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Abstract 

Direct extrusions of commercial casting AZ31 alloy were carried 
out at elevated temperatures with different extrusion velocities. 
Microstructure and texture distribution of extruded rods were 
investigated with optical microscopy (OM) and electron 
backscattered diffraction (EBSD). Tensile tests were conducted at 
room temperature using samples from both casting billets and 
extruded rods. The experimental yield strength can not be solely 
described by average grain size. In this paper, the grain size and 
orientation in the extruded samples were characterized by EBSD, 
and Hall-Petch equation was applied to each individual grain with 
the input from EBSD results (individual grain size and 
orientation). The yield strength of tensile sample (polycrystalline 
aggregate) and individual grain was related by Taylor assumption. 
The predicted yield strength showed the same trend as experiment 
results. 

Introduction 

The development of magnesium alloys for the automotive and 
aerospace industry has attracted significant attention due to its 
light weight and consequent potential to reduce both fuel 
consumption and green house effect, in addition to their excellent 
damping capacity and recyclability. Major commercial 
magnesium alloys are produced either as cast products (e.g. die, 
sand and mold castings) or wrought products (e.g. extrusion, 
stamping, forging and rolling). Wrought Mg alloys are of special 
interest for some applications due to the improved properties 
compared with casting products, such as fracture toughness, yield 
strength, fatigue strength, ductility, and corrosion behavior [1-5]. 
Although extrusion process of Mg alloy AZ31 has been studied 
extensively, most researches are concentrated on equal channel 
angular extrusion (ECAE) [6,7], hydrostatic extrusion [8,9], cyclic 
extrusion [10], and indirect extrusion [11,12]. Detailed studies on 
microstructure development and texture evolution during direct 
extrusion process of AZ31 alloy are still rare. 
The effects of grain size and texture distribution of magnesium 
alloy on yield strength have been studied widely [13-17]. The 
relationship between yield strength a and grain size d could be 
empirically described by the Hall-Petch equation (1) [18,19], 

σ = σα+Μ -1/2 

0) 

where σ,, represents the friction stress for dislocation movement. 
and k is the constant representing the grain boundary as an 
obstacle for dislocations to slip across the grain boundaries [17]. 
By plotting yield strength σ against average grain size d, au and k 
can be determined by parameter fitting. However, this fitting 
method does not take into account of texture explicitly, and thus 
the effect of texture on yield strength is not clearly considered. 
Furthermore, the deformation of casting AZ31 alloy results in 
very inhomogeneous grain size distribution and textured grain 
orientation, which makes it necessary to consider the contribution 
of the grain size and its orientation of each grain to yield strength. 
Fromm [20] introduced grain size and orientation distribution 
function (GSODF) into crystal plasticity model to predict large 
yield strength anisotropy of rolled α-titanium. But this method 
requires experimental data from multi-section orientation imaging 
microscopy and the calculation of GSODF is complex. 
In the present study, effects of hot extrusion process on 
microstructure, texture distribution and yield strength of AZ31 
alloy were studied. Forward extrusions of AZ31 were carried out 
at 9 deformation conditions. Microstructure and texture 
distribution of extruded rods were investigated with optical 
microscopy (OM) and electron backscattered diffraction (EBSD). 
Then tensile tests were conducted at room temperature using 
samples from both casting billets and extruded rods. Hall-Petch 
equation was applied to each individual grain with the input of 
EBSD results (individual grain size and orientation), the yield 
strength of tensile sample (polycrystalline aggregate) and 
individual grain was related by Taylor assumption. 

Experimental Procedures 

Commercial direct chill (DC) casting feedstock of AZ31 alloy 
was machined into billets (Φ 100mm) for extrusion trials. The 
alloy compositions are listed in Table I. Direct extrusion tests 
were carried out at 9 deformation conditions with combination of 
different temperatures (643K, 673K and 703K) and extrusion 
speeds (0.8 m/min, 1.4 m/min and 2.2 m/min). The extruded rods 
(<P40mm) were cooled down in air after extrusion. 
Specimens for optical microscopy (OM) were mounted in epoxy 
resin, grounded with 1200 grit SiC paper, mechanically polished 
using 6, 3 and 1 urn diamond paste and 0.3, 0.05 μηι alumina 
solution. Specimens were etched for 5s in acetic picral (10ml 
acetic, 10ml Distilled Water, 70 ml picral). 

