






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































o= E (& - &vp)

a=Evp - Y(p) @ P
&, = Sign (6-X) P
f) =1 4\01&{@)“!‘3; | <X> = max(0,X)
X=Cla+C2 Evp
Y(p) = Y + ('YO B 'YS) exp (-Bp)
R(p) = Q (1 - exp (-bp))

The parameters are : E, v, k, K, n, C1,% Q b, C2, Y, B

and
To evaluate the 12 parameters of the viscoplastic model from experimental results at 20 ‘i:‘ |
200°C the identification program SiDoLo [4] was used. The parameter values are confiden
but they allow a good representation of the cyclic behaviour as illustrated in figure 4.
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FIG. 4. Comparison between simulated and experimental hysteresis loops.

In this model the internal stress corresponds to the sum of yield stress k, R isotropic an?:l(_
kinematic components. Our terminology differs slightly from the one previously used b){g)'i
The internal stress refers to strain incompatibilities (for example Orowan by-passing proct:S; eSS-
agreement with previous studies [5, 6]. The X kinematic stress is linked to the internal 51[7].
Short range obstacle hardening, friction stress, forest hardening... refers to the R+k stress

L. : . A : m
At room temperature, the macroscopic model indicates that cyclic hardening mainly results f_fouc
the X kinematic stress. The R isotropic stress value remains constant and low during the fat;gr 5
life : for example the LCF test conducted under a plastic strain Agep/2 = 0,3% shows that ‘;)
number of cycles N>70 (stabilized stress state) the R and X values are respectively -4 an
MPa.

i ; : ic
At 200°C, the cyclic softening is fairly correlated to a progressive decrease in the R isotrop
stress component during the fatigue life. In this case the X value remains very low.

: ST in
Whatever the test temperature, previous results obtained from the macroscopic model are

i is i ure
agreement with measures conducted directly on the hysteresis loops using the proced
defined in |6, 8].
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The cyclic stress independence from the applied plastic strain shown at 200°C in figure 2
suggests that viscosity effect should play a leading part in the cyclic behaviour of this alloy.
These viscous phenomena were quantified using stress relaxation tests under applied total
strains at 20 and 200°C. The main results are shown in figure 5.
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FIG. 5. Variation of the stress level as a function of the time.

These tests were used to identify the viscous parameters n et K of the macroscopic model. The
model viscous stress is described by the following expression :

. Gy=KEH (1)

For &, = 103 5! we obtained Gy = 77 MPa at 20°C and Gy ~ 60 MPa at 200°C. It appears that
viscous effects are similar whatever the temperature, suggesting that the cyclic softening at
200°C should not be directly governed by viscosity effect. )

Therefore better understanding of the cyclic behaviour at high temperature requires an
Identification of the physical mechanisms. A littérature review [9] indicates that the expression
(1) keeps valid in a wide range of applied stress. Furthermore all the models are in agreement

with the following expression &, DO™ where D is a diffusion coefficient and n a constant

value. Then it would be interesting to compare the ratio of parameters (K)™ at 20 and 200°C to
the evolution of the diffusion coefficient D in the same range of temperature. It was found
(K) M0/ (K)My00c = 3.104. From [10] it appears that the variation of diffusion coefficient D
falls approximately in this range considering the silicium diffusion by an impurity-vacancy
binding mechanism. It was also reported [9] that the coefficient n cannot be linked to a physical
expression. L) .

The physical mechanisms were also identified using thermal activation formalism. The
activation volume V was determined by Cagnon's method [11]. For the three stress relaxation
tests, it was found that V = 40b3 whatever the temperature. Currently, such an activation
volume value is associated with friction stress or with pinning points corresponding to atoms in
solid solution whose concentration is obtained by the expression V = b3c-1/2. We found that ¢ =~
600 ppm. Such a value should be correlated with the equilibrium atom concentration of silicium
Or magnesium in the matrix [1]. This result is in agreement with previous results about
diffusion of silicium and it confirms that viscosity phenomena are idennqa} yvhatevcr the
temperature : shearing of Guinier-Preston zones at 20°C and sweeping of silicium atoms in
solid solution at 200°C.

