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Design of industrial annealing cycles requires recrystallization and grain growth studies, which are typi-
cally carried out under isothermal laboratory condition. The kinetics coefficients of these phase transfor-
mations are obtained from such studies, which are subsequently used in designing the industrial non-
isothermal cycles using the additivity principles. However, the strong heating rate effects on the grain
growth kinetics necessitate such kinetics studies using industrial thermal profiles. In the present work, the
hot and cold spot cycles of an industrial batch annealing cycle for AlK grade steel have been simulated in
a programmable laboratory furnace. Subsequently, the effect of annealing temperature, soaking time, and
heating rate on the microstructural features, such as grain size distribution, grain shape anisotropy, and
grain orientation, have been investigated through extensive quantitative microscopy. The implications of
these results on the design of industrial batch annealing cycles have been discussed.
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1. Introduction

Batch annealing is one of the critical unit operations in-
volved in the production of cold rolled and annealed flat steel
coils. It influences all the key plant performance parameters,
namely, overall efficiency, energy, productivity, and product
quality.[1,2] In the batch annealing process, 4-5 cylindrical steel
coils (weighing typically 15-30 tons each) separated by a con-
vector plate are stacked on a furnace base. A protective cover
encloses the coil where an inert or reducing H2 gas is circu-
lated. This enclosure is externally heated by a gas or oil fired
furnace. The outer and inner surfaces of the coils are heated by
convection from the circulating H2 gas and by radiation be-
tween cover and coil. The inner portion of the coil is heated
through conduction, which is retarded due to the air gaps be-
tween the sheets. As a result, during the annealing operation,
different locations in the coil undergo different thermal cycles.
In an industrial operation, the two locations of special interest
are hot spot (near the coil surface with the highest temperature
during the heating cycle) and cold spot (in the coil core with the
lowest temperature), where by monitoring these two extreme
locations, the product quality is controlled. Since recrystalliza-
tion and grain growth are thermally activated processes, such
thermal lag leads to spatial variation in microstructure, with an
associated variation in the mechanical properties within a coil.
Although an increase in soaking time usually results in reduc-
tion in microstructural and mechanical property variations, it
also reduces the furnace productivity. Therefore, selection of
soaking time in an industrial batch annealing operation requires
an optimization between productivity and quality. In addition,
appropriate selection of heating rate, which has a metallurgical
implication on precipitation and recrystallization kinetics, and

annealing temperature[3-5] form the crux of batch annealing
thermal cycle design.

Recrystallization and grain growth studies are often re-
quired for designing industrial cycles. However, typically these
studies are carried out under isothermal conditions in the labo-
ratory furnaces for different duration of time. The results from
these experiments are used to determine the kinetic coefficients
using Johnson-Mehl-Avrami-Kolmogorov (JMAK) model for
recrystallization kinetics or Beck-type correlation for grain
growth kinetics. For example, grain growth kinetics is conven-
tionally represented by the Beck-type correlation:[5,6]

d n − d o
n = k�T� t (Eq 1)

k = ko exp�−
Q*

RT� (Eq 2)

where, d is the mean grain size achieved at the end of an
isothermal annealing cycle carried out at temperature T for a
duration of t; do is the initial grain size; n is the grain growth
exponent; ko is the pre-exponential coefficient; R is the gas
constant; and Q* is the overall activation energy for grain
growth, incorporating activation enthalpies of all the atomic
processes that constitute the overall grain growth process. Even
though Eq 1 and 2 are formulated for grain growth under iso-
thermal conditions and the kinetics coefficients are generally
obtained by carrying out isothermal studies, these equations are
frequently used to describe grain growth over non-isothermal
temperature profiles by segmenting the annealing cycles into
small isotherms[7-10] and integrating the transformation kinetics
over time. The basic assumption in this quasi-isothermal ap-
proach is that there is no change in kinetics of grain growth
between isothermal and non-isothermal conditions. Evidently,
this methodology of evaluating non-isothermal profiles will
result in erroneous predictions if the kinetics of grain growth
changes during non-isothermal annealing (e.g., heating rate or
change in heating rate effects). In a recent work,[11] the strong
influence of heating rate on grain growth kinetics as well as
grain shape anisotropy and crystallographic texture was illus-
trated by carrying out grain growth studies at different heating
rates. In another work,[12] the strong effect of non-isothermal
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cyclic annealing on the grain growth kinetics was demon-
strated. Furthermore, Ref. 11 and 12 show that due to the
strong heating rate effects, there can be significant error in
describing the non-isothermal industrial cycles with the quasi-
isothermal grain growth kinetics. Such strong heating rate ef-
fects on the grain growth kinetics suggest that the kinetic stud-
ies should be carried out using industrial thermal profiles.

