ELSEVIER

Available online at www.sciencedirect.com

sc.ENcE@D.RECT®

Scripta Materialia 51 (2004) 509-514

SCripta MATERIALIA

www.actamat-journals.com

Relationship between grain size and Zener—Holloman parameter
during friction stir processing in AZ31 Mg alloys

C.I. Chang, C.J. Lee, J.C. Huang *

Institute of Materials Science and Engineering, National Sun Yat-Sen University, Kaohisung, Taiwan 804, ROC

Received 24 March 2004; received in revised form 13 May 2004; accepted 25 May 2004
Available online 19 June 2004

Abstract

The relationship between the resulting grain size and the applied working strain rate and temperature for the friction stir process-
ing in AZ31 Mg is systemically examined. The Zener-Holloman parameter is utilized in rationalizing the relationship. The grain

orientation distribution is also studied using the X-ray diffraction.
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1. Introduction

After the success and gradually wider applications of
the friction stir welding (FSW) technique initially devel-
oped by The Welding Institute (TWI) in UK [1] in join-
ing aerospace aluminum alloys, recent modifications
into the friction stir processing (FSP) by Mishra et al.
[2,3] also attract attention. FSP has been demonstrated
to be an effective means of refining grain size of cast
or wrought aluminum based alloys via dynamic recrys-
tallization. A fine grain size in the typical range of
0.5-5 pum in the dynamically recrystallized zone of the
FSP aluminum alloys has been widely reported [4-6].
Recently, extrafine grain sizes in the range of 30-180
nm have also been demonstrated [7].

Several grain size refinement processing means have
been developed for light metals. The refined alloys are
proven to be effective in enhancing room temperature
mechanical properties, as well as low temperature or
high strain rate superplasticity (LTSP or HSRSP). From
the industrial point of view, hot rolling or extrusion

" Corresponding author. Tel.: +886-7-525-2000x4063; fax: +886-7-
525-4099.
E-mail address. jacobc@mail.nsysu.edu.tw (J.C. Huang).

processes are usually considered to be more economical
and feasible.

The low formability nature of the Mg based alloys at
room temperature with the hexagonal close-packed
(HCP) crystal structure particularly requires grain
refinement. It has been shown that the magnesium alloys
with fine-grained structures become much more worka-
ble at slightly elevated temperatures such as 150-250 °C
[7-11]. Such LTSP and/or HSRSP characteristics are
expected to be applied in the 3C (computer, communica-
tion and consumer electronic) or automobile industry
for the forming of complex components via pressing
forming or press forging techniques.

The FSP technique may be powerful in refining the
grain size and homogenize the microstructure (such as
precipitates and dispersoids, or even the local solute
compositions) in particular positions that need special
attention. These can be the material locations needed
to possess the highest forming limit or the greatest bend-
ing curvature. The FSP can also be only applied to selec-
tively desired parts of a large work piece after previous
secondary processing at room or elevated temperatures.
It can also be used as a repair tool for sensitive parts.

The working temperature and strain rate, combined
and expressed by the Zener—Holloman parameter,
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Z = ¢exp(Q/RT), where ¢ is the strain rate, R the gas
constant, T the temperature, and Q the related activa-
tion energy, has been shown to impose influence on
the resulting grain size in extruded Mg based alloys
[11,12]. This parameter appears to be useful in predict-
ing the resulting grain size and controlling the hot extru-
sion working parameters. In this paper, the assessment
in using the Zener—Holloman parameter in FSP of the
AZ31 Mg alloys is presented.

2. Experimental methods

The AZ31B billets used in this study were purchased
from the CDN Company, Deltabc, Canada. The chem-
ical composition in mass percent is Mg-3.02%Al-
1.01%Zn-0.30%Mn. This alloy is a solution hardened
alloy with minimum precipitation. The as-received alloy
was fabricated through semi-continuous casting and has
the form of extruded billet measuring 178 mm in diam-
eter and 300 mm in length. The billet possessed nearly
equiaxed grains around 75 pm (all grain size hereafter
was measured based on the linear line intercept method).
One-step hot extrusion at 350 °C with an extrusion ratio
of 20:1 was undertaken to produce a thick plate measur-
ing 10 mm in thickness. The extruded plate contained a
fully recrystallized equiaxed grain size of ~8 um. Both
the as-received billets and extruded plates are subjected
to FSP.