Figure 5 shows that the stress values, at the beginning of the stress relaxation tests, at 200°C,
are about 120 MPa for the test with sample in condition SM, and 220 MPa for the test with
sample in condition T6. Such a difference agrees with the yield stress gap obgerved for tension
tests executed on samples in conditions T6 and SM, at 20 and 200°C. The main results of these
tests are shown in table I ;
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FABLE 1. Tensile test results at 20 and 200°C for two precipitation states.

E, Ys,R ar}(i m correspond respectively (0 Young modulus, yield stress, ultimate tensile sU¢
and hardening coefficient calculated from o-Re = ke™,

S5

(*) no hardening, quasi-perfect plastic behaviour

Condition T.(°C) E (GPa) Ys (MPa) R (MPa) m poll
gM 20 ~ 80 105 185 0,378
TM 200 =71 96 115 pp (*)

6 20 ~ 83 256 320 0,272
T6 200 =74 208 228 pp %)

o ey . . . . . . . 1 J
Whglever the temperature, the stabilized precipitation induces an significant matrix softcn’”bl
(f)wmg to partial Guinier-Preston zone dissolution [12], large silicium particles and -
‘orm.auon. For the LCF tests at 200°C, the microstructure evolution during the fatigue life
consistent with a decreasing value of the R component.

At 200°C, tensile tests, irrespective of the microstructure, indicate no hardening effect. Thes®.
results fairly agree with the low kinematic behaviour according to [13]. The physical bases f’i
this ph_cnomen(_)n are investigated by TEM observations. The deformation modes observed 1"
relaxation, tensile or LCF specimens evidence that the large silicium particles are by-passed

the Oroyvan mechanism (figure 6.a). Besides the dislocation lines exhibit numerous jogs (figur®
6.b) which suggest climb and double cross slip processes [14]. These mechanisms are inhibite
at room temperature but are promoted by thermal activation [15]. Therefore the low values for

}};c?]x component can be obviously interpreted by consequent relaxation of the internal stres”

Deformation modes at 200°C :
a. Orowan mechanism.
b. Dislocation climb and double cross slip.

At 20°C Transmission Electron Microscopy (TEM) observations of the relaxed matrix are
shown in figure 7. From stereographic projection analyses, cross slip is a lesser mechanism at
20°C. Nevertheless some jogged marks appear on the dislocation lines (indicated by arrows in
figure 7). Such jogged marks may correspond to hard obstacle regularly spaced in the matrix.
During the initial plastic strain, dislocations have experienced hard obstacles by Orowan or
Ashby by-passing processes [14]. Indeed hard obstacles formation occurs during LCF or
tensile tests at 20°C. These obstacles were identified as granular silicium precipitates resulting
probably from both partial Guinier-Preston zone dissolution and diffusion assisted by
dislocations. Figure 3.a shows that silicium precipitates are more numerous in the dislocation
high density zones. The high X value at 20°C can be explained by granular silicium precipitates
inducing strain incompatibilities in the matrix. Furthermore, " precipitation also contributes to
the hardening mechanism, although its exact role is not well etablished yet.
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FIG. 7. Jogs on dislocation lines at 20°C (g = [101]). R

CONCLUSION

The drastic decrease in the cyclic stress in AS7G03 alloy at 200°C is related to the
microstructure evolution leading to matrix softening and to R isotropic stress decrease. The
internal stress relaxation and therefore the low X kinematic stress value are favored by the
deformation modes (climb and double cross slip).

At 20°C the cyclic hardening is linked to X kinematic component resulting from strain
incompabilities in the matrix.
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INTRODUCTION

Out of many discontinuous reinforcements, SiC whisker has excellent compatibility with
aluminum alloys, therefore high specific strength and high specific elastic modulus can be obtained
with ease when a high—pérf()rnlzincc age-hardenable alloy is adopted as matrix. However poor
mechanistic understanding about fatigue fracture in these materials is an obstacle to serve the
applications of these materials as structural components. This research concentrates on the
mechanisms of fatigue crack growth through cast SiC whisker reinforced composites and the

effects of aging condition on fatigue crack growth properties.

