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The microstructures of three high strength, high purity A1-Zn-Mg-Cu alloys, in the T6 
temper, were characterized extensively using quantitative optical metallography and 
quantitative transmission electron microscopy. Only the solute content (Mg + Zn) of these 
alloys was varied for this study. These alloys were shown to be identical in grain size and 
shape, dispersoid (E-phase) and grain boundary precipitate 01) populations, and precipitate 
free zone widths. The matrix microstructures consisted of ordered GP zones and 7/' and 
differed only in the volume fraction of these strengthening precipitates. The higher solute 
alloys had the higher yield strengths and volume fractions of matrix precipitates. Subsequent 
slip behavior analysis of prestrained tensile specimens demonstrated that slip band spacings 
and slip step heights increased with increasing solute content for the same macroscopic 
strain (ep = 0.02). A work softening model by Hornbogen and Gahr was shown to predict 
this tendency toward increased strain localization with higher solute levels. 

IN the field of materials, there is a continual search for 
stronger alloys. The increase of resistance to plastic 
deformation of metallic structures permits the design 
and construction of structures which perform the de- 
sired function using less material. This is an especially 
important consideration in the area of transportation 
since lighter vehicles would be more energy efficient. 
One method of increasing strength is precipitation 
strengthening. Many alloy systems are amenable to this 
approach and the influence of the strengthening pre- 
cipitates on slip behavior has been the topic of many 
investigations, e.g., Gysler, Lutjering and Gerold 1 for 
Ti-Mo; Lutjering and Weisman, 2 and Blackburn and 
Williams 3 for Ti-A1; Price and Kelly 4 for A1-Ag and 
A1-Zn; Evensen, Ryum, and Embury, 5 for A1-Mg-Si; 
and Hornbogen and Gahr, 6 for Fe-Ni-A1. Nock and 
Hunsicker 7 have demonstrated that the maximum at- 
tainable yield strength in the 7XXX series alloys 
(AI-Zn-Mg-Cu-Cr) can be extended from 517 MPa to 
690 MPa by increasing the solute (Mg and Zn) content. 
However, these ultra high strength alloys have very low 
fracture toughness values. The mechanisms responsible 
for this loss of toughness with increasing solute content 
have not been defined. 

The purpose of this investigation was to evaluate the 
influence of the volume fraction of strengthening pre- 
cipitate on the matrix slip behavior of three ultra high 
purity, ultra high strength 7XXX series aluminum alloys 
in the T6 temper. This characterization will provide 
information necessary to understand the response of 
these alloys to macroscopic strains. Subsequent re- 
search 8 has utilized the findings of this study to explain 
the loss of fracture toughness with increasing yield 
strength and concomitant transition in fracture mode 
observed. 
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MATERIALS AND PROCESSING 

Composition 

Three different compositions were selected to provide 
a spectrum of yield strength values and volume frac- 
tions of strengthening precipitates (Table I). These 
alloys differ from one another only in Mg and Zn 
contents. A ratio of Mg to Zn between 0.35 to 0.40 was 
maintained for this study. The normal additions found 
in the 7XXX series aluminum alloys (Cu, Cr, Ti, B, Be) 
were added so that comparisons of properties with 
commercial alloys would be possible. In order to make 
an accurate evaluation of the effect of the strengthening 
precipitate, high purity base aluminum and alloying 
additions were used so that the large (0.1 to 30/tm) Fe 
and Si and bearing constituents generally present in 
commercial 7075 in amounts ranging from 1 to 5 vol pct 
could be precluded. The Fe and Si contents were each 
less than 0.01 wt pct in the final alloys. 

A high purity version of a commercial 7075 compo- 
sition was chosen as one of the three alloys. This serves 
as a reference whereby the normal yield strength level 
of approximately 504 MPa in the T6 temper is obtained. 
The 7075'aluminum alloy has 2.20 wt pct Mg and 
5.59 wt pct Zn. This lowest Mg + Zn alloy will be 
referred to hereafter as the low solute alloy. The other 
two alloys have increasingly higher Mg and Zn contents 
and provide substantial increases in yield strength of 87 
MPa and 118 MPa. These compositions will be referred 
to as the intermediate solute (2.81 wt pct Mg-6.96 wt pct 
Zn) and high solute (2.76 wt pct Mg-7.84 wt pct Zn) 
alloys in subsequent discussions. 