The present work endeavors to investigate the microstruc-
ture evolution during batch annealing of aluminum-killed
(AlK) cold rolled steel sheets for optimal design of batch an-
nealing cycle. In this study, the hot and cold spot cycles of an
industrial scale batch annealing cycle for AlK grade steel were
simulated in a programmable laboratory furnace and samples
with different soaking time were obtained. Extensive metallog-
raphy, microscopy, and quantitative image analysis were car-
ried out on the annealed samples. The effects of annealing
temperature, soaking time, and heating rate on the microstruc-
tural features were examined. Quantification of several micro-
structural size, shape, and orientation parameters—namely
mean grain size, grain size distribution, grain aspect ratio, spe-
cific grain boundary length, and angle of rotation—were car-
ried out. The preliminary results from this work have been
presented in a conference.[13] In this article, the results from
this study have been presented and the implications of changes
in the microstructural features on the final mechanical proper-
ties are discussed.

2. Experimental Procedure

The starting material for this study was ∼70% cold rolled
1.0 mm thick, AlK grade steel sheet containing ∼0.05% C,
∼0.05% Al, and ∼45 ppm N. The sheet was cut into rectangular
samples (30 mm × 20 mm), and was heat-treated in a labora-
tory furnace. The furnace has a facility to program nine seg-
ments, where heating rate, temperature, and soaking time can
be controlled. Two different types of heat-treatment cycles,
simulating the industrial scale hot and cold spot cycles during
batch annealing, were used in the laboratory furnace. The hot
and cold spot refer to the two extreme thermal cycles experi-
enced at the coil surface and coil core. These temperature-time
profiles were obtained from a thermal model, which is de-
scribed in section 3.1. After the heat-treatment, the samples
were sectioned along the rolling direction, then mounted and
polished on SiC and emery papers. The final lapping was done
with alumina suspensions. The polished samples were etched
with 2-4% nital solution for about 30 s and examined on an
optical microscope. For a better statistical representation four
micrographs containing over 1000 grains were analyzed for
each of the samples. Subsequently the grain boundary delin-
eated micrographs were digitized for image analysis. Image
analysis was carried out on these digitized images and area,
perimeter, major/minor lengths, and angle of orientation of the
major axis with respect to rolling direction were measured for
individual grains. Using the grain area measurements on indi-
vidual grains, cumulative size distribution plots were generated
for each sample. The mean grain size was determined from the
cumulative size distribution plots and refers to the grain size
corresponding to 0.5 cumulative fraction (strictly speaking, it is
median grain size). Grain shape anisotropy was quantified by

the average grain aspect ratio (henceforth, grain shape anisot-
ropy and grain aspect ratio will be used interchangeably), ob-
tained from the ratio of major and minor lengths of individual
grains.

3. Results and Discussions

3.1 Evolution of Thermal Profiles During Batch Annealing

The thermal profiles for the hot and cold spots were deter-
mined from a thermal model, where the transient temperature
variation in the coil was obtained by solving the following
energy equation in cylindrical coordinates:[1,2]

�mCm
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�Tm

�r � (Eq 3)

where Tm is the temperature, �m is the density, Cm and kz are
temperature dependent specific heat and conductivity of the
coil, respectively. The radial conductivity (kr) of the coil de-
pends on the sheet thickness and air gap between sheets. Using
appropriate boundary conditions,[1,2] the solution to Eq 3 pro-
vides the complete transient temperature history during heating
and cooling cycles, at different locations of the coil. Note that
this thermal model is a component of the integrated batch
annealing simulator, which can predict spatial and temporal
thermal and microstructure evolution as well as the final me-
chanical properties of different cold rolled steel coils undergo-
ing annealing in an industrial scale batch annealing furnace.
The predictions from the thermal model have been extensively
validated[1,2] with the data from industrial batch annealing fur-
naces through in-plant experiments, where temperatures were
monitored across the coils during the annealing process by
embedding thermocouples in the coils. The model predictions
for the hot and cold spot cycles are presented in Fig. 1 as
broken lines, whereas the actual set-points used in the labora-
tory furnace is given as solid lines. The soaking time was
varied from 4-15 h (Fig. 1), with a reference to the hot spot
cycle. As the minimum heating rate possible in the laboratory
furnace was 1 °C/min, the hot spot and cold spot cycles were
simulated by segmenting the entire cycle with intermittent

