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Micro-embossing tests were performed on a coarse-grained (CG) and an ultrafine-grained 

(UFG) dual-phase Mg-Li alloy processed by high-pressure torsion (HPT) using different 

widths of the female die at ambient temperature under a force of 9 kN. The surface 

topography, rib profiles and microstructures of the cross-sections were measured by scanning 

electron microscopy, confocal scanning laser microscopy and optical microscopy, 

respectively. The interactive effects of the cavity widths of the female die and dual phases on 

the formability of micro-embossing were analyzed. Numerical simulations were performed to 

study the effects of the dual-phases on the filling behavior of the CG and UFG alloys. The 

results show a UFG Mg-Li alloy reduces the adverse effects of dual phases on the formability 

of micro-embossing. Micro-channel arrays with channel widths ranging from 50 to 200 μm 

were fabricated with good geometrical accuracy using a UFG dual-phase alloy at ambient 
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temperature, thereby establishing the excellent potential for using UFG dual-phase Mg-Li 

alloys processed by HPT for applications in micro-forming. 

 

1. Introduction 

With the rapid development of product miniaturization in the application of micro-electro-

mechanical systems (MEMS), micro-forming has attracted considerable attention in recent 

years. Products with micro-array channels have potential applications in the fields of micro-

fluids, micro-optics and medical and biological devices.[1-3] The micro-embossing process is a 

promising procedure for producing micro-array structures due to its excellent capabilities such 

as low cost, high efficiency and large scale and well-structured fabrication.[4] Twenty years 

ago, a micro-embossing technique to fabricate metallic microstructures using a silicon die 

were developed and in later research a pure coarse-grained (CG) Al micro-optical grating was 

manufactured by a high precision cold embossing method using a silicon die.[5, 6] The micro-

array channels in this research exhibited non-flat planks with ridges. Furthermore, straight 

micro-channels and micro-complex structures were fabricated by cold and superplastic micro-

embossing with a silicon die.[7] Meanwhile, direct micro-embossing to fabricate micro-array 

channels in conventional CG Al at room temperature was proposed and the micro-embossing 

process with an ultrafine-grained (UFG) pure aluminum was studied and used this material to 

fabricate micro-array channels for MEMS components.[1, 8]  Subsequently, the hot micro-

embossing process of micro-array channels in UFG pure Al using an automatic balance 

device was investigated.[9] 

Despite these fairly extensive investigations, size effects may occur and appear to be 

important in controlling the material deformation behavior when the feature sizes, such as the 
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grain size and the specimen size, are reduced to the micro/meso scale.[10-14] Extensive work 

has been reported studying the effects of grain size and geometric size on plastic deformation 

in different micro-embossing processes. For example, using experiments and simulations, the 

effects of grain and geometric sizes on the coining process was revealed and results showed 

that certain preform shapes can enhance the feature formation by allowing a favorable flow of 

the bulk material.[15, 16] Meanwhile, researchers found that the surface roughness increases 

with strain and the variation rate increases with grain size during micro-embossing of micro-

channels and the influence of die cavity dimension on the formability in the warm coining 

process which revealed that the formability decreases with an increase of the ratio of the grain 

size to the die cavity width.[17, 18] Furthermore, a multi-region model which considered the 

grain orientation and boundary by the micro-coining process was proposed in order to 

investigate the size effects of micro-bulk formation and the grain and geometry size effects on 

deformation in roll-to-plate micro/meso-imprinting of pure copper was investigated.[19, 20] 

Nevertheless, a comprehensive examination of these reports shows that there is little or no 

information on the interactive effects of the cavity width of a female die and the presence of 

dual phases on the formability in micro-embossing. 

The Mg-Li alloys are known as some of the lightest metals in the engineering field and 

they are attracting significant interest in both scientific research and in industrial applications 

such as in the aerospace, military and electronic sectors due to their important properties such 

as a lowest density as a structural metallic material, a high specific stiffness, a good magnetic 

screening, excellent cold formability and an exceptional damping capacity.[21-26] According to 

the Mg-Li binary phase diagram, Mg-Li alloy can have a dual-phase microstructure 

depending on the amount of Li in Mg.[27] Thus, Mg-Li alloys with Li content between 5.5 and 
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10.2 wt. % consist of an Mg-rich hexagonal-close-packed (hcp) structured solid solution (α 

phase) and a Li-rich body-centered-cubic (bcc) structured solid solution (β phase). These co-

existing dual-phases lead to an interesting compromise of moderate strength and excellent 

ductility by comparison with the single α or β phase alloys.[28] Another advantage of fine-

grained Mg-Li alloys with an α phase and a β phase is that they exhibit superplasticity at 

elevated temperatures.[29] For example, when the microstructure is refined to ultrafine grains 

by equal-channel angular pressing (ECAP), it was shown that the alloys are capable of 

exhibiting superplasticity with tensile elongations at 473 K up to ~970% or ~1780%.[30, 31] 