The simplified FSP machine is a modified form of a
vertical-type miller, with a 3 HP capability. The fixed
pin tool is 6 mm in diameter and 6 mm in length. The
shoulder diameter is 18 mm, and a 3° tilt angle of the
fixed pin tool is applied (Fig. 1). The pitch distance is
1.5 mm. The advancing speed of the rotating pin was
kept constant in this study to be 90 mm/min, with vari-
ous rotation controls of the pin from 180 to 1800 rpm
(rotation per minute). The plates were fixed by clamping
kits and air cooling was applied. The working tempera-
ture was measured by the K-type thermocouple under

Processing direction

Fig. 1. Schematic drawing showing the inserted thermocouple posi-
tions in the FSP specimens.

the plates in 7 place, as depicted in Fig. 1. During
FSP, the temperature history is continuously recorded.

The Vickers hardness tests were conducted on the
cross-sectional plane, using a Vickers indenter with a
200 gf load for 10 s. The grain structures of etched spec-
imens were examined by optical microscopy (OM) or
scanning electron microscopy (SEM). The texture was
examined using X-ray diffraction (XRD) using Cu-Kao
radiation. The X-ray beam was aligned to sample the
cross-sectional plane of the billet, extruded plate, or
FSP specimen.

3. Results and discussions
3.1. Grain sizes

Microstructure characterization in this study was fo-
cused on the dynamically recrystallized nugget zone.
Fig. 2 shows the typical grain structures of the billet
and extruded specimens after FSP. The grain shape ob-
served from different cross-sectional planes is consist-
ently of the equiaxed fully recrystallized type. The
grain sizes near the bottom region of the dynamically re-
crystallized zone are typically smaller. For example, the
grain sizes in the top, middle and bottom regions of the
FSP extruded plate specimens at 180 and 1400 rpm are

Fig. 2. OM micrographs of the fine grain structures in the recrystallized nugget zone: (a) billet specimens FSPed at 800 rpm, and (b) extrusion

specimen FSPed at 800 rpm with a speed of 90 mm/min.
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Fig. 3. Variation of the average grain size as a function of pin rotation
speed for the FSP billet and extrusion specimens.

2.9/2.5/2.4 and 8.1/5.3/4.8 pum, respectively. The larger
grain sizes in the top regime are due to the more severe
temperature rise caused by the friction heat generated
from the tool shoulder.

Due the lower initial hardness readings of the billet
(H,~50) than those of the extruded plate (H,~65), the
material flow resistance experienced in the billet speci-
mens is slightly lower. This can be judged from the
slightly lower temperatures experimentally measured
from the FSP billet specimens, as described below. It fol-
lows that the resulting grain size in the billet specimens is
sometimes even smaller than that of the extruded plate,
though the initial grain size of the billet (~75 um) is con-
siderably larger than the extruded plate (~8 um), as
shown in Fig. 3.

3.2. Strain rates and temperatures

The material flow during FSP was driven by the
rotating pin. The flow rate may be compatible to or
lower than the rotation speed of the pin, since there
would usually be a certain level of rotation lagging ef-
fect. By a simple linear assumption so that the average
material flow rate, R,,, is about half of the pin rotational
speed, R, the material flow strain rate, ¢ during FSP
may be derived by the torsion typed deformation as

. Ry 2mre
=L W

where r, and L, are the effective (or average) radius and
depth of the dynamically recrystallized zone. It is noted
that all materials within the dynamically recrystallized
zone would undergo the plastic flow, and such a zone
appears to be an onion-like in shape. An effective radius,
re, that can represent the average radius for all parts of
the materials inside this zone, is assumed to equal about
0.78 (or /4 [13]) of the observed zone boundary radius,
r,. Similar argument can also be applied to L. For a
given R, of 800 rpm (or 13.3 rps, rotation per second)
with rp,~3.5 mm and L,~6 mm, then & can be calculated
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Fig. 4. Variation of the (a) strain rate and (b) temperature as a
function of pin rotation speed.

to be ~ 24 s~ !. The typical strain rates calculated for the
current applied pin rotation speed from 180 to 1800 rpm
are scattered within 5-50 s—' (Fig. 4(a)), or in the neigh-
borhood of 10°-10% s™', depending on the actual zone
size measured in each FSP specimen. This strain rate
range is slightly higher than the processing strain rate
previously adopted in our high-ratio extrusion experi-
ments [10-12] (both ~10 ~2-10" s7').

