The Influence of Al;Zr Dispersoids on the Recrystallization

of Hot-Deformed AA 7010 Alloys
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The recrystallization of AA 7010 alloys (Al-6 pct Zn-2.4 pct Mg-1.6 pct Cu-Zr) during solution
treatment is investigated as a function of Zr content after deformation under conditions simulating
hot rolling. The respective roles of the volume fraction and size of AlsZr dispersoids are characterized
by additions of 0.05 to 0.12 pct Zr and suitable heat treatments. Plane strain compression (channel-
die) tests at temperatures of 320 °C and 440 °C were conducted to strains of 1, and the samples
subsequently solution-annealed at 470 °C. Recrystallization during this anneal was characterized by
optical and electron microscopy and X-ray diffraction. The fraction recrystallized decreases with
increasing Zr content, higher deformation temperature, and finer particle size. An origina model
based on the concept of the recrystallizable volume fraction is presented to predict the degree of
recrystallization in materials characterized by spatially heterogeneous microstructures.

I. INTRODUCTION

THE AA7010 (Al-Zn-Mg-Cu) dloy is widely used for
structural componentsin critical aerospace applications such
as wing spars. The essential properties that combine high
yield stress and good fracture toughness are obtained by a
combination of thermomechanical processing and age hard-
ening. The processing includes hot rolling and cooling to
room temperature followed by a solution treatment, quench-
ing, and aging. The aging reactions and their influence on
the mechanical properties of these aloys have been widely
studied.[*?>3 However, it is now recognized that the critical
fracture toughness properties can be strongly influenced by
the amount of recrystallization that occurs during the solu-
tion treatment as a consequence of the energy stored during
hot rolling. In general, the higher the degree of recrystalliza-
tion, the lower the fracture toughness, so that manufacturers
try to inhibit recrystallization by the addition of Zr, which
forms fine AlsZr dispersoids.

Clearly, both the hot rolling conditions and the aloy con-
tent have to be optimized to obtain suitable microstructures
for the required properties. In this article, the specific influ-
ences of the size and volume fraction of Al;Zr dispersoids
are analyzed by controlled hot deformation tests on a series
of 7010 alloys of varying Zr contents (0.05 to 0.12 pct).

The hot rolling conditions are simulated by instrumented
high-temperature plane strain channel-die compression
(PSC) tests under conditions of constant temperature and
strain rate. This deformation method gives relatively homo-
geneous deformations and direct flow stress dataand enables
the sample to be quenched. The microstructures are charac-
terized by quantitative optical and electron metallography,
including transmission electron microscopy (TEM) and
scanning electron microscopy—electron backscattered dif-
fraction (SEM-EBSD). Particular attention ispaid to the size
and spatial distribution of the Al;Zr dispersoids, which tend
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to be distributed very heterogeneously within the grains.
This heterogeneous dispersoid distribution has a pronounced
effect on the fraction of materia that is capable of recrys-
tallizing for a given set of conditions.

II. EXPERIMENTAL PROCEDURE

Four experimental (10 kg) casts of different Zr contents,
denoted A, B, C, and D, were prepared at the Pechiney CRV
research center. Their compositions are given in Table I,
along with that of a standard 7010 aloy denoted R. Apart
from the Zr contents, the other alloying elements have levels
close to those of the reference.

The compression samples cut out from the ingots were
homogenized 24 hours at 480 °C, using one of two heating
rates: slow at 0.3 °C/min and rapid at 11 °C/min. The heating
rate is important, since Zr precipitates out as Al;Zr disper-
soids, which then coarsen during the heating stage. Faster
heating rates facilitate dissolution of the finer, unstable dis-
persoids and therefore tend to form coarser dispersoids. After
homogenization, the samples were quenched to room tem-
perature.

Plane strain channel-die compression tests were con-
ducted in amodified version of a hot channel-die equipment
described by Maurice and Driver.[!l Samples 7 mm in width,
14 mm in height, and 18 mm in length were placed in
the preheated dies, after being lubricated by means of a
combination of Teflon film and graphite spray. Heating,
and time-to-temperature stabilization take approximately 3
minutes. The samples were deformed to a strain of unity
(71 pct reduction) at a constant strain rate of 1 s and at
two temperatures, 320 °C and 440 °C. Immediately after
deformation, the samples were quenched in ~2 seconds by
opening the mobile die wall and pushing the sample into
a water bath. Solution treatments to partial or complete
recrystallization were carried out in a salt bath at 470 °C
for 6 hours, followed by a quench.

