








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































At 20°C, the material exhibits a cyclic hardening (figure 2). For plastic strain levels lower than 
0,2% an homogeneous deformation is observed (dislocation loops). For plastic strains higher 
than 0,2% localized heterogeneous deformation (deformation bands) takes place in the matrix 
(figure 3.a). 
At 200°C, a considerable softening is evidenced (figure 2). The evolution of the cyclic stress 
level (t:J.cr/2) during the fatigue life is independent of the strain amplitude. Homogeneous 
defonnation (numerous dislocation loops) is observed (figure 3.b). 

t:J.cr/2 

(MPa) 

FIG. 2. 

FIG. 3. 

350 r 0 0 o::f:t> <sP 0 
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200 ;K, :t _,_ - --- " '/.:""'"';,;.; 200°C 
150 ·x • • • ........ 
IOQ 

I 10 100 N 1000 

[ 0,08%-;; 0,3%_ • 0;5% 0· 0,8% .t. 0,30% C\ 0,40% X 0,75%- -;- 0,90% l 
Variation of cyclic stress level with the number of cycles for various applied 
plastic strains at 20 and 200°C. 

a. Deformation bands at 20°C after cyclic straining. 
b. Dislocation loops at 200°C after cyclic straining. 

DISCUSSION 

Two main results arise from LCF tests carried out at 200°C: 
· a drastic cyclic softening during life time 
· a constant stress whatever the applied strain 

This discussion will deal essentially with the physical origins of those mechanical behaviours. 

In the present work a macroscopic approach is used. The mechanical model is based upon a 
viscop lastic behaviour law fom1ulated for isothermal conditions [3 ]. It uses the thermodynam ics 
of irreve rsible processes with internal variables : cr, a, Evp. p ; the internal hardenin g variables 

;1re the tensor t1. and the scalar p, related respec ti vely to kinema1ic and isotrnpic hanknings (Z 
and R) . Th..; kinematic variable X has got two components : a non linear one X 1 and a linear one 
X2; X = X 1 + X2. This mode l has got the followin g basic equa tions (unidimensional version): 
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• p 
<(o-X) 

r 

a = E ( ~t - Ev p ) 

a= fvp- y(p) a p 
~P = Sign (a-X) p 

- R(p) - k>, 
0 K ] 

X = C 1 a + C2 Evp 

<X> = max(O,X) 

y(p) = 'Ys + (Yo- Ys) exp (-~p) 

R(p) = Q (I - exp (-bp)) 

The parameters are . E V k K n c I 'V Q b c2 y A 
• ' ' ' ' ' ' 10 ' ' ' ' S' 1-' 

I8o~~al~at~d the. 12 p~ameters of the viscoplastic model from experimental results at 20 a~~ 
t 1.e 1 enuficauon progra~ SiDoLo [ 4] was used. 11ie parameter values are confidentl8 

but they <tllow a good representanon of the cyclic behaviour as illustrated in figure 4. 

2Q°C SI!CSS (f\ .I 

22nd cycle ''"' 
20U°C .... 
First cycle . ... . ·-

, .... 
,. ... 
....... ... ... 

Et 

FIG. 4. Comparison between simulated and experimental hysteresis loops. 

In this model the in tern al stress corresponds to the sum of yie ld stress k, R isotropic and X 
k1nemauc components. Our terminology differs shghtly from the one previously used by t3)· 
The mternal stress refers to strain incompatibilities (for example Orowan by-pass ing process) 10 

agreement wi th previous studies [5, 6]. The X kinematic stress is linked to the internal streSS · 
Short range obstacle hardening, friction stress, forest hardening ... refers to the R+k stress [71 · 

At room temperature, the macroscopic model indicates that cyclic hardening mainly results frorn 
the X kinematic stress. The R isotropic stress value remains constant and low during the fatigue 
life : for example the LCF test conducted under a plastic strain .1.£pl2 = 0,3 % shows that for a 
number of cycles N>70 (stabi lized stress state) the Rand X values are respectively -4 and 75 
MPa. 

