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A summary is presented of recent attempts to model the effects of precipitate shape, orientation, and 
distribution on yield strength and age-hardening response, using appropriate versions of the 
Orowan equation and models of precipitation strengthening developed for AI alloys containing a sin- 
gle uniform distribution of rationally oriented plate- or rod-shaped precipitates, which are either 
shearable or shear resistant. It is demonstrated that these models of particle strengthening are capa- 
ble of predictions that are in excellent quantitative agreement with experimental observations that 
high tensile yield strength is associated with microstructures containing a high density of intrinsi- 
cally strong, plate-shaped precipitates with { l l l}a or {lO0}a habit planes and large aspect ratio. The 
authors predict that further improvement in the strength of existing Al alloys might be achieved by 
increasing the number density and/or aspect ratio of rationally oriented precipitate plates. 

I .  I n t r o d u c t i o n  

A common feature of high-strength (tensile yield strength 
>450 MPa) and ultrahigh-strength (yield strength >700 MPa) 
A1 alloys is that maximum strength and hardness are achieved 
through precipitation hardening involving predominantly 
plate-shaped precipitates formed on rational habit planes, 
{ 111 }c~ and { 100}a, in an c~-Al matrix [94Mud, 95Pol] (Fig. 1). 
However, there is currently little detailed quantitative under- 

standing of the strengthening mechanisms operative and of the 
relationship between the form and distribution of the strength- 
ening intermediate precipitate phases and the observed yield 
strength. The development of high-strength A1 alloys remains 
largely empirical, and there is a need for an improved theoreti- 
cal basis for alloy design [93Hor]. 

It is the purpose of this article to review selected results of 
the modeling of the effects of precipitate shape, orientation, 
and distribution on yield strength and the age-hardening re- 

Fig. 1 Transmission electron micrographs showing (a) { 111 }a precipitate plates of T 1 phase in A1-2.86Cu-2.05Li-0.12Zr alloy (AA2090- 
T8E41: cold worked 6% and aged 24 h at 163 ~ reversion heat treated for 120 s at 270 ~ and (b) { 100}c~ precipitate plates of 0' phase in 
A1-4Cu-0.05Sn alloy aged 3 h at 200 ~ 
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sponse, using appropriate versions of the Orowan equation 
[48Oro] and models of precipitation strengthening developed 
for rationally oriented precipitate plates and rods. The work 
seeks to identify those aspects of metastable phase equili- 
bria and the resulting microstructural parameters that are 
important in optimizing precipitation hardening or disper- 
sion strengthening. 

2. Microstructures Containing 
Spherical Particles 

2.1 S h e a r a b l e  P r e c i p i t a t e s  

Shearable precipitates can impede the movement of gliding 
dislocations through a variety of dislocation/particle interac- 
tion mechanisms, including those described as interfacial 
(chemical) strengthening, coherency strengthening, stacking- 
fault strengthening, modulus strengthening, and order 
strengthening [86Ard, 89Emb, 93Rep, 97Nem]. For each such 
proposed mechanism of strengthening, the contribution of the 
shearable precipitates to the critical resolved shear stress 
(CRSS) of an alloy can be represented generally by an equa- 
tion of the form [63Fri]: 

2 1 F 3n 
(Eq 1) 

where A'~ is the increment in CRSS, b is the Burgers vector of 
the slip dislocations, F is the dislocation line tension in the ma- 
trix phase, Lp is the mean planar center-to-center interprecipi- 
tate spacing, and force F is a measure of the resistance of the 
precipitates to dislocation shearing. For the purposes of this ar- 
ticle, it is convenient to restrict discussion to two of the more 
important mechanisms contributing to strength: interfacial 
strengthening and order strengthening. Assuming a square ar- 
ray distribution of spherical particles of uniform diameter d t, 
Eq 1 can be rewritten in the form: 

1.922/~/1''2 
Az = ~ ~(i 3/2 (Eq 2) 

for interfacial strengthening [97Nie], and for order strengthen- 
ing [85Ard]: 

(Eq 3) 

wheref is the volume fraction of particles, ](i is the specific in- 
terracial energy between precipitate and matrix phases, and 
Ya-b is the specific antiphase boundary energy on the slip plane 
o~'tbe precipitate phase. 

