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Abstract-Multi-directional forging (MDFing) method was applied to a hot-extruded AZ31 magnesium (Mg) alloy up toa maximum 
cumulative strain of  = 2.4.  The MDFing temperature was decreased pass by pass from 623 K to 493 K. In this way, various specimens 
MDFed to cumulative strains of 0, 0.8, 1.6 and 2.4 were fabricated.The average grain size decreased as cumulative strain increased due to 
continuous dynamic recrystallization. It was confirmed that MDFing was effective to the uniform evolution of fine and equi-axed microstructure 
of AZ31Mg alloy.Three-point bending and other tests were conducted toeach MDFed specimen toinvestigate mechanical properties and 
fundamental bending fracture behavior. The bending strength, such as b,y and b,u increased as the grain refinement progressed. The relationship 
between bending property, b,y, and grain size, D, could be approximated by Hall-Petch relationship;𝜎 , = 𝜎 + 𝑘𝐷 ⁄ , where0was 85 MPa 
and kwas 0.21 MPa/m-1/2. These material constantswerein accordance withthe previous report on proof stress obtained from uniaxial tensile 
test.Fracture behavior under multiaxial stress state was discussed based on the results of SEM observation nearby crack initiation regions and 
absorbing energy evaluated from bending load-displacement curves. 
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I. INTORODUCTION 

Replacement of conventional structural materials to light-weight ones are important for weight reduction of 
products to improve fuel efficiency and emission in transportation and logistics systems.Carbon dioxide gas (CO2) 
emissions of new passenger cars registered in Europe are monitored in order to meet the objectives of an EU 
regulation [1].A program outlined in the political guidelines on effluent control is demonstrated by The European 
Green Deal [2]. It aims to make Europe the first climate-neutral continent by 2050. According to the program, 
transport accounts for a quarter of the EU’s greenhouse gas emissions, and still growing. To achieve climate 
neutrality, a 90 % saving in transport emissions is needed by 2050 such as rail, aviation, waterborne and transport 
fields [2]. Therefore, there is a growing trend to substituteconventional steel and ferrous cast iron for thenonferrous 
materialsespecially in transport and passenger car parts. Magnesium (Mg) alloys hold promise for light-weight 
structural applications in transportations due to their low density as well as higher specific modulus and strength, 
and simultaneously can be benefited to weight reduction of transportation mechanics. However, Mg alloys are 
classified as hard plastic deformation materials because of a limited ductility and formability at room temperature 
due to the hexagonal crystal structure [3]. 

Recently, microstructural control, especially grain refinement by thermo-mechanical treatment under warm 
atmosphere, is one of the effective techniques for improving mechanical property. There have been various 
researches aiming at improving the ductility and strength of Mg alloys through grain refinement using various 
treatments of severe plastic deformation (SPD) processes e.g., Multi-Directional Forging (MDFing) [4], Equal 
Channel Angular Press (ECAP) [5] and High Pressure Torsion (HPT) [6]. Xing et al [7] have reported that the 
ultrafine grained (UFGed) AZ31 Mg alloy produced by MDFing under warm temperatures, where its grain size is 
approximately 0.3 m at cumulative strain of= 5.6, reaches tensile ductility (20 %) and strength (530 MPa) at 
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room temperature. Miura et al [8] represented that UFGed AZ61 Mg alloy MDFed up to  = 4.0 exhibited a 
superior balance of tensile ductility of over 20 % and tensile strength of 440 MPa. Recently, Miura et al [9]have 
applied MDFing to AZ80 Mg alloy to a cumulative strain of = 1.5 and could achieve tensile ductility of about 
22 % and tensile strength of 445 MPa at a tensile strain rate of 3.0 × 10-2 s-1 at room temperature. As above 
mentioned, MDFing for Mg alloys is almost carried out at warm temperatures because of the intrinsic embrittlement 
property of Mg alloysat room temperature.MDFing at warm temperature is essentially enabled by occurrence of 
dynamic recrystallization (DRX) to cause grain refinement as well as increasing number of slip systems. The grain 
refinement allows further MDFing at lower temperatures with the aid of grain-boundary sliding to induce 
development of much finer-sized microstructures. Although uniaxial tensile/compressive tests of MDFed Mg alloys 
[3-9] have been well reported including authors [10], researches on the bending test under multiaxial plastic stress 
are few. The purpose of present study is to investigate fracture behavior at the front tip regions of V-notch of 
theroom-temperature bending specimenof AZ31 Mg alloys fabricated by MDFing.And the relationship between 
fracture behavior and evolved microstructure is precisely discussed. 

