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Abstract 

Severe plastic deformation (SPD) techniques have been used extensively over the past 40 years 

for producing strong metals and alloys. High-pressure torsion (HPT) is one of the most promising 

SPD techniques for achieving high strength through nanoscale grain refinement and phase 

transformation. In this research, a mixture of pure zinc (Zn) and magnesium (Mg) powders, Zn-

3Mg (wt.%), was HPT-processed under a pressure of 6 GPa for 1, 5, 10, 20, and 30 turns at room 

temperature to achieve a high strength biodegradable material. In order to understand the effects 

of pre-consolidation on the resulting microstructure and hardness, HPT processing was performed 

on loose powders placed in the die and also on a pre-compacted powder mixture and characterized 

by X-ray diffraction, scanning electron microscopy, atom probe tomography, and Vickers 

microhardness. In both cases, the microstructures contained nanoscale grains, and stable and 

metastable strain-induced intermetallics, but an unusual softening appeared at large shear strains. 



2 
 

Grain size, grain morphology, and the formation of different intermetallics were analyzed to 

explain the unusual hardness distribution, and it was found that an inverse Hall-Petch relationship 

between hardness and grain size exists. It is suggested that thermally-activated phenomena such 

as grain boundary sliding contribute to the strain-induced softening of this nano-structured 

biomaterial due to its low melting point. The current results are compared with those for HPT-

processed cast alloys and hybrids of the same composition. 

Keywords: High-pressure torsion, zinc, magnesium, Zn-Mg intermetallics, Ultrafine-grained 

biomaterial 
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1. Introduction 

High-pressure torsion (HPT) has been used to process bulk nano-structured pure metals and alloys 

to significantly improve their hardness and strength during the past decades [1]–[13]. This process, 

which is a severe plastic deformation (SPD) method, simultaneously applies torsional shear strain 

and high hydrostatic pressure on relatively small (usually 10mm diameter) disk samples. Previous 

research in this area has focused on understanding grain refinement mechanisms that lead to the 

increase of mechanical strength and hardness in a wide variety of pure metals and alloys [3], [4], 

[14], [15]. Numerous studies showed that despite the microstructural evolution and phase 

transitions in the early stages of straining, the microstructural features become saturated at large 

strain, where a steady-state is achieved, and the hardness values remain relatively constant [14], 

[16]. Although the occurrence of steady-states at large strains is expected in single-phase metals 

[5], [17] because of the contribution of dynamic recovery [18], dynamic recrystallization [19], 

grain-boundary rotation [20], and/or grain-boundary migration [16], it is still not well understood 

why and when a steady-state is reached in multiple-phase materials with immiscible phases [21]–

[24]. 

HPT is also one of the most efficient techniques for consolidating metallic particles because the 

processing is generally conducted both under a high hydrostatic compressive stress and with high 

shear deformation. These conditions lead to the deformation and bonding of the particles while 

preventing cracking. HPT has been used to successfully consolidate various pure metals [25]–[28], 

alloys [29]–[32], metallic glasses [33], ceramics powders [34]–[37], and high entropy alloys [38]–

[40] at low temperatures. More attention should be paid to developing this technique to understand 

the resulting microstructural evolution and associated mechanical properties. 
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Zn-Mg alloys are excellent candidates for biodegradable biomedical implant applications due to 

the relatively poor corrosion resistances in body fluids of Zn and Mg and their abundance in the 

human body [41]. HPT processing results in remarkable increases in hardness and tensile strength 

of Zn-Mg cast alloys and hybrids [1]–[3], [13], and after annealing, they exhibit an attractive 

balance of strength and elongation to failure (𝜀𝑓) [1]. Hernandez-Escobar et al. showed that Mg 

contents greater than 3 wt.% do not offer a significantly higher hardness for 3-30 wt.% Mg   [42], 

and Zn-3Mg (wt.%) exhibits better corrosion resistance in comparison to pure Zn and other Zn-

Mg alloys [43]. Zn-3Mg (wt.%) alloys HPT processed from powders have yet to be examined. 

The focus of the current work is on comparing the microstructure and hardness of powder-

processed HPT disks with similar disks processed from alloys as well as hybrids. In particular, the 

different hardness distributions of these multiple-phase materials and their steady-state behavior 

are discussed. The study attempts to find out if the significant grain refinement resulting from the 

HPT processing of powders is beneficial to enhance the strength of Zn-Mg biomaterials. 

