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High temperature strengthening mechanisms in discontinuous metal matrix composites
were examined by performing a close comparison between the creep behavior of 15 vol.
pct SiCw/8009Al and that of its matrix alloy, 8009Al. Both the alloy and composite exhibit a
single-slope behavior with anomalously high values of apparent stress exponent and high
apparent activation energy. The presence of SiC whiskers does not remarkably influence
these two kinds of dependence of creep rates but reduces the creep rates by about two
orders of magnitude. Transmission electron microscopy examination of the deformation
microstructure reveals the occurrence of attractive dislocation/particle interaction. The
creep data were analyzed by the threshold stress approach and by the dislocation-climb
theories based on attractive interaction between dislocations and dispersoids. All data can
be rationalized by a power-law with a stress exponent of 5 and a creep activation energy
close to that for the self-diffusion in aluminum. The threshold stress decreases linearly with
increasing temperature. General climb together with the attractive but not strong
interactions between the dislocations and dispersoids is suggested to be the operative
deformation mechanism. The contribution of SiC whiskers to the creep strength of 8009 Al
composite can be evaluated quantitatively when the shear-lag model is applied. However,
the effects of whisker length and whisker orientation distributions must be considered. Two
probability density functions are used for modelling the distribution of whisker length and
whisker orientation. © 7998 Kluwer Academic Publishers

1. Introduction to describe the creep behavior of such materials. Here
The development of powder metallurgy technology iné is the creep rate, the subgrain size or the effective
the past decade has led to a new family of dispersiondislocation barrier distancé, the Burgers vecto
strengthened (DS) Al alloys based on Al-Fe-V-Si sys-the lattice self-diffusivityE the elastic modulus; the
tem. They maintain their strength at higher temperaapplied stress, and a dimensionless constant.
tures than the other Al-Fe-X systems. The excellent Although fine dispersoids can markedly increase
elevated temperature mechanical properties of Al-Fethe high temperature strength of aluminum alloys, the
V-Si alloys are attributed to the high volume frac- elastic modulus of these alloys is not significantly
tions of the ultrafine cubic silicide intermetallic phase, increased. The addition of ceramic whiskers or par-
Al15(Fe,V)S and its low coarsening rate [1-7]. ticulates to advanced aluminum alloys can increase
The superior elevated temperature strength ofhe elastic modulus and also creep resistance. Simi-
Al-Fe-X systems has motivated a great deal of studyar to DS alloys, SiC or AIO3; whisker or particulate-
of their creep behavior [2-4, 6-10]. These materialgeinforced Al composites also involve an abnormally
are characterized by high apparent stress exponentggh stress dependence and high activation energy for
and high apparent activation energies for creep, whiclereep rates [15-23]. However, Tj@nd TiB, rein-
are similar to the common features of oxide dispersiorforced Ti-6Al-4V composites [24, 25], and SiCw rein-
strengthened (ODS) alloys [11, 12]. Sherby al ~ forced 6061 Al composites [26] exhibit the same stress
[13, 14] have proposed a substructure invariant modegxponents and activation energies for creep as the ma-

which gives the relation trix alloy. Thisimplies that the effects of ceramic phases
3 8 on creep behavior may be matrix-dependent. There-

= A(ﬁ) <&> (2) (1) fore, the creep mechanism of discontinuously rein-

b b2 E forced aluminum matrix composites needs to be further
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studied particularly when the matrix is a dispersion- 103
strengthened alloy [26].