Alloy 

AZ31 

Mg 

Bal. 

Al 

2.66 

Table I The Compositions of AZ31 (wt%) 

Be Cu Fe Mn 

<0.0005 <0.005 0.01 0.36 

Pb 

<0.01 

Si 

0.01 

Zn 

0.84 
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Specimens for electron backscattered diffraction (EBSD) were 
ground with 2000 grit SiC paper, followed by mechanically 
polishing with 3μπι diamond paste. Specimens were prepared by 
electro-polishing in AC2 electrolyte for the final stage. The 
microstructure was imaged using a LEO 1450-VP SEM. Grain 
orientations were examined and analyzed using Zeiss Suppa 55VP 
SEM equipped with HKL Channel 5 system. 
In order to measure the mechanical properties improvement after 
extrusion process, tensile tests were performed on an Instron 
tensile testing machine at room temperature. Three samples were 
tested for each extrusion condition. Dimensions of tensile test 
sample were shown in Figure 1. 
All specimens for OM EBSD and tensile testing were cut from 
center of the extruded rods, parallel to the extrusion direction. 
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Figure 1. Dimensions of tensile test sample (in millimeters) 

Results and Discussion 

Microstructure Development 

Figure 2 shows the microstructure of AZ31 casting billets used in 
this study. It consists of large grain with mean grain size of about 
200μπι. Figure 3 shows the microstructures of the AZ31 rods 
extruded at different conditions. The extruded microstructures are 
very inhomogeneous with averaged grain size decreasing 
dramatically compared to casting billet. Large grains in cast billets 
have been elongated along extrusion direction. Large amount of 
small grains formed at the junctions of grain boundaries. Fine 
DRX grains also forms "necklace" structure along grain 
boundaries. 

Figure 2. Microstructure of casting AZ31 billet 
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Figure 3. Microstructure of extruded rods, (a) Temperature=643K, 
velocity=1.4m/min. (b) Temperature=673K., velocity =1.4m/min. 

Grain boundaries act as obstacles to the movement of dislocations. 
Thus, dislocations accumulate and subsequently generate local 
stress concentrations on the grain boundaries, resulting in the 
generation of serrated boundaries. The development of serrated 
grain boundaries leads to the nucleation of DRX by bulging [21]. 
The serrated grain boundaries are frequently observed in extruded 
rods, as shown in Figure 3. Figure 4 illustrates two examples of 
nucleation by bulging. In Figure 4(a) and Figure 4(b), the bulging 
area of grain A is almost cut off by grain B and grain C, the 
potential nucleation area is indicated by A . 
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Figure 4. Examples of nucleation by bulging, (a) 
Temperature=673K, velocity=1.4m/min. (b) Temperature=673K, 

velocity=2.2m/ min. 

During compression test of the as-cast AZ31 alloy, Beer [22] 
reported a process where a progressive increase in misorientation 
from the center to the boundary of grain and the conversion of low 
angle boundaries into the high angle ones. In the current study of 
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direct extrusion process, the development of high angle grain 
boundary is also observed. As indicated by white arrow in Figure 
5, the serrated grain boundaries in the elongated grain can 
gradually increase in misorientation, inducing the sub-boundaries 
behind bulges. Further rotation can lead to higher angle grain 
boundary and may induce the development of DRX grains. 

Figure 5. Orientation map of extruded rod (temperature=673K, 
velocity=0.8m/min). (Thick black line >15° misorientation. thin 
black line >10° misorientation, red thin line >5° misorientation, 

blue thin line>3° misorientation.) 