2. Experimental Procedures 

Commercially available pure zinc (Zn) powder of 98.8% purity and 91 micrometers (µm) average 

particle size was purchased from Goodfellow Corporation (Coraopolis, PA). Pure magnesium 

(Mg) powder of 99.8% purity and 21 µm average size was purchased from Goodfellow Cambridge 

(a)    (b)     (c) 

Figure 1.  SE-SEM images of a) Mg powders and b) Zn powders at same magnification, and c) Zn 

powders at a lower magnification. 
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Limited (England). The powders were mixed with an eccentric blender for 2 hours under an inert 

gas atmosphere at a composition of 97% Zn and 3% Mg (mass ratio). Secondary electron (SE) 

scanning electron microscopy (SEM) images of Zn and Mg powders before HPT are shown in 

Figure 1. HPT was carried out in the open air at room temperature under the pressure of 6 GPa and 

a rotational speed of 1 rpm in a quasi-constrained condition to manufacture disks. The number of 

HPT turns were 1, 5, 10, 20, and 30 for loose powders after mixing (will be referred to as ‘loose 

powder HPT disks’ from now onwards), and 1, 5, 10, and 30 for powders that were compacted 

into a bulk form under a pressure of 450 MPa for 10 minutes using a hydraulic press before HPT 

(will be referred as ‘compact powder HPT disks’ from now onwards). The HPT processing of both 

the loose powders and compact powders resulted in disk-shaped samples of 10 mm diameter with 

the thickness varying from 0.54 mm to 0.74 mm. 

The density of the HPT disks was determined by the Archimedes method according to the ASTM 

B311 [44]. Precisa 205A SCS precision weighing (±0.01 mg) kit was used for the measurements. 

The measurements were repeated three times to determine the average. The density of the bulk 

form of the compacted powder before HPT was 5.65 g/cm3. 

2.1 Microstructural Characterization 

All the disks were cut in half along the diameter into two semi-circular shapes. The cross-section 

of each disk was mirror polished for microstructural characterization and microhardness 

measurements. The metallographic sample preparation techniques used are described in [2]. A 

Tescan Mira3 FEG-SEM combined with energy-dispersive spectroscopy (EDS) was used to 

capture secondary electron (SE) and backscattered electron (BSE) images from the cross-sections 

of HPT-processed disks at the center and various locations away from the center. 20 kV voltage 

and working distances between 9 and 11 mm were used while capturing the SEM images. At least 
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two SEM images were taken in both SE and BSE modes for every magnification chosen to avoid 

any bias in the measured microstructural parameters, such as grain size and phase volume fraction. 

Figure 2 shows a schematic of half of the HPT-processed disk and the corresponding thickness-

radial plane from which the SEM images were taken. The linear intercept method was not 

applicable to measure the size of the intermetallic regions as they were not well-resolved in the 

SEM images. However, the resolvable Zn matrix grains were measured separately (one by one) 

using image J.[45] and then multiplied by 1.571 to convert the 2D grain size measurement to the 

spatial grain size according to ASTM E112-13 A2.10 [46]. 

EDS was performed to analyze the phase compositions in various areas of interest. The locations 

of interest were determined according to the equivalent strain (𝜀𝑒𝑞), also known as the von Mises 

strain, governed by the following equation [47]: 

𝜀𝑒𝑞 =
𝛾

√3
=
2𝜋𝑁𝑟

ℎ√3
 (1) 

Where 𝛾 is shear strain, N is the number of HPT turns, r is the radial distance from the disk center, 

and h is the disk height or thickness. One average h value was used during the equivalent strain 

calculation for each set of samples (0.6 mm for the loose powder disks and 0.63 mm for the 

compact powder disks).   

Figure 2. Schematic of half of an HPT-processed disk indicating areas where the microstructural 

characterization was performed. 
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X-ray diffraction (XRD) was carried out at the shear-radial plane of the semi-circular disk surface 

area using a high-resolution Rigaku Ultima IV XRD diffractometer (Figure 2). The top surface 

area of the semi-circular disk was ground slightly using SiC sandpapers. The Cu-Kα radiation was 

used in a Bragg-Brentano configuration, with an accelerating voltage of 40 kV and a beam intensity 

of 44 mA, to gather the XRD patterns over a 2 range of 30° to 90°. For all measurements, a step 

size of 0.01o and a scanning speed of 3o/min were selected. 