The present article deals with the creep behavior oty
Al-Fe-V-Si alloy and SiC whiskers reinforced Al-Fe- E .
V-Si composite in the temperature range 573 to 723 K. 10°
The dislocation structures and distribution of whiskers g
and dispersoids were examined by TEM. The creep datft
were analyzed by the threshold stress approach, by the 1o
dislocation-climb theories based on attractive interac-®
tion between dislocations and dispersoids and by thegp
modified shear-lag model to examine the effects of dis-
persoids and whiskers on creep behavior, respectivelyg 10¢
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2. Experimental 107 — il —
The atomized Al-8.5Fe-1.3V-1.7Si (by wt %, namely 100 1000
8009 Al) powders (200 mesh) were produced by Povy- Stress (MPa)
der Metallurgy Research Institute, Central-South Uni-
versity of Technology, P.R. China. The SiC whiskers, @
with a diameter of 0.1-0..xm and a mean length of 103
30 um, were produced by Tokai Co. Ltd., Japan. To
obtain good bonding between the whiskers and the mag
trix, the mixed powders (the volume fraction of SiC E
whiskers is 0.15) were hot pressed in vacuum at 873 K
The hot pressed billets were then extruded at 733 k
with an extrusion ratio of 20:1 [27, 28].

Cylindrical compression test specimens were ma-g 44
chined to the following dimensions: 8 mm diameter and'c
16 mm length, with the compression axis parallel to thegy
extrusion direction. Constant load compression creej
tests were performed in air using an electromechanice@ 10
Mayes ESM 100 testing machine in the temperature&'
range of 573 to 723 K. The test temperature fluctua- ]
tions were less thatt1 K. The creep strain was mea- . sl L,
sured by means of a linear variable differential trans- 10 10 100 1000
ducer (LVDT). Most creep strain rates were obtained
from stress increment tests where the samples were d Stress (MPa)
formed with about 2% strain at which they reached a (b)
steady-state stage and then the applied stress was in- o ) _
creased. Some compression tests for TEM observatiopfd|re 1 Variation of steady state creep ratewith applied stressy at

. . various temperatures ranging from 573 to 723 K. (a) 8009 Al and (b)

were conducted at a fixed stress and then mterruptegilc\,v,so09 Al
when the creep strain was about 3%. After testing,
the specimens were cooled under load to preserve the
microstructure.

Longitudinal and transverse sections were cut from
the specimens and mechanically ground to a thicknes== 1¢-8
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and composite with the applied stress by a simple powei ()
function is plotted in Fig. 1. Apparently, the data points 107
are characterized by a single-slope behavior at the re 1.30 1.40 1.50 1.60 1.70
spective testing temperatures and the narrow appliec 103T(K1)

stress range. The values of the apparent stress expc

ngnts,na(z dIné/dIno), for the creep of 800_9 Aland Figure 2 Arrhenius plots of steady state creep rates. 1¢/T for the
SiCw/8009 Al are both between 14 and 18. Fig. 2 ShOWSjata of 8009 Al and SiCw/8009 Al to obtain the apparent activation
the temperature dependence of the steady-state creefgergy for creep.

E
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of about 60um. Thin foils for TEM were then thinned £ g ® SiCw/8009AI E
by ion mill at 5 kV and 12. TEM investigations were 2 : .
performed in JEOL 200 CX microscopy operated at & 10 E
100 kV. c :
_g 105 E

n - ]

3. Results % - .
Correlation of the steady-state creep rate of the alloy @ 10°E E

e L
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rate at constant applied stress. From the slope of thminum or aluminum alloy matrix composites [19, 22]
straight lines, a respective creep activation energy ohave tended to analyze the behavior by incorporating a
296 (at 105 MPa) and 273 kJ/mol (at 146 MPa) forthreshold stress{,) into the semi-empirical power-law

8009 Al and for SiCw/8009 Al is obtained. equation [34]
It can be found that both the alloy and compos-
ite exhibit high stress exponents and high apparent _ D.Gb /o —opn)\"
activation energies for creep. These values are much ¢=B ksT ( G > ) (2)

larger than those for creep in pure aluminum or tradi-
tional solid solution aluminum alloys (where=3-5 i ,
and Q, = 142 kJ/mol). Moreover, the addition of Sic Whereks is Boltzmann’s constanG the shear modulus,
whiskers does not remarkably influence either the stres&h the threshold stres§ a dimensionless constant,

