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Fractal analysis of crack paths in Al,05-TiC-4%Co composites
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Abstract: Al,O;-TiC-4%Co(volume fraction) composites(ATC) with high toughness (7.84£0.8 MPa-m"?) and strength (782160 MPa)
were fabricated. In comparison with Al,O;-TiC composites(AT), the fracture toughness was significantly improved by 60%. The
crack paths, generated by Vickers indentation on the polished surfaces of both composites, were analyzed from a fractal point of view
to distinguish the possible toughening mechanisms involved. Quantitative evaluation of indentation cracks indicates that the crack
deflection plays a more effective role. Cracks of the ATC composites show higher deflection angles and more deflections along the
path. ATC composites present higher fractal dimension (D=1.07) than AT composites (D=1.02), which is directly related to the higher
fracture toughness. A significant relationship between crack path and toughness is evident: the more irregular the geometry of the

crack, the higher the fracture toughness.
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1 Introduction

ALO3-TiC composite (denoted by AT) is an
important material for structural components due to
the high strength, hardness, as well as chemical stability
and wear resistance. However, the low fracture
toughness still cannot match the command of many
practical fields, which greatly limits its applications|[1,2].
SHI[3] and YIN et al[4] prepared a novel Al,O;-TiC-Co
composite (denoted by ATC). In comparison with the
conventional AT composites, significant improvement in
fracture toughness and fracture strength was obtained in
this novel composite. In this paper, preliminary
investigation was carried out to obtain a better
understanding of the fracture behavior from a fractal
point of view.

Fractal geometry, developed by MANDELBROT
[5], has been successfully used to describe quantitatively
complex shapes such as fracture surfaces in metal,
ceramics and polymeric materials. This approach
represents a new way to quantitatively characterize the
topography of a surface. Fractal parameter provides a

measurement for the irregularity of curves described.
Fracture surface analysis, by fractal geometry, has been
applied to distinguish the geometrical effects of different
fracture mechanisms[6]. For several ceramic materials, a
direct correlation between fracture toughness and the
fractional part of the fractal dimension has been found
[7.8]. Recently, it is found that the fractal analysis of
crack profile also proves to be an effective way to
characterize the geometrical effects of different fracture
mechanisms. Thus, the present study involved the
investigation of fracture processes by analyzing the
geometrical features of crack profiles instead of fracture
surfaces. The crack paths, generated by Vickers
indentation on the polished surfaces of both materials,
were analyzed to attain information about the toughening
mechanisms involved. It is well known that the fracture
strength and toughness of Al,O; ceramics can be
increased by the addition of TiC particles. The resulting
toughening effect is largely due to crack deflection
mechanism besides grain refinement effects. The crack
profile (or irregularity) then is closely related to the crack
deflection in this system. Since fractal analysis allows
one to quantify crack irregularity, it is possible to evaluate
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the contribution of the crack deflection mechanism in
controlling crack propagation.

2 Experimental

Al,O5 (average particle size about 70 nm) and TiC
(average particle size about 130 nm) were coated with
cobalt film by chemical deposition, respectively. The
coated powders with the mass ratio of 70:30 (Al,05:TiC)
were then homogenized by ball milling as the starting
powders, which were supplied by the coworkers of
Zhejiang University. General description of the coating
process has been described in Refs.[9,10]. Cobalt coated
powders were hot pressed (30 MPa) at 1 650 C in
vacuum for 30 min (Model HIGH MULTI 5000,
FUJIDENPA). By contrast, Al,O;-TiC composites were
also prepared by hot pressing in vacuum at 1 700 ‘C for
30 min and 30 MPa using the uncoated powders[11].

Sintered specimens were cut into bars. The final
dimensions of these samples were 3 mm X4 mm X36
mm and 4 mm X2 mm X 36 mm for measuring bending
strength and fracture toughness, respectively. The
bending strength of samples was measured by a
three-point bending test with a support roller span length
of 20 mm and a crosshead speed of 0.5 mm/min. The
fracture toughness(Kic) was measured by the single-
edge notch beam(SENB) method with the span length of
20 mm and crosshead speed of 0.05 mm/min.

The density was measured by the Archimedes
method. The grain sizes of Al,O;-TiC matrix were
estimated by the linear intercept method using

Table 1 Properties of ATC and AT composites

micrographs of thermally etched surfaces. Cracks were
induced on polished surfaces by Vickers indentation at a
load of 294 N to observe the crack propagation. The
fracture surfaces and indented cracks were investigated
using a scanning electron microscope (Model S-2500,
Hitachi) equipped with an EDX system for elemental
analysis.