Additionally, a UFG Mg-8%Li alloy fabricated by high-pressure torsion (HPT) showed low 

temperature superplasticity having elongations of >400% at temperatures above 323 K and a 

later report documented an elongation of 440% at room temperature.[32, 33] Based on the 

conclusions from these and earlier studies, it is suggested that UFG dual-phase Mg-Li alloys 

should have a strong potential for use in all forms of micro-forming applications.[34, 35] 

In the present research, micro-embossing tests were conducted on a dual-phase Mg-Li 

alloy having two different average grain sizes using different cavity widths for the female die 

under a selected embossing force at ambient temperature. In addition, finite element 

simulations were adopted to examine the micro-embossing of the dual-phase Mg-Li alloy in 

order to provide a comprehensive analysis of the experimental results. Thus, the interactive 

effects of the cavity width of the female die and the dual phases on the formability of micro-

embossing were carefully analyzed based both on experimental results and numerical 

simulations. 

 

2. Experimental material and procedures 
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2.1. Preparation of UFG Mg-Li alloy by HPT 

An Mg-9% Li-1% Zn (in wt. %) alloy was received in the form of an extruded plate with a 

thickness of 20 mm. The microstructure of the as-received alloy is shown in Figure 1a and at 

a higher magnification in Figure 1b where it is apparent that the structure contains a co-

existence of the α and β phases. The volume fractions of the α and β phases were determined 

by an image analyzer as ~ 63% and ~ 37%, respectively. The average value of the width of 

the α and β phase cell perpendicular to the extrusion direction was estimated as ~22 µm. 

To prepare specimens for HPT processing, discs were machined from the plate with 

diameters of ~9.8 mm and thicknesses of ~1.0 mm and these discs were then carefully ground 

and polished on both sides to final thicknesses of ~0.82 mm. For the HPT processing (Figure 

2a), each disc was placed in a depression on the lower anvil and then the two anvils were 

brought together to impose an applied pressure, P, of 6.0 GPa. The torsional straining was 

achieved through rotation of the lower anvil using a rotation rate of 1 rpm. All discs were 

processed at room temperature through 5 revolutions under quasi-constrained conditions 

where there is some limited outflow of material around the periphery of the disc during the 

torsional straining.[36] 

The phase distributions of the dual-phase Mg-Li alloy processed by HPT were observed 

by backscattered electron imaging in a scanning electron microscope (SEM). The results 

(Figure 2b) show that the α phases are broken up and this generates a large number of α 

phase 5 particles which become dispersed in the β phases (Figure 2c). The microstructure 

was also observed by transmission electron microscopy (TEM) and the results in Figure 2d 

and Figure 2e show that a UFG Mg-Li alloy was achieved by HPT processing with an 

average grain size of ~290 nm and with a high fraction of high-angle boundaries. 
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The mechanical properties were measured using Vickers microhardness and micro-

tensile testing. The microhardness of the as received dual-phase Mg-Li alloy was measured on 

areas of α and β phases and the average hardness values, Hv, were recorded as ~47.7 and 

~44.1, respectively. After HPT processing, the average hardness value, Hv, of the UFG Mg-Li 

alloy was ~63.4 and this increase in hardness shows that the mechanical properties may be 

significantly improved by HPT processing. Curves of true stress and true stain for both the as-

received and the UFG Mg-Li alloy are shown in Figure 3. These curves show that the 

saturation strength of the dual-phase Mg-Li alloy is significantly improved from ~175 MPa to 

~240 MPa though HPT processing and this is consistent with the hardness measurements. 