or temperature dependence of the creep rates of 8049€ trué stress exponent and other symbols have been
Al. This is different from the effects of SiC whiskers or defined previously. _
particulates on the creep behavior of pure aluminum or 1h€ present experimental data are also examined
traditional aluminum alloy matrix composites [15—23]. With such a method. A standard procedure in deter-
However, itis consistent with the results on the creep ofining the magnitude of the therShOId stress for creep
SiC whiskers reinforced 6061 Al composites, in whichS {0 Plot, on linear coordinates;’" vs.o and extrapo-

the matrix contains dispersoids introduced by the pow/at€ the data linearly to zero creep rate [35]. Generally,

der metallurgy processing [26]. three values oh of 3, 5, or 8 are selected to construct
The distribution of dispersoids and whiskers in 8009P!0tS, representing creep by viscous glide [36, 37], high
Al alloy and its composite is shown in Fig. 3a and b. temperature dislocation climb controlled by lattice self-
It can be found that the dispersoids and whiskers ar iffusion [38], and the substructure-invariant.model of
aligned along the extrusion direction. The aspect rati¢€€P [39], respectively. The most appropriate value
of SiC whiskers is reduced to about 10 by processfOr Nis determined by m?rlflng several plots of the data
ing. Dispersoids in as-extruded 8009 Al and disloca-0n linear coordinates as/™ vs. o using different val-
tion structures after creep test at 673 K and 90 MPa artl®S 0fn and then selecting the value ofgiving the
shown in Fig. 4a and b, respectively. The compositiorPeSt linear fit to the datum points. Here we choose the
of the dispersoids is close toA(Fe,V);Si and there are valuen =5 because the linear relative coefficients of
no Al,O; particles detected using selected area diffracé” " VS-© curves,R for n=5 are higher than those for
tion (SAD) through TEM or X-ray diffraction probably "= 3 andn=28 [40]. Moreover, the creep behavior of
due to its too low content [29]. Dislocation/particle in- diSpersion strengthened Al-Zr-V [8], PM (powder met-
teractions are frequently observed in dispersoid-spars%““rgy) AI2O3'21_24AI [_24] and A1203-MgQ-2124A
regions. In general, it is difficult to detect such interac-[41] alloys and discontinuous pure aluminum or alu-
tions, which may simply be due to the fact that thereMinum alloy matrix composites [42] is characterized
are relatively much silicide intermetallic particles ran- PY the true stress exponennt=5 when the threshold

domly located through the matrix. stress approach is used. s _
Fig. 6 shows the relation af*/° as a function of the

applied stress. The values of, are estimated from

. . the extrapolation of the straight lines and given in

4. Discussion _ _ _ Table I. For comparison, the corresponding values of
Considering that the present materials have fine grainhe Orowan stresso, are also listed in this table. The

and their growth at high temperature is constrainedyrowan stress is calculated from the following expres-
by stable dispersoids and whiskers, constant strucsion [43]

ture creep equation may be appropriate to explain the

present results. Fig. 5 shows thdD, as a function of 0.84MGb r
o/ G follows a narrow data band of each material but oor = 7(l — 2r) (1 — v)1/2 n(5>,
the stress exponents are still abnormally high-(14),

where D (m?s™1)=171x 10~ *exp(-14212/RT)  whereM is Taylor factory the average particle radius,
[30] andG (MPa)=3.0 x 10% — 16T [31] (Ristheuni-  \, Poisson’s ratio, antithe mean particle spacing cal-
versal gas constant affdis absolute temperature (K)) culated by [44]

for pure Al were used. The narrow data band at dif-

ferent temperatures implies that creep rates of the ma- o
terials may be controlled by lattice diffusion of alu- l=r 37
minum. Moreover, it can be found that the addition of