EXPERIMENTAL PROCEDURE

The composite materials that were evaluated are based on heat-treatable matrix of A6061 reinforced
with SiC whisker, and were prepared by squeeze-casting technique using fiber-preforms with
volume fraction of .22, The as-cast billets were subsequently solution heat treated at 803K for 2
hours, cold water quenched, artificially aged at 450K and then furnace-cooled. Three kinds of
materials in different aging conditions were prepared; under aging (0.5 hours), peak aging (6
hours) and over aging (50 hours).

Fatigue crack growth rate tests were performed on compact tension specimens with dimensions
60mmX62.5mmX12.5mm. The tests were performed in an electro-servohydraulic fatigue testing
machine under load control condition in room temperature air. Sinusoidal wave form was utilized
at a frequency of 20Hz and a load ratio of 0.1. Crack length was measured using a 25 power
optical microscope. Other details of the tests were in accordance with the ASTM standard test
method (ASTM E-647).
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Crack closure measurement was also conducted in situ using a strain gauge attached on the back
face of the specimen. In addition the plastic zone size during fatigue fracture was estimated by
measuring distribution of residual stress beneath fracture surface. In this case, specimens were
fractured under constant range of stress intensity factor, and the residual stress was measured by
X-ray diffraction method.

RESULTS AND DISCUSSION

The farigue crack growth rate curves for the composites in three aging conditions are shown in

FIG. 1 as a ._nction of stress intensity range. Data for the unreinforced 6061 in the peak aged

. . i , 108
condition are included for comparison. ' : N " 6061,

There are three distinctive regions of o5 Underaged MMC

crack growth behavior at low, medium
and high AK levels. Fatigue crack

growth rate in the composites at low AK 107k

level including threshold stress intensity L Peakaged MMC

da/dN ( m/cycle )

range AK, are lower than that of the
Overaged MMC

monolithic alloy. This tendency is pro- 108
moted with decreasing AK level.
Furthermore each material is seen to ex-

hibit a linear IIb region fitting the follow 10°F

Crack growth rate:

1 lattice space per cycle
AN A AT YO od

-ing power law presented by Paris.

da/dN=C( AK)" (1 a

Values of n, slope of the curve and C,

101 % N | 1 B [
5 10 15 20

. Stress intensity range: AK ( MPaym )

together with the values of AK;,. Values FIG. 1 Fatigue crack growth rate curves.

intercept constant are listed in TABLE 1,

TABLE 1  Paris' law crack growth rate parameters and threshold stress intensity ranges.

Material G n AKyp (MPavm)
Peakaged 6061 2.37x10™" 6.63 6.55
Underaged MMC 2.15%107 10.26 8.80
Peakaged MMC 9.54x10™ 12.08 7.70
Overaged MMC 4.08x10% 11.56 8.20
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of n for the composites are much larger than that for the monolithic alloy. It means fatigue crack
growth of the composite is accerelated in the stage IIb, resulting that da/dN-AK curves of the com-
posites and the unreinforced alloy intersect at stage IIb between 5X10-9~5X10-% m/cycle.
Subsequently in the composites transition to unstable and rapid stage III growth occurs at much
lower growth rate than in the monolithic alloy. It is considered primarily due to the inferior fracture

toughness of the composites.

Out of three aging conditions, underaged composite exhibits superior fatigue crack growth
resistance to other aging conditions, and the poorest resistance is demonstrated by peak aged
composite. This tendency is different from that of the monolithic alloy that crack growth resistance
monotonously decreases with prolonging aging time. In the case of unreinforced alloy,
explanation for the difference between the crack growth rates in respective aging condition is based
solely on the microstructural factors, i.e., whether precipitates are shearable or non-shearable and,
hence, consequent deformation is homogeneous or heterogeneous. It is probable that different

mechanism operates in fatigue crack growth of the reinforced material.