For atom probe tomography (APT), needles from the HPT disks were prepared using a Thermo 

Fisher Nova 200 dual beam FIB-SEM using standard lift out and sharpening methods [48]. Two 

APT needles were prepared from the cross-section of two different compact powder HPT disks 

(Figure 2): the 10 turns HPT disk at a 4.5 mm distance from the center, and the 30 turns HPT disk 

at a 1.5 mm distance from the center. The APT experiments were run using a CAMECA Local 

Electrode Atom Probe (LEAP) 4000X HR in laser mode, with a laser pulse rate of 200 kHz, a laser 

pulse energy of 25-50 pJ, and a detection rate of 0.5%. 

2.2 Microhardness Testing 

Vickers microhardness (HV) measurements were performed using a Clark CM-800AT 

microhardness tester at a load of 25 gf and a dwell time of 15 s. The microhardness was measured 

following a rectilinear grid pattern (32×4 matrix) at every 152 µm distance from the center along 

Figure 3. Schematic of the cross-section of an HPT processed disk indicating where the Vickers 

hardness characterization was performed. 
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the radius toward the edge of the semi-circular disk with equal spacing across the thickness of the 

cross-section (the thickness-radial plane in Figure 2). To obtain reliable HV data, it was confirmed 

that the sample surface was flat and perpendicular to the indenter. The tester load was chosen 

considering the indent diameter covered at least five grains. To prevent the effect of the residual 

plastic zone, the distance between two HV indents was maintained at least 2.5 times the diagonal 

of the indentation, or an indent and the edge of the test material, according to ASTM E92-17 [49]. 

A schematic of the microhardness indentation rectilinear grid pattern is shown in Figure 3.  

3. Results 

The measured densities of both the loose and compact powder HPT disks are given in Table 1. 

The density of the loose powder HPT disks increased after 5 turns in comparison to 1 turn, but 

with the increased number of turns thereafter, the densities decreased gradually. The compact 

powder HPT disks exhibited a gradual density decrease with the increased number of turns. 

Table 1. Average densities for the loose and compact powder HPT disks. 

HPT 

Turn (N) 

Density of loose 

powder HPT disks 

g/cm3 

Density of compact 

powder HPT disks 

g/cm3 

1 6.03 6.17 

5 6.28 6.05 

10 6.04 5.93 

20 6.00 - 

30 5.57 5.40 

 

3.1 Microstructural Characterization of the Loose Powder HPT Disks 

Representative BSE-SEM images from each loose-powder HPT-processed disk at the center and 

edge (4.8 mm apart from the center) are shown in Figure 4 and Figure 5, respectively. The loose 

powders were consolidated into the Zn matrix phase (the bright matrix in Figure 4 and Figure 5) 
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and different Zn-Mg intermetallic compounds (the dark phases in Figure 4 and Figure 5), and the 

former decreased in grain size with increased equivalent strain. Table 2 summarizes the grain 

size of the Zn matrix, which could not be resolved for equivalent strains greater than 145, as a 

function of the number of turns, radius, and equivalent strain. Lamellar intermetallic regions of a 

maximum size of about 5 µm in length and 2 µm in width (as shown in Figure 4) were observed 

throughout the microstructure for equivalent strains up to 120. When the equivalent strain was 

greater than 120, the intermetallic regions were refined to nanometer size.  

 

(a) 

(e) (d) 

Figure 4. BSE-SEM images from the center of the cross-section of Zn-3Mg (wt.%) loose powder 

HPT disks after a) 1 turn, b) 5 turns, c) 10 turns, d) 20 turns, and e) 30 turns at same magnification. 

Red arrows indicate intermetallic phases and blue arrows indicate ultrafine Zn matrix grains. 

(b) (c) 
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Table 3 summarizes the EDS-measured compositions of the Zn matrix and Mg2Zn11 and Mg2Zn3 

intermetallic compositions observed using SEM, see Figure 6. Small cracks in the cross-section of 

all the loose powder HPT disks were observed for equivalent strain higher than 145, see Figure 7 

(b). After the equivalent strain became higher than 363, cracks were more widespread throughout 

the cross-section, see Figure 7 (c). 