II.EXPERIMENTAL PROCEDURE 

A commercial hot-extruded AZ31 Mg bar (i.e. nominal composition of Mg-3Al-1Zn) alloy was used as the 
starting material. The rectangular-shaped samples with initial dimensions of a =14 mm, b = 31 mm and c = 21 mm 
(i.e. axial ratio of a : b : c = 1.00 : 2.22 : 1.49) were machine-cut so that first forging axis became parallel to the 
extrusion direction (see Fig.1). The sample was warm-deformed by MDFing technique at aninitial strain rate of 3 × 
10-3 s-1 with changing forging axisby 90° from pass to pass under decreasing temperature conditions from 623 to 493 
K (see Fig.2). A pass strain of Δ= 0.8 was appliedat each forging pass. MDFing has a merit that the axis ratio of the 
original sample is geometrically unchanged at each pass. The samples were MDFed tovarious cumulative strainsup 
to  = 2.4 at maximum. In this way, four kinds of samples MDFed to cumulative strains of  = 0, 0.8, 1.6, 2.4 
were prepared. Lubricant of molybdenum disulfide paste was applied on the forging die surface to prevent any 
forging defects such bulging and galling of the samples. MDFingcould be carried out without any damageor 
evolution of heterogeneous deformation microstructure on surfaces, where the latter should indicate homogeneous 
deformation of samples. Fig.3 shows the die structure for MDFing in present study. As shown in Fig.4, three-point 
bending testing 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure1.Schematic illustration of MDFing up to 3rd pass forging. Forging axis is varied by 90° from pass to pass (i.e. X to Y to Z). A pass strain 

of  = 0.8 is applied at each forging. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure2.MDF profile in present study 
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Figure3.Schematic illustration of adie for MDFing Figure 4. Sampling orientation at each specimen 
 
 
 
 
 
 
 
 
 
 

Figure5.Showing illustration of the configuration and dimensions of the three point bending specimen with V-notch in present study 
 
specimenwith V-notch normal to the extrusion direction (E.D.) was machine-cut from the hot-extruded sample. The 
longitudinal direction of the bending specimens MDFed wasalso made to correspond to direction perpendicular to 
the final forging axis (F.A.) (see Fig.4). Quasi-static three-point bending test was carried out at initial loading speed 
of 1.0 mm/min at room temperature. Fig.5 shows the configuration and dimensions of the bending specimen. Three 
bending specimens were prepared at each sample.Quasi-static uniaxial tensile test was carried out at initial strain 
rate of 2.8×10-3 s-1 at room temperature. Gage dimensions of tensile testing specimen were breadth of 3 mm, length 
of 6 mm and thickness of 2 mm.Foil strain gage was adopted to determine the 0.2 pct. proof stress. Micro-Vickers 
hardness test was conducted under conditions with indentation load of 7.35 N and keeping time for 15 s.  

The microstructural evolution after MDFing was confirmed through optical microscope (OM) observation. The 
samples for metallography were mechanically polished and then etched in a solution containing acetic acid of 10 ml, 
picric acid of 12.5 g, distilled water of 20 ml and ethanol (95%) of 200 ml. Average grain size was measured by the 
linear line-intercept method [11,12] from OM and scanning electron microscope (SEM) images. SEM was used to 
observe entire fracture surface and deformed regions ataround the front tip of V-notch after bending test.  
 