2 .2  Shear -Res i s tan t  Prec ip i t a t e s  

flit is assumed that a dispersion of spherical particles is distrib- 
uted uniformly over the sfip plane of the matrix phase, then the 
Orowan increment in CRSS produced by the need for disloca- 

tions to bypass these particles is given as [48Oro, 86Ard, 
89Emb]: 

(Eq 4) 

where G is the shear modulus of the A1 matrix phase, v is Pois- 
son's ratio, r 0 is the core radius of dislocations, and the effec- 
tive planar interprecipitate spacing is given as: 

~ f  )dt ~; ~.= C - ~  (Eq5) 

where constant C takes values of 1, 1.075, and 1.23 for square, 
triangular, and random arrays of precipitates, respectively 
[73Kel]. 

2 .3  E x p e r i m e n t a l  E va l ua t i on  

It has been well documented that coherent, spherical ~' pre- 
cipitates (A13Li) are sheared during deformation of underaged 
A1-Li alloys [93Rep] and that the yield strength of underaged 
alloys can be accounted for quantitatively using the model of 
order strengthening [88Hua, 92Ger, 94Jeo, 95Sch] defined in 
Eq 3. It has also been reported [92Ger] that maximum strength 
of precipitation-hardened A1-Li alloys corresponds to an aver- 
age particle diameter of-40 nm, above which a transition from 
dislocation shearing to dislocation looping occurs. However, 
the strengthening models for underaged and overaged samples 
have not been combined with data on precipitation kinetics to 
predict the age-hardening response of A1-Li alloys. 

The variation in precipitate volume fraction during isothermal 
aging can be represented by a form of the Kolmogorov-Johnson- 
Mehl-Avrami (KJMA) relationship [37Kol, 39Avr, 39Joh]: 

f = f m  (1 - exp (-ktn)) (Eq 6) 

where fm is the maximum volume fraction of precipitates at a 
given aging temperature, f i s  the volume fraction of precipitates 
at a given time t, kis a constant that depends on the nucleation and 
growth rates, and the time exponent n may take values in the 
range 0.5 to 4 [75Chr] for diffusion-controlled precipitation. In 
the case of homogeneous precipitation of ~' phase in A1-Li al- 
loys, the kinetics of precipitation can be well predicted when n 
is 0.8 [97Nob] and kis in the range 0.001 to 0.004 [86Cas, 88Hua, 
92Ger, 92Sch, 92Tri, 94Jeo, 95Sch, 96Jeo]. 

The growth of spherical precipitates during the initial 
stages ofisotbermal aging can be modeled using an equation of 
the form [91 Wag]: 

dt = 2"~- (D v t) In  = f ( T )  t 1/2 (Eq 7) 

where d t is the average diameter of spherical precipitates at 
time t, C O is the alloy composition, C e is the equilibrium solid 
solubility of solute in the matrix phase, Cp is the composition 
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of the precipitate phase, D v is the volume diffusion coefficient 
of the solute element, and T is the aging temperature (in Kel- 
vin). Once the maximum precipitate volume fraction is estab- 
fished, the coarsening rate of the precipitates can be described by 
the Lifshitz-Slyozov-Wagner (LSW) equation [61Lif, 61Wag]: 

- (8Dv Ti Ce Vm ]1/3 4=( ,) =/(r) tl/3 (Eq 8) 

where Vrn is molar volume of the precipitate, and R is the gas 
constant. Because growth and coarsening of the precipitates 

occur simultaneously during the initial stages of precipitation, 
and the observed growth rate of 5" precipitates in A1-Li binary al- 
loys during isothermal aging matches well with that predicted by 
Eq 8 [96Jeo, 97Nob], Eq 8 is used here to establish the variation in 
the average diameter of precipitate particles with time. 