 

  

(a) 

(e) (d) 

Figure 5. BSE-SEM images from the edge (4.8 mm apart from the center) of the cross-section of 

Zn-3Mg (wt.%) loose powder HPT disks after a) 1 turn, b) 5 turns, c) 10 turns, d) 20 turns, and e) 

30 turns at same magnification. Red arrows indicate intermetallic phases and blue arrows indicate 

ultrafine Zn matrix grains. 

 

(b) (c) 
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Table 2. Measurement of the Zn matrix grain sizes for the loose powder HPT disks as a function 

of the number of turns, equivalent strain, and radius 

 

HPT Turn 

(N) 

Radius (r) Equivalent 

strain (εeq) 
Grain Size 

1 Center - 3.14 μm 

5 Center - 833 nm 

10 Center - 650 nm 

20 Center - 364 nm 

1 2 mm 12 1.57 μm 

1 4 mm 24 966 nm 

1 4.8 mm 29 1.21 μm 

5 4 mm 120 331 nm 

5 4.8 mm 145 214 nm 

    

 

 

 

5 µm 

A 

B C 

D 

Figure 6. SE-SEM image of the center of the cross-section of Zn-3Mg (wt.%) loose powder HPT 

disk after 5 turns, where EDS analysis was performed at points A, B, C, and D. Red points show 

identification of Mg2Zn3 intermetallic, the yellow point shows identification of Mg2Zn11 

intermetallic, and the blue point shows Zn matrix phase. Quantitative EDS results are provided in  
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Table 3. Phase compositions measured at points A, B, C, and D shown in Figure 6 along with 

those averaged from all the EDS analyzed spots. 

 

 

 

 

 

  

 

 

 

Figure 8 shows XRD intensity versus 2 plots taken from the shear-radial plane at the surface of 

the loose powder HPT disks, see Figure 2. It is noted that this data represents the entire range of 

equivalent strains as the XRD spot size resembled that of the disk diameter. To make it easier to 

resolve the low-intensity peaks from the background, the square root of the intensity is presented 

on the y-axis. The Zn matrix peaks were larger and more obvious than the ZnO, and Mg2Zn11 and 

 Mg (wt.%) Zn (wt.%) 

Point A* 19.7 80.3 

Point B* 20.2 79.8 

Point C** 8.6 91.4 

Point D (Zn matrix) 2.3 97.7 

Zn matrix overall 2.2 97.8 

Mg2Zn3 overall 20.1 79.9 

Mg2Zn11 overall 7.4 92.6 

*Expected composition of 

Mg2Zn3  
19.86 80.14 

**Expected composition of 

Mg2Zn11 
6.33 93.67 

Figure 7. SE-SEM images from the cross-section of Zn-3Mg (wt.%) loose powder HPT disks 

after a) 5 turns at 2 mm from the center (εeq=60), b) 10 turns at 3 mm from the center (εeq=181), 

and c) 30 turns at 2 mm from the center (εeq=363). Orange arrows highlight cracks. 

(b) (c) (a) 

100 µm 100 µm 100 µm 
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MgZn2 intermetallic phases suggesting that there was only a small volume fraction of the latter 

present. It is noted that the MgZn2 was captured using XRD as the EDS spot analysis did not 

identify this intermetallic for the loose powder HPT disks. 
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Figure 8. XRD intensity versus 2 plots acquired from the shear-radial plane at the disk surface 

area of the Zn-3Mg (wt.%) loose powder HPT disks after 1, 5, 10, 20, and 30 turns. 
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3.2 Microstructural Characterization of the Compact Powder HPT Disks 

(a) 

(d) (c) 

Figure 9. BSE-SEM images from the center of the cross-section of Zn-3Mg (wt.%) compact 

powder HPT disks after a) 1 turn, b) 5 turns, c) 10 turns, and d) 30 turns at same magnification. 

Red arrows indicate intermetallic phases and blue arrows indicate ultrafine pure Zn grains. 

 

(b) 
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The compact powder HPT disks exhibited similar microstructures (shown in Figure 9 and Figure 

10) compared to those for the loose powder HPT disks (shown in Figure 4 and Figure 5). The Zn 

(a) 

(d) (c) 

Figure 10. BSE-SEM images from the edge (4.8 mm apart from the center) of the cross-section of 

Zn-3Mg (wt.%) compact powder HPT disks after a) 1 turn, b) 5 turns, c) 10 turns, and d) 30 turns 

at same magnification. The red arrow points to the intermetallic phases and the blue arrow points 

to ultrafine Zn matrix grains. 