The mechanical property parameters for the α and β phases can be calculated from the 

true stress-true strain curves of the as-received Mg-Li alloy based on a mixing strength model 

developed for long fiber composite materials written by 

𝜎𝐴𝑅 = 𝜎𝛼𝑉𝛼 + 𝜎𝛽(1 − 𝑉𝛼)                                                                                                          (1) 

where 𝜎𝐴𝑅 is the flow stress of the as-received alloy, 𝜎𝛼 is flow stress of α phase, 𝜎𝛽 is flow 

stress of β phase and 𝑉𝛼 is relative content of α phase. As the strength and hardness of the 

material are generally considered to hold a proportional relationship, the ratio of the two 

phase strengths may be obtained by the ratio of the two phase hardnesses. Thus, the 

relationship of two phase strength can be expressed as  

Using this approach, the true stress and true strain curves of the two individual phases 

can be calculated as shown in Figure 3 where these results may be used as the mechanical 

parameters of plastic deformation for the two separate phases. 

 

2.2 The micro-embossing tool and parameters 
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The micro-embossing tool was designed with split female dies which were fabricated by 

micro-grinding with both high dimensional accuracy and surface quality as shown in Figure 

4a. Five different sizes of female micro dies, with widths, w, of 25, 50, 100, 150 and 200 μm 

and the same ratio of height to width of h/w = 3 were adopted in the tests as shown in Figure 

4b. The micro-embossing samples were machined from the HPT discs by electro-discharge 

machining to produce small blocks with dimensions of 5.5 (length) × 3.5 (width) mm2 as 

shown in Figure 4c. Before the micro-embossing tests, the specimens were mounted, ground 

on SiC papers in series to 4000 and then mechanically polished until a mirror-like surface was 

achieved. The micro-embossing tests were conducted on the CG and UFG Mg-Li alloy plate 

with a maximum force, F, of 9 kN at a loading rate of 1.0 µm s-1 at ambient temperature with 

a Zwick/Roll Z010 testing machine. To reduce the influence of friction, the contact surfaces 

with the specimens were lubricated with castor oil so that the micro-compression tests were 

conducted in well-lubricated conditions.[37] The surface quality of the embossed rib after 

micro-embossing was examined using an FEI Quanta 200FEG field emission SEM and the 

heights of the micro-ribs were measured using a confocal scanning laser microscope 

(Olympus Co., OLS3000). In addition, to evaluate the filling behavior during micro-

embossing, the microstructures of the ribs in the cross-sections were observed by optical 

microscopy (OM). Thus, the micro-embossing test of the micro-array channels was conducted 

in order to evaluate the potential for using the UFG Mg-Li alloy for future micro-forming 

applications. 

 

2.3 Finite element modeling (FEM) of micro-embossing in Mg-Li alloy 
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Finite element simulations were adopted to reveal the filling behavior of the micro-

embossing by ABAQUS. In this work, the Voronoi method was used to generate the grain 

structures for simulating the filling behavior of the α and β phases in the rib region of the die 

for the as-received Mg-Li alloy. The nuclei were seeded by the function of rand in the 

software Matlab where the function of rand can generate pseudo-random numbers with 

uniform distributions. A virtual geometrical morphology of grains was created by the function 

of Voronoi in Matlab. Through the software interface, a geometric model was read into 

ABAQUS/CAE using python, the script language of ABAQUS. In order to study the effect of 

the different dual-phase strengths on the forming process, some grains of the Voronoi grain 

geometry model were given material properties of the α phase and the others were given  

material properties of the β phase according to the original distributions of the two phases in 

the Mg-Li alloy. It was assumed that the properties of the material were isotropic in the grain 

and non-grain regions of the finite element model and the same plastic properties were 

assigned to the grain region from grains to grains. The plastic properties of each grain were 

assumed to be the same and for the UFG Mg-Li alloy the FEM model was considered as a 

uniform continuum using CPE4R element type. Based on these conditions, the finite element 

models of micro-embossing were established as shown schematically in Figure 5 for the as-

received alloy and the UFG Mg-Li alloy, respectively. 