Combining Eq 6 and 8, the variation in the number density, 
N v, of precipitates per unit volume as a function of time is 
given as [97Nie]: 

1.91f m (1 - exp (-ktn)) 
Nv - 6f 

dt3 (f (T)) 3 t 
(Eq 9) 
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Fig. 2 Variation with aging time of(a) volume fraction, (b) particle diameter, (c) particle number density, (d) effective interparticle spacing, 
(e) increment in CRSS arising from interracial strengthening, and (f) increment in CRSS arising from order strengthening and Orowan strength- 
ening. The A1-2.3Li ahoy was aged at 200 ~ and solid circles in (f) represent measured increments in CRSS [92Ger]. 
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Substituting Eq 6 and 8 into Eq 2 to 4 allows the variation of 
the increments in CRSS with aging time to be calculated for 
the mechanisms of interfacial strengthening, order strengthen- 
ing, and Orowan strengthening, respectively. 

For precipitation of 8' phase in an AI-2.3Li (wt.%) binary 
alloy, the variations as a function of aging time at 200 ~ in the 
volume fraction, particle diameter, and number density per 
unit volume, and effective interparticle spacing are shown in 
Fig. 2(a) to (d), respectively. The increments in CRSS arising 
from interfacial and order strengthening and from Orowan 
hardening are plotted in Fig. 2(e) and (f), respectively. The data 
on the size and volume fraction of precipitates are taken from 
[92Get], but the maximum volume fraction of 8' precipitates 
has been limited to 0.1. The reported value of fm = 0.16 ap- 
pears to overestimate the volume fraction of 8' phase, because 
calculations based on the established A1-A13Li (5') metastable 
phase diagram [88Kha] yield a maximum of 0.11. In addition, 
the maximum volume fraction of 8' precipitates has been 
measured to be less than 0.1 in most studies of A1-Li alloys 
with similar compositions and aging treatments. Other data 

Table 1 Equations Defining Increments in CRSS due 
to Interfacial Strengthening for A! Alloys Containing 
Regular Triangular Arrays of Shearable Precipitates 

I n c r e m e n t  in  C R S S  P r e c i p i t a t e  

f o r  in terrac ia l  s t r e n g t h e n i n g  f o r m  
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Fig. 3 Variation of ratio A'~(plate/rod)/Ax(sphere) with aspect ratio 
for { 111 } a and { 100 } a precipitate plates and (100) a precipitate rods, 
calculated assuming interfacial slrengthening of sheared particles. 

used in the calculations for Fig. 2 are: k = 0�9 (deter- 
mined from measured data on precipitate volume fraction), 

2 P G = 25 GPa [90Met], b = 0 286 nm, ~t , = 0 165 J/m for 8 �9 t apo " 
phase on { 111 }~, planes [92Ger], Yi = 0.014 J/m 2 [84Bau]. It 
has been assumed that the 8' particles are randomly distrib- 
uted, and that the dislocation line tension F is given by 
[92Ger]: 

F = In (Eq 10) 
2x 262f 

Figure 2(e) shows that the contribution of interfacial 
strengthening to CRSS is negligible, while Fig. 2(f) shows that 
increments in CRSS observed for underaged samples appear 
to be well predicted by the order-strengthening model�9 The 
maximum strength of the alloy corresponds to a particle size of 
approximately 40 nm diameter, and there appears to be a tran- 
sition from dislocation shearing to dislocation looping at this 
critical particle size, which is in excellent agreement with ex- 
perimental observations [92Ger]. For overaged samples, the 
increments in CRSS are equivalent to those predicted by the 
Orowan equation�9 

An interesting observation is that, seen in isolation, the in- 
crement in Orowan strengthening rises to a maximum with in- 
creasing aging time and then declines and that the maximum in 
the Orowan increment corresponds approximately to the mini- 
mum value of the effective interparticle spacing. 

3 .  M i c r o s t r u c t u r e s  w i t h  S h e a r a b l e  
P r e c i p i t a t e  P l a t e s  

3.1 Theoretical Modeling 

The results of geometric models developed [97Nie] to 
account for the contribution of interfacial strengthening to 
CRSS for A1 alloys containing rationally oriented precipi- 
tate plates or rods are presented in Table 1. These equations 
have been derived assuming that there is continuity of the 
slip plane between matrix and precipitate and that the Bur- 
gers vector of the dislocations is identical in the two phases�9 
They are based on an ideal regular triangular array of parti- 
cles in the slip plane�9 Details of the models are presented in 
[97Nie]. 

