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A thermomechanical process for grain refinement in precipitation hardening aluminum 
alloys is reported. The process includes severe overaging, deformation, and recrystalliza- 
tion steps. Microstructural studies by optical and transmission electron microscopy of 
grain refinement in 7075 aluminum have revealed that precipitates formed during the 
overaging step create preferential nucleation sites for recrystallizing grains. The relation- 
ship between precipitate density following severe overaging and recrystallized grain den- 
sity has been investigated; the results show that the localized deformation zones 
associated with particles larger than about 0.75/~m can act at preferential nucleation sites 
for recrystallizing grains. The density of particles capable of producing nucleation sites 
for new grains is approximately ten times greater than the density of recrystallized grains. 
A close relationship between dislocation cell size after the deformation step and recrystal- 
lized grain density has also been established. Both quantities saturate for rolling reduc- 
tions larger than approximately 85 pct. The grain size produced in 2.5 mm thick sheet by 
the optimum processing schedule is approximately 10/~m in longitudinal and long 
transverse directions and 6/zm in the short transverse direction. 

1. INTRODUCTION 

GRAIN refinement frequently results in beneficial 
changes of mechanical properties in metals. Since the 
pioneering work of Hall I and Petch, 2 many in- 
vestigators have verified the increase in macroscopic 
yield strength which is caused by grain refinement) 
Properties such as fatigue life, ductile-to-brittle transi- 
tion temperature and fracture toughness are also af- 
fected by grain refinementf1-5 although grain size ef- 
fects on these properties have received less attention 
than yield strength. 

Another significant change produced by grain 
refinement is its effect on the character of deforma- 
tion at high temperatures. At temperatures above 
about half of the absolute melting temperature and 
slow strain rates, grain boundary sliding can make a 
substantial contribution to the total strain, provided 
that the grain boundary area is large. 6: Under the 
proper conditions of temperature and strain rate, such 
materials exhibit large elongations prior to failure dur- 
ing tensile deformation; these materials are termed 
superplastic. The phenomenon of superplasticity re- 
quires a fine grain size; typically the mean grain 
diameter must be less than about 10 ~m for superplas- 
tic behavior to be observed. 6,7 

Previously developed processing techniques for 
grain refinement of medium to high strength 
aluminum alloys are of two basic types.* One class of 

*Several eutectic aluminum alloys such as AI-Cu and A1-Mg may 
be processed to achieve fine grain sizes but their room temperature 
strengths are low. 
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thermomechanical treatments is capable of reducing 
the size of certain aluminum alloys during the first 
stages of high temperature deformation. 8,9 These pro- 
cesses begin with casting procedures and heat treat- 
ments which produce special distributions of solute 
species and precipitates. Subsequent warm working 
(rolling) produces a complex, partially polygonized 
dislocation structure. Prior to the onset of deforma- 
tion at high temperatures, the precipitate and solute 
distributions resist discontinuous recrystallization. In- 
stead, the dislocation cell structure recovers con- 
tinuously to form a network of sub-grain boundaries 
which is stabilized by the particle dispersion. High 
temperature deformation is necessary to complete the 
continuous recrystallization process. 

The other class of grain refining processes has been 
applied to standard, high-strength aluminum alloys. 
This class of processing techniques involves a series of 
heat treatment and deformation steps intended to pro- 
duce a fine grain size by discontinuous recrystalliza- 
tion. These processing schedules are often termed "In- 
termediate Thermal Mechanical Treatments" or 
ITMT. A number of ITMT processes have been ap- 
plied to 7000 series aluminum alloys by investigators 
who sought improved ambient temperature properties 
through grain refinement. ~~ Changes in grain size 
produced by ITMT processes have been attributed to 
differences in the distribution of the solute elements 
Zn, Mg and Cu (FA-ITMT processing ~-~3 and to dif- 
fering amounts and distributions of fine, Cr-bearing 
precipitates (ISML-ITMT processing~~ 

Subsequent to development of the ITMT processes, 
substantial progress has been made in understanding 
the role of particle dispersions on recrystallization, as 
reported in several recent reviews. 16-19 In particular, it 
has been found that large, widely-spaced particles 
stimulate nucleation of recrystallizing grains, produc- 
ing a relatively high density of active nucleation sites. 
Small, closely-spaced particles have been found to 
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decrease the density of active nucleation sites and im- 
pede growth of recrystallizing grains. Quantitative 
definition of " l a rge"  and " sma l l "  particles depends 
on factors such as severity of  deformation,  strength of  
the particles and volume fraction of particles.16-2~ For 
nondeformable particles and reductions of more than 
50 pct, the division between large and small particles 
is about  1 #m in aluminum.16-2~ 