The temperatures measured during FSP varied from
250 to 450 °C, depending on the FSP rotation speed
(Fig. 4(b)). Typical recorded temperature profiles are
shown in Fig. 5. The temperature rise duration is about
150 s. Such temperatures are compatible to those expe-
rienced during our previous hot extrusion research.
And the resulting grain sizes can also be compared.

3.3. Relationship between grain size and Zener—Holloman
parameter

In general, the average grain sizes would decrease
with decreasing working temperature and increasing
working strain rate. Within the present experiments,
the finest grain size of ~2.2 pum was obtained under a
rotation speed of 180 rpm, or corresponding to a strain
rate of 5.4 s~ and a temperature of ~300 °C.

The studies performed by Rhodes et al. [14] using the
plunge and extract method of the rotating pin in the
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Fig. 5. Typical temperature profiles measured by the inserted thermo-
couple in the billet or extruded specimen FSPed at 800 or 1400 rpm
with a speed of 90 mm/min.

7050 Al alloys have demonstrated that the fine grains in
such FSP specimens are identical to those recrystallized
grains in the annealed specimens at 350-450 °C for 1-4
min. This supports the argument that the fine grains in
FSP specimens are a result of discontinuous dynamic re-
crystallization. Since the lattice and grain boundary dif-
fusion rates of Mg at the working temperatures, for
example, 300 °C, are 47%107"7 m%s and 2x1072° §
m?’/s, respectively [15], (where & is the grain boundary
width), are much higher than the values of 1.8x107!7
m?/s and 1.1x1072' 6 m*/s for Al [15], the faster diffu-
sion rate in the AZ series Mg alloys results in much fas-
ter and more complete dynamic recovery and dynamic
recrystallization, and in turn results in fine-grained
microstructures. The typical recrystallization tempera-
tures are around 0.6-0.8 Ty, (or around 300-450 °C)
for Al alloys, and around 0.5-0.7 T, (250-400 °C) for
Mg counterparts. The latter temperatures are in fact
the temperature ranges measured in this study.

In calculating the temperature compensated strain
rate parameter, or the Zener—Hollomon Z parameter,
during dynamic recrystallization, the activation energy
Q for Mg lattice diffusion is about 135 kJ/mol [15].
The relationship between the Zener—Hollomon parame-
ter and the average recrystallized grain size (d, in um)
for the AZ31 alloy during FSP is established, as shown
in Fig. 6(a), and is given quantitatively by

Ind =9.0—0.27InZ. (2)

It should be noted that the ranges for d and Z in the cur-
rent FSP study are still rather narrow, thereby the
uncertainty is higher. Our previous analyses on the same
AZ31 Mg alloys during warm extrusion or tensile load-
ing [11,12] with wider ranges of d and Z have resulted in
the same relationship but with slightly different con-
stants, as

Ind =6.0-0.17InZ, (3)

as shown in Fig. 6(b). The current data on FSP still
comfortably reside within the scattering band. In com-
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Fig. 6. Plots for the relationship between the resulting grain size and
Zener-Holloman parameter in specimens processed by (a) FSP and (b)
extrusion or tension. The data on FSP (solid square) are also included
in (b) for comparison.

bining all the experimental data on the grain size and
Zener—Hollomon parameter, it is found that the resulting
grain sizes basically follow similar trends irrespective of
the deformation path for extrusion, tension, or FSP.