 

(b) 
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matrix grain size decreased as the equivalent strain increased. Table 4 summarizes the grain size 

of the Zn matrix phase, which could not be resolved for equivalent strains greater than 57, as a 

function of the number of turns, radius, and equivalent strains. Continuous lamellar intermetallic 

regions of about 2 µm in width (as shown in Figure 9 (a) and (b)) were observed throughout the 

microstructure for equivalent strains up to about 27. The size of the intermetallic regions decreased 

to the nano level for greater equivalent strains. Table 5 summarizes the EDS-measured 

compositions of the Zn matrix and the observed intermetallic phases using SEM, see Figure 11. 

Small cracks in the cross-section of all the compact powder HPT disks were observed for 

equivalent strains greater than 57, see Figure 12 (b). For equivalent strains greater than 115, more 

widespread cracking was observed, see Figure 12 (c). 

Table 4. Measurement of the Zn matrix grain sizes of the compact powder HPT disks as a function 

of the number of turns, equivalent strain, and radius 

HPT Turn 

(N) 

Radius (r) Equivalent 

strain (εeq) 
Grain Size 

1 Center - 3.14 μm 

5 Center - 2.47 μm 

1 2 mm 12 578 nm 

1 4 mm 23 388 nm 

1 4.8 mm 27 316 nm 

5 2 57 223 nm 
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Table 5. Phase compositions measured at points A, B, C, and D shown in Figure 11 along with 

those averaged from all the EDS analyzed spots. 

 

 

 

 

   

  

 

 

 Mg (wt.%) Zn (wt.%) 

Point A* 12.6 87.4 

Point B** 6.9 93.1 

Point C** 7.6 92.4 

Point D (Zn matrix) 1.5 98.5 

Zn matrix overall 2.1 97.9 

MgZn2 overall 13.9 86.1 

Mg2Zn11 overall 7.4 92.6 

*Expected composition of 

MgZn2  
15.67 84.33 

**Expected composition of 

Mg2Zn11 
6.33 93.67 

2 µm 

D 

A 

B 
C 

Figure 11. SE-SEM image of the center of the cross-section of Zn-3Mg (wt.%) compact powder 

HPT disk after 30 turns, where EDS analysis was performed at points A, B, C, and D. The white 

point indicates the MgZn2 intermetallic, yellow points indicate the Mg2Zn11 intermetallic, and the 

blue point indicates the Zn matrix phase. Quantitative EDS results are provided in Table 5. 
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Figure 13 shows XRD intensity versus 2 plots taken from the shear-radial plane at the surface of 

the compact powder HPT disks. Similar to that for the loose powder HPT-processed disks, the Zn 

matrix peaks were larger and more obvious than the intermetallic phases, Mg2Zn11 and MgZn2, 

and ZnO, suggesting that there was only a small volume fraction of the intermetallic phases and 

ZnO. 

  

Figure 12. SE-SEM images from the cross-section of Zn-3Mg (wt.%) compact powder HPT disks 

after a) 1 turn at 2 mm from the center (εeq=12), b) 5 turns at 2 mm from the center (εeq=57), and 

c) 10 turns at 2 mm from the center (εeq=115). Orange arrows highlight cracks. 

(b) (c) (a) 

100 µm 100 µm 100 µm 
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APT was performed to identify the composition distribution in the local regions of the disks. In 

particular, this was used to identify the precipitates and their compositions.  It is noted that due to 

the heterogeneous nature of the microstructure, the precipitates were not uniformly distributed and 

therefore the APT data could not be used to identify the precipitate volume fractions.  Figure 14 

and Figure 15 present APT atom maps with Mg and O iso-concentration surfaces and their 

corresponding proximity histograms collected from the cross-section of two different compact 

powder HPT disks (i.e., 10 turn HPT disk at 4.5 mm distance from the center and 30 turns HPT 

disk at 1.5 mm distance from the center). Presence of MgZn2 and ZnO precipitates were evident 

in Figure 14 (a), and Mg2Zn11 and ZnO precipitates were evident in Figure 15 (a). The black shaded 

arrow indicates the direction of the corresponding proximity histogram plotted in Figure 14 (b) 

and Figure 15 (b), which shows the atomic concentration of Zn and Mg as a function of the distance 

from the isosurface. 
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Figure 13. XRD intensity versus 2 plots acquired from the shear-radial plane at the disk surface 

area of the Zn-3Mg (wt.%) compact powder HPT disks after 1, 5, 10, and 30 turns. 
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Figure 14. (a) APT reconstruction with O (blue) and Mg (purple) isoconcentration surfaces 

highlighting ZnO and MgZn2 particles for compact powder with 10 turns at 4.5 mm distance from 

the disk center.  The open region is the Zn matrix phase. (b) A proximity histogram of the Mg 

isosurfaces. The black shaded arrow indicates the direction of the corresponding proximity 

histogram. 