1.0 O- - . 6061

enae TRterel AR ATBE A~ — - Under Aged
K,y the stress intensity ranges associ- - A== Dukhged
ated with crack opening are normalized 0.8~ O V- - - OverAged
by maximum stress intensity ranges @
K hax and plotted in FIG.2 as a func- ,1(),(,— %Aaz\ %
tion of K, ... The significance of the % AOOO "
crack opening levels in affecting the ;2()4— XX O o
g . . Qo
fatigue crack growth rates is evident Od
here. Because crack opening level is (o
the highest in the under aging that has
the highest crack growth resistance 0 1 L 1

. . 10 15 20

and the lowest in the peak aging that has : K max ( MPayn )
the poorest crack growth resistance. FIG. 2 Crack opening level as a function of K,,,.,.

|
(b) Stage IIb

-8 e .
(a) Stage Ila
FIG. 3 SEM fractographs at (a) stage Ila and (b) stage IIb in the overaged composite.
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SEM images of fracture surface for stages Ila and IIb in the over aged composite are shown in
FIG.3. At low AK region, fracture surface is relatively smooth and there are no evidence for trans-
granular faceted fracture or intergranular cracking by comparison to benavior in the monolithic
alloy. It is considered that planar slip is suppressed and faceted crack growth are prevented in the
composites due to the presence of the reinforcements and the enhanced dislocation density. In
addition, characteristically, many pulled-out whiskers are seen on the fracture surface. This
phenomenon are confirmed by SEM observation of the prpfile of the fatigue crack path. At higher
AK region, fracture surface is still featureless, and typical and distinctive stage II fatigue striation
is not observed. However fracture surface roughness increases with increasing AK level either

macroscopically or microscopically.

Typical examples of the crack pass morpholo‘gy in the composites are shown in FIG.4, where
roughness is enlarged in vertical direction with a view to intensifying crack deflection. In contrast
with the tortuous crack path in the underaged composite, crack path in the peakaged condition is
rather smooth. And further, fracture surface roughness increases with increasing AK level in all
aging conditions. Generally at stage IIb of the fatigue crack growth in the unreinforced alloy, crack
advance in planar striation mode operates, resulting in a fracture surface on which roughness is
suppressed. It is in contrast to the fracture surface roughness of the composites at stage I1b

demonstrated here.

Ia . 1Ib
E ‘ I.,_..,.i : | | i [ 1 | | : | 1 B (] | | |
‘“'l?l‘[l RERNGRERE 1113 |
LR RRRNR RN N R e
i/ LT Ny T
bl R e |
SRR D b )
et B e, PR M«H
R AR L AR AR | [ ! | i i | | |
PA || \“i i e A i“ .‘\ AN ! ]‘!/"T"‘/? T
I!i ;H"!’ e
] e i [ i 0 L 0 1 O
Crack growth direction - Q.zmm,

FIG. 4 Typical fracture surface roughness measured at stage Ila and stage IIb in the composites.

These observations in FIG. 3 and FIG. 4 suggest the difference in micromechanism of the fatigue

crack growth between the composites and the unreinforced alloy.

FIGURE 5 shows a series of SEM micrographs illustrating appearance on fatigue crack growth
observed on the specimen side every 1000 cycles. Blurred white spots indicated by arrows are

strongly deformed regions due to the severe stress concentration around the rigid reinforcements
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ahead of crack tip. This stress
concentration encourages prema-
ture fracture of whiskers and de-

/ & T bonding at the interface between

on

= SiC whisker and the aluminum

matrix at a distance ahead of crack
tip within the plastic zone. A major
fatigue crack traces these damages
and makes frequent changes of
propagation direction. This fatigue
crack growth mechanism accounts
for the various results of the fatigue
crack growth rate tests in terms of
plastic zone size ahead of crack tip
as below.

FIGURE 6 shows a distribution of
re- ‘sidual stress due to fatigue
fracture beneath fracture surface of
the over aged composite. The
maximum stress value is obtained
at a depth of 18 micrometers from

FIG. 5 A sequence of fatigue crack growth observed the surface.

every 1000 cycles in underaged composite.

