
of a thicker transition layer to relax the larger surface energy (^ ) .

4 THE FRACTAL MODEL FOR INTER-
GRANULAR CRACKING

Fig. 4 is the schematic figure of our model. The grain boundaries are thick
and with triple junctions as their defects. The intergranular crack prefers to
propagate along the easiest path to consume lowest energy.

The fractal dimension changes when the grain size becomes smaller.

D.=
2 In 2

TnJ
2 In 2

(2)

where r = ^, it2 = 1 — ^ + ^il) < * is 'he thickness of the grain boundary

and d is the average grain size.

The slope of the experimental straight line in Fig.3 seemed steeper than

— 1; however, for simplicity we assume,

6 ~ ad

At the smallest grain size do,

Then,

r2-D.

J

(3)

(4)

where Lo is the length of the initiater of the Koch curve. The value of Lo may
be estimated by measuring the maxmum diameter of the Vickers pyramidal
area of indentation. G°c is the critical crack extension force for a straight
crack line which is equal to 2f, — yG (-/G is the grain boundary energy of the
material)

Using the relationship of Gu with K\c in fracture mechanics, we obtain,

or,

In 2
ln T

(5)

(6)

1. The fractal dimension D,

Because the k has a maximum value of ^ at d = 2d0 and a minimum
value of one at d —+ oo ; then, we have D3rTnin = 2 at d = 1do and DSiJnax =

*$ = 2.532 at d -» oo. We know that d < 1d0, D, < 2. It is unreasonable.

2. The fracture toughness
Equation (6) can be written as

where, A(k) = 1 -

d[ln(d/do)\

(7)

. It is easy to show that

for d > 2do (8)



and

dB
d[]n(d/d0

= 1 >0

The value of In - ^ would be a maximum somewhere between d = 2do and
d —* oo.

Fig.5 is the relationship of D, with djda and Fig.6 is that of In j ^ - with
dfd,.

Indeed, the value of D, decreases with the decrease of grain size, but the
values of In -^ have a maximum value at d = ld0. If we assume d0 = Inm,

the maximum values is at d — Inm. We can not say this calculated value
is coincident with experimental values on Ni-P nanocrystals by Ostrander
and Frb'4' and McMahan and Erb'"1' in which they reported a transition at
Inm in the Halt-Petch plot. There are many factors of importance, such as
the accuracy in the measurement of grain size, distribution of grain sizes in
any small region of a sample, density of the specimens and determination of
impurity content. However, our calculation shows a maximum value in the
nanocrystal range.

From Fig.2 and Fig.3, The thickness of grain boundary is dependent, on
the elastic constant. Materials with high elastic constant or at lower tempera-
ture would have the maximum value at larger grain size. Further experiments
are needed.

5 DISCUSSION

5.1 Indentation hardness, yield stress and fracture
toughness.

Hardness is resistance to indentation. It is determined by pressing a hard in-
denter into a flat surface of the material under a standard indenting force and
measuring the size of indentation produced. This measurement was usually

used for nanocrystal mechanical property tests. The relationship of hardness
with yield stress was known empirically. The relationship of hardness with
fracture toughness is unknown. The decrease of fracture toughness does not
certainly mean a decrease of yield stress.

The fluidity of a boundary also allows one crystal to slide past another,
along their common boundary under a suitably directed applied shear stress.
If the shear stress a produces a relative velocity v between the sliding crystals,
the viscosity 7 of the boundary of thickness 6 is given by'7'

r; = aSjv

a- = r)v/6 = (i)i/6)d = (rii/a)d2

This term depends on the grain size strongly in comparison with the term
<f~a5 or d~026. When the plastic deformation mechanism changes lo grain
boundary sliding in case of the grain size being very small, the yield stress
would decrease as the grain size decreases. This would be an explanation of
the mechanical behavior of nanocrystal qualitatively, though the location of
the maximum value is not known quantitatively.

5.2 Problems for further consideration.

In the present model, the value of Lo should be determined. Lo is the upper
limit of the fractal segments. It may be taken as the mean diagonal length of
the indents. For example, the order of 25 fiva for n-Pt material was reported
by G. Nieman et al^.

There are two kinds of triple junctions reported. U type triple junction
is unstable and I type triple junction is stable. The proportion of these two
kinds of triple junctions is needed to be determined.
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FIGURE CAPTIONS

Figure 1. The effect of grain size on the volume fractions of

intercrystalline defects regions measured by

positron annihilation experiments'5'.

Figure 2. The effect of grain size on the calculated thickness

of grain boundary'5'.

Figure 3. The relationship of Q^j with the temperatures
of solid solution treatment!6!

(1) tempering at 700°C for 14 hr;

(2) tempering at 670°C for 14 hr;
(3) tempering at 650°C for 18 hr;

(4) tempering at 600°C for 50 hr;

(*) C. A. Wert.

Figure 4. The schematic diagram of fractal model for
intergranular cracking in polycrystals
with ultra-fine grains.

Figure 5. The relationship of Ds with d/d0.

Figure 6. The relationship of In - ^ with djd0.
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