Processing 

All three alloys were produced and processed in an 
identical manner. These were cast into 15.2 • 40.6 
• 91.4 cm ingots and subsequently scalped down to 14 
cm thick to remove surface scale and defects. They were 
preheated to 471 ~ for 24 h in a fluoborate atmosphere 
prior to fabrication into 1.6 mm thick sheet. The sheet 
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Table I, Chemical Composition Analysis (Wt Pet) 

Alloy Designation Mg Zn Cu Cr Si Fe Ti 

Low solute 2.20 5.59 1.54 0.19 0.009 0.007 0.02 
Intermediate solute 2.81 6.96 i .56 0.19 0.010 0.009 0.02 
High solute 2.76 7.84 1.55 0.19 0.008 0.020 0.01 

Note: Mn, Ni, B < 0.01; Be < 0.001. 

processing involved hot rolling at 427 ~ (800 ~ to 
25.4 mm, reheating in the fhobora te  atmosphere for 
48 h at 471 ~ hot rolling at 427 ~ to 6.4 mm, and 
finally cold rolling to the final 1.6 mm dimension. At no 
time were these cross rolled, or hot rolled below 371 ~ 

Heat Treatment  

For this study only the T6 temper was investigated 
for the sheet material. All of the alloys were solution 
treated for one hour at 471 ~ and cold water quenched 
from the solution temperature. They were stretched 1 to 
3 pct to flatten, and finally aged fo 24 h at 121 ~ 

E X P E R I M E N T A L  P R O C E D U R E  

The microstructures of the various alloys were ex- 
amined using optical microscopy. Metallographic prep- 
aration involved normal procedures of using a series of 
abrasive papers, diamond pastes, and a final polishing 
with a slurry made of reagent grade MgO and distilled 
water. At this point, all of the Fe and Si based 
constituents were clearly visible in the microscope and 
their volume fraction determinations could be made 
without etching. To show the grain boundary mor- 
phology, the specimens were etched by immersion into 
Keller's etchant. 9 

Constituent volume fraction measurements were 
made at a magnification of 500 times using a grid 
containing 696 points. Thirty random views on each of 
five specimens per alloy were examined. The locations 
of the constituents within each alloy were assumed to be 
random, therefore, the volume fraction, Vv, is given by 
Pp (Ref. 10) which is the fraction of total grid points 
that fall on constituent particles. Constituents smaller 
than 0. l /~m were not measured. 

Intercept grain sizes in three orthogonal directions 
were measured to characterize the grain morphology. 
The technique employed is described in detail by 
Schuckher.]l Mean values and standard deviations for 
the intercept grain sizes were determined on the basis of 
three separate measurements on each of five different 
specimens per alloy per direction. Thin foils for micro- 
structural characterizations in the TEM were made 
using a 1/3 nitric-2/3 methanol solution in a Fischione 
fiber optic, twin jet  electropolishing unit.'2 After thin- 
ning, the specimens were rinsed twice in methanol, 
dried, and examined immediately in a JEOL Ltd. JEM 
100B transmission electron microscope at 100 KV. 

Quantitative transmission electron microscopy was 
performed to characterize the matrix Cr-dispersoid 
(E-phase) and grain boundary MgZn 2 (,/) precipitate 
populations for each alloy, and to determine precipitate 

free zone (P_FZ) widths. For  the Cr-dispersoids, average 
diameters, d D, interparticle spacings, X o, particle den- 
sities, N v, and volume fractions were determined. Since 
the Cr-dispersoids are irregular in shape, an effective 
particle diameter, d e, was defined as: 

d e = ~ [11 

where d~ and d 2 are the smallest and largest dimensions 
of a dispersoid, respectively. The average effective 
dispersoid diameter, d o, of n particles is given by: 

do--- i=' [2] 
n 

To obtain the value of do for each alloy, at least 50 
dispersoids were measured in each of eight different 
thin foils. 

The interparticle spacings, )~o, is given by: ~3 

0.554 
X D - (N~),n [31 

and the volume fractions of dispersoids by: 

( ~ )  - 

volume fraction = 6 Nv [4] 

The particle density N v is defined as:'4 

- -  NA 
N~-- (t + do~ [51 

where t is the foil thickness and is easily obtained as 
described in Ref. 15 utilizing a grain boundary fringe 
technique. N A is the number of dispersoids per unit area 
of projected image. 