On the other hand a boundary of plas-
tic zone is determined where residual
stress value converges on basic
material value. The plastic zone
sizcs,yp, that are determined in such a
empirical way are correlated with a

fracture mechanics formula.
- Kmax )2 2
yp-a{——oy @)

Comparing the measured and calcu-
lated plastic zone size, it can be seen

that there exists-an acceptable corres-

Tensile residual stress

100

(MPa)

%))
(el

*calculated monotonic plastic zone size

0 50 100 150

Depth from fracture surface (pm)

FIG. 6 Residual stress distribution beneath fracture

surface at K ,,=10.6 MPa in the overaging.
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TABLE 2 Calculated plastic zone size. -

Overaged Peakaged

pondence between two values.
Underaged Peakaged
composite 6061

Therefore plastic zone size is

able to be estimated from the Ak eI composite composite

applied stress intensity range near AK, 118.5 56.2 I 86.6 86.6

and the yield stress of the  dadN=10"m/ycle 123.9 57.7 I 88.7 93.4

material. da/dN=10"m/cycle 130.9 65.3 97.4 118.2
da/dN=10"m/cycle 181.8 92.9 134.0 202.0

TABLE 2 shows calculated  da/dN=10"m/cycle 272.7 132.9 190.1 395.8

plastic zone size for each  gydN=10*m/cycle ] 563.2

material over a wide range of
crack growth rates. It might be noted here that actual volume of plastic zone in the plane strain

condition is proportional to the square of this plastic zone size. Therefore the volume of plastic
zone in the underaged composite is about four times as large as that in the peak aged composite
over the entire range of crack growth rate, with the result that probability of sampling weak points
ahead of crack tip is higher in the under aging and, hence, crack deflection becomes more severe.
The most obvious effect consequent upon crack deflection is a crack closure from asperity
wedging due to tortuous crack path. It was already demonstrated in FIG. 2. Furthermore, mode [
local crack driving force diminishes effectively, consistent with oblique crack growth direction.
From factors mentioned above, crack growth resistance increases with increasing plastic zone size

in the composites.

In addition, with respect to the effect of applied stress intensity range, statistical sampling volume
is proportional to the fourth power of the applied stress intensity factor. Therefore at lower AK
region, preferential breakage of SiC whisker ahead of crack tip is suppressed, such that a major
crack that comes at a whisker tends to avoid the whisker, not breaking it ahead of crack tip,

thereby crack growth resistance increases.

CONCLUSION

(1)Fatigue crack growth rate of the composite is superior to the monolithic alloy at low to medium

AK level.
(2)Fracture surface of the composites shows almost no feature like striation, faceted fracture and

intergranular cracking except for whisker pull-out at low AK level, and its roughness increases

with increasing AK.
(3)A major crack seeks out the weakest point within the plastic zone and traces it, thereby crack

crack deflection becomes larger with increasing plastic zone size.
(4)Plastic zone size is the largest in the underaged composite and the smallest in the peakaged com-
posite, such that crack deflection and, hence, fracture surface roughness induced crack closure

becomes large in the underaged one, resulting in its superior crack growth resistance
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INTRODUCTION

In recent year, quantitative analyses of fractured surfaces have become an integral part of the
Study of deformation and rupture of materials. Such surface analysis often provide information
Which is complementary to that obtained by other metallurgical methods. One of the newer methods
is the use of fractals to characterize fracutured surfaces [ 1 ]. Mandelbrot et al. [ 2] have pointed
out fractured surfaces of materials is roughness and irregular,it possess the property of approximate
“self-similitude” and can be considered to a fractal surface. Althoug application of fractal to analy-
ses of fractured surfaces have developed very quikly. in recent year,but reports about analyses of
fractured surfaces in Al-Li alloys haven’t appeared up to now. Recently,Lung C. W.et al. [ 3][ 1]
indicate that the fractal dimension (Dm) of fractured surfaces determined by the Slit Island
Method (SIM) isn’t the true fractal dimension (Dy) of fractured surfaces. The fractal dimension
(D) relate to the measuring unit n,the relationship between Dy, and Dy is a direct proportion only
when the absolute value of the measuring unit n less than the edge length ng of the initial Koch fig-
ures. But the edge length no is very difficult to define in practical measuring process, therefore some
experimental results show that the contrast relationship between fractal dimension determined by

SIM and monotonic tensile properties doesn’t exist.

Accordingly , the present paper is to determine the fractal dimension of Al-Li alloys 2090 and 2090
+-Ce by the means of vertical sections through the fractured surface, and analyze the monotonic
tensile fracture by the means of relating fractal dimension with monotonic tensile properties.