Metallographic sections were taken principaly from the
longitudinal RD/ND plane. Optical microscopy was used to
characterize the AlsZr dispersoid distribution (Section 111),
and the fraction recrystallized by means of animage analysis
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Tablel. Alloy Compositions in Weight Percent

Alloy S Fe Cu Mg Zn Zr Cu+ Mg+ Zn
7010-A 0.051 0.064 159 2.29 6.12 0.053 10.0
7010-B 0.053 0.064 1.55 2.26 595 0.082 9.76
7010-C 0.034 0.062 1.61 2.24 6.01 0.105 9.86
7010-D 0.037 0.063 1.54 2.16 5.85 0.120 9.55
7010-R 0.06 0.10 1.65 237 6.08 0.11 10.1

technique. The TEM was carried out in a PHILIPS* CM

*PHILIPS is a trademark of Philips Electronic Instruments Corp., Mah-
wah, NJ.

200 to characterize the AlsZr particle sizes and the disloca-
tion substructures.

[1l. RESULTS AND DISCUSSION
A. Al;Zr Dispersoids

In industrial practice, AlsZr precipitates in the Zr-rich
zones of the grains during heating of the as-cast ingots to
the homogenization temperature. As a consequence of the
peritectic solidification reaction, Zr segregates to the den-
drite cores, so that subsequent AlsZr precipitation occurs
principally in the grain centers, and an AlsZr dispersoid-
free zone can form between the grain boundary region and
the center.

To characterize the spatial heterogeneity of the AlsZr dis-
persoids 10 to 50 nm in size within grains 200 to 300 um
in size, a special marker technique was used. Selected hot
deformed samples were solutionized for 1 hour at 470 °C,
then air-cooled to allow precipitation of micrometer-sized
n (MgZn,) particles on the Al;Zr dispersoids. An orthophos-
phoric acid etch then reveal sthe 5 precipitates and, therefore,
the locations of the Al;Zr dispersoids. Figure 1 gives an
example of the low Zr 7010-A aloy after both slow and
rapid heating rates. A very heterogenous distribution of pre-
cipitates is clearly seen as dark bands, particularly in the
recrystallized grains. Recrystallization rendersthe Al Zr dis-
persoids incoherent, and so favors subsequent 7 precipitate
nucleation on the dispersoids.

The mean size of the Al;Zr dispersoids was determined
by TEM on longitudinal sections of samples, which were
hot compressed, to reduce the distances between the bands
of dispersoids, and annealed 10 minutes at 470 °C to dissolve
the 7 precipitates. Figure 2 shows examples of dispersoids
in the samples after (1) slow and (2) rapid heating. The
average AlsZr sizes of 15 through 20 nm (slow) and 30 to
35 nm (rapid heating) confirm the major role of the heating
rate. Note also that, since the dispersoid volume fractions
f, are constant, the density of the AlsZr dispersoids is much
greater in the slowly heated material. Equilibrium volume
fractions were calculated for the homogenization tempera-
ture using standard thermodynamic methods; they indicate
0.042 pct Zr in solid solution and average AlsZr dispersoid
volume fractions f, of 0.016, 0.055, 0.086, 0.106, and 0.097
pct, respectively, for alloys 7010 A through D and the 7010-
R. These average equilibrium values are only indications,
since the local volume fractions can vary enormously.
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Fig. 1—Spatial distributions of AlsZr dispersoidsin thegrains of thelow Zr
7010-A dloy as characterized by optical microscopy of marked dispersoids
(text) after (a) slow heating and (b) rapid heating.

B. Hot Deformation

Figure 3 illustrates the stress-strain curves of a typical
7010-Zr alloy and the 7010-R standard at the temperatures
of 320 °C and 440 °C. The o(g) plots revea rapid stress
saturation at a strain of about 0.1, with some small stress
variations thereafter. At 320 °C, the flow stress tends to
exhibit slight softening due to some deformation-induced
heating; at 440 °C, on the other hand, the applied stress
increases somewhat at high strains, probably as a result of
some friction effects.

The flow curves are given for the two heating rates of
the 7010-Zr aloy, but it is obvious that the prior heating
rate has no significant effect on the hot deformation behavior.
In fact, the Zr contents investigated here have no apparent
effect on the stress-strain curves, which are essentially con-
trolled by the solute content and the temperature and strain
rates, as described in Reference 5. The standard rheological
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Fig. 2—Al3Zr dispersoids characterized by TEM after (a) slow heating and
(b) rapid heating.
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Fig. 3—PSC channel-die stress-strain curves of 7010-R and 7010-C alloys
at two temperatures (320 °C and 440 °C); the model aloy is tested after
both heating rate conditions.
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(b)

Fig. 4—Typica deformation substructures in 7010-Zr alloy deformed at 1
s 1 to astrain of 1: (a) 320 °C and (b) 440 °C.

parameters m = % and the activation energy for
T

R-9Ino
m-a(L/T)|,
R sample.l The strain rate sensitivity coefficient m varies
between 0.09 and 0.17 for temperatures of 320 °C and 440
°C. The activation energy Q is evaluated at 142 kJmol at
& = 1574, reasonably close to the widely used value of 155
kJmol for hot deformation of aluminum alloys.

