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Abstract: One set of AI-Mg and Al-Mg-Zr alloys are directly cold rolled and other set of those alloys are hot rolled
and then cold rolled using a laboratory rolling mill. The effect of rolling on the fractional recrystallization of the
alloys has been investigated using the micro-hardness variation. Isothermally annealed samples are also studied
using JMAK type analysis to see if there exists any correlation between experimental and JMAK type analysis.
From the microstructure, it is observed that the Al-Mg alloy becomes almost fully recrystallized state after
annealing at 600°K for 60 minutes. The results also show that recrystallization fraction obtained by the two
methods, shows the higher variation in zirconium added Al-Mg alloy as compared to the Al-Mg alloy. The
fractional recrystallization of the cold rolled Al-Mg-Zr alloy is significantly lower than that of cold rolled Al-Mg
alloy and hot and colled rolled Al-Mg-Zr, owing to the presence of fine AlsZr precipitates. These metastable L1,

Al:Zr precipitates are thermally stable at high annealing temperatures.

Keywords: Al-Mg alloys, zirconium, annealing, recrystallization, JMAK analysis

INTRODUCTION

Aluminium-magnesium  (Al-Mg) alloys are
attractive for their high strength, high ductility, high
formability, high corrosion resistnace and weldablity
[1, 2]. Various methods are applied to increase the
strength and other properties by modifying the
structures of Al-Mg alloys [3]. To achieve fine grain
microstructure  of Aluminum-magnesium alloys,
controlling their microstructures during deformation
processing is particularly important. Recrystallization
during or immediately following hot deformation
provides an opportunity for controlling grain size prior
to cold deformation [4-6]. Microstructure can also be
controlled by the method of minor alloying. It is found
that addition of small amount of alloying elements such
as Zr, Ti and Sc increases the thermal stability of
Al-Mg alloys by the formation of dispersoids and also
changes the crystallization behavior [7-9].

Strain hardening through extensive deformation is a
popular method for achieving high strength of Al-Mg
alloys. High dislocation density is produced within the
grains due to the application of cold rolling and
increases the strength of the alloys. Mg and minor
additions of other elements in Al influences the
recrystalization behviour which control the garin size
of the alloys. Since, at a crtical strain, recrystallization
occurs by the formation of neucleation, the deformation
beviour have important role in the grain finement. The
recrystallization behavior of cold-rolled Al-alloys has
been extensively studied in the literature [10-12]. The
systemtic study on the recrystallization behavior of hot
and cold rolled Zr added Al-Mg alloy is very scarce.

The aim of the present work is to study the fractional
recrystallization behavior of Al-Mg alloy and Zr added
Al-Mg alloy at different rolling conditions through the
methods of micro-hardness variation.

EXPERIMENTAL

Two samples of Al-Mg and 0.3Zr containing Al-Mg
alloys were fabricated through casting process. In the
process of preparation of the alloys the commercially
pure aluminium (99.9% purity) was taken as the
starting material. Melting was carried out in a
resistance heating furnace under the suitable flux cover.
First the aluminium was melted in a clay-graphite
crucible, then magnesium lump (99.9% purity) was
added by dipping into the molten metal. Finally Al-Zr
master alloy is added to second melt to obtain
Al-Mg-Zr alloy. The final temperature of the melt was
always maintained at 780+15°C. Then the melt was
allowed to be homogenised under stirring at 700°C and
poured in a preheated steel mould (200°C) size of 17x
150 x 250 in millimeter. Both the alloys were analysed
by wet chemical analysis and spectrochemical method
simultaneously to determine the chemical composition.
The chemical compositions of the alloys are given in
Table 1.