At 200°C, the cyclic softening is fairly correlated to a progressive decrease in the R isotropic 
stress compo nent during the fatigue life . In this case the X value remains very low. 

Whatever the test temperature, previous results obtained from the macroscopic model are in 
agreeme nt with measures conducted directly on the hysteres is loops usin g the procedure 
defin ed in lo, 81 . 
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The cyclic str~ss in?ependence 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. 
The_se viscous phenomena were quantified using stress relaxation tests under applied total 
strams at 20 and 200°C. The main results are shown in figure 5. 

• I • • •••t•t•uu,,,,n 
• • • •••• • • T6-20°C-4% 

[] T6-200°C-1 .5% 

• • • <+ • SM -200°C-1.5% 
( ..... '• . 

10 100 1000 

FIG. 5. Variation of the stress level as a function of the time. 

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

(1) 

For~= 10-3 s-1 we obtained O"v = 77 MPa at 20°C and O"v = 60 MPa at 200°C. It appt-ars that 
viscous effec ts 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 litterature review [91 indicates that the express ion 
(I) keeps valid in a wide range of applied stress. Furthermore all the models are in agreement 

with the following expression ~0( ocrn where D is a diffusion coefficient and n a constant 
value. Then it would be interesting to compare the ratio of parameters (K)-n at 20 and 200°C to 
the evolution of the diffusion coefficient D in the same range of temperature. It was found 
(K)-n20ocf(K)-n200oc = 3.10-4. From [ 10] it appears that the variation of diffusion coefficient D 
f~ ll s approximately in this range considering the silicium diffusion by an impurity-vacancy 
bmding mechanism. It was also reported [9] that the coefficient n cannot be linked to a physical 
express ion . 
The physical mechanisms were also identified using thermal activation formalism. The 
activation volume V was determined by Cagnon's method 1111. 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- 112. We found that c = 
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 identical whatever 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 observed 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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TABLE I. 

Condition 
SM 
SM 
T6 
T6 

Tensile test results at 20 and 200°C for two precipitation states. 
E, Ys, Rand m correspond respectively to Young modulus, yield stress, uiLimatc LCnsilc sLfcsS 
and hardening coefficient calculated from cr-Re = k£m. 
(*) no hardening, quasi-perfect plastic behaviour 

--T.(oC) E (GPa) Ys (MPa) R (MPa) m -20 89 105 185 0,378 -200 71 96 115 pp(*) -20 83 256 329 0,272 -200 74 208 228 pp(*) -
Whatever the temperature, the stabilized precipitation induces an significant matrix softenin~ 
owing to partial Guinier-Preston zone dissolution [12], large silicium particles and ~ 
form_ation. ~or the LCF tests at 200°C, the microstructure evolution during the fatigue life 15 

consistent with a decreasing value of the R component. 

At 200°C:, tensile tests , irrespective of the microstru~ture'; indicate no hardening effect. TheSf 
re~ults fa1rly agree with the low kinematic behaviour according to [13]. The physical bases 0 

th1s ph~nomen<?n are investigated by J'EM observations. The deformation modes observed 10 

relaxation, tensile or LCF specimens evidence that the large silicium particles are by-passed b)' 
the Oro~an mechanism (figure 6.a). Besides the dislocation lines exhibit numerous jogs (fi~urd 
6.b) whtch suggest climb and double cross slip processes [14]. These mechanisms are inhibtte 
at room temperature but are promoted by thermal activation [ 15]. Therefore the low values fo~ 
the X component can be obviously interpreted by consequent relaxation of the internal streSS 
[13] . 

' j': ,--!! ~~: . r . j ' · 
~ "A_ 

.{ , 
·, . / , .... , .,, I 

·f~ 
, . -...... ' :' - -t 

FIG. 6. 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 ~t 
20°C. Nevertheless some jogged marks appear on the dislocation lines (indicated by arrows_tn 
figure 7). Such jogged marks may correspond to hard obstacle regularly spaced in the matnx . 
During the initial plastic strain, dislocations have experienced hard obstacles by Orowan or 
Ashby by-passing processes [14] . Indeed hard obstacles formatio n occurs during LCF_ or 
tensile tests at 20°C. These obstacles were identified as granular silicium precipitates resultmg 
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 si licium 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]) . 