Sato et al. [16] also have attempted to relate the grain
size in FSP 6063 Al alloys with the temperature experi-
enced during FSP. The equation reached is [16]

Y

W? (4)

where A is a constant and ¢ is the time. Eq. (2) can also
be expressed as

At
Ind = ln?—

1ndz9—ln?—£:K1+an2t—£

4RT 4RT’ (5)

where K; and K, are constants. The working time dura-
tion is coupled within the factor of working strain rate.
The grain size dependence with temperature and strain
rate (or time) during FSP can be easily compared with
that experienced during other deformation histories.

3.4. Hardness measurements

The typical microhardness readings, H,, in the vari-
ous zones of the FSP specimens are depicted in Fig. 7.
Based on systematic hardness measurements of the base
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Fig. 7. Plot for the Hall-Petch relationship for the grain size induced
by FSP.

and FSP specimens, the Hall-Petch relationship is well
followed, i.e.,

H, =40+ 72d7 ', (6)

3.5. Grain orientations

With strong dynamic recrystallization occurred dur-
ing FSP in the current AZ31 Mg, the equiaxed fine
grains exhibit much lower texture intensities as com-
pared with the as-extruded AZ31 specimens [10-12].
Fig. 8 shows the computer simulated X-ray diffraction
for a completely random Mg. The (1010) and (0002)
peak heights are about one half of the (1011) peak
height, all present within the 20 angles of 30-40°.

The XRD diffraction patterns for the transverse
cross-sectional plane of the as-received billet and its rep-
resentative FSP specimens are shown in Fig. 9(a). The
as-received billet exhibits basically nearly random grain
orientation, reflecting its fully recrystallized coarse
grained structure. As FSPed at a lower rotation speed
of 800 rpm, the (0002) plane tends to lie on the trans-
verse plane of the FSP specimen (perpendicular to the

100 , ; . . .
[ (10-11)
80 .
= 60 L i
g (0002)
E 40 E
[ (10-10) (10-13)
ol A0-12) (11200  11-22) ]
l | l I(zo-zl);
0 L 1 1 1 1 I ]

20 30 40 50 60 70 80
20

Fig. 8. Simulated X-ray diffraction pattern for the completely random
Mg using the Cu-Kao radiation. The vertical axis is for the X-ray
intensity. Within the 20 angles of 30-40°, the (1010) and (0002) peak
heights are about one half of the (1011) peak height.
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Fig. 9. X-ray diffraction patterns obtained from (a) billet and (b)
extruded plate specimens before or after FSP with a rotation speed of
800 or 1800 rpm.

pin travel direction and parallel to the onion back sur-
face, as also observed by Park et al. [17]). With increas-
ing rotation speed to 1400 or 1800 rpm, the (1011) peak
height increases slightly, but never approaching to the
random case.

The representative XRD results for the extruded
specimens are presented in Fig. 9(b). The (1010) peak
is significantly strong in the extruded plate (before
FSP), suggesting that (1010) plane is parallel to the
transverse plane or the (0002) plane is lying on the
extrusion flat plane of the extruded plate. To align
the (0002) basal plane on the rolling or extrusion flat
plane is typical for the hexagonal Mg alloys [18]. Upon
FSPed at 800 rpm, a complete different texture with the
(0002) plane now lying on the transverse plane is seen,
similar to the case above for the billet specimens FSPed
at 800 rpm. As FSPed at a much higher rotation speed
of 1400 or 1800 rpm, the induced higher temperature
rise (Fig. 4(b)) results in more complete dynamic recrys-
tallization, as well as more random orientation, almost
approaching to the pattern shown in Fig. 8.

4. Conclusion

The relationship between the resulting grain size and
the applied working strain rate and temperature for
the friction stir processing in the AZ31 Mg alloy is sys-
temically examined. The Zener—-Holloman parameter is
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utilized in rationalizing the relationship, and it was
found that the relationship of In d=9.0—0.27InZ is fol-
lowed. The temperature rise during FSP is traced, and
the maximum temperature can reach 250-450 °C,
depending on the FSP pin rotation speed. X-ray diffrac-
tion results show that, in the FSP dynamically recrystal-
lized zone, the (0002) basal plane tends to lic on the
transverse plane at lower pin rotation speeds, and ap-
proaches to nearly random orientation at higher rota-
tion speeds.
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