Scripta METALLURGICA Vol. 27, pp. 549-554, 1992 Pergamon Press Ltd.
et MATERIALIA Printed in the U.S.A. All rights reserved

EFFECT OF COLD WORK ON THE RECRYSTALLIZED GRAIN SIZE IN A PARTICLE-REINFORCED
ALUMINUM ALLOY

G. M. Vyletel, P. E. Krajewski, D. C. Van Aken, J. W. Jones, and J. E. Allison*
Department of Materials Science and Engineering, The University of Michigan, Ann Arbor, Michigan, 48109-2136
*Research Staff, Scientific Research Laboratories, Ford Motor Company, Dearborn, Michigan 48121

(Received May 22, 1992)
(Revised June 23, 1992)

Introduction

Grain size control in engineering alloys is often achieved by minor alloying additions to affect subgrain growth.
Recrystallization in these systems is fairly well understood, especially in terms of the influence of small second phase
particles on the pinning of subgrains (1-3) and stimulation of nucleation of recrystailized grains (3-5). In contrast,
recrystallization in metal matrix composites has only recently become the subject of serious investigation. Because the
reinforcement phases are significantly larger and present in much higher volume fractions than traditional second phase
particles, the influences of these essentially rigid reinforcement phases on nucleation of recrystallization and pinning during
grain growth are importantissues. Several recent studies (6-11) have considered various aspects of these issues in aluminum
alloys reinforced by either SiC or AL, particles. These studies have, however, concentrated on high cold or hot-working
reductions. In general, the reported grain sizes of metal matrix composites are small relative to unreinforced materials of
similar composition and it is often assumed that pinning processes are responsible for this. There has been atacit assumption
in the metal matrix composite community that the growth of large grains is precluded by this particle pinning phenomenon.

The purpose of this study was to investigate the effect of small amounts of cold work on the nucleation rate during
recrystallization and to study grain pinning effects in a composite material where the reinforcement is the only effective
pinning constituent. In this paper we describe a simple thermomechanical process, similar to that employed by Arzt and
Joos (12), which results in large-grained microstructures in particulate reinforced metal matrix composites. The emphasis
of this study was placed on obtaining a uniform distribution of large grains by ensuring a low nucleation rate during
recrystallization. Under these experimental conditions the final grain size would be limited by impingement of the
recrystallized grains rather than particle pinning. A brief review of the pertinent results for particle pinning is provided
below.

The ability of a dispersion of inert second phase particles to inhibit grain growth is a well established phenomenon
(e.g.13,14 ) and many models have been put forth to predict the pinned grain size (e.g.15,16 ). A classical explanation for
this behavior was derived by Zener and reported by Smith (15). A maximum pinned grain diameter, D, was determined by
balancing the drag force exerted by a second phase particle of radius, r, and volume fraction, f, with the driving pressure for
grain growth and the following relationship was reported:

D =(4/3)1/f n

However, experimental evidence indicates that this relationship under estimates the effectiveness of particle pinning during
grain growth. For example, the study by Tweed, Hansen, and Ralph showed that the pinned grain size was a tenth of the
Zener predicted diameter (17). In an attempt to better explain the pinning phenomena, numerous investigations have been
performed (14,16,17). Srolovitz and co-authors (18,19) have used Monte Carlo calculations to simulate grain growth in two
dimensions (2-D)to examine grain growth in the presence of second phase particles. Hillert (16) has argued, however, that
a 3-dimensional (3-D) approach would better explain grain growth in real materials and that the limiting grain size would
depend upon the randomness of the particle/boundary intersection. In the limiting case where each grain corner is filled by
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a second phase particle (completely non-random) the pinned grain diameter would be given as :
D =3.61/f'? 03]

Monte Carlo simulations of grain growth performed in 3-D by Anderson et. al. (20) resulted in a similar cubed root
dependence upon the volume fraction as that predicted by Hillert for the case of non-randomly distributed particles (16).
Anderson et. al. (20) showed that the limiting grain diameter was given by:

D =9.0r/f** 3

Itis important to realize that these predictions are only relevant in the context of grain growth driven by the reduction
of grain boundary surface area and that during recrystallization the second phase particles may not pin the recrystallization
front. This non-pinning aspect has been shown in 2-D Monte Carlo simulations of recrystallization (21).