CONCLUSION 

'fhe drastic decrease in the cyclic stress in AS7G03 aiJoy at 200°C is related to the 
~nicrostructure 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 
defom1ation modes (climb and double cross slip). 
~t 20°C the cyclic hardening is .linked to X kinematic component resulting from strain 
mcompabilities in the matrix. 
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INTRODUCfiON 

Out of many d iscon tinuou s reinforceme nts, SiC wh isker has excelle nt compatibility with 

aluminum alloys, therefore high speci fic strength and high specific elastic modulus can be obtained 

wi th ease when a hi gh-perform ance age-harde nable alloy is adopted as matrix. However poor 

mechanistic understanding about fatigue fracture in these materials is an obst(J cle to serve the 

applica tion s of these materi als as structu ra l com ponents. This resea rc h concentrates on the 

mec hanisms of fatigue crack growth through cas t SiC whisker rei nforced composi tes and the 

effects of aging conclition on fatigue crack growth properties . 

EXPERIM ENTAL PROCEDURE 

The composite materi als that were evaluated are based on heat-trea table matrix of A606 I reinforced 

with SiC whi sker, and were prepared by squeeze-castin g technique us ing fiber-prefonn s with 

volume frac tion of 0 .22 ... The as-cast bille ts were subseq uently solution hea t treated at 803K for 2 

hours, cold water quenched, artificially aged at 450!< and the n furnace-coo led . Three kinds of 

materials in different aging conditions were prepared; under aging (0 .5 hours), peak aging (6 

hours) and over aging (50 hours). 

Fati gue crack growth rate tests were performed on compact tension spec imens with dime nsions 

60mmX62.5mmX I 2.5mm. The tests were performed in an electro-servohydraulic fa tigue testing 

machine under load control condition in room temperature air. Sinusoidal wave form was utili zed 

at a frequency of 20Hz and a load ratio of 0 . 1. Crack length was measured usin g a 25 power 

optical microscope. Other detail s of the tests were in accordance wi th 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 add ition the plastic zone size during fatigue fracture was estimated by 

measuring distribution of residual stress beneath fracture surface. In thi s case, specimens were 

fractured under constant range of stress inten sity fac tor, and the residual stress was measured by 

X-ray diffraction method. 

RESULTS AND DISCUSSION 

The fati gue crack growth rate curves for the composi tes in three aging conditions are shown in 

FIG. 1 as a . . nction of stress intensity range. Data for the unreinforced 606 1 in the peak aged 

condition are included for comparison. 

There are three di stinctive regions of 

crack growth behavior at low , medium 

and high ~K levels. Fatigue crack 

growth rate in the composites at low ~K 

level including threshold stress intensity 

range ~Klh are lower than that of the 

monolithic alloy. This tendency is pro­

moted with decreasi ng ~ K level. 

Furthermore each material i~ see r) to ex­

hibit a linear Ilb region fi tting the fo llow 

-ing power law presented by Paris. 

( I ) 

Values of n, slope of the curve and C, 

intercept constant are listed in TABLE I , 

together with the values of ~Kth · Values 

" l<r'.---.--------.-----..---~-. 

1()-6 

"' u 
17 s 

l D-' 
z ..., 
Ol ..., 

Overaged M~IC 

B 
"' ... 
-5 
~ 

~ 
...: 
u 

"' ... 1 l"tticc 11pnce per eye]~ , 

C) 

Stress intensity range : 6K ( MPa m ) 
FIG. I Fatigue crack growth rate curves. 

TABLE I Paris' law crack growth rate parameters and threshold stress intensi ty ranges. 

Material c n ~Kth (MPa¥m) 

Peakaged 6061 2.37x10-15 6.63 6.55 

Underaged MMC 2.15x10-9 10.26 8.80 

Peakaged MMC 9.54x 10"2 1 12.08 7.70 
Overaged MMC 4.08 x 10-20 11.56 8.20 
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of n for the composites are much larger than that for the monoli thic alloy. It means fatigue crack 

growth of the composite is accerelated in the stage I lb , resulting that da/dN-~K curves of the com­

posites and the unreinforced alloy intersect at stage Ilb between 5X I 0 -9-5 X I 0-8 m/cycle. 