SiC whiskers to 8009 Al decreases creep rate by aboyfigre 1, is the volume fraction of particles. For 8009 Al,
two orders of magnitude. However, the high stress expoy; — 3 6 [45], v = 0.34 [46],b = 0.286 nmy = 47 nm,
nents of the materials are inconsistent with Equation 1t _ 27 angd Equation 4 giveb=131 nm. These

structural parameters are assumed to keep constant dur-
ing creep test since the coarsening rate of dispersoids,
4.1. Analysis by the threshold stress Al15(Fe,V3Si is quite low and the time for high tem-
approach perature exposure is not long, i.e. several hours.
Creep studies [8, 10, 32, 33] on various RSP Al alloys In the present study, all the applied stresses are well
with submicron-sized grain and discontinuous pure alubelow the Orowan stress. It is well known that at high

®3)

(4)

5645



v

\ta¥
A

.
\

\}

,/wy

SW

0.

o

@f

)
)

N

TR
: ) ) I.p,..a..,w/.

\

3

N

Figure 3 Three-dimensional micrographs of as-extruded (a) 8009 Al and (b) SiCw/8009 Al.
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Figure 5 Compression creep strain rates normalized with the lattice dif-
fusion coefficient of aluminumg /D as a function of the stress com-
pensated with the shear modulus of aluminaG.

temperatures and below the Orowan stress, dislocations
tend to surmount particles by climb mechanism. The
models based on local climb, which postulate that the
climbing dislocation segment profiles the dispersoids,
and the dislocation between the dispersoids remains in
its glide plane, lead to athreshold stress between 0.4 and
0.700r [47, 48]. By contrast, models based on general
climb, in which the dislocation is allowed to unravel,
lead to a threshold stress between 0.04 and 64)8
[49, 50]. The ratio o0&, /ooy 0bserved in this study falls
within the latter range, indicating that the dislocation
bypass over the dispersoids through the general climb
mechanism acts as the predominant deformation mode.
However, TEM examination have revealed that there
exists an attractive interaction between the dislocations
and particles in the 8009 alloy after deformed.

As evident from Table I, the experimental values of
the threshold stressy, are sensitive to temperature and
such a sensitivity cannot be accounted for by the effect
oftemperature on the shear modulus because the ratio of
ot/ G is still temperature-dependent. Mohanwtdhl.

[16, 18, 26, 42] analyzed the data of various reinforced
and superplastic alloys by means of a threshold stress
with a temperature dependence given by

Figure 4 (a) Bright-field transmission electron micrograph of as-

extruded 8009 Al showing nearly uniform distribution of dispersoids Oth ch
in the matrix; (b) Dislocation structure in 8009 Al specimen crept at — =B expt == ). (5)
673 K and 90 MPa. G RT
TABLE | Values of threshold stress determined from Equation 2 and Orowan stress from Equation 3

8009Al SiCw/8009 Al
T (K) oor (MPa) Oth oth/G oth/oor Oth ot/ G oth/oor
573 973 112 5.38E3 0.115 132 6.34E3 0.136
623 935 95 4.74E3 0.102 123 6.14E3 0.132
673 898 70 3.64E3 0.078 101 5.26E3 0.112
723 861 55 2.98E3 0.064 78 4.23E3 0.091
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0.3 pr—r—r—r——r——— 150
8009 Al . i
—e— 723K © i ]
cvreree 673 K g 120 Q ]
[ | —=—623 K = [ ]
—~ 02| -o---573K » ]
2 - 3 a0t R A B ]
n = [ 0368 ]
u:-,’ g » 0.9679 346.96 0.368_
W 0.1 f_ _-g 60 _ 0.9911 337.02 -0.392_:
[ [72] i
0] I ]
E 30 } —&— 8009 Al .
- I —©— SiCw/8009 Al ]
O:....l.":..l.'..,|....‘ ol | ' . i
0 50 1000 150 200 500 600 700 800 900
( )G (MPa) Temperature (K)
a
04 Figure 7 The threshold stressy, plotted against the absolute testing
e L L YA temperature] in the interval 573-723 KR is the relative coefficient).
L SiC/8009
0.3 [ ____Z.___ 723 K ] whereC andC’ are constants. This dependencer@f
B with temperature is much too weak to describe the creep
—_ —e— 623 K . .
© o behavior of our materials. Furthermore, these authors
N attributed such temperature dependence to a change in
L oo} . Young's modulus with temperature which is far from
“ true in our materials as shown in Table I.
; Here, we adopt the following equation [21] to de-
@ | scribe the temperature dependence of threshold stress
0.1 | . as shown in Fig. 7
ke ] T
[ Py _ I _ (ﬁ) (1— _) — A+BT, (8)
o) WU W ALY /AUNS S B I G G/ o Te
0 50 100 150 200 250 300