The hot deformation microstructures of the reference
alloy, as determined by TEM and SEM-EBSD, are described
elsewherel® The influence of the deformation temperature
on the subgrain microstructure is shown in Figure 4: at 320
°C, elongated subgrains of size 1 through 3 um are formed
together with a high density of dislocations (and » precipi-
tates), and at 440 °C, larger equiaxed subgrains, 2 to 4 um
in size, relatively free of dislocations, are developed. The
average subgrain misorientations in both cases are between
1 and 2 deg. (Note that these are the substructure features
observed by quenching immediately after hot deformation).

deformation Q = were anayzed for the 7010-
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Fig. 5—The influence of AlsZr dispersoids on recrystallization. Optical micrographs (orthophosphoric etch) on longitudinal (ND/RD) section of the four
mode! alloys deformed at 440 °C 1 s™* and solutionized 6 h at 470 °C. Recrystallized grains are light while the non-recrystallized (dark) areas contain
subgrains decorated by precipitates. (a) through (d) represent aloys A through D in the slowly heated state and (€) through (h) the same alloys after rapid

homogenization heating.

C. Recrystallization Behavior
The optical micrographs of Figure 5 reveal the typica

partialy recrystallized microstructures developed in the
aloys after the solution treatment for 6 hours at 470 °C,
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following the hot PSC deformation at 440 °C. Thereisclearly
a strong influence of both the Zr content and the heating
rate prior to homogenization. After a high heating rate to
form the larger AlsZr dispersoids, the recrystallized volume
fraction X can vary from 95 pct (0.05 pct Zr) to 40 pct (0.1
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Fig. 6—The recrystallized volume fractions as a function of Zr content for
both prior heating rates: (a) deformed at 320 °C and (b) deformed at 440 °C.

pct Zr). The slower heating rate gives significantly lower
amounts of recrystallization, varying between about 40 and
20 pct for the Zr-rich alloys.

Similar trends are observed after deformation at 320 °C,
but the recrystallized fractions are generally higher, as a
consequence of the higher stored energy of deformation.

Figure 6 plots out the X(Zr) volume fractions for the
deformation temperatures of (a) 320 °C and (b) 440 °C. The
average recrystallized grain size is also given in Figure 7
as a function of the same parameters. finer grain sizes are
obtained on the slowly heated samples of high Zr contents
deformed at the lower temperature.
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Fig. 7—The average recrystallized grain size as a function of Zr content
for both prior heating rates: (a) deformed at 320 °C and (b) deformed at
440 °C.

It isapparent from the optical micrographsthat recrystalli-
zation is quite heterogeneous at the grain scale and occurs
principally along the grain boundary regions of the as-
deformed grains. The grain centers recrystallize only in the
very low Zr aloys, if they do recrystallize at all. The recrys-
tallized grains often contain large, constituent, intermetallic
particles on which particle stimulated nucleation (PSN) is
consideredto take place. The PSN generally resultsinrecrys-
tallized grains of fairly random orientation: this is born out
by thetexture analysis. Thetypical hot rolling textures devel -
oped by the PSC tests are strongly attenuated by this partial
recrystallization.!
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D. Analysis of the Recrystallizable Volume Fractions XR

1. Principles

The present observations of the recrystallization behavior
of these microstructurally heterogeneous 7010 alloys indi-
cate that parts of the grains can recrystalize easily: the
grain boundary areas along which PSN occurs on the large
constituent particles and where the Zener drag effect due to
the fine dispersoids is weak. Other areas, particularly the
grain centersintheZr-rich aloys, ssmply do not recrystallize.
Thesize and local volume fractions of the Al;Zr dispersoids,
therefore, have apronounced influence on the resulting grain
structure. It is proposed that the results can be interpreted
interms of the concept of therecrystallizable volumefraction
XR, the volumefraction in which the driving force for recrys-
tallization is greater than the boundary pinning forces that
inhibit recrystallization. Thisideais applied here to the case
of 7010 alloys, for which the driving force is derived from
the dislocation density of the subgrains, and the pinning
force is simply due to Zener drag. (The minor effects of
boundary curvature on growth of recrystallized grains are
neglected, and the solute drag effects are assumed constant
for the set of alloys examined. Moreover, sincethe recrystal-
lization measurements have been made after a relatively
long period at high temperature, the system is considered to
be near equilibrium, so that kinetic aspects are also ignored.)