III. RESALTS AND DISCUSSIONS 

3.1. Tensile properties and evolved microstructural – 

Tensile properties such as elastic modulus, 0.2 pct. proof stress, tensile strength, strain to failure and micro-
Vickers hardness are given in Table 1. Drastic changesin the 0.2 pct. proof stress and the strain to failure after 1st 
pass of forging were confirmed comparingwith thoseof the as-extruded sample. Fig.6 shows the evolved 
microstructuresinthe samples. Average grain size, D, decreases by straining and with decreasing temperature; initial 
grain size of 16.7 mof the as-extruded sample decreases to 9.2 m after 1stpass forging at 623 K, 5.8 m after 2nd 
pass forging at 523 K and 3.5 m after 3rd pass forging at 493 K. The homogeneous grain refinement and the 
decrease in grain size with decreasing MDFing temperature is a result of dynamic recrystallization, where achieved 
grain size is controlled by diffusion and grain-boundary migration [13]. Fig.7 shows enlarged views in the frames of 
A and B in Figs.6 (a) and (b), respectively. Grain boundaries (GBs) in the microstructure evolved in the as-extruded 
sample were somewhat smooth outline. However, the GBs after the 1st pass forging pass were corrugated and, still 
more, fine grains were developed on or at around the corrugated boundaries. Yang et al [14] have reported that 
initial coarse grains in Mg alloy are fragmented by kink bands evolved at early stages of deformation up to = 0.12. 
Their research summarized that new fine grains in Mg alloy were formed due to a series of strain-induced 
continuous reaction (i.e., continuous dynamic recrystallization, cDRX). The applied strain of  = 0.8 by one pass 
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forgingin the present study exceeded the above critical value reported by Yang et al. In any case, MDFing process is 
effective to make finer and homogeneous microstructure with low density dislocation of AZ31Mg alloys. In such 
fine-grained microstructures with an average grain size smaller than 1 m, grain-boundary sliding affects plastic 
deformability to cause large ductility in addition to strengtheningat room temperature [4, 9]. Nevertheless, the 0.2 
after the first pass of forging drastically lowered than that of the as-extruded sample. This was the result of loss of 
texture strengthening [9]. That is, sharp basal texture developed in the as-extruded sample affected much for 
strengthening along extrusion direction, and it was weaken by cDRX, kinking and twinning to cause orientation 
randomization. However, 0.2 and u were gradually raised with increasing cumulative strain and decreasing grain 
size (see Table 1). This tendency becomes more notable with further decreasing grain size [4, 9]. 
 
 

Table1. The results of the tensile mechanical properties and hardness 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure6.Microstructural change with increasing cumulative strain by MDFing; (a) as hot-extruded (= 0), (b) 1st pass (= 0.8), (c) 2nd 

pass (= 1.6), and (d) 3rd pass (= 2.4). Arrows indicate (a) extruded direction and (b), (c), (d) the final forging axes of MDFing, 
respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure7.The enlarged views of the frame A and B in the Fig.6 (a) and (b), respectively 
 
3.2Three point bending property– 

Fig. 8 shows typical load-displacement curves of the three-point bending test examined at room temperature. 
The all curves indicated elastic-plasticity response. The bending properties such as yield load, Py, and maximum 
load, Pmax, evidently increased as the grain size decreased. In the present study, bending stress, b is expressed as 
follows: 
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𝜎 =     (1) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure8.Typical load-displacement curves obtained by three-point bending tests. Sample names are labeled to each curve. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure9.Relationship between three kinds of mechanical properties, b,y, b,u, 0.2and grain size, D, in each sample. 
 
 
where P is applied load during the bending test, S is span length of 14.6 mm, b and h are the breath and height of the 
bending specimen. Fig.9 shows the bending yield stress, b,y, the bending strength,b,u, and 0.2 pct. proof stress, 0.2, 
for tensile test depending on grain size. It was seen obviously that the b,y and b,u increased as the grain size 
decreased with a high correlation coefficient, R. The tensile 0.2 pct. proof stress, in contrast, did not show clear 
grain-size dependency. Stress triaxiality [15-17], T, in eq. (2) is well known as an index for evaluating the height of 
multiaxiality under a multiaxial stress generated by restraint from the examination surroundings.   
 