For a given value of dislocation line tension, the variations 
in the ratio Ax(plate/rod)/Ax(sphere) with plate/rod aspect ra- 
tio for various forms of particle are shown in Fig. 3. Unlike the 
results for spherical particles, it is evident that the contribution 
due to interracial strengthening may become significant when 
particles take, in particular, a plate-shaped form. For identical 
volume fractions and number densities of precipitates per unit 
volume, the yield stress increments produced by { 111 } a and 
{ 100} c~ precipitate plates are orders of magnitude larger than 
those produced by (100) a precipitate rods and by spheric al par- 
ticles. The increments in CRSS produced by {ll l}c ~ and 
{ 100} a plates increase substantially with an increase in plate 
aspect ratio and are up to three orders of magnitude larger than 
that produced by spheres, when the plate aspect ratio is in the 
range of 5-to-1 to 95-to-1. Interfacial strengthening can thus 
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potentially be a major strengthening mechanism in A1 alloys 
containing rationally oriented, shearable precipitate plates of 
large aspect ratio. 

3.2 Experimental Evaluation 

The capability of the interfacial strengthening model has 
been examined using experimental data [87Hua] for the scale 
and distribution of precipitates in an A1-2.85Cu-2.3Li-0.12Zr 
(wt.%) alloy containing a uniform single distribution of 
{ 111 } c~precipitate plates of T l phase (A12CuLi). The alloy was 
aged isothermally at 190 ~ and then reversion heat treated 
for 60 s at 265 ~ to dissolve 5' and 0" precipitates and to iso- 
late the contribution of T 1 precipitate plates to yield strength 
[87Hua]. The measured variations in the dimensions of the T l 
plates, the precipitate volume fraction, and the increment in 
CRSS due to the precipitate distribution are plotted as a func- 
tion of aging time at 190 ~ in Fig. 4. It has been shown 
[88How, 97Nie] that T l precipitates are sheared in plastically 
deformed (3% strain) and fractured tensile samples in both un- 
deraged and overaged conditions, and thus it is appropriate to 
apply the model for interfacial strengthening to predict the 
contribution of the T 1 precipitates to the yield strength of the 
alloy. Assuming a value of ]'i = 0.083 Jim 2 (currently ac- 
cepted values for specific precipitate/matrix interfacial en- 
ergy vary in the range 0.01 to 0.1 J/m 2 for coherent 

precipitates), a Taylor factor of 3.331 [87Hua], G = 25 GPa, 
and b = 0.286 nm, the predicted increments in CRSS produced 
by the T l precipitates are in generally good agreement with 
values observed experimentally (Fig. 4d). It is important to 
emphasize, however, that the level of this agreement depends 
sensitively on the value selected for the energy of the precipi- 
tate-matrix interface created by the sheafing dislocation and, at 
the present time, there is a lack of reliable data for Yi" With this 
qualification, the interfacial strengthening model does appear 
capable of accounting plausibly for the yield strength and, 
more generally, the form of the age-hardening response of the 
alloy, when the effects of precipitate shape are included in the 
model. 

The apparent success of this model, effectively over the en- 
tire aging regime, suggests that overaging is not necessarily ac- 
companied by a transition from predominantly dislocation 
sheafing to an Orowan looping mechanism. A comparison of 
predicted and observed increments in CRSS for overaged sam- 
ples of an A1-2.86Cu-2.05Li-0.12Zr (wt.%) alloy (AA2090) is 
provided in Fig. 5 [97Nie]. For this independent set of meas- 
urements, the increments in CRSS predicted by the inter- 
facial strengthening model are again in excellent agreement 
with observed values. Similar attempts to account for ob- 
served strength levels using alternative mechanisms of 
precipitation strengthening or Orowan hardening proved de- 
cidedly unsuccessful. 
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Fig. 4 Variation with aging time of(a) diameter, (b) thickness, (c) volume fraction of T l precipitates, and (d) increment in CRSS [87Hua]. 
The A1-2.85Cu-2.3Li-0.12Zr alloy was aged at 190 ~ Open circles represent values predicted using the interfacial strengthening model for 
sheared precipitate plates, and solid circles are values observed experimentally. 
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4 .  M i c r o s t r u c t u r e s  C o n t a i n i n g  
S h e a r - R e s i s t a n t  P l a t e s  