Subsequently in the composites transition to unstable and rapid stage lii 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 agi ng conditions, underaged composite exhib its superior fatigue crack growth 

resistance to other ag ing conditions, and the poorest resistance is demonstrated by peak aged 

composite. This tendency is differe nt from that of the monolithic alloy that crack growth resistance 

monotono usly decrea ses with prolonging aging time. In the case of unreinforced a lloy, 

explanation for the difference between the crack growth rates in respective agi ng condition is based 

solely o n the microstructural factor , i.e., whether precipitates are shearable or non-shearable and , 

hence, conseq uen t deformation is homogeneous or heterogeneous. It is probab le that different 

mechanism operates in fa tigue crack growth of the reinforced materia l. 

Kop• the stress intensity ranges associ­

ated with crack opening are normalized 

by maximum stress intensity. ran ges 

Kmax and plotted in FIG.2 as a func ­

tion o f Km ax· T he significance of the 

c rack opening leve ls in affecti ng the 

fatigue c rack growth rates is ev ide nt 

here. Because crack opening level is 

the highest in the under agi ng that has 

the highest crack growth resistance 

and the lowest in the peak aging that has 

the poorest crack growth res istance. 

(a) Stage ll a 

I.Or-----------r==;o=-=_=_ =6~06~1=::::=:;-] 

0 . 8 ~ 

- ~ 0.6~ 

~ 
0 

~0.4~ 

0.2~ 

0 5 
I I 

10 15 
K,"' ( MPaYTIT) 

A - - · Under Aged 
D.- - Peak Aged 

V'- - Over Aecd 

oo 

I 

20 

r:IG. 2 Crack opening level as a function of ~nax· 

(b) Stage lib 

FIG. 3 SEM fractographs at (a) stage ll a and (b) stage lib in the ovcraged composi te. 
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SEM images of fracture surface for stages IIa and lib in the over aged composite are shown in 

FIG.3. At low .-1K region , fracture surface is relatively smooth and there .lie no evidence for trans­

granular faceted frac ture or intergranular cracking by comparison to be11avior in the monolithic 

alloy. It is considered that planar slip is suppressed and faceted crack gro· ~th are prevented in the 

composites due to the presence of the reinforcements and the enhanced dislocation density. In 

addition, charac teri stically , many pulled-out whiskers are seen on the fracture surface. Thi s 

phenomenon are confirmed by SEM observation of the prpfile of the fatigue crack path. At higher 

L1K region, fracture surface is still featureless, and typical and di stinctive stage 11 fatigue striation 

is not observed. However fracture surface roughness increases with increasing .-1K level either 

macroscopically or microscopically. 

Typical examples of the crack pass morpholo,p 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 .-1K leve l in all 

aging conditions. Generally at stage lib of the fa tigue crack growth in the unreinforced alloy, crack 

advance in planar striation mode operates, resulting in a frac ture surface on which roughness is 

suppressed. It is in contrast to the fracture surface roughness of the composites at stage Ilb 

demonstrated here. 

ITa lib 

UA 

Crack growth direction 

FIG . 4 Typical fracture surface roughness measured at stage IIa and stage Ilb 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 illu strating appearance on fatigue crack growth 

observed on the specim en side every I 000 cycles. Blurred white spots indicated by arrows are 

strongly defom1ed regions due to the severe stress concentration around the rigid reinforcements 
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Crack grolh direction ... 

FIG. 5 A sequence of fatigue crack growth observed 

every 1000 cycles in underaged composite. 

ahead of crack tip . This stress 

concentration encourages prema­

ture fracture of whiskers and de­

bonding at the interface between 

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 tem1s 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 

the surface. 

On the other hand a boundary of plas­

tic zone is determined where residual 

stress value converges on ba sic 

material value. The plastic zone 

sizes,yp, that are determined in such a 

em pirical way are correlated with a 

fracture mechanics formu la. 