The goal of the present investigation was to control 
both nucleation and subsequent growth of recrystalliz- 
ing grains through control of  the size and density of  
precipitates. Based on the improved understanding of 
the effects of dispersed particles on recrystallization, a 
tbermomechanical process was developed for manipu- 
lating the density of  large particles that serve as 
nucleation sites for recrystallizing grains. El The ap- 
proach used here is similar to the previously devel- 
oped FA-ITMT processes in that both control the 
distribution of  Zn, Mg and Cu in order to refine the 
recrystallized grain size. IH3 The FA-ITMT processes 
were developed to eliminate the original grain bound- 
aries in the cast ingots prior to conventional hot 
working of the material into final product form, 
either sheet or plate, with enhanced ductility at room 
temperature. In contrast, the thermomechanical pro- 
cess described in this paper is designed to convert con- 
ventionally processed plate material into fine-grain 
sheet, primarily for  superplastic forming applications. 
For  this application, it is desirable to achieve the 
finest possible grain size. The grain sizes obtained 
with the present process are finer than those reported 
for the FA-ITMT processes. ~~ The purpose of  this 
investigation was to understand the origin of grain 
refinement by this process and to understand how pre- 
cipitate particles influence the recrystallized grain size. 
The present paper describes the results of this investi- 
gation, concentrating on the relation between micro- 
structure and the recrystallization process. The widely 
used alloy 7075 has been utilized for all of  the experi- 
ments described in this paper. 

2. E X P E R I M E N T A L  PROCEDURE 

A 25.4 mm thick plate of 7075 aluminum was used 
for all of  the experimental work described in this 
paper. The chemical composition of  the plate is 
presented in Table I. As discussed later (Section 3.1), 
the thermomechanical processing sequence involved 
both heat treatment and deformation steps. Heat 
treatments were carried out in molten salt baths where 
the temperatures were controlled to within +_ 2 K of  
the desired temperature. Deformation was carried out 
by rolling at temperatures between 200 and 220 ~ 
Between passes through the rolling mill, specimens 
were replaced in the furnace for periods ranging from 
1 to 4 min while the roll gap was being reset. The 
duration of  the reheating periods over the range of  1 
to 4 min had no effect on the recrystallized grain size. 

Specimens for optical and electron microscopy ex- 
amination were prepared with standard techniques. 
Grain size measurements were performed by the linear 
intercept method on micrographs from specimens 

etched with Keller's reagent. Test line length was suf- 
ficient to yield at least 100 grain boundary intercepts 
for each grain size determination. Measurements on 
micrographs of the L-S plane were used to determine 
longitudinal grain size (dL) and short transverse grain 
size (ds). For several specimens, measurements were 
also made on L-T  and T-S planes, revealing that the 
long transverse grain size (dr) is approximately equal 
to the longitudinal grain size (dr = dL). Grain density 
and average grain size were calculated from grain size 
measurements according to ASTM standard practice. 22 
By taking advantage of the approximate equality of 
dr and dL, average grain diameter, d, was calculated 
by 

d =  3(2dz t + d;') -l [1] 

and grain density, n,,  was found from 

n, = 0.566(dzEd;O [2] 

Particle densities were measured on extraction 
replicas prepared by the following technique. Coupons 
1 mm thick by 10 mm square were cut from overaged 

specimens. One face of  each coupon was polished as 
for standard metallographic examination, etched in a 
10 pct NaOH solution, dipped for a few seconds in a 
concentrated nitric acid bath for cleaning, washed in 
alcohol and immediately mounted in a standard epoxy 
metallurgical mount with the etched face inward. The 
metallurgical mounts with the coupon embedded were 
ground until the coupon was about 0.5 mm thick. By 
immersing the mount in a 20 pct NaOH solution, the 
aluminum matrix was rapidly dissolved; thus particles 
previously exposed by etching were left adhering to 
the epoxy. When the coupon was entirely dissolved, 
the extraction replica was again dipped into nitric acid 
again for cleaning and was prepared for SEM ex- 
amination by evaporating Au on the replica. 

Dislocation cell thickness was measured by trans- 
mission electron microscope of thin foils removed 
from bulk specimens after the deformation step. The 
specimens were carefully oriented with the beam 
parallel to the long transverse direction of  the speci- 
men. Measurements of  the dislocation cell dimension 
in the short transverse direction were made from 
negatives taken of these foils. 