The driving force for recrystallization of a hot deformed
aluminum alloy is essentialy due to the subgrain boundary
energies v, their size dy;, and the misorientation 6.1 For
equiaxed subgrains, the driving pressure is

Po=— [1]

where 4 is given in terms of the subboundary misorienta-
tion by the Read—Shockley relation:

_ %O
Yo = Yoy [1 In 90} (2]
where 7y, is the energy of a high angle boundary at 6, (often
taken as 15 deg). The pinning force due to Zener drag is
usualy taken as
_3-f-y
P =" (3]

where yisthe specific energy of the moving boundary (= )
and d the particle diameter. If, as in the present case, the
dispersoid particles are coherent, the pinning force P, is
multiplied by afactor of 2 to allow for the loss of coherency
as the boundary migrates past the particle.l!

2. Estimation of the local volume fraction of
dispersoids, f,

As pointed out above, the local volume fraction f, of the
dispersoids varies strongly within the grains, as a result of
peritectic solidification. This implies that the Zener drag
pinning force Pz also depends on the position within the
grain. In order to calculate the recrystallizable volume frac-
tion XR, it is necessary to evaluate the variations of f, within
agrain. Thisis done by using the thermodynamic Prophase
software developed at Pechiney CRV.1Y The calculation is
performed in two steps as follows:

(1) Given the average Zr content of the aloy, the local
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Fig. 8—Calculated AlsZr dispersoid volume fractions across a grain from
the center (¢ = 0) to the boundary (£ = 1) for the four model alloys (text).

concentration of Zr in solid solution within a grain dur-
ing solidification can be calculated.'® During the peri-
tectic solidification reaction within individual grains of
the Al-Zr alloys, the local Zr concentration gradually
decreases from the center to the boundary of the grain.
At any instant, thevalue of the solidified volumefraction
F, definesaposition withinthegrain: intheinitial stages
of solidification, Fsis close to O (center of the grain),
and at the end of solidification, Fsis close to 1 (grain
boundary). The variations of Zr concentration with Fg,
therefore, represent the distribution of Zr concentration
within the grain from the center to the boundary. It
should be mentioned that no particular assumption is
made concerning the geometry of the grain: the use of
the parameter F, to define the position within the grain
enables any grain geometry to be treated.

(2) During the homogenization treatment at 480 °C that
follows casting of the billets, Zr can precipitate out as
AlsZr dispersoids. Given the local concentration in Zr,
the local volume fraction of dispersoidsis calculated as
the equilibrium volume fraction at the homogenization
temperature. At positions within the grain where the Zr
concentration exceeds the solid solubility, AlsZr disper-
soids precipitate out. Conversely, if thelocal Zr concen-
tration islessthan the solid solubility, dispersoids should
not form. Because of the initial Zr concentration profile
within the grain, the local volume fraction of dispersoids
gradually decreases from the center of the grain and
reaches 0 at aposition wheretheinitial Zr concentration
equalsthe solid solubility at the homogenization temper-
ature. A position within the grain is defined by the
parameter ¢ (numerically identical to F), which repre-
sents the relative volume of the grain from the center
(¢ = 0) to the boundary (¢ = 1).

The results are given graphically in Figure 8 in the form
of f(£) plots for the four different experimental aloys. The
position at which f,(£) reaches O isdenoted &, The parameter
(1 — &) characterizes the extent of the dispersoid-free zone
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Tablell. Calculated Average and Maximum Dispersoid
Volume Fractions and the Relative Threshold Distances
& at Which the Zr Solubility Limit Is Attained

Alloy Zr Content (Wt Pct) f, (Pct) foax (PCE) &
0.053 0.016 0.13 0.58
0.082 0.055 0.22 0.68
0.105 0.086 0.30 0.73
0.120 0.106 0.32 0.74

close to the grain boundary: if & = 0.8, then 20 pct of the
grain volume is free of dispersoids. The value of & depends
onthealloy. Tablell indicatesthe & valuesand the maximum
dispersoid volume fractions f,,, expected for the different
aloys.