 

3. Experimental results 

3.1 The filling height of micro-embossing in the dual-phase Mg-Li alloy 

Figure 6 plots the filling height of the rib after micro-embossing of the as-received and UFG 

dual-phase Mg-Li alloy processed by HPT with channel widths ranging from 25 to 200 μm 
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under a maximum force of 9 kN at room temperature. It is readily apparent that the filling 

height of the embossed specimens increases with increasing channel width for both the CG 

and the UFG dual-phase alloy. The height of the embossed rib increases from ~23 to ~102 μm 

when the channel width changes from 25 to 200 μm for the CG dual-phase alloy whereas the 

corresponding heights for the UFG dual-phase alloy increase only from ~20 to ~55 μm over 

the same range of the dimensional changes of the die. Thus, there is an increasing filling rate 

for the CG specimens compared with the UFG dual-phase Mg-Li alloy and furthermore, for 

any selected channel width, the filling heights of the CG samples are higher than for the UFG 

alloy. These results show that the UFG dual-phase alloy shows no improvement in terms of 

formability for micro-embossing under the same maximum force at ambient temperature. 

 

3.2 Surface topography after micro-embossing in the dual-phase Mg-Li alloy 

The surface topographies of the ribs after micro-embossing of the as-received dual-phase Mg-

Li alloy are shown in Figure 7 with channel widths ranging from (a) 200 μm, (b) 150 µm, (c) 

100 µm, (d) 30 µm, (e) 25 µm at low magnification and (f) 25 µm at high magnification. The 

results show that some uneven profiles are clearly found in all embossed ribs and even some 

wrinkles are formed in the smaller ribs (Figure 7d-f). These results are generally similar to 

the filling results in CG pure Al.[9] The dual phases can be identified on the surfaces of the 

embossed ribs, and there are prominent effects on the formation of the wrinkle profiles in the 

embossed ribs of widths of less than 100 μm. Thus, the co-existence of the α and β phases 

brings about an adverse filling quality in the micro-embossing process of the CG dual-phase 

alloy. 
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Figure 8 shows the surface topographies of the micro-ribs after micro-embossing of the 

UFG dual-phase alloy with channel widths of (a) 200 μm, (b) 150 μm, (c) 100 μm, (d) 50 μm, 

(e) 25 μm with low magnification and (f) 25 μm with high magnification. It is clear that the 

folds on the rib surfaces have almost disappeared and the surface quality of the embossed ribs 

is significantly improved using the UFG dual-phase alloy compared with the ribs of the CG 

dual-phase material, and this is true especially when the channel width is small. Careful 

inspiration of Figure 8e shows that obvious α phase and α+β phases are observed on the top 

surface and these different phases have no effect on the formability of the embossed rib which 

is different from the CG dual-phase alloy shown in Fig. 7(f). The results show also that the 

co-existence of the α and β phases along the width direction has little effect on the surface 

quality of the embossed ribs for the UFG dual-phase alloy. 

 

3.3 Microstructure observations after micro-embossing in the dual-phase Mg-Li alloy 

To further investigate the filling behavior, the microstructures of the cross-sections in the 

embossed ribs were observed for the CG and UFG dual-phase Mg-Li alloys. For the CG 

material, the cross-sectional shapes of the embossed ribs approach a regular rectangle with 

increasing channel width (Figure 9). When the channel widths are greater than ~150 μm, the 

surface profiles of the embossed ribs are regular and the hard α phase has a slight 

protuberance on the upper surface of the embossed rib due to the co-existence of both α and β 

phases as shown in Figure 9a and b. With a further decrease in channel width, the upper 

surface of the embossed rib is more uneven due to the co-existence of the α and β phases as 

shown in Figure 9c and d which contrasts with Figure 9a and b. When the α and β phases are 

in contact with the side wall, inhomogeneous deformation takes place and pits are observed 
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on the side walls of the embossed ribs due to the co-existence of the α and β phases. When the 

channel width decreases to 25 μm, there is only a single phase in the width direction of the rib 

in some positions as shown in Figure 9e. For this situation, the filling behavior is similar to a 

single crystal filling so that the cross-sectional shape of the rib becomes trapezoid and the side 

walls of the rib no longer cling to the die. This is because the deformation is mainly 

dependent upon slip within the grains which leads to a large number of dislocations and 

uneven deformation in different regions in the grain under a single crystal filling. 

Simultaneously, the side wall of the rib no longer clings to the die and the cross-sectional 

shape becomes trapezoid as shown in Figure 9e. 