Fig. 1 Hot and cold spot cycles given in this study (solid lines)
compared with the attempted industrial batch annealing cycles (broken
lines)
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soaking. As shown in Fig. 1, the hot spot and cold spot cycles
programmed in the laboratory furnace (solid lines) are very
close to the thermal profiles predicted by the model (broken
lines). The location of the various samples (with 4, 7, 10, and
15 h soaking time) is marked as stars in Fig. 1.

3.2 Microstructural Observations

The microstructure of the starting material (∼70% cold-
rolled AlK grade of steel) is shown in Fig. 2(a). Elongated and
highly deformed grains are visible in this microstructure along

the longitudinal section of the rolled sheet. Such a microstruc-
ture is common for the cold rolled steel strips. The micrographs
in Fig. 2(b-e) show the evolution of the microstructure for the
cold spot cycle samples. It can be observed that the grains are
elongated and oriented along rolling directions, suggesting that
the effect of rolling is visible even in the annealed microstruc-
ture. Such pancake-shaped grains are known to promote the
desirable {111} texture in the steel.[14] The increase in grain
size with the soaking time is also evident from this series of
micrographs. Note that even for the 4 h cold spot sample (Fig.
2b), the microstructure revealed completion of the recrystalli-

Fig. 2 Microstructure of (a) as received cold rolled sample, and annealed samples following the cold spot cycle with soaking time of (b) 4 h, (c)
7 h, (d) 10 h, and (e) 15 h
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zation process. The corresponding outlined micrographs for the
hot spot cycles are shown in Fig. 3. The general trends of
growth of elongated and oriented recrystallized grains with
time, as observed for the cold spot cycles, are also seen here. In
addition, it can be readily observed that the micrographs for the
cold spot cycles are smaller than the hot spot cycles, which is
a direct consequence of more time spent at higher temperature
by the hot spot samples. Note also that it is practically impos-
sible to obtain these microstructures from an industrial scale
operation without destroying a few batches of coils.

3.3 Grain Growth During Batch Annealing

Quantification of grain size involved analysis of grain size
distribution for individual samples and subsequent determina-
tion of mean grain size corresponding to the 0.5 cumulative
fraction. Figure 4(a) shows the cumulative grain size distribu-
tions for different cold spot samples. This figure shows that the
grain size distributions are overlapping for the different cold
spot samples, indicating low grain growth rate along this pro-
file. This is primarily due to the low temperature along the cold
spot profile, which results in lower growth rates (Eq 1 and 2).
A similar result is also reflected in the evolution of the mean
grain size for the cold spot samples (Fig. 4c). Even though the
soaking time is increased from 4-15 h there is a nominal change
(14-17 �m) in the mean grain size (Fig. 4c). Note that even for

a very low soaking time of 4 h, recrystallization was complete.
The higher temperature along the hot spot cycle resulted in
significant grain growth, which is reflected in the cumulative
size distribution (Fig. 4b) as well as the mean grain size (Fig.
4c). In the case of hot spot samples, the mean grain size in-
creased from 15.5-21.5, when the soaking time increased from
4-15 h. The mean grain size at the end of hot spot and cold spot
annealing lie close to the commonly observed grain size range
of ASTM 8-9 numbers (∼15-25 �m) during the industrial scale
batch annealing of AlK grade steel. The good match between
these two values confirms that the laboratory experiments
simulates closely to the industrial scale batch annealing opera-
tion. As the grain growth takes place the grain boundary length
per unit area should decrease. This behavior can be readily
observed in Fig. 5, where the variation in specific grain bound-
ary length (per unit area) is shown with the soaking time for the
hot and cold spot cycles. This is an indirect measure and con-
firmation of the grain growth during batch annealing process.
In addition to the grain growth, the change in specific grain
boundary length also includes other microstructural features
namely grain roundness, and serration of the grain boundaries,
which can change during the grain growth. Therefore, it is not
expected that the variation in the mean specific grain boundary
length (Fig. 5) will be directly correlated to the variation in
mean grain size (Fig. 4c).