3. RESULTS AND DISCUSSION 

3.1 Concepts of Grain Refinement by 
Thermomechanical  Processing 

The mechanisms of recrystallization in alloys con- 
taining particle dispersions are phenomenologically 
well understood. 16-19 Previous investigators have 
found that particles of  different sizes produce dif- 

Table I. Chemical Composition of 7075 AI Used in 
This Investigation 

Element Cr Cu Fe Mg Mn Si T~ Zn 
Wt Pct 0.20 1.71 0.32 2.44 0.04 0.12 0.04 5.84 
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Table II. Optimum Thermomechanical Treatment 
Parameters for 7075 AI 

Step ~ Conditions 

Solution treatment 482 ~ 3 h Water quench 
Age 400 ~ 8 h Water quench 
Deform by roiling 220 ~ 90 pct reduction of thickness 

in 5 to 10 passes 
Recrystallize 482 ~ 30 mm Water quench 

Fig. l--Schematic diagram showing the four step thermomechanicat 
processing treatment developed for grain refinement in 7075 A1, 

ferent effects on the recrystallization process. Disper- 
sions of large particles accelerate recrystallization rates 
by increasing the density of nucleation sites for recrys- 
tallizing grains. Electron microscope investigations 
have revealed that the intense deformation zones 
formed around large particles during deformation are 
preferential sites for nucleation of new grains during 
recrystallization. 2~ Dispersions of small particles 
retard recrystallization rates by exerting a drag force 
on migrating grain or subgrain boundaries. The small 
particles decrease nucleation rates by interfering with 
development of recrystallization nuclei and by retard- 
ing growth of recrystallizing grains.19,24,25 Nes25 has 
modified a theory originally proposed by Dillamore et 
a126 of nucleation at transition bands in a deformed 

matrix to include the drag effect of small particles on 
migrating sub-boundaries. The modified theory 
predicts decreasing nucleation rate with increasing 
values of f / r ,  where f is the volume fraction of small 
particles and r is the particle radius. After a successful 
nucleation event, the small particle dispersion impedes 
growth of the recrystallizing grains by the same drag 
mechanism. 

In addition to effects of particles on recrystalliza- 
tion rate, several studies have also considered the ef- 
fects of particles on recrystallized grain size. Those 
results can be summarized as follows: 

1) Large particles increase recrystallized grain den- 
sity by increasing the density of nucleation 
sites.16-2~ Humphreys' results on A1-Si alloys sug- 
gest that the recrystallized grain density is nearly equal 
to the density of large particles. 2~ 

2) Small particles have been found to decrease 
recrystallized grain density in some cases by interfer- 
ing with nucleation of recrystallizing grains, thus 
decreasing the overall nucleation rate. 16-19,25,26 

Based on this fundamental understanding of the ef- 
fects of particle dispersions on recrystallization and on 
previous work on ITMT processes, t~ a ther- 
momechanical processing sequence for grain refine- 

Fig. 2--Typtcal microstructures of 7075 AI: (a) commercially produced 25,4 mm thick plate before grain refinement and (b) after thermome- 
chanical processing to 2.5 mm thick sheet. L indicates longitudinal direction, T indicates long transverse direction and S indicates short 
transverse direction. 
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Fig. 3--Transmission electron micrographs of structures produced during each step of the thermomechanical treatment. (a) Solution treated 
3 hl482 ~ (b) Solution treated, aged 24 h/121 ~ (c) Solution treated, aged 4 hl288 ~ (d) Solution treated, aged 8 hi400 ~ (e) Solu- 
tion treated, aged 8 hi400 ~ deformed 90 pct at 220 ~ (f)Treatment (e) recrystallized 60 s at 482 ~ (g) Treatment (e) recrystallized 100 
s at 482 ~ (h) Treatment (e) recrystallized 30 min at 482 ~ 
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Fig. 3--Continued. 

ment has been devised for age-hardening aluminum 
alloys. By suitable overaging treatments, large par- 
ticles that act as nucleation sites for recrystallizing 
grains are introduced into the microstructure. These 
particles are in the 1/~m size range. Subsequent steps 
in the process are deformation at temperatures below 
the recrystallization temperature followed by recrystal- 
lization. 

The thermomechanical treatment for grain refine- 
ment of 7075 A1 is therefore a four step process as il- 
lustrated schematically in Fig. 1. 

1. Solution treat: produces a standard initial condi- 
tion. 

2. Overage: produces a dispersion of large particles. 
3. Deform below the recrystallization temperature. 
4. Recrystallize and solution treat. 