(a) 

(b) 
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It is noted that Mg2Zn11, MgZn2 and ZnO phases have overlapping XRD peaks, and therefore they 

are difficult to uniquely identify in XRD. However, they were distinguished in the APT results. 

Mg2Zn3 intermetallic was not identified in the two nano-size needles prepared for APT; though it 

was identified in EDS analysis. 

  

Figure 15. (a) APT reconstruction with O (blue) and Mg (purple) isoconcentration surfaces for 

compact powder with 30 turns at 1.5 mm distance from the disk center indicating the presence of 

Mg2Zn11 and ZnO along with the Zn matrix phase. (b) proximity histogram of the O 

isoconcentration surfaces. The black shaded arrow indicates the direction of the corresponding 

proximity histogram. 

(a) 

(b) 

Mg2Zn11+ZnO 
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3.3 Vickers Hardness Characterization of the Loose and Compact Powder HPT Disks 

The Vickers microhardness distribution of the loose powder HPT-processed disks after 1, 5, 10, 

20, and 30 turns at the cross-section of the disk as a function of both distances from the center and 

equivalent strain are provided in Figure 16 (a) and (b), respectively. As discussed in the 

introduction, the difference in the equivalent strain along the radius of the disks resulted in an 

inhomogeneous hardness distribution (Figure 16 (a)). However, similar hardness values were 

measured for similar equivalent strains (Figure 16 (b)). The hardness increased for equivalent 

strains between 0-80 (max ~ 65 HV) and then decreased thereafter. The hardness values were less 

than the hardness of cast pure Zn and pure Mg when the equivalent strain was higher than 450 

(Figure 16(b)). 

The Vickers microhardness distribution of the compact powder HPT disks after 1, 5, 10, and 30 

turns at the cross-section of the disk as a function of both distance from the center and equivalent 
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Figure 16. Vickers hardness distribution of the loose powder HPT disks after 1, 5, 10, 20, and 30 

turns at the cross-section of the disk as a function of a) distance from the center, and b) equivalent 

strain. 

(a) (b) 



23 
 

strain is shown in Figure 17(a) and(b), respectively. Similar to that for the loose powder HPT disks, 

the compact powder HPT disks showed both an inhomogeneous hardness distribution and similar 

hardness values for similar equivalent strains, see Figure 17(b). In contrast to the loose powder 

HPT disks, the hardness values did not increase with either increased distance from the center or 

equivalent strain. The maximum hardness (~65 HV) was observed close to the center of the disks. 

The hardness decreased below the hardness of cast pure Zn and cast pure Mg when the equivalent 

strain was higher than 250 (Figure 17(b)). It is noted that the corresponding value was 450 for the 

loose powder HPT disks (Figure 16(b)). 

4. Discussion 

4.1 Microstructure Comparisons of the Loose and Compact Powder HPT Disks 

Ultrafine grain microstructures were achieved in the Zn matrix for both the loose and compact 

powder HPT disks. The combined APT, EDS, and XRD analysis indicated that three different 

intermetallic phases, Mg2Zn11, Mg2Zn3, and MgZn2, were present along with the Zn matrix. 
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Mg2Zn3 intermetallic phase composition was found only in EDS spot analysis. More work, such 

as TEM characterization, needs to be done to confirm this phase. Figure 18 illustrates the change 

in the grain size of the Zn matrix as a function of equivalent strain for both the loose and compact 

powder HPT disks. The Zn matrix grain size decreased from ~3 μm to ~200 nm in both the loose 

powder (Table 2) and compact powder HPT disks (Table 4) as the equivalent strain increased 

above 24 and 12 equivalent strain, respectively, see Figure 18. The intermetallic regions also 

decreased gradually to the nanometer range as the equivalent strain increased. In general, the 

compact powder HPT disks exhibited a finer grain size than the loose powder HPT disks at any 

given equivalent strain. This was likely due to the compaction before the processing as the compact 

would have been more restricted than the loose powders. One study showed that cold pressing of 

pure Zn powder under 450 MPa (compaction pressure used in this study for the compact powder 

disks before HPT) is sufficient to start consolidation of the powders [50], whereas the loose powder 