4.1 Theoretical Modeling 

For aluminum alloys containing { 111 }~ and { 100}~ pre- 
cipitate plates, of uniform diameter d t and thickness tt, and 
(100)a precipitate rods, of diameter d t and length I t, the appro- 
priate versions of the Orowan equation [96Nie] are presented 
in Table 2. These equations are based on the assumption of a 
uniform periodic triangular array of precipitate particles inter- 
secting the slip plane. Comparing similar precipitate volume 
fractions and number densities of precipitates per unit volume, 
the variations of the ratio A'c(plate/rod)/Ax(sphere) with 
plate/rod aspect ratio, for a precipitate volume fraction of 0.05, 
is shown in Fig. 6. To simplify comparison, the log terms in the 
strengthening equations are assumed to be identical, and the base 
microstructure is assumed to comprise spherical precipitates in a 
triangular array distribution on the slip plane of the matrix phase. 

The Orowan increments in CRSS produced by { 111 }~ and 
{ 100}a precipitate plates are invariably larger than those pro- 
duced by (100)a precipitate rods and spherical particles. The 
yield stress increment produced by { 111 }~ plates is larger than 
that arising from { 100}a plates and, for both precipitate orien- 
tations, the yield stress increment increases substantially with 
an increase in plate aspect ratio. There is a critical value of as- 
pect ratio for each for which the effective interparticle spacing 
becomes zero and the plates form a continuous three-dimen- 
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Fig. 5 Comparison between the difference in CRSS predicted us- 
ing the interfacial strengthening model for sheared precipitates 
and that observed experimentally for an A1-2.86Cu-2.05Li-0.12Zr 
alloy (AA2090-T8E41) heat treated at 270 ~ It is assumed that 
the differences in CRSS between any two samples are attributable 
to differences in the distribution of T 1 plates, and to isolate the con- 
tribution of T 1 phase to yield strength, the experimental and pre- 
dicted data are compared in terms of the incremental differences in 
CRSS between successive pairs of samples in the aging sequence. 

sional network. If the plates are assumed to remain shear resis- 
tant, then the Orowan increment becomes infinitely large. 

4.2 Experimental  Evaluation 

An A1-4Cu-0.05Sn (wt.%) alloy is strengthened exclu- 
sively by intermediate 0' (A12Cu) precipitate plates formed on 
{ 100}a planes, when aged isothermally at 200 ~ Careful ex- 
amination of the microstructures of fractured tensile samples 
[97Nie] has revealed no evidence that the 0' precipitates in this 
alloy are sheared during tensile plastic deformation, regardless 
of the aging condition of the alloy. The Orowan equation might 
thus be used to calculate the contribution of the 0' precipitates 
to the yield stress of the alloy in both underaged and overaged 
conditions. Experimental values of the increments in CRSS at- 
tributable to precipitation in such an alloy can be determined as 
the difference ((~y/M- z ), where (y is the 0 2% yield strength 

m y " 

of the alloy, M = 3.06 is the Taylor factor for polycrystalline 
face-centered cubic alloys [70Koc], and Zrn is the contribution 
of the matrix phase to the CRSS of the alloy. The magnitude of 
I :  m is typically assumed to be of the order of 10 MPa [76Mon]. 
In the present analysis, G = 25 GPa, r 0 = b = 0.286 nm, and v 
= 1/3. Because samples were heat treated for 24 h at 525 ~ to 
coarsen the grain size, and the concentration of solute Cu in A1 
is very low in overaged samples, contributions due to solid-so- 
lution strengthening and grain-boundary strengthening in 
overaged samples were assumed to be negligible. 