The time and temperature combinations that produce 
the highest grain density in 7075 with this thermo- 
mechanical treatment are listed in Table II. The simi- 
lar FA-ITMT process discussed previously used multi- 
step furnace cooling and overaging treatments to pro- 
duce the desired distribution of precipitates. IH3 

Figure 2 illustrates the grain structure of 7075 Al 
before and after the thermomechanical treatment 
specified in Table II. The grain structure typical of 
commercial 7075 plate is shown in Fig. 2(a). The grain 
size of 25.4 mm thick commercial plate material 
measured by the mean linear intercept method is ap- 
proximately 25/~m in the short transverse direction 
and 250 to 300/~m in the longitudinal and long 
transverse directions. The grain structure of the same 
material after thermomechanical processing to 2.5 mm 
thick sheet is shown in Fig. 2(b). The grain size after 
grain refinement is 6 ttm in the short transverse direc- 
tion and 10/~m in the longitudinal and long transverse 
directions. In comparison, the grain size of 1.6 mm 
thick commercial sheet was measured to be about 8 
#m in the short transverse direction and 40/~m in the 
longitudinal and long transverse directions. 

3.2 Microstructural Observations 

In order to understand the roles of the precipitate 
particles in grain refinement, the microstructure of 
7075 was examined after each step in the four-step 
thermomechanical processing sequence. This section 
describes the results of those microstructural observa- 
tions. Thin foils used for transmission electron 
microscopy were removed from the bulk specimens 
parallel to the plane containing the longitudinal and 
short transverse directions and thus represent 
transverse sections. 

Solution Treated. After solution treatment, 7075 
contains a dispersion of insoluble particles as shown 
in Fig. 3(a). These are dispersoid particles formed by 
the Cr and Mn additions to the alloy. As found by 
previous studies, these particles are approximately 0.1 
/~m in diam and are fairly homogeneously dispersed. 29 
No attempt was made to further identify these par- 
ticles. 

Overaged. The goal of the overaging step is to pro- 
duce a dispersion of particles sufficiently large to act 
as nucleation sites for recrystallizing grains. Based on 
the results of previous investigators, the minimum 
particle diameter is between 0.5 and 2 #m for heavily 
deformed material, 16-20.28 although the lower value 
seems to be applicable to polycrystalline, commercial 
aluminum alloys. 28 Overaging experiments were per- 
formed to establish the conditions required to produce 
a dispersion of precipitates of approximately 1 ~tm 
diam. Several results are shown in Fig. 3(b) through 
(d). 

Conventional precipitation hardening treatments 
produce the microstructure shown in Fig. 3(b). The 
fine, metastable precipitates which form during aging 
at 121 ~ are not resolved at the magnification of this 
micrograph. Fig. 3(c) and (d) illustrate the particle 
dispersions produced by overaging 4 h at 288 ~ and 
8 h at 400 ~ respectively. Some of the particles pro- 
duced by overaging for 8 h at 400 ~ appear to be 
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sufficiently large to act as preferential nucleation sites 
during recrystallization. Evidence detailed in Section 
3.3 reveals that 8 h at 400 ~ is the optimum over- 
aging treatment for grain refinement. 

Composition analysis of the large precipitates, such 
as those shown in Figure 3(d), by STEM microscopy 
revealed that there were two types of particles in this 
size category. 

1) The majority of the particles analyzed contained 
AI, Zn and Mg. X-ray diffraction from overaged 
specimens confirmed the presence of the M-phase 
which formed during overaging. 

2) Some of the particles analyzed contained A1, Fe 
and Si. These particles were presumed to be constit- 
uent particles formed by Fe and Si impurities. 29 They 
were not dissolved during solution treatment. These 
particles play a small role in recrystallization, as 
discussed in Section 3.3. 

In addition to increasing the density of large 
equilibrium precipitates, overaging for 8 h at 400 ~ 
increases the density of smaller precipitates which are 
in the 50 to 100 nm size range. These precipitates are 
either dispersoid particles formed from Cr and Mn in 
solution after solution treatment or small M-phase 
equilibrium precipitates dissolving during coarsening 
of the particle dispersion. 

The optimum overaging treatment for grain refine- 
ment thus produces a bimodal particle dispersion. 
Large particles in the size range 0.5 to 1 txm are 
equilibrium precipitates formed during overaging. 
Dispersoid particles in the size range 50 to 100 nm are 
also present. Some of the dispersoid particles did not 
dissolve during solution treatment, others appear to 
have precipitated during the overaging treatment. 