𝑇 = (2) 

 
where m is hydrostatic stress and 𝜎is equivalency stress of Von Mises. m and 𝜎 are given by following eq. (3) and 
(4): 
 

𝜎 = (𝜎 + 𝜎 + 𝜎 )   (3), 
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where 1,2and 3are the maximum principal stress, intermediate principal stress and minimum principal stress, 
respectively. Therefore, the stress triaxiality, T = 1/3 becomes under uniaxial stress (i.e., tensile test using smooth 
guage specimen). T is larger than 1/3 as the multiaxiality increases under the multiaxial stress in which the tension 
stress field acts in all directions of the surroundings. Uniaxial tensile tests at quasi-static strain ratewere carried out 
by one of the authors under conditions of stress triaxiality of T = 0.33 to 1.39 using circumferential notched 
specimens of hot-extruded AZ61 Mg alloy [18]. As a result, it was found that the yield stress, y, was increased with 
increasing the stress triaxiality, T, with correlation coefficient R = 0.98. Thus, it was concluded that yield stress of 
Mg alloy at early stage of plastic deformation greatly related to stress triaxial state rather than microstructural 
texture. Closer experiment on this point should conduct in the future.  

The relationship among the bending properties, b,y, b,u and the grain size, D, can be approximated by following 
Hall-Petch relationship:  
 

𝜎 , = 𝜎 + 𝑘𝐷 ⁄    (5), 
 

𝜎 , = 𝜎 + 𝑘𝐷 ⁄    (6). 
 
For b,y0 and k are evaluated to be 85 MPa and 0.21 MPa/m-1/2.And for b,u0 and k are 262 MPa and 0.56 
MPa/m-1/2, respectively. Yuan et al. [19] and Koike et al. [20] have reported that the relationships between yield 
stress, y, and grain size, D, for several Mg alloys could be given by following Hall-Petch coefficients; 0 = 103 
MPa and k = 0.24 MPa/m-1/2[19], and 0 = 90-210 MPa and k = 0.17 MPa/m-1/2[20]. The data of 0 and k in the 
present study approximately similar to the above coefficients.   

On the other hand, according to Timoshenko and Gere [21], the relationship between the plastic moment, Mp, 
and the yield moment, My, of an elastic-perfectly plastic material (non-hardened elasto-plastic material) is expressed 
by the following eq.: 
 

𝑓 =    (7), 

 
where f is commonly called the shape factor. Yield moment, My, for a rectangular beam is,  
 

𝑀 = 𝜎    (8), 

 
in the inelastic bending theory of a beam based on an elastic-perfectly plastic material,it assume that yis equal to 
the 0.2 pct. proof stress in uniaxial tensile test and the factor, f = 1.5. Thus, the ratio of b,u0.2 =1.5 can evaluated 
from the series of this theory. It is interesting that the ratio is the range of 1.3 to 1.5withinthe grain sizes attained by 
MDFing in the present study.  
 