o (MPa) where 6/ G)T = is the normalized threshold stress at
absolute temperatur@&, approaching zero KT is the
(®) critical temperature wherv{,/G) is equal to zeroA
andB are constants.
Then, using the procedure described by Caetek.

Figure 6 Variation of §/5 with stress,o on double linear scales and
extrapolating the curves to obtain the threshold stressgst various

temperatures. (a) 8009 Al and (b) SiCw/8009 Al. [22] the expression

9u= O nRT?[n—1 G G dom
whereB is a constant an@@y, has the meaning of an a= xt G n T o —om OT
activation energy for the threshold stress, which may ©)

be a reflection of an interaction between impurities that

are able to segregate at incoherent particles and dislgs optained for the apparent activation energy of creep
cations that are captured at the detachment side of thg,, whereQ, is the activation energy for lattice self-
particles [51]. Then, the relation between apparent acgjffusion in pure aluminum. From Equation 9 it follows
tivation energy,Q. and self-diffusion energyQ. can  that Q, depends not only on applied stress but also

be expressed as follows on temperature, since the threshold stragsiepends
nRT2 3G 1 N O on temperature:d,/dT = B = —0.392 (MPa K!) for
Qa=QL— G a_T( — l> - 1 8009 Al and @/dT = B=—-0.368 (MPa K1) for
/ot o /ot SiCw/8009 Al (cf. Fig. 7), respectively. The apparent

(6) activation energyQ, is, in general, significantly higher

However, the calculated values @& will become un-  than that for lattice self-diffusionQ., especially at

reasonably large when the applied stress approaches v applied stress. This was convincingly demonstrated
threshold stress [40]. by Cadeket al. [19, 22] who compared the values of

Mishraet al. [52] use a dependence of the thresholdQa Obtained analyzing the experimentgl, o) rela-
stress with the temperature given by tionships for various temperatures and applied stresses
/ with the values ofQ, calculated by means of Equa-
C tion 9. Only a few examples, (i.e. for a temperature of

=-C+ —, 7 )
ot + T () 723 K and applied stresses of 95, 105 MPa for 8009 Al,
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exp

TABLE Il Values of the apparent activation energ@&'® and Q5 creep rates. This implies that the true stress exponent
for 723 K and applied stress 95, 105 MPa for 8009 Al, 146 MPa for for creep is 5 and the creep rates in both 8009 Al and
SiCw/8009 Al and unrealistically high stress, be=500 MPa for these the Composite are controlled by the lattice diffusion in
two materials (all terms of energies are in unit of kd/mol) . . .

aluminum matrix. However, the normalized creep rates

8009 Al SiCw/8009 Al of the SiCw/8009 Al is still lower than those of 8009 Al.
The parallel curves between 8009 Al and the composite
o (MPa) Qg at Qg =" inFigs 5 and 8 imply that the difference may be caused
95 3677 302 — — byaload transfer mechanism.
105 325.1 296 — -
égg 1739 _ 217723;_37 2" 4.2. Analysis by dislocation detachment

mechanism
Recently, Arzt and coworkers [53, 54] have proposed
an exponential law based on an attractive interaction
146 MPa for SiCw/8009 Al and 500 MPa) for these two between dislocation and particles. Their equation for
materials will be given here. The value Qf, obtained the creep strain rate is