The grain size distributions of the various hot and cold spot

Fig. 3 Evolution of microstructure during annealing of samples corresponding to the hot spot cycle with a soaking time of (a) 4 h, (b) 7 h, (c)
10 h, (d) 15 h
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samples were normalized with respect to their mean grain
sizes. The normalized grain size distributions are plotted in Fig.
6. From this figure it is evident that the normalized grain size
distributions remain invariant or self-preserving. Furthermore,
as shown by the solid line in Fig. 6, the normalized grain size
distributions follow a log-normal distribution. Similar invariant
nature of the grain size distribution following log-normal dis-
tribution was exhibited in a recent work,[11] where samples
were heat-treated with different heating rates in the range of

1-10 °C/min. The invariant nature of the normalized grain size
distribution and its conformity with a log-normal distribution
are in agreement with Feltham’s model,[15,16] which is based on
topological considerations as well as recent results using sto-
chastic grain growth.[17]

3.4 Grain Shape Anisotropy During Batch Annealing

In the cold rolled annealed steel sheets, in addition to the
grain size, grain shape is known to strongly influence the me-
chanical properties.[11] For example, in the AlK grade steel,
pancake shaped grains (high grain shape anisotropy) are highly
desirable for improving the desirable {111} texture, normal
anisotropy, and drawability of the steel sheets.[14] In the current
study, the grain shape anisotropy has been characterized
through grain aspect ratio, which is the ratio of the major and
minor grain length. Figure 7 shows the variation in mean aspect
ratio with soaking time for the hot and cold spot samples. Note
that the mean aspect ratio of the hot spot cycle samples remains
nearly constant with soaking time. Also, the mean aspect ratios
of the cold spot cycle samples are higher than the hot spot cycle
samples and it decreases with increase in soaking time. The
higher aspect ratio of the cold spot samples (cold spot samples
have lower heating rate as compared with hot spot samples) is

Fig. 4 Evolution of the cumulative grain size distribution along the
(a) cold spot and (b) hot spot profiles; (c) variation of mean grain size
with soaking time along the cold and hot spot locations.

Fig. 5 Variation in specific grain boundary length with soaking time
for hot spot and cold spot samples

Fig. 6 Invariant nature of the normalized grain size distributions
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consistent with the recent observation of inverse relationship
between heating rate and grain aspect ratio.[11]

These behaviors can also be qualitatively explained on the
basis of interacting microstructural phenomenon—such as pre-
cipitation, recrystallization and grain growth—during the an-
nealing process.[3-5] The grain shape anisotropy is a manifes-
tation of difference in grain growth rate along the rolling and
transverse directions. Due to higher number of grain bound-
aries along the transverse direction and preferential precipita-
tion along the grain boundaries, the grain growth due to the
precipitate coarsening will be more affected in the transverse
direction. Therefore, due to the precipitate coarsening, the
grain growth in transverse direction will take place at a higher
rate than the rolling direction. This difference in grain growth
rates along the two directions will result in decrease in the grain
aspect ratio. Also, as has been recently[18] shown, the rate of
precipitate growth has a stronger temperature dependence
(growth rate ∼0.2 nm/°C) than the time dependence (0.45 nm/
h). In the case of hot spot cycles, the temperature remains
constant and 11 h of soaking time will result in ∼10% increase
in the precipitate size. In contrast, in the case of cold spot cycle,
in addition to 11 h of soaking time, the difference in tempera-
ture between the first and last sample is over 100 °C. The
combined effect of time and temperature effect will result in
significant precipitate growth (∼60-70%). The large difference
(∼60-70%) in the precipitate growth between cold and hot spot
cycles, explains the observed larger decay in the grain shape in
the cold spot samples compared with the hot spot samples.

These results suggest that with decrease in temperature and
heating rates, grain shape anisotropy is increased. Furthermore,
temperature has more profound effect on grain shape anisotro-
py than soaking time.

3.5 Invariant Nature of Grain Orientation Distribution

The preferred orientation of the major axis of the grains
along the rolling direction can be readily observed from the
microstructures shown in Fig. 2-3. This tendency was quanti-
tatively estimated by determining the cumulative fraction of the
area as a function of the angular orientation of the major axis
(Fig. 8). The distribution of angular orientation of the grains
also remains invariant for all the samples, where soaking time,

heating rate, and annealing temperatures have been varied. This
result suggests that the grain growth progresses while main-
taining a constant angular distribution.