In comparison, the thermal treatments employed in 
the FA-ITMT process produce a dispersion of precipi- 
tates of larger size. ~-13 Details of the precipitate 
dispersions were not published by the FA-ITMT in- 
vestigators. However, estimates from Fig. 6(a) of Ref. 
11 suggest an average precipitate diameter in the range 
of 2 to 4 #m prior to deformation in the FA-ITMT 
process. While this may not seem greatly different 
from the 0.5 to 1 #m diam achieved in the present in- 
vestigation, it will be seen in Section 3.3 that 
precipitate density is an important parameter in grain 
refinement. Assuming approximately equal volume 
fractions of precipitate in the two cases, the 
precipitate density achieved by the 8 hour overage 
used in the present investigation is more than 10 times 
higher than that achieved by the FA-ITMT process. 

Deformed. After overaging, the alloy was deformed 
as described in Table II. The heavily dislocated 
microstructure created by this step is shown in Fig. 
3(e). Away from the large particles, the dislocations 
form an elongated cell structure characteristic of 
heavily worked aluminum alloys. 3~ In the case of 90 
pct reduction of thickness, the cell size was typically 
0.2 #m in the short transverse direction by several #m 
in the longitudinal direction. The presence of disper- 
soid particles did not disrupt the cell structure, 
although the particles may have influenced formation 
of the dislocation cells as discussed by other authors. 18 

Near the large particles, the situation is quite dif- 

ferent. Strong deformation zones form around these 
particles as shown in Fig. 3(e). Previous investigators 
have found that deformation zones around particles 
consist of dislocation cells considerably smaller than 
those found in the matrix far from the particles. 18,2~ 
In addition, many of the small dislocation cells near 
large particles have a lattice orientation quite different 
than the general orientation away from the particle. 
These features were not quantitatively investigated in 
the present study because the excellent studies of 
Humphreys'  and others 18,2~ are directly analogous to 
this situation. However, the small dislocation cell size 
near the particle can be seen in Fig. 3(e) and tilting 
experiments in the microscope qualitatively confirmed 
Humphreys'  observations concerning lattice rotations. 

Small dislocation cells in the deformation zone 
around large particles have been observed to be 
nucleation sites for new grains during recrystalliza- 
tion. 18,z~ The important effect of large particles on 
recrystallization is therefore the formation of defor- 
mation zones in the surrounding matrix surrounding 
the particles. The relationships between overaging 
time, particle size and density and recrystaUized grain 
density are quantitatively explored in Section 3.3. 

Partially Recrystallized. The potential difficulties 
encountered in in situ recyrstallization experiments in 
thin foils with conventional electron microscopes have 
been well documented. 3~ To avoid such problems, 
deformed specimens were heated to the recrystalliza- 
tion temperature for short periods, then rapidly 
quenched. The goal was to partially recrystallize the 
specimens but to arrest recrystallization in progress. 
Removing thin foils from partially recrystallized bulk 
specimens permitted observation of the early stages of 
recrystallization. 

Figure 3(f) shows a partially recrystallized region in 
a specimen recrystallized to 60 s at 482 ~ The 
recrystallized region nucleated in the deformation 
zone of one of the arrowed particles. Closely spaced 
particles have been found to share a common defor- 
mation zone in copper alloys. Porter and Hum- 
phreys 23 report that such a joint deformation zone 
may be a more potent nucleation site for recrystalliza- 
tion than the deformation zone around an isolated 
particle. Figure 3(f) supports that proposition, 
because no other recrystallized regions were found in 
the specimen shown in Fig. 3(f), neither at single par- 
ticles nor any other sites. 

Note that the matrix has undergone extensive 
dislocation rearrangement during the brief heating 
represented by Fig, 3(/). The cellular dislocation struc- 
ture has coarsened, and the dislocation cell walls are 
narrower than in the as-deformed microstructure. 
Such changes are typical of dislocation re- 
arrangements which occur in many metals during 
recovery.31 

A more advanced stage of recrystallization is shown 
in Fig. 3(g). This micrograph shows a specimen that 
was recrystallized 100 s at 482 ~ The recrystallizing 
grain has grown to completely surround the particle 
that formed the preferential nucleation site. Although 
it is not certain that the recrystallizing grain nucleated 
in the deformation zone of the particle, this situation 
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is similar to in situ experiments in HVEM by olher in- 
vestigators where recrystallized regions were observed 
to nucleate at or near particles and grow to surround 
the particle. ~8,2o.23.27 

The role of the small dispersoid particles in the 
recrystallization process is also illustrated in Fig. 3(g). 
At many locations along the migrating interface be- 
tween the recrystallized region and the deformed 
matrix, the interface bows out between particles. Since 
the dispersoid content was an invariant factor in this 
investigation, the results do not clarify the effect of 
dispersoid particles on recrystallized grain size. 