Figure 7(a) shows a comparison of the predicted and meas- 
ured increments in CRSS for the alloy, which are generally in 
excellent agreement [97Nie]. The CRSS predicted for under- 
aged samples is slightly lower than the experimental value. 
However, this discrepancy can likely be attributed to solid-so- 
lution strengthening, because the solute Cu concentration in 
the matrix in underaged samples is expected to be higher than 
that of peak-aged and overaged samples. Another important 
observation is that the form of the age-hardening response of 
the alloy can be accounted for exclusively using the Orowan 
equation. This again demonstrates that it is not necessary to in- 
voke a transition from dislocation shearing to Orowan looping 
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Fig. 6 Variation of ratio Ax(plate/rod)/Az(sphere) with aspect ra- 
tio for Orowan strengthening attributable to { 111 }a and { lO0}c~ 
precipitate plates and (100)~ precipitate rods (f = 0.05). 
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to account for the form of the hardening curve. The variation in 
the effective planar interparticle spacing with aging time is 
shown in Fig. 7(b), and it is noted that the maximum value in 
yield strength corresponds approximately to the minimum 
value in the effective interparticle spacing. 

5 .  M i e r o s t r u c t u r a l  M o d e l i n g  a n d  

D e s i g n  

In support of previous work [92Ger], the present analysis of 
the particle strengthening of A1-Li alloys by coherent 8' phase 
demonstrates that the observed form of the age-hardening re- 
sponse cart be plausibly modeled assuming a transition from 
particle shearing to Orowan looping in the classical manner. 
During the shearing stage, the increase in strength due to the 
particles is attributed predominantly to the mechanism of order 
strengthening. However, in assessing the effectiveness of the 
models applied, it is important to recognize that they depend 
critically upon key microstmctural parameters, such as the 
precipitate-matrix interfacial energy or the antiphase bound- 
ary energy in the precipitate, which are not always known reli- 
ably. 

In high strength AI alloys, particle strengthening is com- 
monly attributed to distributions of rationally oriented rodlike 
or, more commonly, plate-shaped particles. The strengthening 

phases are almost invariably metastable intermediate precipi- 
tates that are partially coherent or semicoherent with the ma- 
trix phase and, in many cases, the metastable phase equilibria 
that determine the formation of key strengthening phases have 
not been examined critically. For many such alloys, it has been 
established empirically that selected microalloying additions 
lead to significant changes in precipitation behavior, often 
with improvements in mechanical properties. The combined 
addition of Mg and Ag (levels of typically <0.5 wt.%) to the 
classical A1-4wt.%Cu alloy leads, for example, to the replace- 
ment of the metastable tetragonal { 100} a precipitate 0' by a 
metastable orthorhombic phase ~ of similar composition 
formed as thin plates on { 111 }a planes [89Mud]. The resulting 
microstructure exhibits substantial improvements in strength 
and thermal stability. However, the role of Mg and Ag in effect- 
ing the transition to the f~ phase is yet to be understood. 

For strengthening plate-shaped precipitates sheared by dis- 
locations, the present results demonstrate that interfacial 
(chemical) strengthening can become a major contributor to 
particle hardening. This is in contrast to spherical particles, 
where this contribution to strength is generally regarded as 
negligible. In the case of T~ plates in AI-Cu-Li alloys, a model 
of interfacial strengthening that takes account of precipitate 
shape, orientation, and distribution has been demonstrated to 
account plausibly for the hardening response of such alloys 

Table 2 Equations Defining Increments in CRSS due to Orowan Strengthening for AI Alloys Containing Regular 
Triangular Arrays of Shear-Resistant Precipitates 

Increment in CRSS for Orowan strengthening Precipitate form 

I 1 l o61,, 
= - I n - -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ax= 0,931 ('4~.265~dttt)/f-(Itdt)/'8-O.919tt(l rO [ ... . . . . . . . . . . . .  

{ Gb }{ 1 . ~J ln--l'225ttl 
Ax= ~-~ l~v-v 0.931(ff~.306~dttt)/f-(rtdt)/8-1.061tt][ ro ] ........................................................................... 

Gb 1 ] ~ l .x~d t ] 

{ II 1 }aplates 

{ 100}aplates 

(100)a rods 

a )  . . . .  . . . . ,  �9 . . . . .  - ,  . . . . . . . .  , . . . . . . . .  �9 . . . . . . .  100 

8o 
6 o  

.9 

2O 
0.1 1 101 102 103 103 

Ageing Time (h) 

b) ~ = 10012~ '." ....... ............. 