Once the "necklace" structure forms along pre-existing grain 
boundary, dynamic recrystaUization grains in AZ31 alloy cease to 
grow up and consume original grains. This has been observed by 
other researchers [21]. Upon further deformation, the fraction of 
«crystallized material will accommodate a number of strains. The 
continuous strain-induced process is responsible for the increase 
in misorientation near the grain boundary of DRX grains 
(indicated by white arrows in Figure 6). This process in 
recrystaUization grains will make the small grains finer. 
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Figure 6. Orientation map of extruded rod (temperature=703K, 
velocity=1.4m/min). (Thick black line >15° misorientation, thin 
black line >10° misorientation, red thin line >5° misorientation, 

blue thin line>3° misorientation.) 

Previous research showed that twin boundaries could act as sites 
for the nucleation of DRX grains [23,24]. Twinning related DRX 
is also observed in present study. As indicated by white arrow in 
Figure 7, twining with lens morphology has been subdivided into 
two grains. This can be attributed to the development of low angle 
boundaries that transformed to high angle boundaries caused by 
continuous straining. 

Figure 7. Orientation map of extruded rod (temperature=643K, 
velocity=0.8m/min). (Thick black line >15° misorientation, thin 
black line > 10° misorientation, red thin line >5° misorientation, 

blue thin line>3° misorientation.) 

Formation of Basal Texture 

The texture evolution for the 9 different extrusion processes has 
also been studied by EBSD. Figure 8 presents the orientation 
distribution function (ODF) sections of casting billet, which do 
not show an obvious distribution pattern. As shown in Figure 9, 
there are strong (0002) fiber textures in the extruded AZ31 rods. 
This is in accord with the conclusion that fiber texture is usually 
formed for rods during uniaxial deformation of hexagonal 
structured metals [24]. However, texture component <0002> is 
not exactly parallel to the extrusion direction, the deviation is 
roughly 10°-20°. 
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Figure 8. ODF measured from the as-cast billet. 

Previous research [15] shows that {10 1 2} tension twining is 
favored at the early stage of deformation when the casting grain 
size is large, intensive twinning will reorient the initial grain 
orientation to a basal orientation. Once basal texture is formed, 
grains act as if they initially have a basal orientation during 
subsequent deformation. 

Figure 3 shows that necklace DRX can gradually take place at 
the grain boundary. The DRX grains produced by buldging have 
orientations similar to those of the parent grains and serve to 
strengthen the basal texture, while nucleation brought by the 
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development of high angle grain boundary does not have such 
orientation correlation which tends to lead to random texture [25]. 
Furthermore, twinning and non-basal slip are in a competitive 
relation [26,27]. With the proceeding of deformation, twinning is 
suppressed and non-basal slip is activated because of the grain 
refinement caused by DRX. Non-basal slip also tends to reorient 
the basal texture towards the radial direction. 
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As shown in Figure 11, yield strength was greatly improved (up to 
200 to 210 MPa) by hot extrusion process. However, under the 
same extrusion temperature, yield strength of extruded rods 
decreases with increasing extrusion velocity, while average grain 
sizes of extruded rods are almost stable with increasing extrusion 
velocity. Hence, yield strength can not be solely described by 
average grain size. 

(Í.3J* e-xr e-eir 
Figure 9. ODF measured from the as-cast billet, (a) 

Temperature=673K, velocity=0.8m/min. (b) Temperature =703K, 
velocity=2.2m/min. 

Yield Strength Improvement 

Grain refinement is proved to be effective in improving yield 
strength. As presented in Figure 10, average grain sizes of 
extruded rods decline dramatically compared with grain size of 
casting billet (about 200μπι). Each value comes from the average 
of about 500 grains. The yield strength of casting billet is 83 Mpa. 
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Figure 10. Average grain sizes of extruded rods (Measured 
by EBSD, transverse direction), (a) Temperature=643K. 