METHODS

Al-Li alloys 2090 and 2090+ Ce made by ourself,a plate 2mm thick received in the condition of
solution treated at 532°C for 30 minutes, streched 4% and aged for 3,12, 24, 30, 48 hours at

150'C. The compositions of the materials are shown in Table 1.

Tensile specimens is sheet specimens which model width and length is respectively 10mm and
50mm,and it is cut out transversely. Tensile specimens were tested by Instron 1195, deformation

speed is 1mm/min,elongations were determined by stretcher. Grain structure is flat non-recrystal
grain,and has isometric subgrain in grains [ 5 ]. The relationship of aging time and elongation was

described in Fig 1.
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- pondence between two values. TABLE 2 Calculated plastic zone size

Therefore plastic zone size is Crack grow e | Underaged | Peakaged r—— —
able to be estimated from the composite composite | composite 6061
applied stress intensity range near AK, 118.5 56.2 86.6 86.6
and the yield stress of the da/dN=10"m/cycle 123.9 57.7 88.7 934
material. da/dN=10"m/cycle 130.9 65.3 97.4 1182
da/dN=10"m/cycle 181.8 92.9 134.0 202.0
TABLE 2 shows calculated  da/aN=10"m/cycle 272.7 132.9 190.1 395.8
plastic zone size for each  gaaN=10%m/cycle - —— e © 563.2

material over a wide range of
crack growth rates. It might be noted here that actual volume of plastic zone in the plane strain
condition is proportional to the square of this plastic zone size. Therefore the volume of plastic
zone in the underaged composite is about four times as large as that in the peak aged composite
-over the entire range of crack growth rate, with the result that probability of sampling weak points
ahead of crack tip is higher in the under aging and, hence, crack deflection becomés more severe.
The most obvious effect consequent upon crack deflection is a crack closure from asperity -
wedging due to tortuous crack path. It was already demonstrated in FIG. 2. Furthermore, mode |
local crack driving force diminishes effectively, consistent with oblique crack growth direction.
From factors mentioned above, crack growth resistance increases with increasing plastic zone size
in the composites.

In addition, with respect to the effect of applied stress intensity range, statistical sampling volume
is proportional to the fourth power of the applied stress intensity factor. Therefore at lower AK
region, preferential breakage of SiC whisker ahead of crack tip is suppressed, such that a major
crack that comes at a whisker tends to avoid the whisker, not breaking it ahead of crack tip,
thereby crack growth resistance increases.

CONCLUSION

(1)Fatigue crack growth rate of the composite is superior to the monolithic alloy at low to medium
AK level. ;
(2)Fracture surface of the composites shows almost no feature like striation, faceted fracture and
intergranular cracking except for whisker pull-out at low AK level, and its roughness increases
with increasing AK.
(3)A major crack seeks out the weakest point within the plastic zone and traces it, thereby crack
crack deflection becomes larger with increasing plastic zone size.
(4)Plastic zone size is the largest in the underaged composite and the smallest in the peakaged com-
posite, such that crack deflection and, hence, fracture surface roughness induced crack closure

becomes large in the underaged one, resulting in its superior crack growth resistance
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INTRODUCTION

In recent year, quantitative analyses of fractured surfaces have become an integral part of the
study of deformation and rupture of materials. Such surface analysis often provide information
which is complementary to that obtained by other metallurgical methods. One of the newer methods
is the use of fractals to characterize fracutured surfaces [ 1]. Mandelbrot et al. [ 27] have pointed
out fractured surfaces of materials is roughness and irregular , it possess the property of approximate
“self-similitude” and can be considered to a fractal surface. Althoug application of fractal to analy-
ses of fractured surfaces have developed very quikly in recent year,but reports about analyses of
fractured surfaces in Al-Li alloys haven’t appeared up to now. Recently ,Lung C. W. et al. [ 3] 4]
indicate that the fractal dimension (Dm) of fractured surfaces determined by the Slit Island
Method (SIM) isn’t the true fractal dimension (Dg) of fractured surfaces. The fractal dimension
(Dy,) relate to the measuring unit n,the relationship between Dy, and Dy is a direct proportion only
when the absolute value of the measuring unit 1 less than the edge length n, of the initial Koch fig-
ures. But the edge length nyg is very difficult to define in practical measuring process, therefore some
experimental résults show that the contrast relationship between fractal dimension determined by
SIM and monotonic tensile properties doesn’t exist.