3.6 Industrial Implications

The key variables in designing a batch annealing cycle are
heating rate, annealing temperature, and soaking time to obtain
a coil within specified range of microstructure and mechanical
properties. Traditionally, the temperature differential between
hot and cold spot locations is taken as a completion criterion
for the batch annealing process. Increase in soaking time is
expected to decrease the temperature differential as well as
variation in mechanical properties and improve the product
quality, though it is also associated with an adverse effect on
some of the other plant performance parameters such as fur-
nace productivity and specific energy consumption. However,
the present work revealed that the recrystallization for the cold
spot cycle gets completed even after a short soaking time of 4
h. Moreover a closer examination of Fig. 4(c) suggests that the
grain size difference between the hot and cold spot samples
was minimum during initial stages (4 h) of soaking time, in-
dicating a possibility of batch annealing termination with ad-
vantages of significant productivity improvements as well as
reduction in product quality variability. This puts a strong case
for complete recrystallization in the cold spot location as a
better criterion for batch annealing. In an industrial batch an-
nealing operation, the completion of recrystallization along the
cold spot cycle can be monitored via integrated batch annealing
furnace simulator.[2] The present work also suggests that in-
crease in soaking temperature and heating rate will increase the
productivity, however with an associated loss in grain shape
anisotropy (grain aspect ratio) and product quality. Therefore,
the annealing cycle should be designed such that the soaking
time is within the close limits of specified range of microstruc-
ture and mechanical property variation. In addition, the soaking
temperature and heating rate should be such that pancake shape
grains (high shape anisotropy) are obtained without having
significant impact on the furnace productivity. The work car-
ried out in this study provides quantitative estimates of rate of
grain growth and grain shape anisotropy decay in the hot and

Fig. 7 Variation in grain shape anisotropy (mean aspect ratio) with
soaking time for hot spot and cold spot samples Fig. 8 Invariant nature of the orientation distribution of the major

axis of grains
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cold spot cycles. These kinetic parameters form the input to the
integrated batch-annealing simulator[1,2] from which the opti-
mum soaking temperature and time can be estimated. The op-
timum soaking temperature and time—where the productivity
is maximum and specific energy consumption is minimum,
while meeting the specified product quality—can be obtained
through such studies.

4. Summary

In the present work, the thermal profiles for the hot and cold
spots were obtained from a thermal model, which involved
solving the transient energy equation. These thermal profiles
were used to heat treat the AlK steel samples in a laboratory
furnace using a programmable controller. This methodology
enables the simulation of industrial batch annealing cycles in a
laboratory furnace. Samples with different soaking times were
obtained along the hot and cold spot cycles to study the mi-
crostructure evolution during batch annealing operation. A
number of microstructural features, such as grain size distribu-
tion, grain shape anisotropy, and grain orientation, were exam-
ined and correlated to the annealing temperature, soaking time,
and heating rates through extensive quantitative microscopy.
As expected, due to the thermally activated grain growth pro-
cess, the grain sizes for the hot spot samples were higher than
the cold spot samples and both these grain sizes evolved with
time. The grain size distribution for all the hot and cold spot
samples, normalized to their median grain size, were found to
be invariant and self-preserving following the log-normal dis-
tribution. The grain shape anisotropy increased with decrease
in annealing temperature as well as heating rate. The decay in
grain shape anisotropy with soaking time was more pro-
nounced for the non-isothermal cold spot samples compared
with the isothermal hot spot samples. This behavior has been
explained on the basis of temperature rise and interaction be-
tween precipitate coarsening and grain growth. The angular
distribution of the grain orientation was found to remain in-
variant for all the samples with a wide range of heating rate,
annealing temperature, and soaking time. Finally, the industrial
implications of this work include completion of recrystalliza-
tion along the cold spot location as a better cycle termination
criterion for the industrial batch annealing operation.

Acknowledgments

This work was carried out during the project training—an
integral part of the metallurgical engineering degree curriculum
at College of Engineering, Pune—of second and third (BVHK
& SJK) authors at TRDDC-Pune. The authors are grateful to

Prof. M. Joseph, Executive Director, TRDDC for approving
and supporting this work. They also thank Tata Steel for pro-
viding cold rolled samples used in this study.