from experimentally determinee(T, o) relationship
will be denotedggx'O and its value, calculated by means G o\ 732
e=CDLexp} ———|(L1-Kk)(1- — ,
kBT Od
(10)

of equation (3)QS2, respectively. The results are pre-
whereC = 3lp/bis the structure-dependent parameter,

sented in Table II, from which it can be seen that the
values ofQ5 ™ are in reasonable agreement with those
of Q% At the same timeQz " and QS¥° are signifi-
cantly higher thar@. . Itis worth mentioning that even 1 the half particle spacing,the mobile dislocation den-
sity, k the relaxation parameter, defined as the ratio of
¢ the dislocation line tension of the particle/matrix inter-
K face to the line tension in the matrix remote from the
particle,oq4 the athermal detachment stress given by the

for the same temperature of 723 K but for an unrealis

tically high applied stress, i.e.= 500 MPa, the values

of QS are still noticeably higher than the value o

QL (see Table I). This is in full agreement with Cade

et al’s results for some SiCp/Al composites [19, 22]. X
Normalizing the creep strain rate to the coefficient®XPression

of self-diffusion D as well as the effective applied

stress to the shear modul@gor aluminum and plotting o4 = oorv 1 — k2.

¢/DL against § — o)/ G in the double logarithmic

coordinates as shown in Fig. 8, the creep data at alfhe ratio of the applied stress to the detachment stress,

temperatures in either 8009 Al or the composite can be /o4, is calculated using the expression

described by a straight line with a slope of about 5 over

(11)

more than five orders of magnitude of the normalized -1
o 3 -
o | M), 12)
of
1014 e : @ [2RTn(1-32)
1012 _ _ wheren, is_thg apparent stress exponent é]gi_he ap-
F 3 parent activation energy for creep. Then the interaction
] parametek can be obtained by fitting the creep data to
102F E the following equation
—~ 10" F n=5 43 ke T n 2/3
& : E k=1—(—2—. a . (13)
3 ! ] 3Gkr (1-o0/0g)Y2-0/04
- 10'°F E
(] E .
» - o 8009 Al, 723 K The estimated values of the detachment steeks, and
100F . 2888 ﬁ: g;g E the interaction parametkifor 8009 Al at the respective
o 8009 Al 573 K temperatures are listed in Table Ill. o
108 s SiC/8009, 823 K High values of the interaction parameter indicate
F A SiC/8009, 723 K that there exists a weaker attractive interaction between
[ O SiC/8009, 673 K
107k m  SiC/8009, 623 K
E SiC/8009, 573 K TABLE 11l Calculation of the detachment stresgoy and the inter-
- | | 1 action parameter at the respective temperatures
106 el el —
104 10 102 10 T (K) G (GPa) Na o/oy k
o-o m)/G 573 20.83 17 0.325 0.974
623 20.03 18 0.365 0.972
Figure 8 Creep strain rate normalized with the lattice diffusion coeffi- g7 19.23 14 0.337 0.973
cientofaluminumg/ Dy as afunction of the effective stress compensated 703 18.43 16 0.390 0971

with the shear modulus of aluminuna; ¢ o)

/G.
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102 T3 wheres; isthe composite creep ratg, the matrix creep
- ] rate at the same temperature and stregd,the aspect
- D | ratio of the reinforcementy; the volume fraction of
108 g i 3 the reinforcement) the matrix stress exponent, aad
- F Vé ,,'Ai'j;' ] the load transfer coefficient determined by
@ i P D 1
9 10-4 ; 79 :'A¢ nb O 1 1 -1
- [ Experiment 573 K M -3 n
e E /4:';'.@,_ o ,3:(3)( n )(z—ﬁ’vf>2—1 . (15)
£ 105k }17 ! 0 @ Prediction 573K 3 2n+1 T
g E ¢ ," ,!Q: UExperiment 623 K
cg_ 10-6 | / f i @ ““Prediction 623K For the present SiCw/8009 Al composite, using 14,
g S ml g A Experiment 673K V¢ =0.15, andL /d =10, Equation 15 gives the value
jut - o d o of B as 0.456. Then the ratio f/&ny, as 855x 1074
© 07l ! Prediction 673K is obtained from Equation 14. This value demon-
- V Experiment 723K strates that the addition of SiC whiskers decreases
[ —Prediction 723 K creep rate by about three orders of magnitude. How-
108 bl — ever, it can be found from Figs 5 and 8 that the theo-
102 108 retical prediction based on the shear-lag model under-
Applied Stress (MPa) estimates the composite creep rate by nearly one order