The cast samples were first machined to skin out the
oxide layer from the surface and different samples were
prepared from the castings. Some of the samples from
both the alloys were kept in a resistance heating
furnace at 400°C for 12 hours for homogenization. The
homogenized samples were solutionized at 530°C for 2
hours and then quenched ice cooled salt water. Hot
rolling of homogenized samples was carried out in a
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laboratory scale rolling mill of 10HP capacity at 400 £
5°C. As-cast and hot-rolled samples of both the alloys
were cold rolled using the same rolling mill upto the
reduction of 80%. Samples of 15x15x3 mm in size
were prepared from the colled rolled sheet for the
studying recrystallization kinetics. The samples were
isothermally annealed at 600°K for different times
ranging from 30 to 3600 seconds. Microhardness of the
annealed samples was measured with a Micro Vickers
Hardness Tester. The Knoof indentor was applied with
1Kg load for 10 seconds. At least seven indentation
from different locations from each sample were taken.
The recrystallization kinetics for the alloys in the
present study is analyzed by assuming a JMAK type
behavior for kinetics obtained from micro-hardness.

Microstructure of the samples were investigated by
optica microscope (Versamet-II-Microscope) at
different magnifications. For that samples were
polished by standard metallographic technique and
etched in a solution of Keller’s reagent (HNOs-2.5 cc,
HCI-1.5 cc, HF-1.0ccand H>0-95.0 cc).

Table 1. Chemical Composition of the AL-Mg alloys

(wt.%)
Alloy | Mg Zr Si Fe Sn Zn Al
1 5.014 |0.000 | 0.429 | 0.375 | 0.249 |0.012 |Bal
2 5.124 10.304 | 0.507 | 0.269 | 0.238 | 0.012 | Bal

Sample designation:

Alloy 1-DC Directly Cold rolled Al-Mg alloy
Alloy 2-DC Directly Cold rolled Al-Mg-Zr alloy
Alloy 1-HC Hot and Cold rolled Al-Mg alloy
Alloy 2-HC Hot and Cold rolled Al-Mg-Zr alloy

RESULTS AND DISCUSSIONS
Optical micrographs

The microstructures of the ditectly cold rolled
Al-Mg Alloy 1-DC, Al-Mg-Zr Alloy 2-DC, hot and
cold rolled Al-Mg 1-HC and Al-Mg-Zr Alloy 2-HC are
shown in Fig. 1. Al-Mg Alloy 1-DC shows coarse
grains of the a-Al dendrites and precipitates in the
interdendritic regions. Fragmented and elongated
dendrites along the direction of rolling, are also
observed for both the alloys. But Zircomium added
Al-Mg alloy 2-DC shows finer garin as compared to the
Al-Mg alloy 1-DC. In case of Alloy 1-HC and Alloy
2-HC, the equiaxed grain structures (Fig. 1c and 1d)
are revealed instead of dendritic structure which is
found in direct colled rolled alloys._ It indicates due to
hot and colled rolling, the dendritic structure has been
transformed into equiaxed structure and the
intermetallic compounds in the interdendritic regions
are distributed throughout the structure. This is in
agreement with some of the literatures concluding that
even minor Zr addition has considerable effect on the
microstructure refinement of aluminium alloys due to
presence of Zr-bearing precipitates [13, 14].

If the alloys are annealed at 600°K for 1 hour, the
Al-Mg Alloy 1-DC and Alloy 1-HC are seen to be
recrystallised almost completely (Fig. 2a and 2c).
However, the Zr added Alloy 2-DC and Alloy 2-HC are
recrystallised partially at the same annealing condition
(Fig. 2b and 2d). From the detailed investigation of the
microstructures, it is observed that the coarse
secondary phase particles in the interdenritic regions
are dissolved during homogenization at 600°K and a
more homogeneous structure are obtained. In addition,
the Mg Si particles are dissolved partially and become
more spherical in shape. The homogenization treatment
also removes microsegregation between the secondary
dendrite arms or within the grain [15]. The
recrystallization of both the rolled base Al-Mg alloys
are completed at about 600°K. However, the

recrystallization of Zr added alloys having fine
precipitates of AlsZr does not complete at the same
temperature. These precipitates are coherent with the
matrix. It is reported that recrystallisation is almost
impossible in aluminum alloys when such particles are
already present [16].
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Figure 1. Optical micrograph of (a) Alloy 1
Alloy 2-DC, (c) Alloy 1-HC and (d) Alloy 2-HC.