Experimental Procedure

Materials used in this study were procured from AMAX R&D, Golden, Colorado. An aluminum based metal matrix
composite with 15 volume percent TiC was produced via the XD™ process (22) and subsequently direct chill cast. The
matrix composition was 6.28 wt % Cu and 0.3 wt % Mn which is similar to the commercial aluminum alloy 2219; however,
the standard dispersoid-forming elements Zr and V were not added. Test coupons 0.4 by 1.7 by 5.0 cm were used for the
recrystallization study. Each test coupon was solution treated at 535° C for 2 hours, water quenched and naturally aged for
24 hours prior to cold rolling. Various samples were then cold rolled to reduce the thickness of the test coupon between 1
and 17% using a Stanat Model TA315 mill with 11.4 cm diameter rolls. Annealing experiments were conducted at 535 °C,
the standard solution treatment temperature, to avoid precipitation of AL Cu particles. Each cold worked coupon was
subdivided into three samples and annealed for 100, 300 and 1000 minutes.

Samples for optical microscopy were etched using Keller's reagent (190 ml distilled H,0, 5 ml HNO,, 3 ml HCL,
2 ml HF). The reported grain diameters were determined by the mean linear intercept method and were measured on a
transverse cross-section relative to the extrusion and rolling direction. Experimental errors in the quantitative measurements
are reported as uncertainties associated with the mean values and reflect a 95% confidence interval for the volume fraction
of TiC, the TiC particle radius, and the grain size (23). Experimental errors for the grain boudary particle density are reported
as two standard deviations assuming Gaussian statistics. Uncertainties in the theoretical pinned grain size were established
following a procedure described by Kline and McClintock for calculating uncertainties in single-sample experiments (24).
Therefore, the reported uncertainties for the theoretical predictions are also at a 95% confidence level.

Results

A TiC volume fraction of 0.15 + 0.009 was determined by a point counting technique. A TiC particle radius of 1.69
1 0.11 um was determined by chemical dissolution of the matrix in an aqueous solution of hydrofluoric acid and direct
measurement of the particle diameters. An average grain diameter of 30.7 £+ 2.1 um was measured after the initial solution
heat treatment. The grain size of the cold-rolled and solution treated composite was found to be strongly dependent upon
the percent reduction in thickness. A fully recrystallized structure was obtained for all of the samples after 1000 minutes
at 535°C and the measured grain diameters are reported in Fig. 1 as a function of percent cold working. The shortest
annealing time (i.c. 100 minutes) was sufficient to fully recrystallize samples deformed in excess of 5.0% but the grain sizes
reported were those measured from samples annealed for 1000 minutes. Furthermore, no evidence of grain growth was
observed in these samples when annealed for 300 and 1000 minutes. A grain diameter of approximately 30 pm, which was
equivalent to the initial material, was obtained for annealed samples deformed in amounts less than 3.0% or greater than 14%.
Remarkably large grain sizes were obtained in the narrow range of deformation between 3.0 and 5.0%. A maximum grain
size of 530 um was observed at approximately 3.0% reduction in thickness. The mean grain size and the error associated
with the mean are shown in Table . Itis also interesting to note that the density of particles per unit length of grain boundary
was twice that observed by drawing arandom line through the microstructure, see Table II. Also, the grain boundary particle
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Table 1. Summary of Grain Size Values as a

Function of Cold Work Table [I. Number of Particles per mm of Grain

Boundary as a Function of Cold Work

Cold Work Grain Size Cold Work # of particles / mm
(%) (um) (%) of grain boundary
0.00 30.7 £ 2.12 0.00 60.4 % 6.29
1.02 31.4 £ 2.63 1.02 68.7 £ 6.90
3.01 530+ 76.8 3.01 69.1 £11.8
3.52 518 + 100 6.10 488 + 6.14
4.01 363 £ 52.0 16.77 68.2 + 4.08
4.35 213+4138 Random Line 33.1 +3.13
6.10 65.9 + 6.56 density appeared to be relatively constant with respect to grain size
8.80 499 £ 542 or amount of cold work.

10.82 40.8 £ 2.84

12.84 35.8 + 2,61 Nucleation density, or grain density, for the recrystallization
) o : ' experiments were calculated following the same assumptions used

14.65 2582 1.85 by Doherty and Martin (1) where the nucleation density was

16.77 26.2 + 3.67 determined as the number of grains per unit volume. The nuclea-

tion density as a function of cold work is plotted in Fig. 2. Also shown in this figure are the nucleation density assuming
particle stimulated nucleation where every TiC particle nucleates a single grain and the nucleation density found assuming
a pinned grain diameter predicted from the Anderson et al. (20) model. In addition, theoretical values for the pinned grain
diameter were calculated using Zener's original formulation (eq.1), Hillert's 3-D model for non-random particle intersec-
tions (eq. 2), and Anderson et al. for 3-D Monte Carlo simulations ( eg.3). These values are shown in Table III. The predicted
grain diameters and their uncertainties were based on the experimentally determined values for the volume fraction and TiC
particle radius using the method of Kline and McClintock (24).