3.3Fracture surface observation– 

Fractography by SEMwas carried out andtypical photographs are displayed in Fig.10. Figs.10 (a) and (d) exhibit 
dissociation characteristics with metallurgical slip orientation for deformation in the as-extruded specimen. There 
are a large number of the river patterns in very different directions, the cleavage terraces and a few small dimples on 
the surfaces. It was suggested that a lot of large slip bands and profuse twinning weredeveloped along to certain 
orientations in the grain interior in the as-extruded specimen. SEM photographs in Figs.10 (b) and (c) show mostly 
ductile fracture surface with dense dimples in both MDFed specimens, where dimples of resembling comet shape 
look aligned upward (see Figs.10 (e) and (f)). Dimple fracture basically occurs to decrease stress concentration in 
intensely developed plastic regions. Furthermore, the multiaxial stress state in the internal necking within the plastic 
region urges shear stress component. Arrows in white color near the V-notch root indicate secondary microcrack 
extended in vertical to the photographs.These microcracks was lead to an increase in extrinsic deformation. 
Therefore, it was suggested that the equivalency stress of Von-Mises stress, 𝜎 (i.e., shear strain energy) in the front 
of V-notch increases due to occurrence of the microcracks.In addition, the loss of texture strengthening took place 
by MDFing [9], leading to reduction of flow stress. This is corresponding to decrease of 0.2 pct. proof stress at 1st 
pass forging less than that at hot-extruded. 

Area of ductile shear zone of the extruded specimen is smaller than that of the 3rd pass MDFed specimen. 
Larger shear zone ahead of the V-notch tip can be explained increasing of absorbing energy during three point 
bending fracture process. Absorbing energy, Et, can be determined from load-displacement curve in Fig.8 by 
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evaluating these integral. As results, theEt increases as MDFing pass steps up: the values ofEt of the specimens of 
as-extruded, 1stpass forging, 2ndpass forging and 3rdpass forging are 0.77 J, 1.01 J, 1.00 J and 1.11 J, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. SEM micrographs of the fracture surfaces near V-notch root;specimens of (a) and (d)hot-extruded,(b) and (e) 1st pass MDFed,(c) 
and (f)3rd pass MDFed. (d), (e) and (f) are the enlarged images of the frames A, B and C in (a), (b) and (c).Main crack propagation direction is 

indicated by white arrows. Areas surrounded by black-dashed lines in (d), (e) and (f) show brittle fracture manner. 
 

IV.CONCLUSION 

Multi-Multi-directional forging (MDFing) process under decreasing temperature conditions from 623 to 493 K 
was adopted to attain finer-grain sized microstructure and improve bending strength of AZ31 Mg alloy. Three-point 
bending test using specimens with V-notch and other mechanical tests as well as metallographic microstructural 
observation were carried out by using hot-extruded sample and various MDFedonesup to cumulative strain of  = 
2.4 at maximum. After bending tests, fracture behavior was investigated relating with mechanical properties and 
grain size. The results are summarized as follows: 

 
1. The average grain size decreased as cumulative strain increased due to occurrence of continuous dynamic 
recrystallization. It was confirmed that MDFing technique was effective to the evolution of finer and homogeneous 
microstructure of AZ31Mg alloy. 
2. The bending strength, such as b,y and b,u increased as grain size decreased. The relationship between the 
bending property, b,y, and the grain size, D, could be approximated by Hall-Petch relationship: 𝜎 , = 𝜎 + 𝑘𝐷 ⁄ , 
where0 was 85 MPa and k was 0.21 MPa/m-1/2. Both 0 and k were well corresponding to the results of proof stress 
obtained from uniaxial tensile tests. 
3. Fracture surface of bending specimen in the as-extruded specimen showed intensely dissociation characteristics 
with metallurgical slip orientation. The fracture surface in the MDFed specimen exhibited mostly shear dimple 
fracture. Ductile shear zone near crack initiation region in the MDFed specimen was larger than that in the as-
extruded one. Therefore, it was found that the equivalency stress of Von-Mises stress, 𝜎(i.e., shear strain energy), in 
the front of V-notch increases due to appearance of the equi-axed fine grainsto cause orientation randomization and 
reduce anisotropy of plastic deformation. Because of this effect, absorbing energy increased as MDFing pass 
stepped up. 
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