of magnitude.

Figure 9 Variation of creep strain rate with stress for 8009 Al. The During extrusion process, progressive and continu-
curves represent prediction at different temperatures using detachme@US changes in whisker orientation occurs, and whiskers
controlled dislocation model. A good correlation between experimentalare misaligned. Moreover, some whiskers will in-
data (points) and theoretical results (curves) is observed. evitably be broken in a whisker length distribution with
an asymmetric character. Therefore, the assumptionsin
the shear-lag model are not consistent with the real case

nd some modifications must be made. Hgigandy»

re introduced to represent the whisker orientation and
¥vhisker length factors, respectively, angyo, is the
whisker efficiency factor for the strengthening of the

the dislocations and particles. According to Arzt and
Wilkinson, the critical value ok below which dislo-

cation bypass becomes detachment controlled is 0.9
However, this transition would be shifted to higher val-
ues when the climb process was “general” instead o

“local” [55]. . i composite: the larger the value gfx», the higher the
Th_e results of the preceding analysis were used t%omposite strength. Then Equation 14 can be modified
predict the stress dependence of the creep rate over tlgg follows:
range of the testtemperatures. The creep rate at different '
temperatures was evaluated using the valuds arid
og in Equation 10 and plotted asvs. o in Fig. 9. ) ) L\ -
It is apparent that the model provides an acceptable €c = &m [X1X2/3<—> Vi+(1- Vf)} . (16)
description of the data.
From the above analysis, general climb together with
the attractive but not strong interactions between distf § =0 (whered is the whisker orientation angley;
locations and particles is suggested to be the operativshould be equalto 1 anditis the case for unidirectionally
deformation mechanism. The weak attractive interacaligned whisker composite. Then the fibre length factor
tions between dislocations and particles make the disis [58]
location general climb a dominant mechanism. This
mechanism accounts for the threshold stress and the . )
observed single-slope behavior in the relationship be- _ / ¢ L f(L)dL
tween the stress and creep rate. X2 = o | 2LcLmean

4.3. The effect of SiC whisker on creep n / < L )(1— %) f(LydL. (7)
Le

behavior of 8009 Al Lmean
Kelly et al.[56, 57] have proposed a simple continuum
mechanics model to predict the creep behavior of dis-
continuously fiber reinforced composites. Based on thavhereL ¢ is the critical whisker length, meanthe mean
assumption that the stress exponent for the composit&hisker length andf (L) the two-parameter Weibull
is equal to that for the matrix alloy and that there isdistribution function to describe the whisker length dis-

no interfacial debonding, the original analysis of Kelly tribution and given by [59]
leads to the following expression to predict the com-

posite creep rate f(L) = abL’ lexpCalb) for L>0 (18)

n+1 —Nn
. ) L\
&c = &m {ﬂ(a) Vi +(1— Vi )i| , (14) wherea and b are scale and shape parameter, res-
pectively.
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TABLE 1V The effect of whisker orientation distribution on the 1014