Accordingly , the present paper is to determine the fractal dimension of Al-Li alloys 2090 and 2090
-+Ce by the means of vertical sections through the fractured surface, and analyze the monotonic
tensile fracture by the means of relating fractal dimension with monotonic tensile properties.

METHODS

Al-Li alloys 2090 and 2090+ Ce made by ourself,a plate 2mm thick received in the condition of
solution treated at 532°C for 30 minutes, streched 4% and aged for 3, 12 24, 30,48 hours at
150°C. The compositions of the materials are shown in Table 1.

Tensile specimens is sheet specimens which model width and length is respectively 10mm and
50mm,and it is cut out transversely. Tensile specimens were tested by Instron 1195, deformation
speed is 1mm/min,elongations were determined by stretcher. Grain structure is flat non-recrystal
grain,and has isometric subgrain in grains [ 5]. The relationship of aging time and elongation was
described in Fig 1.
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TABLE 1 Compositions of the test alloys

Amount (wt. %)
Material il
Li Cu Mg Zr Ti Ce Al

2090 2. 36 2. 33 0.20 0.11 0. 06 0 bal.
2090+Ce  2.30 2. 54 0.13 0.10 0. 05 0. 05 bal.

Vertical section method involves taking a verti-
cal section through the fractured surface, and
obtaining the fractal dimension of the profile

. . 12
by implementing the following equation [6] "
[72. o
La=Lgni® €D & ol 2090+Ce
8
Where L is the measured length, n is the scale E et
of the measurement. L is a constant and D is o} 2090
the fractal dimension. Equation (1) also be § i3
written as. @
2 3
1—p=4log L 2
d log n . ) X
073 12 24 30 48

i. e. the slope of logL vs logn curve gives D.

. . ' AGING TIME (h)
Thus, the two dimensional problem (surfac) is

reduced to one dimension (line). For this type FIG. 1 Plots of elongation vs aging time
of measurments the fractured specimens were of Al-Li alloys 2090
mounted in conducting (carbon) bakeline. The and 2090+ Ce aged at 150C

mount was then cut vertically along LT and
SL orientation,to produce two profiles of fractured surfaces. These were mechanically polished us-

ing sic papers,given a final polish with 0. 5um Al,O3; powder and subsequently observed in an opti-
cal microscope.

The micrographs at a magnification of 1000 were used to obtain fractured surface cross section
profie and measure the length of the cross section profile using different scale lengths n. Fractal di-
mension is then obtained from the slope of the logl. vs logn cruves.

RESULTS AND DISCUSSION

Fig. 2 shows the plots of logL vs Ign for Al-Li alloy 2090 in aging for 3h and 24h in LT orienta-
tion. The absolute value of the slope of the log L vs log 1 curves is less as n<_1pm or n>50um than
as 1> 1lpm and n<C50pm. This results is the real measuring length of the irregular curves. The
measuring scale regions satisfying the fractal phenomenon may be correlates with materials itself.
The measuring tolerance of slope was very small by measuring many times in the same profile. In
the same way, the fractal dimension of other fractured surface cross section profile can be deter-
mined.



FRACTAL DIMENSION

Fig. 3 shows the curves of fractal dimension D vs aging time in Al-Li alloys 2090 and 2090 Ce
for aging at 150'C in LT and SL orientation. In Fig. 3(a) . (¢),we can see that fractal dimension
of LT orientation (D;) is decrease with aging time. The fractal dimension of SL orientation (D,) is
increase with aging time befor 24h and decrease after 24h. Fig 3. (b) (d) shows that the fractal
dimension of LT orientation (D)) and SL orientation (D) are all slightly decrease with aging
time. In the same aging time,the fractal dimension of Al-Li alloy 2090 Ce is more than that of
Al-Li alloy 2090. In Fig. 1,we see that the elongation of Al-Li alloy 2090 Ce is higher than Al-
Li alloy 2090, this indicates that the fractal dimension is associated with elongation,and the elonga-
tion can be improved by adding rare-earth element Ce into Al-Li alloy 2090.