It can be seen from Figure 8 that the spatial variation of
f, across a grain can be approximated by a linear function

of the form
_ f}
fv - fmax - =
[1 & (4]

3. The recrystallizable volume fractions

Substituting for f, (from Eq. [4] into Eq. [3]) gives the
variation of P, across a grain. Let us cal & the relative
volume fraction of the grain for which the Zener pinning
force is larger than the driving pressure, i.e., P, = Pp; the
recrystallizable volume fraction XR is then linked to & by
the relation

XR:l_fR (5]

Equating P, to Py at the critical position & gives the
recrystallizable volume fraction XR as

F’_d] (6]

R_ 1 _ _
X 1 50[1 6t 7

where & and fix have been calculated and are given in
Table I1. The other parameter required to evaluate XR is the
driving force Py, given by Egs. [1] and [2] as a function of
the sub-boundary energies and subgrain sizes. The values
used hereare o = 0.324Jm ™2, ¢, = 15deg and 65, = 1.5
deg. The subgrain sizes éy are taken as 6 um and 10 um
for the deformation temperatures of 320 °C and 440 °C,
respectively. These values are significantly greater than the
subgrain sizesin the as-deformed state, but correspond to the
sizes measured after afew hoursat 470 °C, when substantial
recovery has occurred. Note that Py is assumed constant
over the grain volume. The Zener pressure P¢) is deter-
mined from Eq. [3] for different dispersoid sizes (d = 5,
15, and 35 nm), using the f,(¢) values evaluated for the
different Zr contents, as outlined previously.

The results are given in Figure 9 as plots of X = f(pct
Zr) for three dispersoid particle diameters, and compared
with the experimental volume fractions of recrystallized
material for the two deformation temperatures. The sets of
experimental volume fractions are given for the two heating
rates corresponding to AlsZr dispersoid sizes of 15 and
35 nm.

The model reproduces qualitatively the experimental
results quite well; the well-known influences of the disper-
soid size and volume fraction, respectively, are predicted
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Fig. 9.—The predicted and experimental recrystallized volume fractions
asafunction of alloy Zr content for different dispersoid sizes: (a) deformed
at 320 °C and (b) deformed at 440 °C.

with reasonable accuracy. Furthermore, the model predicts
the following features.

(1) The influence of the Zr content decreases at higher Zr
levels. Above a certain Zr content of about 0.1 pct, the
dispersoid density within the grain center attainsavalue
that completely inhibits recrystallization. The recrystal-
lizable volume fraction, therefore, becomes less solute
dependent and tends to the limiting value of (1 — &)).

(2) The size of the dispersoids is particularly important at
low Zr contents. This effect is seen most clearly in the
experimental results on the aloy deformed at 440 °C.
In fact, at high Zr contents, the dispersoid density is
such that recrystallization is very difficult regardless of
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the size. At lower Zr levels, the reduced dispersoid den-
Sity enables their size to play a major role.

From astrictly quantitative point of view, the model gives
relatively good predictionsfor thelarger (35 nm) dispersoids
obtained by rapid heating. However, the slowly heated state
with finer dispersoids tendsto recrystallize significantly less
than predicted by the model for the 15 nm dispersoids (i.e.,
the experimental value measured by TEM) and appears
closer to that expected for dispersoids of 5 nm diameter.
This may be related to a number of factors that tend to
reduce recrystallization and that have been neglected in the
present analysis. For example, it isassumed herethat equilib-
rium quantities of recrystallization are attained in all cases,
but this may not be exact for slowly recrystallizing systems
containing fine dispersoids. In fact, in these complex indus-
trial aloys, many of the model parameters (e.g., P, and
Pp) usually vary somewhat with time instead of remaining
constant, as assumed in the present simplified analysis. The
current model should be considered as a semiquantitative
guide to understanding the influence of the microstruc-
tural parameters.

[V. CONCLUSIONS

1. The recrystallization of model AA 7010 aloys (Al-6 pct
Zn-2.4 pct Mg-1.6 pct Cu-Zr) during solution treatment
is investigated as a function of AlsZr dispersoid size
and volume fraction after deformation under conditions
simulating hot rolling. The AlsZr volume fraction and
size were varied by appropriate additions of Zr (0.05
to 0.12 wt pct) and controlled heating rates up to the
homogenization temperature.

2. The PSC (channel-die) testsat temperatures of 320 °C and
440 °C were conducted to strains of 1 and the subsequent
recrystallization at 470 °C, followed by optical and elec-
tron microscopy and X-ray diffraction.

3. The fraction recrystallized decreases with increasing Zr
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content, higher deformation temperature, and finer parti-
cle size.

4. An origina model based on the concept of the recrystal-
lizable volume fraction is presented to predict the degree
of recrystallization in materials characterized by spatially
heterogeneous microstructures. The recrystallizable vol-
ume fraction is defined as the volume fraction in which
the driving force for recrystallization is greater than the
boundary pinning forces that inhibit recrystallization.
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