The grain boundary precipitates were characterized 
by calculating precipitate diameters, d~, intraplanar 
spacings, Xp, numbers per unit area, N A , and areal 
fractions, f .. This was accomplished using a parallax 
techniqud 6,f7 on tilted grain boundaries. Initially stereo 
pair micrographs were taken of a tilted grain boundary. 
The angle of tilt between stereo pairs was 10 deg. High 
angle grain boundaries were recorded and data were 

0 . 2 ~ r n  
I I 

Fig. I--Bright field TEM micrograph showing grain boundary r/ 
precipitates. 
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obtained on three sets of stereo pair micrographs per 
alloy. Figure 1 exhibits a typical tilted grain boundary 
showing the grain boundary precipitates. 

The number of precipitates per unit area, N A , is given 
by: 

N 
- [6] 

NA A OB 

where N is the number of precipitates counted on the 
projected grain boundary area, A oB. The technique 
employed to calculate the projected grain boundary 
area is described elsewhere, is Using the relationship 
given by Gurland, 13 the average precipitate intraplanar 
spacing (average distance between nearest neighbors of 
point particles in a plane) is calculated from: 

0.5 
~p - N~/2 [7] 

5/ m 
t I 

Fig. 2--Typical TEM micrograph of a replica for slip step height 
measurements. 

1 ~ l , m  

I I 
Fig. 3--Thin foil TEM micrograph exhibiting the planar slip behavior 
characteristic of all alloys (% = 0.02). 

The average precipitate diameters, dp, were deter- 
mined by measuring all of the precipitates on the grain 
boundary. Areal fractions_were estimated using the 
average values for d e and N A . 

Precipitate free zone (PFZ) widths were determined 
using the technique presented by Shastry and Judd. 19 
Eight different grain boundaries per alloy were eval- 
uated to obtain the means and standard deviations for 
the PFZ widths. 

Tensile Property Determination 

All of  the tensile tests were performed using a 220 KN 
capacity MTS 810 Materials Test System at a strain rate 
of 4 • 10 -4 s -1. The procedure to determine the various 
data was that outlined in the ASTM E8-69 specifi- 
cation. 2~ Sheet specimens with a 25.4 mm gage length 
and 6.4 mm width were used. Flow curve parameters for 
two different curve fit forms were determined subse- 
quently using the least squares best fit curve fitting 
program of  a HP-65 programmable calculator. 

Slip Behavior Characterization 

The slip behaviors of  the alloys were characterized 
quantitatively from measurements made on prestrained 
tensile specimens (ep = 0.02). To obtain slip band 
spacings, thin foils were made from these specimens 
and viewed in the TEM. The foils were tilted until slip 
bands were visible and normal to an operating (1 i-l) g 
vector. Under these conditions, the slip band spacings 
were determined. 

Slip step heights were evaluated using latex spheres 
on platinum-carbon shadowed lucite replicas 2~ made of 
the electropolished surfaces of the prestrained tensile 
specimens. A typical example of a replica showing the 
slip steps and latex spheres is presented in Fig. 2. A 
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Fig. 4---Slip band spacings as a function of the solute content. 
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detailed discussion of the technique and equations used 
to determine the slip step heights is presented else- 
where. L8 

RESULTS AND DISCUSSION 

The slip behaviors of these alloys were examined to 
detect any possible difference in their response to 
plastic deformation. For all of the alloys, the matrix slip 
was planar. Although distinct bands were seen they 
were somewhat diffuse (had some width) as is seen in 
Fig. 3. This is to be expected since the distribution of 
incoherent E-phase dispersoids tends to force the matrix 
to deform more homogeneously by inducing Orowan 
bowing of dislocations. At the same time, the fine 
strengthening precipitates promote heterogeneous de- 
formation in the form of discrete slip bands. The 
competition between the two determines the final 
behavior of these alloys which is presented graphically 
in Fig. 4. The slip band spacings for the intermediate 
and high solute alloys are larger than those for the low 
solute alloy. In other words, at 2 pct strain, the slip is 
coarser in the higher solute alloys. 