For the UFG dual-phase alloy, the surface profile of the embossed ribs is more regular 

with smooth upper surfaces and side walls compared with the CG alloy as shown in Figure 

10 for widths of (a) 200 µm, (b) 150 µm, (c) 100 µm, (d) 50 µm and (e) 25 µm. Thus, when 

the channel width is greater than 50 μm the surface profile of the embossed ribs is regular and 

exhibits good symmetry. However, for a channel width of 25 μm the upper surface of the 

embossed rib is biased to one side as shown in Figure 10e and has an improved contour 

profile compared with Figure 9e. These results reveal that the embossed ribs of the UFG 

dual-phase alloy have regular and smooth contour profiles compared with the CG dual-phase 

alloy due to the distributions of the different phases for the UFG alloy. The results are fully 

consistent with the SEM results shown earlier in section 3.2. 

 

3.4 Finite element simulations during micro-embossing in the dual-phase Mg-Li alloy 

The simulation results are depicted in Figure 11 and Figure 12 for the CG and UFG dual-

phase alloys, respectively. For the CG alloy in Figure 11, the severe deformation zone is near 
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the fillet of the rib roots where the equivalent strain and the equivalent stress are larger than in 

other areas during the filling process. In addition, the deformation behavior of the α and β 

phases is different where the equivalent stress is larger and the equivalent strain is less for the 

α phase compared with the β phase. In practice, the calculated equivalent strain exhibits a 

butterfly-like profile as shown in Figure 11c. These simulated results reveal that the 

deformation of both sides of the rib is uneven due to the co-existence of the α and β phases 

where these two phases have different mechanical properties in terms of hardness and strength. 

For the UFG dual-phase alloy, the simulated results are consistent with the CG dual-

phase alloy where the severe deformation zone is near the fillet of the rib roots and the 

equivalent strain and equivalent stress are larger than in other areas during the filling process 

as shown in Figure 12. Nevertheless, there is little difference during micro-embossed 

processing and the equivalent strain does not present a butterfly-like configuration compared 

with the CG alloy. In addition, the deformation including equivalent stress and equivalent 

strain on both sides of the rib is symmetrical and the co-existence of a α phase and a β phase 

has little or no influence compared to the CG alloy. These simulated predictions are therefore 

consistent with the experimental results. 

 

4. Discussion 

4.1 Micro-embossing formability of dual-phase Mg-Li alloy at ambient temperature 

The formability of micro-embossing is a significant issue that determines whether a selected 

material has the potential for use in applications in the field of micro-forming processes. 

Previous studies demonstrated that the formability is affected in practice by the characteristic 

dimensions of the female die and the grain sizes of the materials.[35] A major objective of the 
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present research was to evaluate and compare the formability of micro-embossing in CG and 

UFG dual-phase Mg-Li alloys at ambient temperature. The filling height data indicate that the 

height of the filled rib increases with increasing channel width in both the CG and UFG alloys 

(Figure 6). Nevertheless, the rate of filling height increase for the UFG alloy is lower than for 

the CG alloy. In addition, the filling height of the rib for the CG alloy is significantly higher 

than for the UFG alloy after micro-embossing with a selected size of female die. Accordingly, 

these results demonstrate that a larger embossing force is required to obtain a high filling 

height in micro-embossing for UFG metals at ambient temperature. 

To evaluate the influence of grain size and tool dimensions on the formability, the 

relationship between the ratio of the embossed rib height to width, h/w, and the ratio of the 

female die width to the grain size, w/d, are summarized in Figure 13 from the results in 

Figure 6 for (a) the CG alloy and (b) the UFG alloy. The results show that the ratio, h/w, 

significantly increases with a decrease in the ratio w/d and these results indicate that grain size 

and tool dimensions have complicated interactive influences on the formability of micro-

embossing under the same force at ambient temperature. It can be shown that a larger channel 

width in a female die is beneficial in improving the formability of micro-embossing for the 

CG alloy compared with the UFG alloy. Furthermore, the poorer filling height in micro-

embossing at ambient temperature for the UFG alloy is attributed to the higher mechanical 

properties caused by the smaller grains. These results reveal that a higher embossing force is 

required to obtain a high filling height of micro-embossing for the UFG metals at ambient 

temperature. 