(b) Temperature=673K. (c) Temperature=703K. 
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Figure 11. Yield strengths of extruded rods 
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In the current study, the influence of grain size and its orientation 
of each grain on yield strength is considered by applying Hall-
Petch equation to each individual grain with the input of EBSD 
results. The procedure is summarized as follows. 
The friction stress σ0 in Hall-Petch equation is thought to be 
related to the deformation system with lowest yield strength [28] 
which depends on two factors: the critical resolved shear stress 
(CRSS) of the deformation system and grain orientation. For 
AZ31 alloy, the potential operative deformation systems are basal 
<a>. prismatic <a>, pyramidal <c+a> slip systems and tensile 
twinning systems. The yield strength σ0 of deformation system a 
along the load direction is represented as σ,": 

pa 
(2) 

where r" represents the CRSS of deformation system a. and P" is 
Schmid factor, which is defined as 
P" =COS#-COS<p (3) 
where Θ is the angle between the slip/twinning direction and the 
stress axis, and φ is the angle between the slip/twinning plane 
normal and the stress axis. The yield strength of individual grain 
ac is defined as 
ac=m\n{a%) + kdc~

vl (4) 
where min(ov/') represents lowest yield strength among all 
deformation systems. For grains with different orientations and 
grain sizes, the yield strength of individual grain ac can be 
different. By employing Taylor assumption, the yield strength of 
poly crystal σΜ is calculated as the average of ac: 

σΜ =< ac > (5) 
In this formulation, several parameters are required to calculated 
σ0 including the critical resolved shear stress r°, Schmid factor f, 
slope k and individual grain size dc. The individual grain size dc 
and Schmid factor P° can be obtained with the input of EBSD 
results (grain size and Eulerian angles). The remaining unknown 
parameters are CRSS r° and slope k, which can be obtained by 
parameters fitting. However, the CRSSs differ significantly for 
different deformation systems in AZ31 alloy, suggesting four 
different CRSS values are necessary. Combining with slope k, 
five parameters can lead to a difficulty in determining values by 
parameters fitting. To simplify the fitting procedure, CRSS ratio is 
set to basal <a>:prismatic <a>:pyramidal <c+a>: tensile twinning 
= 1:8.8:11.1:5.2 according to the recent research on AZ31 alloy 
[29,30]. Here, the CRSS values are normalized by the CRSS of 
basal <a> slip. 
Based on the above fitting procedure, slop k has a value of 12 
Mpa-mm"1/2, and CRSS of basal <a> slip is 7.5 Mpa. The CRSSs 
for other deformation systems can be calculated by its ratio to 
basal slip. Figure 12 plots the yield strength obtained from this 
fitting method. Under the same extrusion temperature, the 
calculated yield strength decreases with the increase of extrusion 
velocity. This is similar to the experiment result. However, the 
value predicted by the fitting method is not exactly the same as 
experiment result (The largest deviation is 8.8Mpa, where the 
extrusion condition is 673k, 0.8m/min). This is possibly caused by 
the insufficient amount of individual grain data since each fitted 
value comes from 500 grains. A better result can be obtained if a 
larger number of grain size and orientation is available. 
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Figure 12. Yield strengths of extruded rods (Experiment 
Value: thick line and rectangular symbol, fitted value: dashed line 

and triangle symbol), (a) Temperature=643K. (b) 
Temperature=673K. (c) Temperature=703K. 

Summary 

In this paper, the effects of hot extrusion process on 
microstructure development, texture evolution and tensile 
properties of AZ31 alloy were studied. The following conclusions 
were drawn: 
1. The extruded microstructures are very inhomogeneous with 
average grain size decreasing dramatically which can be attributed 
to DRX process. DRX grains can be generated in pre-existing 
grain boundaries, DRX grain boundaries and twmning boundaries. 
2. The extruded AZ31 rods have basal planes almost parallel to 
the extrusion direction within a certain degree. The texture 
evolution during extrusion process is influenced by twinning, slip 
and DRX collectively. 
3. Yield strength is greatly improved by hot extrusion process. 
However, under the same extrusion temperature, yield strength of 
extruded rods decreases with increasing extrusion velocity, while 
average grain sizes of extruded rods are almost stable with 
increasing extrusion velocity. Hence, yield strength can not be 
solely described by average grain size. To get a better prediction 
of yield strength, EBSD data (individual grain size and 
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orientation) for individual grains with Taylor assumption (with a 
large data set) is helpful. 
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