3 Result and discussion

The properties of two materials are listed in Table 1.
With the addition of cobalt phase into the AlLO;-TiC
matrix from the coated ceramic powder, significant
improvement in both toughness and strength has been
realized[12]. The fracture toughness of ATC composites
is as high as 7.8+0.8 MPa-m'?, 60% higher than that of
AT composites. The bending strength (782460 MPa) is
also improved by 40%. For the ATC composites, the
average grain size (2.8 pum) is smaller than that (3.1 pm)
of the AT composites, revealing the drag effect of cobalt
particles on the grain boundary mobility. The ATC
composites can reach nearly full density (99.2%) at
lower temperature. It is thought that the favorable
wettability between cobalt and TiC promotes the
densification process through liquid phase sintering (the
melting point of cobaltis 1 493 ‘C)[13].

Fig.1 shows the fracture surface of AT composite
and ATC composite. Previous studies have indicated that
the fracture of AT composites proceeded by the typical
intergranular fracture[14]. By contrast, the fracture
surface of ATC composites is a mixture of transgranular

. . Relative density/  Average grain size/ Bending strength/ Fracture toughness/
0, 0, )
Material ¢(A1,03)/% @(TiC)/%  ¢(Co)/% % i MPa (MPa-m™?)
ATC 71 25 4 99.2% 2.8 782 £60 7.8+0.8
AT 74 26 = 99.6% 3.1 559 41 49+03

Fig.1 Fracture surfaces of AT(a) and ATC(b) (Arrows indicate cobalt particles)
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and intergranular type, presenting a more complicated
fracture mode. From the fractal point of view, the
irregularity of this complicated fracture mode should be
higher than the single intergranular fracture in AT
composites, which is in favor of the improvement in
toughness.

Further investigations were carried out on the crack

paths produced by Vickers indentation, as shown in Fig.2.

In AT composites, the crack proceeds without obvious
deflection, generating a planar fracture path. This is
consistent with previous results that the cracks tend to
propagate directly through the TiC particles with little
crack deflection[14]. For ATC composites, however, it is
very common to see that crack deviates obviously from
the direction of pre-crack and the crack deflection
appears to be more effective. Crack bridging is observed
in both composites. On the whole, the crack propagation
in the ATC composites is characterized by a more
tortuous path, which will increase the propagating
resistance of cracks.

-

Fig.2 SEM images of Vickers indentation crack on polished
surfaces of AT(a) and ATC(b)

To obtain a quantitative understanding of this result,
the crack profiles were analyzed according to their
geometric characteristics. The crack deflection angles
and corresponding distribution of deflection number

were measured within selected areas, as shown in Table 2.
Meanwhile, the percent frequency of deflection angles in
the range from 0" to 90" is plotted in Fig.3. For the AT
composites, cracks are characterized by a high
percentage of low deflection angles (0°—60") and a small
number of deflections along the path. Cracks of the ATC
composite, in contrast, show a high percentage of
deflection angles in the range of 30°=75°, together with
more deflections. On the whole, the cracks appear to be
geometrically different due to the addition of Co phase.

Table 2 Crack deflection angles and corresponding number of

deflection

Number of crack deflections
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Fig.3 Frequency of crack deflection angles for AT(a) and
ATC(b)

The fractal parameter D allows one to distinguish
different crack profiles on the basis of their particular
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geometry (or irregularity). The method for characterizing
the coastline by MANDELBROT is applied to the
fractal dimension[5]. When the
magnification increases or the size of the measuring unit
decreases, the length of an irregular curve increases. This
effect is described by the following equation:

L(e)=Loe " €]

calculation of

where L is the real length, L, is a constant with
dimension of L, e is the size of the measuring unit and D,
varying between 1 and 2, represents the fractal
dimension of the curve. (D—1) =D* is the fractional part
of the fractal parameter D of the irregular profile. The
linear form of equation (1) is

InL(e)=InLo—[D—1]lne )

The parameter D can be obtained from the slope of
the straight line obtained in the plot Inl(e) vs Ine.