Surface topography and microstructural observations of the sample cross-sections reveal 

that the embossed ribs of the UFG alloy have improved surface quality and more regular 
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profiles by comparison with the CG alloy. Some uneven profiles were observed in all 

embossed ribs and even some wrinkles were formed in the smaller ribs for the CG alloy as 

shown in Figure 7. By contrast, the folds on the rib surfaces almost disappeared for the UFG 

alloy especially when using a small channel width as shown in Figure 8. From the results in 

Figure 9 and Figure10, it can be seen that the upper surfaces and the profiles of the ribs are 

more smooth and regular for the UFG specimens compared with the CG specimens. Further 

careful inspiration shows also that the effect on the formality of the different phases in the 

dual-phase Mg-Li alloy is less for the UFG structure compared with the CG structure. 

Consequently, the results provide a clear demonstration that the co-existence of the α and β 

phases has less effect on the surface quality of the embossed ribs for the UFG alloy than for 

the CG alloy. Similar predictions were also obtained by numerical simulation. Based on these 

results, it may be concluded that the micro-embossing formability of the UFG alloy is better 

than for the CG alloy due to the minor influence of the dual phases on the formability of the 

UFG material. 

 

4.2 Deformation mechanism of micro-embossing in the dual-phase Mg-Li alloy 

The experimental and numerical modeling results demonstrate that the different phases of the 

dual-phase Mg-Li alloy have a significant effect on the deformation of the micro-embossing 

compared with the pure material. Furthermore, the grain size also has an effect on the 

deformation of micro-embossing 

For the CG alloy, when the channel width is 25 or 50 μm, the grain size of the CG 

specimen is close to the channel width so that only one or two grains deform during the 

processing of micro-embossing and this leads to a non-uniform deformation in the grain 
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interiors and a consequent poor compatibility of deformation between adjacent grains. The co-

existence of α and β phases causes a filling behavior that is different due to the differences in 

the mechanical properties of these two phases such as in microhardness and strength. These 

two aspects produce a poor surface quality with serious folding during the micro-embossing 

for the CG material with a small channel width. When the channel width is larger than 100 

μm, the folds caused by inhomogeneous deformation between the different grains and phases 

are greatly relieved. Thus, the main cause of inhomogeneous deformation on different 

positions of the embossed ribs is the co-existence of these α and β phases. By contract, for the 

UFG alloy the influence of the co-existence of these two phases on the filling properties 

during micro-embossing is less than with the CG alloy. This difference is mainly because the 

distributions of the α and β phases becomes reasonably uniform after HPT. The average grain 

size of the UFG alloy after HPT is ~290 nm which is far smaller than the channel width and 

this means a large number of grains are deformed during the micro-embossing processing 

where the compatibility of deformation between adjacent grains is greatly improved. Based on 

these two aspects, the folds caused by inhomogeneous deformation between different grains 

and phases almost disappear for the UFG alloy. The cross-sectional microstructures of the 

micro-embossed ribs shown in Figs 9 and 10 and the simulation results shown in Figure 11 

and Figure 12 both lead to the same overall conclusions. 

 

4.3 The potential for using the UFG Mg-Li alloy in micro-forming applications 

An important objective of this research was to evaluate the potential applications of the UFG 

dual-phase Mg-Li alloy in the fabrication of micro-forming. The influence of grain size on 

material flow behavior and formability is much greater in micro-forming, especially because 
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of size effects when the processing is scaled down from conventional levels to dimensions at 

the micro-level. In particular, grain size effects may lead to an inhomogeneous material 

performance which produces inaccuracies in the processed shape and introduces scatter in the 

subsequent properties of the product. This was demonstrated recently for a UFG pure Al 

processed by ECAP which was successfully utilized for the micro-forming of micro-turbine 

parts.[38] The present study with a Mg-Li alloy has shown that the surface quality of embossed 

ribs for the UFG alloy is better than for the CG alloy, especially when the channel width is 

small. In addition, the adverse effects of dual phases on the formability of micro-embossing 

are reduced significantly for the UFG alloy and there is good surface quality and a regular 

counter profile compared with the CG alloy. The current results demonstrate that the UFG 

alloy can be micro-formed with high quality without any adverse effect of different phases, 

especially with smaller shape sizes. 

Figure 14 shows the surface topography of embossed micro-channel arrays on the UFG 

alloy at ambient temperature with channel widths ranging from (a) 50 μm, (b) 100 μm, (c) 150 

μm and (d) 200 μm. From these images, it can be seen that the embossed micro-channel 

arrays with different widths are all very well embossed with good geometrical transferability 

and with the introduction of no obvious disfigurements using the UFG alloy. Therefore, it is 

recommended that the UFG dual-phase alloy processed by HPT has a very good potential for 

use in applications involving micro-forming. 