JQOr-----------------------------------, 

(2) 

Comparing the measured and calcu­

lated plastic zone size, it can be seen 

that there ex ists ·an acceptable con·es-

*calculated monotonic plastic zone size 

0 

0 

0 
0 

50 100 
Depth from fracture surface (J.Un) 

* 

FIG. 6 Residual stress di stribution beneath fracture 

surface at Kmax=l0.6 MPa in the overaging. 
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pondence between two values 

Therefore plastic zone size is 

able to be estimated from the 

applied stress intensity range 

and the yield stress of the 

material. 

TABLE 2 shows ca lculated 

plastic zone size for each 

material over a wide ra nge of 

TABLE 2 Calculated plastic zone size 

Crack growth rare Underaged Peak aged Overagcd 
composi te composite composi te 

near L\K~ 11 8.5 56.2 86.6 

da/dN= I o·'0m/cyclc 123.9 57.7 88.7 

da/dN= I 0 9m/cycle 130.9 65 .3 97.4 

da/dN= I 0 'm/cycle 181.8 ?2.9 134.0 

da/dN= I 0 'm/cycle 272.7 132.9 190.1 

da/dN= I 0 6m/cycle -- -- --

Jll.m) 

Peak aged 
6061 

86.6 

93.4 

118.2 

202.0 

395.8 

563.2 

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 probabiliry 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 demonstra ted in FIG. 2. Furthermore, mode r 
local crack driving force diminishes effectively, consistent with oblique crack growth direction . 

From factors mentioned above, crack growth resistance increases with increasing plas tic zone size 

in the composites. 

In addition, with respect to the effect of applied stress inten~ity range, statistical sampling volume 

is proportional to the fourth power of the ap plied stress in tensi ty factor. Therefore at lower .1K 

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. 

CONCLUS ION 

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

.1K level. 

(2)Frac ture surface of the composites shows almost no feature like striation, faceted fracture and 

intergranular cracking except for whisker pull-out at low .1K level, and its roughness increases 

with increasing .1K. 

(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

posi te, such that crack deflection and, hence, fracture surface roughness induced crack closure 

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

ln recen t year, quantitati ve analyses of fractured surfaces have become an integral part of the 
study of deformation and rupture of materials. Such surface analysis often provide information 
Wh ich 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 materia ls is roughness and irregular, it possess the property of approxima te 
"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 AJ -Li alloys haven't appeared up to now. Recently,Lung C. W. et al. [3][1] 
indicate tha t the fractal dimension ( Dm) of fractured surfaces determined by the S i it Island 
Method (SIM) isn't the true fractal dimension ( D0 ) of fractured surfaces. The fractal dimension 
( Dm ) relate to the measuring unit n,the relationship between Dm a nd Do is a direct proportion on ly 
when the absolute value of the measuring unit n less than the edge length no of the initial Koch fig­
ures. But the edge length no is very difficult to define in practical measuring process, therefore some 
exper imental results show that the contrast relationship between fractal dimension determined by 
SIM a nd monotonic tensile properties doesn't exist. 

Accordingly, the present paper is to determine the fractal dimension of A I-Li alloys 2090 and 2 090 
+ 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 a lloys 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 1 % 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 1 Omm and 
5 0 mm, and it is cut out transversely. Tensile sj)ecimens were tested by Instron 1195, deformation 
speed is 1mm/ min ,elongations were determined by stretcher. Grain structure is flat non - recrystal 
gra in, a nd 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. 

Therefore plastic zone size is 

able to be estimated from the 

applied stress intensity range 

and the yield stress of the 

material . 

TABLE 2 shows calculated 

plastic zone si:ze for each 

material over a wide range of 

TABLE 2 Calculated plastic zone size 

Crack growth rate Underagcd Peak aged Overagcd 
composite composite composi te 

near t.K., 118.5 56.2 86.6 

da/dN= I 0 10m/cycle 123.9 57.7 88.7 

da/dN = I 0 9m/cycle 130.9 65.3 97.4 

da/dN = I 0 ' m/cycle 181.8 92.9 134.0 

da/dN= I 0 ' m/cycle 272.7 132.9 190.1 

da/dN= I 0 6m/cycle -- -- --

J!:Lrn) 

Peak aged 
6061 

86.6 

93.4 

11 8.2 

202.0 

395 .8 

563.2 

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 m~re severe. 