For constant macroscopic strain, if the slip bands are 
coarser in the higher solute alloys, then the slip step 
heights should be larger also. This indeed was seen to be 
the case when the low and high solute alloy slip step 
heights are compared (Fig. 5). Hence, for the same 
strain level, a conclusion can be made that the high 

solute alloy will have more strain localization, e.g., at a 
slip band-grain boundary intersection, than the low 
solute alloy. Void formation at the grain boundary may 
result as is shown in Fig. 6(b) at a grain boundary 
dispersoid for the high solute alloy. Fracture of grain 
b o u n d a r i e s  due to the intersections of slip bands with 
the boundary has been observed by Gysler, et al, ~ in 
Ti-Mo alloy, by Lutjering and Weismann, 2 in Ti-A1 
alloys, and by Evensen, et  al, 5 in AI-Mg-Si alloys. This 
increasing tendency toward strain localization with 
increasing solute content can alter the response of the 
bulk material to macroscopic strains. In particular, the 
fracture toughness of these alloys has been shown to 
depend on this behavior. 8,]8 Extensive microstructural 
characterizations were performed to facilitate a cor- 
relation between slip behavior and microstructure. 

Metallographic examination revealed a fine grained 
recrystallized microstructure with a pancake shaped 
grain morphology as shown in Fig. 7. In the rolling 
plane, these grains appear almost equiaxed. For all 
compositions, the grains have average intercept grain 
dimensions of approximately 37 • 35 • 17 ~tm. Table 
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Fig. 5- -Frequeney diagrams of slip step heights for the (a) low, and 
(b) high solute alloys. 
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Fig. 6--(a)  Bright field TEM micrograph from a prestrained tensile 
specimen of the high solute alloy at ep = 0.21 ; (b) Higher magni- 
fication view of encircled region in part (a) ("v"designates a void). 
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Table II. Intercept Grain Sizes* 

Longitudinal Long Transverse Short Transverse 
Direct iont  Direction:~ Direction�82 

Alloy (/~m) Oxm) (Fm) 

Low solute 38.9 _ 2.3 35.0 - 2.1 17.3 ___ 0.6 
Intermediate solute 35.3 _ 1.8 34.9 ___ 1.5 16.4 _+ 0.7 
High solute 35.9 _+ 3.8 (35.9 -+ 3.8 for High Solute Alloy.) 34.6 _ 3.0 16.3 _ 0.7 

* Data  indicate the mean  _+ one s tandard deviation. 
t Rolling direction. 
:~ In the rolling plane but  perpendicular to the rolling direction. 
�82 Through the thickness direction. 

T6 Temper ,  1.6mm sheet  

Fig. 7- -Opt ica l  micrographs of the alloys 
investigated. 

oss 

2.20 w/o Mg- 5.59 w/o Zn 

Y.S. 4 9 6  MPa 
Direction 

200~ 

2.81w/o Mg-S.n  w/o Zn 

Y.S. 583 MPa 

2.76 w/o Mg- 7.84w/o Zn 

Y.S. 602  MPo 

Table III. Fe- and Si-Bearlng Constituent Vol Pct Data* 

Vol Pet o f  
Alloy Const i tuents  

Low solute 0.005 _+ 0.010 
Intermediate solute 0.011 --- 0.008 
High solute 0.017 -4- 0.014 

* Data  indicate the mean  +__ one s tandard deviation. 

Table IV. Precipitate Free Zone (PFZ) Widths* 

Alloy PFZ Width,  

Low solute 280 ___ 29 
Intermediate solute 269 __+ 31 
High solute 267 _ 31 

* Data  indicate the mean  _ one s tandard deviation. 
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Fig. 8--(a) and (b) Typical multiple beam, bright field TEM micrographs exhibiting microstructural features representative of the composi- 
tions studied in the T6 temper. (c) and (d) (211) and (100) zone axes, respectively. 

II lists the mean grain dimensions for all the alloys. 
The unetched polished surfaces of these high purity 

alloys indicated that there were very few of the Fe and 
Si bearing constituents. Quantitative metallography 
showed a maximum of about 0.017 pct of these 
constituents. This is small enough not to contribute 
significantly to the final mechanical behavior on the 
basis of the results by Edelson and Baldwin. 22 All 
volume fraction data are listed in Table III. 

Although pole figure data were not generated for 
these alloys, a cube texture (i.e, a (001) [100] texture 
with the [100] direction parallel to the rolling direction) 
has been observed for 7075 alloys with the same 
processing history. 23,24 Hence, it is likely that these 
alloys exhibit a similar preferred orientation. The ease 
of obtaining (100) zone axes diffraction patterns in the 
TEM, when the incident beam is normal to the rolling 
plane surface of the thin foils, supports this supposition. 