Figure 2. Optical micrograph of (a) Alloy 1-DC, (b)
Alloy 2-DC, (c) Alloy 1-HC and (d) Alloy 2-HC
annealed at 600°K for 1 hour.
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Isothermal Annealing

Fig. 3 shows the hardness variation with the
isothermal annealing of ditectly cold rolled Alloy
1-DC, Alloy 2-DC, hot and cold rolled Alloy 1-HC and
Alloy 2-HC at 600°K for different time. It is observed
that the rate and degree of initial softening is similar for
Al-Mg Alloy 1-DC, Al-Mg-Zr Alloy 2-DC and Alloy
1-HC. Ternary Al-Mg-Zr Alloy 2-HC shows a very fast
and steep decrease in hardness followed by a constant
value. The initial softening of cold-worked alloys
during isochronal ageing is thought to be due to
rearrangement of dislocations at the annealing
temperature. The trace element precipitates hinder
dislocation movement and thus limit the softening. The
major problem of Al-6Mg alloy which shows softening
during use is overcome by zirconium addition. It is due
to formation of AlzZr hinders dislocation motion and
reduces softening. Supersaturated Al-Zr solid-solutions
decomposes into initially Al;Zr precipitates with a
metastable cubic L1, structure, which finally transform
to AlZr of equilibrium tetragonal D0.3 phase after
prolonged aging at elevated temperatures (>450 C).
The stability of the phases can be increased at high
homologous temperatures by reducing a small lattice
parameter mismatch between is AlsZr and «a -Al [17,
18].

The initial drop in resistivity as shown in Figure 4
during isothermal annealing of the alloys for all
conditions occurs due to dislocation rearrangement.
The subsequent peak at higher annealing time for the
zirconium added Alloy 1-DC is obviously due to the
formation of fine AlsZr particles. Hot and cold rolled
Alloy 2-HC does not show such peak becase of the
precipitation of Al3Zr already occurs during hot rolling.
The final steady decrease in resistivity at higher
annealing times stems from particle coarsening which
reduces the number of scattering centres. Since
precipitate coarsening is appreciable at high annealing
temperature, the resistivity drop is noticeable [19].
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Figure 3. Variation of microhardness due to isothermal

annealing at 600°K.
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Figure 4. Variation of resistivity due to isothermal
annealing at 600°K.
Recrystallization Kkinetics from microhardness
variation
The kinetics of recrystallization was determined
from the microhardness values by considering the
maximum and minimum values of microhardness,
which are obtained from deformed and completely
recrystallized samples respectively. The maximum and
minimum values for microhardness of the alloys
measured in the present study are given in Table 2. The
fraction recrystallized is obtained from the
microhardness value by using the following formula

(20]-

v o H e Hi (1)
H max — H min

Where f__ is maximum hardness corresponding to
deformed sample (aging time, t = 0), A, is minimum

hardness corresponding to fully recrystallized sample
and g, is microhardness after a given annealing time

[21]. Fully recrystallied sample got hold of the alloys
annealed at 773°K for one hour. Fig 5 shows the
variation of fraction recrystallized obtained from
microhardness values for the samples annealed at
600°K. The base Al-Mg alloys rolled at both the
conditions (cold rolled Alloys 1 -DC and hot and cold
rolled Alloys 1-HC) show the higher values of
recrystallization as compered to the zirconium added
alloys (Alloys 2-DC and Alloys 2-HC). This indicates
that zirconium reduces the recrystllazation of Al-Mg
alloy at DC and HC rolling conditions. The Al;Zr
precipitates formed in Al-Mg-Zr alloy favours to attain
a large Zener drag which retards the movement of
dislocation and subgrain boundaries. Thus the high
resistance of recrystallization Al-Mg-Zr alloy as
compared with Al-Mg alloy is suitable for the
development of thermally stable Al-Mg alloys [22, 23].
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Figure 5. Recrystallization kinetics of the alloys
obtained from microhardness data.