The most obvious effect conseq uent upon crack deflection is ~ crack closure from asperity . 

wedging due to tortuous crack path . It was already demonstrated in FIG. 2. Furthermore, mode I 

local crack driving force dimini shes 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 t.K 

region, preferential breakage of SiC whisker ahead of crack tip is suppressed, such that a. major 

crack that comes at a whisker tends to avo id the whisker, not breaking it ahead of crack tip, 

thereby crack growth resistance increases. 

CONCLUS ION 

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

t.K level. 

(2)Fractu re urface of the composites shows almost no feature like striation, faceted fracture and 

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

with increasing t.K. 

(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 resi stance 
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INTRODUCTION 

ln recent year, quantita tive a nalyses of fractured surfaces have become an integral part of the 
study of deformation ar\d rupture of materials. Such surface analysis often provide in formation 
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 a l. [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 applica tion of frac tal to analy­
ses of fractured surfaces have developed very quikly in recent year , but reports about anal yses of 
fractured surfaces in Al-Li alloys hav.en ' t appeared up to now. Recently ,Lung C. W. et a l. [3] [ 1] 
indi cate that the fractal dimension ( Dm ) of fractured surfaces determined by the Slit Isla nd 
Method (SIM ) isn ' t the true fracta l dimension ( Do) of fractured surfaces . The fractal dimension 
( Dm) relate to the measuring unit 11, the relationshi p between Dm a nd Do is a direct proportion onl y 
when the absolute value of the measuring unit 11 less tha n the edge length llo of the initia l Koch fig­
ures. But the edge length llo is very difficult to define in practical measuring process, therefore some 
experimental r6 mlts show that the contrast relationship between fracta l dimension determined by 
SIM and monotonic tensile properties doesn't ex ist. 

Accordin gly, the present paper is to determine the fracta l dimension of Al- Li a lloys 2090 a nd 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 pla te 2mm thick received in the condition of 
solution treated a t 532 "C for 30 minutes , streched 1 % and aged for 3 ,1 2,21, 30,1 8 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 respccti vely 1 Omm and 
50 mm, and it is cut out transversely. Tensile s[Jecimens were tested by lnstron 1195; deforma ti on 
speed · is 1mm/ min ,elongations were determined by stretcher. Grain structure is fl a t non- recrysta l 
gra in , 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 Composi tions of the test alloys 

Amount (wt. %) 
Material 

Li Cu Mg 

2090 2. 36 2. 33 o. 20 

2090+Ce 2. 30 2. 51 0. 13 

Vertical section method involves taking a ver ti ­
cal section through the fractured surface, and 
obtaining the fractal dimension of the profile 
by implementing the fo llowing equation [ 6 ] 
[7]. 

(1) 

W here L is the measured length , TJ is the scale 
of the measurement. Lo is a constant and D is 
the fractal dimension. Equation ( 1) also be 
written as. 

1-D=d log L 
d log Tl 

(2) 

i. c. the slope of logL vs logT] curve gives D. 
Thus, the two dimensional problem (surfac ) is 
reduced to one dimension (li ne ). For this type 
of measurments the fractured specimens were 
mounted in conducting (carbon) bakeline. The 
mount was then cut vertically along LT and 

Zr Ti Ce AI 

0.11 o. 06 0 bal. 

o. 10 o. 05 o. 05 ba l. 

12 

10 

"' ';;R z:s 
0 ...... 

~ 6 
<-' z 
g 4 
~ 

2 

0 3 1?. 24 30 48 
AGING TIME ( h ) 

FIG. 1 Plots of elongation vs aging ti me 
of AI-Li a lloys 2090 

and 2090 +Ce aged at 150 'C 

SL orientation, to produce two profiles of fractured surfaces. These were mechanically polished us­
ing sic papers, given a final polish with 0. 51Jm Al20J powder and subsequently observed in an opti -
cal microscope. 