Completely Reerystallized and Solution Treated. 
Figure 3(h) shows the microstructure after the com- 
plete recrystallization treatment of 30 min. In addition 
to recrystallization of the matrix, the large precipitates 
have dissolved, leaving the dispersoid particles in the 
recrystallized, fine grain matrix. 

3.3 Effect of Overaging Time on 
Recrystallized Grain Density 

One of the many external variables in the four-step 
thermomechanical treatment presented in Section 3.1 
is overaging time. From the microstructural observa- 
tions presented in the previous section, it is clear that 
overaging time influences recrystallized grain size by 
affecting the size and density of equilibrium precipi- 
tates formed during overaging. The results of a quan- 
titative study of the relations between overaging time, 
precipitate size and density and recrystallized grain 
density are reported in this section. For  this study, the 
solution treatment, deformation and recrystallization 
steps were carried out as prescribed in Table II and 
the overaging temperature was held constant at 
400 ~ overaging time was the only variable. 

The first relationship examined in this section is be- 
tween overaging time and precipitate size and density. 
Particle densities were measured by scanning electron 
microscopy of extraction replicas prepared by the 
technique described in Section 2. Micrographs cover- 
ing an area of at least 2 x 10 -3 mm 2 and containing at 
least 230 particles were analyzed for each overaging 
condition. Particle diameters were measured and 
classed into size ranges; in the case of noncircular par- 
ticles, the diameter was taken to be that of a spherical 
partical covering the same projected area as the parti- 
cle being measured. Histograms of the area density of  
particles in each size range were prepared, using 0.25 
p.m size intervals. The area densities of particles were 
converted into volume densities using the average par- 
ticle size in each size interval, as described by Ashby 
and Ebeling. 32 The standard deviation of the number 
of particles counted in each interval was taken as the 
square root of the number counted. 

The results of the study of particle density as a 
function of overaging time are shown in Fig. 4(a) for 
aging times of 0, 1, 8 and 128 h. The results are 
presented as the density of precipitates with diameters 
greater than d, Nv(d), for different values of d. This 
method of presenting precipitate densities is uncon- 
ventional, but useful for the present investigation. For 
a constant amount  of deformation,  it is reasonable to 

assume that virtually all particles larger than a critical 
size will produce sufficiently intense deformation 
zones to potentially act as preferential nucleation sites 
for  recrystallizing grains. Measurements of N,(d) per- 
mit easy correlation of particle densities with recrys- 
tallized grain densities. Uncertainty about the critical 
particle size required to produce a preferential nuclea- 
tion site necessitated measurement of particle densities 
for several values of d. The error bars shown in Fig. 
4(a) represent standard deviations calculated from the 
standard deviations in all of  the intervals combined to 
find N~(d). 33 

The trends for precipitate density as a function of  
overaging time illustrated in Fig. 4(a) conform to 
expectation. The sample of unaged material examined 
in this study was found to contain insoluble constit- 
uent particles which ranged in diameter from approx- 
imately 1 to 10/~m; few of the constituent particles 
were less than 1 p.m in diam. Therefore,  in the unaged 
material, the density of particles larger than 1 ~m, 
Nv(I), is nearly equal to the density of particles larger 
than 0.25 ~m, Nv(0.25). Hence, the points represent- 
ing Nv(0.25) and N,(1) after 0 aging time are virtually 
superposed on Fig. 4(a). 

Overaging for 1 h at 400 ~ causes precipitation to 
occur in the supersaturated solid solution, producing a 
very high density of small particles (d -0 .25  ~zm), 
although Nv(1) also increases during this short aging 
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period. Longer overaging times cause coarsening of 
the precipitate dispersion in the usual manner: the 
average particle size increases but the overall particle 
density decreases. From theoretical arguments con- 
cerning coarsening of precipitate dispersions, it is 
possible to show that Nv(d) first increases with over- 
aging time, reaches a maximum value and subse- 
quently decreases for long overaging times. The over- 
aging time required to attain the maximum in Nv(d) 
depends on d: for small d, the maximum occurs at 
short times; for large d, the maximum occurs at long 
times. The results shown in Fig. 4(a) qualitatively 
agree with the theoretical prediction. The maximum 
value of Nv(1) apparently occurs for overaging times 
longer than 128 h. 