References

1. S.S. Sahay, A.M. Kumar, S.B. Singh, A.N. Bhagat, and M.S.S.
Sharma: “Development of an Integrated Batch Annealing Simulator
for Tata Steel Cold Rolling Mill Complex,” Tata Search, 2001, pp.
39-46.

2. S.S. Sahay and A.M. Kumar: “Applications of Integrated Batch An-
nealing Furnace Simulator,” Mater. Manuf. Proc., 2002, 17(4), pp.
439-53.

3. B. Hutchinson: “Practical Aspects of Texture Control in Low Carbon
Steels,” Mater. Sci. Forum, 1994, 157-162, pp. 1917-28.

4. M. Suehiro, Z.K. Liu, and J. Ågren: “A Mathematical Model for the
Solute Drag Effect on Recrystallization,” Metall. Mater. Trans., 1998,
29A(3), pp. 1029-34.

5. E. Kozeschnik, V. Pletenev, N. Zolotorevsky, and B. Buchmayr: “Alu-
minum Nitride Precipitation and Texture Development in Batch-
Annealed Bake-Hardening Steel,” Metall. Mater. Trans., 1999,
30A(6), pp. 1663-73.

6. F.J. Humphreys and M. Hatherly: Recrystallization and Related An-
nealing Phenomenon, Pergamon, Elsevier Science Ltd., Oxford, UK,
1996, pp. 173-325.

7. M. Militzer, A. Giumelli, E.B. Hawbolt, and T.R. Meadowcroft: “Aus-
tenite Grain Growth Kinetics in Al-Killed Plain Carbon Steels,” Met-
all. Mater. Trans., 1996, 27A(11), pp. 3399-408.

8. O.R. Myhr and O. Grong: “Modelling of Non-Isothermal Transforma-
tions in Alloys Containing a Particle Distribution,” Acta Mater., 2000,
48(7), pp. 1605-15.

9. S. Jiao, J. Penning, F. Leysen, Y. Houbaert, and E. Aernoudt: “The
Modeling of the Grain Growth in a Continuous Reheating Process of
a Low Carbon Si-Mn Bearing TRIP Steel,” ISIJ Int., 2000, 40(10), pp.
1035-40.

10. F.F. Kraft, R.N. Wright, and M.K. Jensen: “Kinetics of Nonisothermal
Recrystallization,” J. Mater. Eng. Perform., 1996, 5(2), pp. 213-19.

11. S.S. Sahay and K.B. Joshi: “Heating Rate Effects During Non-
Isothermal Annealing of AlK Steel,” J. Mater. Eng. Perform., 2003,
12(2), pp. 157-64.

12. S.S. Sahay, C.P. Malhotra, and A.M. Kolkhede: “Accelerated Grain
Growth Behavior During Cyclic Annealing,” Acta Mater. 2003, 51(2),
pp. 339-46.

13. S.S. Sahay, B.V. Harishkumar, and S.J. Krishnan: “Microstructural
Evolution During Batch Annealing” in Proc. Int. Conf. Advances in
Materials and Materials Processing, IIT-Kharagpur, India, 2002, pp.
654-58.

14. W.B. Hutchinson: “Development and Control of Annealing Textures
in Low-Carbon Steels,” Int. Met. Rev., 1984, 29(1), pp. 25-42.

15. P. Feltham: “Grain Growth in Metals,” Acta Metall., 5(2), pp. 97-105.
16. D.J. Srolovitz, M.P. Anderson, P.S. Sahni, and G.S. Grest: “Computer

Simulation of Grain Growth-II. Grain Size Distribution, Topology, and
Local Dynamics,” Acta Metall., 1984, 32(5), pp. 793-802.

17. C.S. Pande and A.K. Rajagopal: “Uniqueness and Self Similarity of
Size Distributions in Grain Growth and Coarsening,” Acta Mater.,
2001, 49(10), pp. 1805-11.

18. L.M. Cheng, E.B. Hawbolt, and T.R. Meadowcraft: “Dissolution and
Coarsening of Aluminum Nitride Precipitates in Low Carbon Steel-
Distribution, Size and Morphology,” Can. Met. Q., 2000, 39(1), pp.
73-86.

Journal of Materials Engineering and Performance Volume 12(6) December 2003—707