 

5. Conclusions 

(1) In experiments on a dual-phase Mg-Li alloy it is shown that the height of the 

embossed ribs of the alloy increases with increasing channel width for both coarse-grained 
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(CG) and ultrafine-grained (UFG) specimens. The surface quality improves gradually with an 

increase in the channel width. For the CG alloy, the embossed ribs have a poor surface quality 

with folding, especially when the channel width is small. By contrast, a high surface quality 

of embossed ribs is obtained using a UFG alloy at different widths of the channel. 

(2) The co-existence of the α and β phases influences the deformation processing of 

micro-embossing. For the CG alloy the different mechanical properties of the α and β phases 

lead to a minor α phase protuberance on the upper surface of the embossed rib during the 

deformation processing whereas for the UFG alloy this phenomenon is not observed. 

(3) Simulations using different mechanical properties for the dual phases demonstrate 

consistency with the experimental results. The simulation results show the severe deformation 

zone is near the fillet of the embossed rib roots where the equivalent strain and equivalent 

stress are larger than in other areas during the micro-embossing. The deformation of both 

sides of the rib is uneven for the CG material but the equivalent stress and equivalent strain of 

both sides of the rib are symmetrical for the UFG material. 

(4) Micro-channel arrays using the UFG alloy with channel widths ranging from 50 to 

200 μm at ambient temperature produced by micro-embossing are all embossed well with 

good geometrical transferability and no obvious disfigurement. The results demonstrate that 

the UFG alloy processed by HPT has a very good potential for applications in micro-forming. 
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Figure 1. Microstructure of the as-received Mg-Li alloy at (a) lower and (b) higher 

magnifications. 

 

Figure 2 (a) Schematic diagram of HPT processing for UFG dual-phase Mg-Li alloy, (b) 

SEM image at low magnification, (c) SEM image at high magnification, (d) TEM image and 

(d) diffraction pattern. 
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Figure 3 True stress-true strain curves for CG and UFG dual-phase Mg-Li alloys. 

 

Figure 4 (a) Schematic diagram of micro-embossing tool, (b) female die and (c) micro-

embossing samples. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



    

 

 

 

 

 23 

 

 

 

 

 

Figure 5 Finite element model for micro-embossing of (a) CG and (b) UFG dual-phase alloy. 

 

Figure 6 Filling height of dual-phase Mg-Li alloy with different widths of channel. 
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Figure 7 SEM images of micro-embossed ribs with widths of (a) 200 μm, (b) 150 μm, (c) 100 

μm, (d) 50 μm, (e) 25 μm with low magnification and (f) 25 μm with high magnification 

using CG alloy. 
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Figure 8 SEM images of micro-embossed ribs with widths of (a) 200 μm, (b) 150 μm, (c) 100 

μm, (d) 50 μm, (e) 25 μm with low magnification and (f) 25 μm with high magnification 

using UFG alloy. 

 

Figure 9 Cross-section microstructures of micro-embossed ribs with widths of (a) 200 μm, (b) 

150 μm, (c) 100 μm, (d) 50 μm and (e) 25 μm using CG alloy. 
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Figure 10 Cross-section microstructures of micro-embossed ribs with widths of (a) 200 μm; 

(b) 150 μm; (c) 100 μm; (d) 50 μm and (e) 25 μm using UFG alloy.

 

Figure 11 The simulated results of (a) the displacement vector, (b) the equivalent stress and 

(c) the equivalent strain for the CG alloy. 
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Figure 12 The simulated results of (a) the displacement vector, (b) the equivalent stress and 

(c) the equivalent strain for the UFG alloy. 

 

Figure 13 The relationship between the ratio of the embossed rib height to width and the ratio 

of the cavity width to grain size for (a) the CG and (b) the UFG alloys. 
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Figure 14 SEM images of the micro-array channels with widths of (a) 50 μm, (b) 100 μm, (c) 

150 μm and (d) 200 μm using the UFG alloy. 
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In this paper, the interactive effects of cavity widths and dual phases on the formability of 

micro-embossing were analyzed which shows that the UFG Mg-Li alloy reduces the adverse 

effects of dual phases on the formability of micro-embossing compared with CG materials. 

Meanwhile, results demonstrate that the UFG alloy processed by HPT has potential 

applications in micro-forming. 
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