The kinetics of recrystallization can be represented
in a mathematical form by using the JIMAK relationship
[24, 25]. The variation of fraction recrystallized with
annealing time in JMAK relationship is given as

X =1-exp[—(kt)"] )

Here n and k are the JMAK exponent and
temperature dependent constant, respectively. This
equation can be rearranged to a linear relationship by
using a logarithmic expression.

1n[1n(1 _IX)] = nln(¢) + nln(k) (3)

The slope of this linear expression will yield the
exponent # and the parameter £ can be obtained from
the ordinate as shown in Fig. 6.

The values of the JIMAK exponent # and parameter k
can be used to obtain recrystallization kinetics of the
alloys annealed at 600°K as shown in Fig. 7-10. All the
alloys show the different slope for their different
recrystallization behavior.

X =1-exp[~(0.001860x£)****] Alloy 1-DC (4)
X =1-exp[—(0.001079x¢)**"**] Alloy 2-DC (5)
X =1—exp[~(0.002533x7)*"] Alloy 1-HC (6)
X =1 exp[~(0.002640x1)****] Alloy 1-HC (7)

Table 2. Experimental value of maximum, minimum
hardness and JIMAK exponent of the alloys

AllOy No. Hmax Hmin n k

Alloy 1-DC 159.0 94.0 0.93276 | 0.001860
Alloy 2-DC 168.0 943 0.85728 | 0.001079
Alloy 1 -HC 171.0 97.6 0.71713 | 0.002533
Alloy 2 -HC 175.5 100.5 0.64662 | 0.002640
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Figure 6. Plot of In[In{1/(1-X)}] Vs. In(t) , showing a
linear relationship with a slope equal to the JIMAK

exponent.
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Figure 7. Recrystallization kinetics for the Alloy 1-DC
from Micro-hardness data and JMAK analysis.
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Figure 8. Recrystallization kinetics for the Alloy 2-DC
from Micro-hardness data and JIMAK analysis.

Recrystallization fraction between two methods, the
binary Alloy 1-DC and Alloy 1-HC show the minimum
variation. The Zirconium added Alloy 2-HC and Alloy
2-HC show the higher variation because of higher
recystallization behavior of these alloys. Prior to hot
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rolling 1 (HC) and Alloy 2 (HC) shows relatively
minimum variation because of during homogenizing
and hot rolling the alloys already dissolve the second
phases as well as the grain corsening of fine precipitates
of AlsZr.
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Figure 9. Recrystallization kinetics for the Alloy 1-HC
from Micro-hardness data and JMAK analysis.
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Figure 10. Recrystallization kinetics for the Alloy 2-HC
from Micro-hardness data and JIMAK analysis.

CONCLUSIONS

Effects of rolling (Cold rolling and, Hot and cold
rolling) on the fractional recrystallization bevaiour of
Al-Mg alloy and Zr added Al-Mg have been
investigated. It is observed from optical micropraphs
that during hot and colled rolling, the dendritic
structure has been transformed into equiaxed structure
while during cold rolling the dendrites are fragmented
and alongated in both the alloys. In both the rolling
condtions, the Zr added Al-Mg alloys show finer
structure as compared to Al-Mg alloy. The fractional
recrystallization is found lower in the Zr containing
directly cold rolled Alloy 2-DC sample as compared to
that of the directly cold rolled Alloy 1-DC, hot and cold
rolled Alloy 1-HC and Alloy 2-HC. AlsZr precipites
formed in Zr containing alloy 2-DC act as
recrystallization inhibitor, while in hot and cold rolled

condition these precipitates are found to be not
effective in alloy 2-HC in inhibitation of
recrystallization for the formation of coarse
preicpitates.
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