Recrystallized grain size in the short transverse and 
longitudinal directions as well as grain density are 
shown as functions of overaging time at 400 ~ in 
Fig. 4(b). If the majority of recrystallized grains 
nucleated in the deformation zones of particles larger 
than some critical size, d ' ,  then grain density and 
Nv(d' ) should similarly vary as functions of overaging 
time. The maximum in Nv(0.25) occurs at an over- 
aging time of approximately 1 h or less, and the max- 
imum in Nv(1) occurs at an overaging time of 128 h 
or more; neither correlates well with the observed 
variation of grain density with overaging time. The 
maximum value of Nv(0.5) occurs for overaging times 
between 1 and 8 h, and the maximum value of 
Nv(0.75) occurs at approximately 8 h. The best cor- 
relation between particle density and recrystallized 
grain density is found for Nv(0.75), suggesting that 
the critical particle diameter necessary to form a 
nucleation site for a recrystallizing grain is approx- 
imately 0.75/~m. A value of 0.75 t~m as the minimum 
particle diameter for particle-assisted nucleation of 
recrystallizing grains is in general agreement with the 
results of many other studies. 16-20,28 

In addition to determining an approximate value 
for the minimum particle diameter required for 
particle-assisted nucleation, the results presented in 
Fig. 4 reveal the relation between recrystallized grain 
density and absolute particle density. For the op- 
t imum overaging time of 8 h, there are approximately 
10 particles larger than the critical size per recrystal- 
lized grain. For the other overaging times, similar 
values are found. This result is very different from the 
results of Humphreys 20 who found approximately one 
critically-sized-particle per recrystallized grain in ex- 
perimental A1-Si alloys deformed 90 pct. 

The result obtained in the present investigation can 
have two possible explanations: either there was only 
one successful nucleation event for every 10 particles, 
or grain growth occurred during the 30 min recrystal- 
lization period so that the recrystallized grain diameter 
shown in Fig. 4 is actually the Zener diameter deter- 
mined by the dispersoid particles. The latter explana- 
tion seems unlikely because the recrystallized grain 
density would not vary with overaging time, as shown 
in Fig. 4, if that were the case. A more likely explana- 
tion involves the results of Nes, 19,23,24 which show that 
a dispersion of small particles can decrease the overall 
nucleation rate of recrystallizing grains at large par- 
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ticles. In the present investigation, the dispersoid par- 
ticles may prevent nucleation at many critically-sized 
particles, so that the ratio of Nv(0.75) to recrystallized 
grain density is higher than in the study by Hum- 
phreys 2~ where no dispersoid particles were present. 

The relative importance of precipitate particles and 
constituent particles in forming nucleation sites for 
new grains is also illustrated in Fig. 4. After overaging 
for 8 h at 400 ~ the density of precipitates more 
than 0.75 #m in diam is more than fifty times the 
density of constituent particles with diameters larger 
than 0.75 #m. Assuming that constituent particles and 
precipitates are equally effective as nucleation sites, 
the number of grains nucleating at precipitates is more 
than fifty times the number nucleating at constituent 
particles; this suggests that constituent particles do not 
make a substantial contribution to the grain size in 
optimally aged material. Thus, alloys with reduced Fe 
and Si content, such as 7475, should be capable of 
achieving approximately the same recrystallized grain 
density as 7075. 

The results of this study of recrystallized grain den- 
sity and precipitate densities as functions of overaging 
time support the following conclusions. 

1) A value of 0.75/~m for the minimum particle 
diameter capable of nucleating a new grain is approx- 
imately correct. This observation is consistent with the 
microstructural observations and the results of pre- 
vious investigations. ~5-~9,27 

2) Only about 10 pct of the particles greater than 
0.75/zm in diam nucleate a recrystallized grain. 

3.4 Effect of Severity of Reduction on 
Recrystallized Grain Size 

Severity of reduction is related to recrystallized 
grain size by the formation of deformation zones 
around precipitate particles. Increasing reduction 
causes intense deformation zones to form around 
smaller particles, thus providing a higher density of 
nucleation sites for new grains. As suggested by Nes, TM 

the ability of particles to nucleate new grains can be 
assessed by comparing particle size with dislocation 
cell thickness. To establish a relationship between 
dislocation cell thickness and recrystallized grain den- 
sity, both quantities were measured as a function of 
severity of reduction. Solution treatment, overaging 
and recrystallization variables were held constant at 
the values listed in Table II; the only variable was the 
severity of reduction. 