The processes are as follows:

First, the lengths of crack were measured from the
SEM images of cracks that were magnified by different
magnifications (1.0X, 1.5X, 2.0X, 25X, 3.0X), as
shown in Table 3. Next, the crack lengths were converted
into the real crack lengths with different measuring units
at the same magnification, as shown in Table 4. Then the
corresponding In(e) and Inl(e) values were calculated, as
shown 1n Table 5. Last, the D value was calculated from
Eqn.(2) by linear fitting, as shown in Fig.4. The resultant
D values of AT and ATC composites are 1.02 and 1.07,
respectively. Apparently, the irregularity of cracks in
ATC is larger than that in AT composites.

Table 3 Lengths of cracks by direct measurement (correspond-

ing to different magnifications)

) : Crack length/mm
Magnification

ATC AT
1.0 56 55
1.5 86 83
2.0 117 111
2.5 149 140
3.0 181 169

Table 4 Real crack lengths after conversion (corresponding to

different measuring units)

Measuring unit Crack length/mm
/mm ATC AT
5.0 56 55
333 57.33 55.33
2.5 58.5 55.6
2.0 59.6 56.0
1.67 60.33 56.33

In view of the above results, it 1s obvious that the
increase in fracture toughness is closely related to the

Table 5 Natural logarithm values of data in Table 4

In[L(e)/mm]
In(e/mm)
ATC AT
1.609 4.025 4.007
1.203 4.049 4.013
0.916 4.069 4.018
0.693 4.088 4.025
0.513 4.100 4.031
4.035 (a) Linear fitting result of ATC
Y=A+B*X
4.030 ¢ Parameter Value Error
A 4.04005 0.002 58
4.025+ B -0.02153 0.00243
E R Ds
g -0.98143 -0.0025
E 4,020 N P
=, 5 0.003 03
= 4015t
4.010
4.005 — : — : -
04 06 08 1.0 12 14 16 1.8
In(e/mm)
4.12F(b) Linear fitting result of ATC
Y=A+B*X
410t Parameter Value Error
f A 4.13461 0.00283
—_ B -0.06932 0.002 67
= £ R Dg
g 408 099778 -0.0023
= N P
E‘ 4,06+ 5 1.25396X104
4.04
4.02+ . . ‘ : )

04 06 08 10 1.2 14 16 1.8
In(e/mm)

Fig.4 Linear fitting results by equation (2), giving D values of
AT(a) and ATC(b)

increase in fractal dimension D. Previous studies indicate
that fracture toughness (Kjc) is positively proportional to
D value for most ceramic materials, which is expressed
as

Kie=Ko+A(D-1)" 3

where K, is the toughness value for a smooth planar
fracture and A4 is a constant. The materials are divided
into classes, characterized by the same value of A4,
corresponding to similar microstructural features and
fracture behaviors. In this study, the results confirm this
relationship. The higher fracture toughness of ATC
composites corresponds to a higher fractal dimension D.

The toughening mechanisms of the AlO;-TiC
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composites are commonly attributed to the crack
deflection effect of TiC particles[1]. For ATC composites,
the Co content amounts to only 4%(volume fraction),
which is not enough to offer direct deflection or bridging.
Therefore, we might infer from these results that the
improvement in fracture behavior should be mainly
attributed to the improved crack deflection effect of TiC
particles instead of Co phase. In other words, the added
Co phase promotes the crack deflection mechanism of
TiC particles, resulting in the toughness improvement.
This can also be expressed by the apparently increased
irregularity of ATC composites. It is well known that the
fracture strength improvement can result from the
fracture toughness increment and the grain size reduction
according to Griffith fracture theory[15]. For the ATC
composites, the average grain size is smaller than that of
the AT composites (Table 1). Therefore, it is reasonable
to assume that a combination of the improvement in the
fracture toughness and the reduction in the grain size
should be responsible for the enhancement in fracture
strength.

4 Conclusions

Al,03-TiC-4%Co(volume fraction) composites with
high toughness and strength were successfully hot
pressed from cobalt-coated powders. As compared with
the conventional Al,O;-TiC composites, ATC composites
show a change of fracture mode from intergranular to a
mixture of transgranular and intergranular type. Crack
deflection plays an effective role in the ATC composites,
generating a more irregular path with higher deflection
angle and deflection number. Quantitative evaluation by
fractal analysis of crack paths in both composites
indicates that ATC composites show higher fractal
dimension (or irregularity) than AT composites, which is
positively proportional to the higher fracture toughness.
The added Co phase promotes the crack deflection
mechanism of TiC particles, resulting in the toughness
improvement.
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