The micrographs at a magnification of 1000 X were used to obtain fractured surface cross section 
profie and measure the length of the cross section profile using different scale lengths ll · Fracta l di­
mension is then obtained from the slope of the logL vs log11 cruves. 

RESULTS AND DISCUSSION 

Fig. 2 shows the plots of logL vs lgll for AI- Li alloy 2090 in aging for 3h and 24h in LT or ien ta­
tion . The absolute value of the slope of the log L vs log T] curves is less as ll< h tm or ll> 501J m than 
as 11 > lllm and TJ <501Jm. Thls 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 profil e. In 
the same way, the fractal dimension of other fractureq surface cross section profile can be deter­
mined. 
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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), (c), we can see that fractal dimension 
of LT orientation (01) is decrease with aging time. The fractal dimension of SL orientation ( 0 2) is 
increase with aging time befor 24h and decrease after 24h. Fig 3. (b) (d ) shows that the fracta l 
dimension of LT orientation (D;) and SL orientation (D2) are all slightly decrease with aging 
time. In the same aging time, the fractal dimension of AI -Li a lloy 2090+Ce is more than that of 
AI- Li a lloy 2090. In Fig. 1, we see that the elongation of AI-Li alloy 2090+Ce is higher than AI ­
Li a ll oy 209 0, 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 r-----------------------, I. 2 4 ,.---------------------------, 

3. 7 z ]. 20 

I'" Cl I. \ 2 

~ <( l. 08 

e: 
I. 04 

3. 2 ----~--~--~--~--~~--J 
- I. 0 0 o. 5 ]. 0 ]. 5 2. 0 2. 5 

J.0~3----~12------2~~--~30--------~48~ 

LOG SCALE(f(m) 

FIG. 2 Plots of log ( Longth) vs log 
(scale) of AI - Li alloy 2090 in LT 
orientation ,aging for (a) 3h; (b) 24h 

2. 40 

2.35 

2.30 
o; + D; 

... 
2. 25 

2.20 

2. 15 

2. I 0 
3 12 24 30 

AGING TIME (h) 

FIG. 4 Pol ts of the sum of fractal 

dimension vs aging time 

AGING TIME (h) 

FIG. 3 Polts of fractal dimenstion vs aging 
time 
(a) 2090,LT,D1; 
(c) 2090,SL , Dn 

( b) 2090+Ce,LT, D'1 ; 
(d) 2090 +Ce,SL , D2 

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 0 1 + D2 (or D ' 1 + 
D' 2) is decreased with aging time , correspond­
ing to elongation (see Fig. 1) . 

Fig. 3 (c) shows that the . fractal dimension 
( 0 2) in SL orientation of Al- Li alloy 2090 has 
a peak- value at aging for 21h (corresponding 
the elongation,see Fig. 1 ) ,but this point is not 
associated with the peak-aged. This indicats 
that monotonous corresponding relationship bc-

48 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 24 h, 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 a lloy 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 AI-Li alloy 2090,ligament become narrow and vary lightl y (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 AI - Li 
alloy 2090+Ce is more than 2090. 

In Fig. 3(a)(c) ,a result can be drawn that in Dt > D2 ,a high level of elongation is obtained ,and 
in D2> D1 a low level of elongation is obtained for AI- Li alloy 2090. The elongation of Al -Li alloy 
2090+Ce is quite high,so D'1 >D~ is exhibited in all aging time. 

A conclusion can be drawn by above discussion that fractal dimension of fractured 11urface 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. 

.......... . l:' . • . 
42313~ 25rV Xi:eHiK' "3~ 

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) 24 h 

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 orien tat ions have more adva ntage 
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 D1+D2 (or D'1+D2) and elongation of 
materia ls is monotonous correspondence; D1 + D2 (or D'1 + D2) have more advantage than D1 (D'1 )or 
D2( D2). 

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

( 4) F ractal analysis can provide a new way for the fracture analysis of Al -Li a ll oys. 
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