0,1 1 101 102 
Ageing Time (h) 

Fig.7 Variation with aging time of (a) increment in CRSS arising from Orowan strengthening, and (b) effective interparticle spacing [97Nie]. 
Alloy AI-4Cu-0.05Sn was aged isothermally at 200 ~ Open circles represent calculated values, and solid circles are observed values. 
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over the entire aging regime. However, again the reliability of 
the model is strongly dependent on the values assumed for the 
particle-matrix interfacial energy and the energy of the parti- 
cle-matrix interface created when a precipitate is sheared. 

For strengthening plate- or rod-shaped precipitates that are 
resistant to shearing, versions of the Orowan equation, appro- 
priately modified to take account of precipitate shape, orienta- 
tion, and distribution, are shown to be capable of accounting 
for observed increments in CRS S. In the case of 0' plates in A1- 
Cu-Sn alloy, the appropriate version of the Orowan equation 
appears to account well for the form of the age-hardening 
curve, with the maximum in hardness corresponding approxi- 
mately to a minimum in effective interparticle spacing. Again, 
it has proven unnecessary to invoke a transition from particle 
shearing to Orowan looping to allow for the form of the hard- 
ness/strength curve as a function of aging time. However, 
again it is to be recognized that the fit between observed and 
predicted results depends critically on assumed values of, for 
example, precipitate-matrix interracial energy. 

Whether particles are sheared or shear resistant, these mod- 
els confirm experimental observations that high tensile yield 
strength is associated with microstructures containing a high 
density of intrinsically strong, plate-shaped precipitates with 
{ 111 } a or { 100 } a habit planes and large aspect ratios. As dem- 
onstrated in Fig. 2 and 4, the CRSS increment produced by 
{ 111 }~ precipitate plates is comparable to that produced by 
spherical precipitates, even when the volume fraction of 
{ 111 }~ plates is substantially lower than that of spherical par- 
ticles. The ultrahigh tensile yield strength (>700 MPa) ob- 
served in A1-Cu-Li-Mg-Ag (X2095) alloy [89Pic] and the high 
yield strength (550 MPa) of A1-Cu-Li (AA2090) alloys 
[91Cas] may, for example, be attributable to a uniform distri- 
bution of T 1 precipitate plates of large aspect ratio (in the range 
40-to- 1 to 100-to- 1) formed on { 111 } ~ planes. It has also been 
shown that A1-Cu-Mg-Ag alloy, strengthened by the presence 
of thin plates (typical aspect ratio 30 to 1) of the f2 phase on the 
{ 111 }~ planes, may develop a tensile yield strength exceeding 
500 MPa [88Pol]. Furthermore, the well-known high strength 
of Al-Zn-Mg-Cu alloys (e.g., 7075) is associated with the com- 
bined effects of the number density and aspect ratio of precipi- 
tate platelets of the phase rl', which also form on the { 111 }a 
planes [94Mud]. A remarkably high value of hardness (180 
HV) has also been obtained [96Gao] in A1-Cu-Mg-Si alloys by 
refining the distribution of 0' precipitate plates formed on the 
{ 100}a planes, and complementing this by a fine-scale distri- 
bution of (100)a rods of a quaternary Q phase. 

Further improvements in the design of A1 alloys for high 
strength will require an improved understanding of the metas- 
table phase equilibria leading to those intermediate phases 
forming as plate-shaped products on low-index habit planes. 
In particular, there needs to be a concerted systematic effort to 
better understand the role of microalloying additions in deter- 
mining metastable phase equilibria. For existing alloys 
strengthened by plate-shaped precipitates, the models outlined 
in this article suggest that further improvements in strength 
might be achieved by increasing the number density and/or as- 
pect ratios of the plates. One approach to achieving an increase 
in plate aspect ratio may lie in the use of microalloying addi- 
tions, which partition to either matrix or precipitate phase to 
improve coherency of the precipitate phase in the habit plane. 
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