3.8

3.7

S
o (=2}

LOG LENGTH (um)
.

3.8

3.2

LOG SCALE(um)

FIG. 2 Plots of log (Longth) vs log
(scale) of Al—Li alloy 2090 in LT
orientation,aging for (a) 3h;(b) 24h
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FIG.3 Polts of fractal dimenstion vs aging
time

(a) 2090,LT,Dy; (b) 2090+Ce,LT,Dy;
(¢) 2090,SL,D;;  (d) 2090+-Ce,SL,D)

2.20

D} +Dj

D, +D;
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w
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FIG. 4  Polts of the sum of fractal

dimension vs aging time

Fig. 4 shows the plots of the sum of fractal di-
mension vs aging time. It can be seen that the
sum of fractal dimension D, + D, (or D’ -
D’ ;) is decreased with aging time, correspond-
ing to elongation (see Fig. 1).

Fig. 3 (¢) shows that the-fractal dimension
(D,) in SL orientation of Al-Li alloy 2090 has
a peak-value at aging for 24h (corresponding
the elongation,see Fig. 1) ,but this point is not
associated with the peak-aged. This indicats
that monotonous corresponding relationship be-
tween fractal dimension and elongation doesn” t
exist in the case of this. We consider this relate
to fracture mechanism of materials. Because
Al-Li alloys is associated with a ligament
strengthening mechanisms. For this reason the
influence of the ligament thickness on the mea-
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sured length of the profile in SL orientation is evident. Before aging for 24h,the ligament thickness
of Al-Li alloy 2090 obviously become narrow with aging time (see Fig. 5). Thereby ,the measured
length is increased,and

according to eqn. (1), fractal dimension increase. After aging for 24h, the ligament thickness of
Al-Li alloy 2090 vary lightly,and their influence on the measured length can be neglected. So that
monotonous corresponding relationship between fractal dimension in SL orientation and elongation
is achieved again. Adding Ce into Al-Li alloy 2090,ligament become narrow and vary lightly (see
Fig. 6),so that monotonous corresponding relationship between fractal dimension of Al-Li alloy
2090+ Ce in SL orientation and elongation is exhibited. Furthermore fractal dimension of Al—Li
alloy 2090-Ce is more than 2090.

In Fig. 3(a) (c),a result can be drawn that in D,>>D,,a high level of elongation is obtained,and
in D, >D; a low level of elongation is obtained for Al-Li alloy 2090. The elongation of Al-Li alloy
2090+ Ce is quite high,so D} >>D; is exhibited in all aging time.

A conclusion can be drawn by above discussion that fractal dimension of fractured surface is not
simple metric to roughness parameters of fractured surface,while relates to fracture mechanism and
fractured surface morphology. Thus,based upon a large number of experiment,we can relate frac
tal dimension with fracture mechanism and morphology of materials,and provided a new way for
the fracture analysis of Al-Li alloys.

FIG.5 The typical scanning electron microscope photograph of Al-Li alloy 2090 in SL ori-
entation ,aged at 150°C and aging for (a)3h;(b) 24h

FIG. 6 The typical scanning electron microscope photograph of Al-Li alloy 2090-Ce in SL
orientation ,aged at 150'C and aging for (a) 24h; (b)48h
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In addition, Fig. 3 and Fig. 4 show that fractal dimensions in two orientations have more advantage
than one orientation, because it can provide more information,and quantitatively analyze fractured
surfaces more effective.

CONCLUSIONS

(1) The fractured surfaces of Al-Li alloys is an approximate fractal surface,the true fractal di-
mension can be obtained by the means of vertical section through fractured surface.

(2) The relationship between the sum of fractal dimension D;+D;(or D;+D))and elongation of
materials is monotonous correspondence ; D; +D;(or D)+ D3) have more advantage than D, (D} )or
D, (D5).

(3) The fractal dimension is not simple metric to roughness parameters of fractured surface , while
relates to fracture mechanism and fractured surface morphology.

(4) Fractal analysis can provide a new way for the fracture analysis of Al-Li alloys.
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