LI NLREIS) N B AL B NI R AL B B AR AL N B ¢
whisker efficiency factor E < E
No. p q x1 x1x2 1018 ¢ 3 3
L o 3
1 0.5 1 0.33 0.228 r S i
2 1 4 0.60 0.415 1012 o 3
3 1 8 0.78 0.540 F© ]
4 1 16 0.88 0.609 jo11 L © -
5 0.5 10 0.91 0.630 f N 3
6 4 100 0.92 0.637 8 o ]
7 0.5 16 0.94 0.650 ~ 1010 ¢ 3
8 0.5 32 0.97 0.671 S F 3
9 1 100 0.98 0.678 < qpe L ]
10 0.5 100 0.99 0.685
108 ¢ E
Similarly, Xia et al. [60] proposed a two-parameter 107 3
exponential function to describe the whisker orientation r ]
dlstrlbutlon and the functlon |S Iven as [} I ETIT B AR RE T B AR R T B SR EATT BN R R It
g 10805 105 104 103 102 10
o) (sin6)2P ~(cosh) 1 (15 (1-¢)o-0,)/G
fGQTaX(SiHO)Zp —1(cosy)X-1dy Figure 10 A plot of the normalized strain rate/ Dy vs. the normalized

effective stress, (£ ¢)(c — o)/ G for 8009 Al and SiCw/8009 Al for

. n=>5. The strain rates of the composite are corrected by considering the
where p and q are the shape parameters which Caretect of load transfer based on the modified Shear-Lag model.

be used to determine the shape of the distribution
curve, andp>1/2 andq > 1/2. Also, 0<6nin <6 <
Omax <1 /2. Then the whisker orientation coefficient,
X1, can be defined as [47]

and SiCw/8009 Al, respectively. The presence of SiC
whiskers does not influence these two kinds of depen-
dence remarkably but reduces the creep rates by about
O two orders of magnitude.
1= 2/ g() cos’-(@) do — 1. (20) (2). By considering a threshold stress, all data can be
Ormin rationalized by a power-law with a stress exponent of 5
and a creep activation energy close to the self-diffusion
Table IV gives the effect of whisker orientation distri- activation energy of the matrix lattice. The threshold
bution onthe value of1 x2, wherel min=0,Lmax=00,  stress is equal to 0.064—0.136 of the Orowan stress and
Lmean=12541m, Lmog=10um andLc=6um, re-  decrease with temperatures.
spectively. The value of; is calculated according to  (3). General climb together with an attractive but not
Equation 20 based on the different valuespodndq.  strong interaction between the dislocations and parti-

Now based on the real whisker orientation distributioncles is Suggested to be the Operative deformation mech-
in SICw/8009 Al (see Fig. 3(b)k1 =0.94 andxax2= anism in 8009 Al alloy.

0.650 are reasonable values for evaluating the effect of (4). The creep strengthening of SiC whiskers is
SiC whiskers on the creep rates. Incorporationgf2  achieved through two effects, namely increasing
into_Equation 16 yields the ratio of/ém=1.16x  threshold stress and sharing a part of applied stress.
10~2 which means that the addition of SiC whiskers The [atter effect can be described quantitatively by the
decreases creep rate by about two orders of magnitudgodified shear-lag model considering the effects of
This theoretical result is verified by the experimentalwhisker length and whisker orientation distributions

data (see Figs 5and 8). which have been characterized by two probability
In addition, a comparison between the creep rategensity functions.

corrected for load transfer for SiCw/8009 Al was con-

ducted by plotting the normalized strain ratg,D,

against the normalized effect stress;{¢)(c —om)/  Acknowledgements

G (where¢ = x1x28 =0.296 for the composite and Financial support from National Natural Science Foun-
¢ =0 for the alloy, respectively) in Fig. 10. As shown dation of China (No. 59471047) is gratefully acknowl-
by this figure, the normalized strain rates of the com-edged. The authors are deeply indebted to Professor
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5. Conclusions experimental work.

(). Application of the power-law creep equation to

the creep data obtained by constant compression load

creep tests results in anomalously high apparent stregfaferences

exponent (up to 18) and activation energies of 2961 p. ;. SKINNER,R. L. BYE,D. RAYBOULD andA. M.
and 273 kJ/mol for creep behavior of DS 8009 Al  BROWN, Scripta Metall. Mater20 (1986) 867.
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