Since all compositions were given identical processing 

and heat treatments and have comparable Mg/Zn 
ratios, the same general microstructural features were 
evident upon examination of thin foils in the trans- 
mission electron microscope (TEM). At intermediate 
magnifications (~50,000 times) the population of E- 
phase (incoherent Cr-bearing dispersoids) is visible 
throughout the matrix. In addition, narrow precipitate 
free zones of approximately 275A in total width are 
evident along the grain boundaries (Fig. 8(a)). Table 
IV lists the PFZ width data for each alloy. From the 
superlattice reflections present in the selected area 
electron diffraction (SAED) patterns of all three 
alloys on the (100) and (211) zone axes, the micro- 
structures were shown to consist of very fine, ordered 
Guinier-Preston (GP) zones and ~' (Figs. 8(b) to (d)). 
The average size of  these fine precipitates is approxi- 
mately 40A with a size spread varying between 20A 
and 75~,. 

To more clearly compare these microstructures, 

Table V. TEM Quantitative Data for E-Phase Dlspersolds* 

dD XD Nv 
Alloy (nm) (nm) (in 1013 Particles/cm 3) Vol Pctt 

Lowsolute 79 • 37 189 • 12 2.57 • 0.46 0.663 
Intermediate solute 83 • 58 200 _+ 16 2.19 • 0.50 0.656 
High solute 81 • 42 198 • 13 2.26 • 0.57 0.629 

* Data indicate the mean • one standard deviation. 
t Calculated using the mean values for dD and N~. 
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Table Vl. TEM Quantitative Data for Grain Boundary Precipitates* 

~p Xp NA 
Alloy (nm) (urn) (Precipitates//~m 2) Areal Pct, f p t  

Low solute 20 ___ 2 25 -+ 2 392 ___ 40 14 
Intermediate solute 24 ___ 1 27 _+ 3 336 ~- 51 15 
High solute 25 + 2 26 -+ 3 357 + 43 18 

* Data indicate mean _+ one standard deviation. 
~" Calculated using the mean values for dp and Nn. 

quantitative transmission electron microscopy was per- 
formed to determine the average interparticle spacings, 
X o, average diameters, d o, and numbers per unit 
volume, Nv, of the E-phase dispersoid. The results of 
this study are tabulated in Table V. The three alloys 
exhibited similar results. The dispersoids were approx- 
imately 81 nm in diam, have an interparticle spacing of 
196 nm, and have a population of 2.34 • 1013 dis- 
persoids / cm 3. A Duncan multiple range test 25 for mul- 
tiple comparisons showed that the three alloys were 
identical to each other with respect to X D and d o with 
over a 95 pct confidence level. Similarly, the Nv values 
are comparable with a 90 pct confidence level. In 
addition, the volume fraction of these dispersoids was 
estimated. These calculations used the average values of 
d o and N~ to obtain approximately 0.65 vol pct of 
dispersoids. 

To more fully characterize the grain boundaries 
beyond the precipitate free zone width determinations, 
the grain boundary precipitate average diameter, dp, 
average intraplanar spacing, kp, and average number 
per unit area, NA, were calculated. This data is pre- 
sented in Table VI. The alloys, on  the average, have 
grain boundary precipitates with an intraplanar particle 
spacing of 26 nm. They are 23 nm in diam, and have a 
population density of 362 precipitates//~m 2. There is 
evidence of a very slight increase in areal fraction of 
grain boundary precipitate with an increase in solute 
content. However, this difference is so minor that the 
areal fractions of grain boundary precipitates were 
regarded as equal at about 16 areal pct. 

These alloys were tested in uniaxial tension to 
document the yield strength increase in the T6 temper 
by increasing the amount of solute addition. Data of Oys, 
ovx s, o / ,  %, c/ ,  and percent elongation (in a 25.4 mm 
gage length) are presented in Table VII. Flow curve 

parameters were determined for both curve fit forms: 

O = K i C p '  1 [8 ]  

and 
n2 

O = O o + K2~pl [9] 

Therefore in Table VII, flow curve data with a one 
subscript refer to the first equation and those with a two 
subscript refer to the latter flow curve form. A better fit 
to the data is obtained using the second relationship. 
However, most data in the literature exist in the form 
of  the first equation (Eq. [8]). 