For increasing severity of reduction, the specimens 
tended to widen more during rolling, so that reduction 
of thickness was not a satisfactory measure of defor- 
mation. A better quantity to use for the amount of 
deformation is the effective strain, ~, defined as 34 

~= -~- (~1 - ~2)  2 + (~2 - ~3 )  2 + (~l  - ~3)  2 ~,2 [3 ]  

where e, is the true strain in direction i. The effective 
strain accounts for widening of the specimen during 
rolling and can be used to measure deformation by 
other processes, such as swaging or forging. The ideal 
reduction, R I, is defined as the reduction in thickness 
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producing the same effective strain with no change in 
specimen width. Ideal reduction can be expressed as 

43- 
Rt = 1 - exp - -'~--c x 100 pet [4] 

Ideal reduction is useful for relating effective strain to 
values of  reduction of thickness normally reported for 
rolled materials that are wide enough to prevent 
significant widening during rolling. 

Dislocation cell thickness and recrystallized grain 
density were measured as functions of effective strain. 
The results are presented in Figs. 5 and 6. In Fig. 5, 
dislocation cell thickness, recrystallized grain density 
and linear grain dimensions are plotted as functions 
of effective strain. The error bars shown for values of 
dislocation cell thickness represent standard deviations 
calculated from each measured distribution of  disloca- 
tion cell thickness. As anticipated, dislocation cell 
thickness decreases and grain density increases as the 
severity of deformation is increased. However,  both 
quantities saturate at an effective strain of about  2.5, 
corresponding to an " idea l "  reduction of approx- 
imately 85 pct. Saturation of dislocation cell sizes has 
previously been observed in other materials, although 
the amount  of  deformation required to achieve satura- 
tion varies greatly. 3~ 

Figure 6 shows the direct relation between disloca- 
tion cell thickness and recrystallized grain size. As 
seen in the figure, correlation between these two 
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Fig. 6--Relation between dislocation cell thickness and recrystal- 
lized grain density. 

quantities is excellent. The good correlation suggests 
that dislocation cell thickness is a reasonable measure 
of the intensity of deformation zones around par- 
ticles. This result implies that deformations beyond 
strains of about  2.5 do not generate intense deforma- 
tion zones around smaller and smaller particles. The 
zones already present around larger particles may be 
intensified but new particles are not activated as 
nucleation sites for new_grains. Increasing the severity 
of  deformation beyond e - 2 . 5  does not produce 
material with finer grain sizes when the thermome- 
chanical treatment presented in Section 3.1 is used. 

3.5 Effect of Heating Rate on 
Recrystallized Grain Size 

All results reported in this paper were obtained by 
recrystallizing specimens in molten salt baths. This 
method ensured a rapid heating rate to the recrystalli- 
zation temperature. Several experiments were per- 
formed with slower heating rates, e.g., specimens 
heated in air furnaces. These results suggest that slow 
heating rates do not result in the same grain refine- 
ment achieved by rapid heating rates. Heating rates of 
about  2.8 x 10 -2 K �9 s -~ (100 K ~ h -I) result in grain 
densities near 104 mm -3, while rates of  1.8 x 10-3K ~ 

s -~ (6 K �9 h -~) produce grain densities of  approxi- 
mately 3 x 102 mm -3 which are indistinguishable from 
conventional commercial products. Present results 
thus indicate that rapid heating rates are required to 
achieve substantial grain refinement by the process il- 
lustrated in Fig. 1. 
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4. CONCLUSIONS 

In summary, this study of grain refinement in 7075 
A1 demonstrated that the basic understanding of 
recrystallization in particle dispersed alloys can be 
used to develop processes for grain refinement in 
commercial alloys. Some of the important conclusions 
are as follows: 

1) A four-step thermomechanical processing se- 
quence has been devised for grain refinement of 7075 
AI. An overaging step is used to precipitate a high 
density of particles larger than approximately 0.75 #m 
in diam. The deformation zones that form around the 
particles during subsequent rolling serve as nucleation 
sites for recrystallizing grains when the alloy is rapidly 
heated above the recrystallization temperature. 

2) The variation of density of particles greater than 
0.75 #m in diam correlates well with the recrystallized 
grain density. This suggests that the density of such 
particles controls the recrystallized grain density. In 
contrast to the observations of Humphreys, 20 the par- 
ticle density is about ten times the recrystallized grain 
density. 

3) The variation of dislocation cell thickness after 
deformation correlates well with recrystallized grain 
density. The dislocation cell thickness and recrystal- 
lized grain density saturate at about 85 pct reduction 
of thickness. Further deformation does not produce 
additional grain refinement. 
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