Discussi

The effect of cold work on the recrystallized grain size in the reinforced aluminum investigated in this study is
generally similar to that observed in most metal systems. Above a certain critical strain, extremely large grains can be
produced; however, as the amount of strain increases above this critical value the recrystallized grain size decreases. Atthe
critical strain, grains as large as 5 mm are commonly observed in aluminum alloys (25). The technique of applying smail
strains and static annealing has been used for many years to produce single crystals and bamboo grain structures in wire
samples (e.g. 26). Inmetal matrix composites, the tendency to increase recrystallized grain size as the amount of cold work

is decreased has been observed elsewhere (6, 27); however, the occurence of grains larger than the calculated pinned grain
size have not been reported previously.

Generally, this result may be understood by considering the relationship between stored energy and the rate of
nucleation of recrystallized grains. As the strain energy is increased the nucleation rate increases which leads to smaller
grains. Thus, the recrystallized grain diameter decreases rapidly with increasing amounts of cold work. The recrystallized
grain size is determined by impingement during the growth of the new grains and primarily depends upon the density and
distribution of nuclei formed. In this regard, Humphrey's has shown that with increasing deformation the critical particle
size required to nucleate a new grain decreases (4). Thus at low deformations, where only a small number of recrystallized
grains are nucleated, it can be envisioned that these nuclei are associated with large particles or clusters of particles. As the
deformation is increased a larger fraction of particles will have the potential to act as nucleation sites.

An upper limit in the grain density might be expected under the conditions of particle stimulated recrystallization.
In the present case there are 8x10° TiC particles per cubic mm and if each of these particles nucleated a single grain the
resulting recrystallized grain diameter would be approximately 5 um. However, the experimental observation is that the
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Table III. Limiting Grain Sizes Predicted by Various Pinning Models

Model Formula Grain Size (um) |95% Conf. Level
As-extruded | @ ----—-- 30.71 12.12
16.8% Cold Worked|]  ---—---- 26.15 +3.67
Zener 4r/3f 15.43 +1.38
Hillert 3.6r/f1/3 11.55 +0.39
Anderson et. al. 9.0r/f0-31 27.62 +1.87
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grain size reaches an asymptote of 30 pm with increasing amounts of cold work. We speculate that grain growth also
occurred in these samples and that the 30 um grain diameter represents a pinned condition for the composite. This appears
justified since both the as-extruded and annealed samples exhibit a 30 um grain size. An estimation of the required amount
of cold work to obtain a recrystallized grain diameter less than 30 pm may be inferred from Fig. 2. At strains greater than
approximately 14 percent cold work the expected recrystallized grain size becomes less than the pinned grain diameter.

Itis interesting to note that the experimentally determined pinned grain diameter agrees well with that predicted by
eq.3 as derived from the 3-D Monte Carlo simulations (20), see Table I. Also the experimental result falls outside the 95%
confidence limits for most of the other pinning models. Zener's original model underestimates the pinned grain size by a
factor of two, but it should be remembered that this mode! was based upon a random intersection between grain boundaries
and the pinning particles. In this study the grain boundaries have a higher than random density of TiC particles as indicated
in Table II. This non-random interaction was predicted by Rollet et al. using 2-D Monte Carlo methods to simulate
recrystallization (21). Rolletetal. demonstrated that during recrystallization the particles may be overcome by the combined
driving forces of the reduction in stored strain energy and the reduction of grain boundary surface energy. However, the
particles effectively stop grain growth when driven only by the reduction in surface energy. There may also be animpedance
upon grain boundary mobility imposed by the TiC particles and this may account for the crenulated nature of the observed
grain boundaries, sec Fig. 1. Further studies are being conducted to understand the recrystallization kinetics and these results
will be reported elsewhere.
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Figure 2. The effect of cold work on the grain density in XD™ 2219/TiC/15p. Also shown are
the values assuming every TiC particle nucleated a new grain and assuming particle pinning.
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Conclusions

It has been shown that the grain size in a particulate reinforced composite may be varied between 530 pm and 30
pum using controlled amounts of cold work prior to annealing. The largest grain sizes produced in this study are twenty times
the values predicted by the particle pinning models and are larger than any experimentally observed grain sizes in other
composite materials with similar volume fractions of reinforcement. Itis presumed that particle stimulated nucleation occurs
in composite materials even at low amounts of cold work where only the largest particles act as nucleation sites. At
reductions greater than 14% the annealed grain size was limited by particle pinning during subsequent grain growth. It was
also found that the best prediction of a pinned grain diameter was calculated from the results of the 3-D Monte Carlo
simulations of reference 20.
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