The quantitative microstructural characterization 
conducted demonstrates that these three alloys are 
identical in grain size and shape, dispersoid and grain 
boundary precipitate populations, and precipitate free 
zone widths. Since all three alloys yielded identical 
electron diffraction patterns, the matrix microstructures 
are identical and consist of ordered GP zones and 7/' 
which were measured to be of comparable size. How- 
ever, the volume fraction of matrix precipitates would 
be expected to increase with increases in solute content 
for the same heat treatment. This is implied by the yield 
strength increase experienced as the solute content is 
increased. Therefore the tendency toward coarser slip 
with higher solute content must be related to the larger 
volume fraction of strengthening precipitate since all 
other parameters are identical. The implication is that 
the mechanism (in this case volume fraction of strength- 
ening precipitate) used to increase one property 
(strength) may cause a decrease in another important  
property (toughness s,'s) as slip behavior is altered. The 
differences in slip behavior can be explained by the 
following discussion. 

In a precipitation hardening alloy that has small, 
coherent or semicoherent precipitates which are below 

Table VII. Mechanical Properties 

Alloy 

ays Ultimate True Tensile 
0.2 Pct Yield Tensile Fracture Uniform Fracture 

Strength Strength Stress Elongation Strain 
(MPa)* (MPa)* (MPa)* eu ef 

Pct 
Elongation 

(in 25.4 mm K 1 
Gage Length) (MPa)*t  

ao K2 
nit (MPa)*:~ (MPa)*:~ n2~: 

Low solute 496 • 0.7 551 • 2.1 

Intermediate 583 • 2.8 627 • 2.1 
solute 

High solute 602 • 1.4 643 • 1.4 

672 • 9.7 0.123 • 0.006 0.278 • 0.020 

773 • 9.7 0.114 • 0.001 0.247 • 0.017 

771 • 7.6 0.097 • 0.007 0.210 • 0.013 

16.23 • 0.17 718 0.070 490 549 0.680 

15.10 • 0.35 790 0.058 576 518 0.657 

14.10 • 0.67 802 0.054 595 496 0.639 

Data indicate the mean • one standard deviation where applicable. 
* 1 ksi = 6.9 MPa. 
J'Flow curve parameters for the form o = KI enl. 
~t Flow curve parameters for the form o = a o + KI en2. 

METALLURGICAL TRANSACTIONS A VOLUME 12A, DECEMBER 1981--2089 



-t'y = T o + ~ ' r  

"to ; 
! 
! 
I 

d n n = ~  
b 

Fig. 9- -Local  critical shear stress as a function of the number of 
dislocations that have passed a slip plane (d > d<: local work 
hardening; d ~ de: local work softening; n = number of dislocations; 
d = particle diameter, b = Burgers vector (Ref. 6). 

the critical diameter (de) for dislocation bypassing to 
occur, the dislocations cut through these precipitates. 26,27 
This leads to a softening of the slip band since each 
dislocation passing through these precipitates reduces 
the shear resisting cross section of the particle. The 
stress concentrations produced by an array of dislo- 
cations cutting through a series of precipitates quickly 
lead to a nonhardening steady state as calculated by 
Rau and Cook. 2s For the case where the diameters are 
larger than d<, the dislocations can bow out between 
precipitates and lead to subsequent dislocation multi- 
plication within that plane. This leads to local work 
hardening and promotes a homogeneous distribution of 
strain. Both cases are schematically shown in Fig. 9 
where the local critical shear stress is plotted as a 
function of the number of dislocations (n) that have 
passed on a slip plane. Klein 29 and Hornbogen and 
G a h :  have demonstrated the connection between pre- 
cipitate cutting and the formation of coarse slip bands. 
The model of Hornbogen and Gahr 6 will be presented 
briefly since this predicts the coarser slip of the high 
solute alloy relative to the low solute. 

Hornbogen and Gahr 6 presented their model for the 
case of coherent, ordered precipitates that are small 
enough to be sheared. On the basis of another model by 
Gleiter and Hornbogen, 3~ which considered the inter- 
action of one flexible dislocation with the strengthening 
precipitates, the increase in yield stress, Az, was given by 

~/2 f l / 3  ~APB 
A~'(O) = G m--~/2b-Y d 1~2" [ 10] 

A~'(0) is the critical shear stress before passage of any 
dislocation; YAPB is the antiphase boundary energy; f is 
the volume fraction of strengthening precipitate; and d 
is the precipitate diameter. G and b are the shear 
modulus and dislocation Burgers vector, respectively. 
The precipitate diameter can be written in terms of 
multiples of the Burgers vector as d =nb .  When n 
dislocations have passed in a plane through a precip- 
itate, it is then completely sheared off and A~" = 0. The 
dependence of Ar on n, i.e., A~'(n) depends on the shape, 
size distribution, volume fraction, and properties of the 

strengthening precipitate. Hence Hornbogen and Gahr 6 
assumed a simplified calculation for cube-shaped, 
ordered, coherent precipitates interacting with a straight 
dislocation line as presented by Kelly and Nicholson: ~ 

W ~ ~APB d [ 11] 
A~-(0) = 4 bD 

where D is the interparticle spacing. 
For the case where the ordered precipitates are 

sheared on ( 111 } planes, the effective diameter, d, 
decreases linearly with the number of dislocations 
cutting them. The local critical shear stress increase is 
given by: 

4 b - D  1 -  [121 

The more the Az decreases with the passage of one 
dislocation, the greater will be the tendency towards 
inhomogeneous slip. Therefore, d ' r /dn  becomes a rela- 
tive measure of the tendency for coarser slip due to 
work softening. 

This is given by: 

dA~- - V ~ )'APB [13] 
dn  4 D 

Since the interparticle spacing can be related to the 
precipitate diameter and volume fraction, a general 
equation of the following form is obtained where C is a 
geometrical constant: 

0A~-(n)~n = --C~-)'APB fi/3 [14] 

This equation indicates that increasing the volume 
fraction, f ,  or decreasing the diameter of the strength- 
ening precipitate, d, results in a greater tendency for 
coarse slip. Hornbogen and Gahr 6 used Eq. [14] to 
predict the differences in slip behavior of an Fe-Ni-A1 
alloy exhibiting four characteristically different micro- 
structures. 

From this model of Hornbogen and Gahr, the 
tendency toward coarser slip can be predicted for the 
higher solute alloys since the volume fractions of the 
strengthening precipitate are greater in the higher solute 
alloys for the same diameter, d. A pseudo-binary phase 
diagram was assumed for the A1-MgZn 2 system from 
the ternary AI-Mg-Zn diagram to estimate the volume 
fractions of precipitate for the low and high solute 
alloys. This yields approximately a 20 pct larger value of 
OA'r[n]/an for the high solute. Hence, this implies that 
for the same macroscopic strain, there will be more 
strain localization within a given slip band for the high 
solute alloy. This could facilitate void nucleation at the 
grain boundaries at earlier macroscopic strains in the 
higher solute alloys. Subsequent research s:s has shown 
that the loss of fracture toughness with increasing solute 
content, for the T6 temper, can be related to this earlier 
fracture initiation at grain boundary-slip band inter- 
sections. 

CONCLUSIONS 

l) For % = 0.02, slip band spacings and slip step 
heights increase with increasing solute content, i.e., 
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strain localization increases with solute content. 
2) Extensive quantitative analysis has shown that the 

three high-purity 7XXX series aluminum alloys eval- 
uated in this study differ only in the volume fraction of 
strengthening precipitate (ordered GP zones and ~'). 
They are microstructurally identical in every other way 
for the T6 temper condition studied. 

3) The tendency toward strain localization can be 
explained by a work softening model of Hornbogen and 
Gahr. 6 This model indicates that increasing the volume 
fraction or decreasing the diameter of the strengthening 
precipitate results in a greater tendency for coarse slip. 
For these alloys the volume fraction was the variable 
parameter with higher values corresponding with higher 
solute levels. 

4) For those properties which are slip behavior 
dependent, such as macroscopic ductility and tough- 
ness, significant differences will be anticipated. Strain- 
to-fracture data from this study support this observa- 
tion. This loss of ductility with increasing solute content 
has been observed before. 7 

5) The mechanism implemented to increase yield 
strength, which was increasing the volume fraction of 
strengthening precipitates, produced an increase in 
strain localization susceptibility. Applications of such a 
strengthening mechanism to alloy development must be 
carefully selected since other equally important prop- 
erties may be diminished. 
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