HPT disks were consolidated during the HPT processing.  
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and compact powder HPT disks processed through 1 and 5 turns. 
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Because the compact powder HPT disks were consolidated before HPT processing, it is expected 

that the compact would realize higher pressure at earlier stages of the HPT processing compared 

to the loose powder HPT disks. The compact powders could be partially oxidized prior to 

consolidation and oxide layers might also enhance the grain refinement [51]. The grain sizes of 

the disks processed in the current work were similar to those of Zn-3Mg (wt.%) HPT-processed 

alloys and hybrids, where the saturated grain size was ~200 nm [3]. The grain size decreases due 

to the continuous defect formation and dynamic recrystallization [14], [52]. 

Mg2Zn11 and MgZn2 have been observed in Zn-3Mg (wt.%) hybrids and alloys processed by HPT 

in the study carried out by Hernandez-Escobar et al. [1], [3]. Mg2Zn11 is expected based on the 

binary phase diagram [53], however, MgZn2 is considered to be non-equilibrium for Zn-3Mg 

(wt.%) and therefore is expected to have resulted from the high pressure and torsion experienced 

during the processing. This is also the case for the Mg2Zn3 phase observed in the EDS data. 

Formation of non-equilibrium MgZn2 in HPT-processed Zn-Mg powders and alloys of different 

compositions was reported in other studies [32], [54], [55] which might be attributed to low Gibbs 

free energy in the formation of MgZn2 under high pressure [56], [57]. 

Hernandez-Escobar et al. did not observe any oxides during the processing of hybrids and alloys 

through HPT processing [1]–[3]. Thus, the ZnO formed in the current work is unique compared to 

the literature. Powders tend to result in greater O contents compared to castings due to both the 

environmental exposure and the high surface areas of the fine powders during processing [51]. 

This would therefore lead to a higher probability for the formation of oxides in the powder-

processed HPT disks compared to the HPT disks processed from cast materials (i.e., those for the 

HPT processing of castings and hybrids [1]–[3] for example). Even though the standard Gibbs free 

energy in the formation of MgO is lower than ZnO (-528 kJ vs -278 kJ) [58], application of high 
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pressure during HPT and higher Zn contents than Mg in the mixture (97 vs 3 wt%) may have 

influenced the formation of ZnO over MgO. The presence of ZnO in a separate study of HPT-

processed Zn and Mg powder by Castro et al. is in agreement with the current observations [32]. 

Both the loose and compact powder HPT disks exhibited cracking at larger equivalent strains (145 

for the loose powder HPT disks and 57 for the compact powder HPT disks). The cracks spread 

throughout the microstructure at equivalent strains higher than these threshold values. Because the 

compact powder HPT disks were consolidated before HPT processing, it is expected that the 

compact powder would realize higher pressure at earlier stages of the HPT processing compared 

to the loose powder HPT disks, as described above in the discussion regarding the different 

equivalent strains required to reach the grain size saturation level. This would likely result in the 

formation of the intermetallic phases and ZnO at an earlier strain than for the loose powder HPT 

disks. This would therefore explain why cracking was observed at lower equivalent strains in the 

compact powder HPT disks compared to the loose powder HPT-processed disks. The density 

measurement data provided in Table 1, which shows that the density decreases with the increasing 

number of turns, is in agreement with the cracking observed with the increased number of turns in 

the current work. 

It is noted that cracking was not observed in Zn-3Mg (wt.%) alloys and hybrids [1], [3]. It is 

expected that the larger O contents in the powders likely lead to cracking. It is well known that the 

oxides tend to exhibit less slip propensity than metallic solid solutions and therefore are more 

likely to exhibit a brittle response during deformation. 
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4.2 Comparisons of the Hardness Distributions of the Loose Powder and Compact HPT 

Disks 

The maximum hardness value of both the loose and compact powder HPT disks was identical (~65 

HV). The maximum hardness was achieved at a higher equivalent strain in the loose powder HPT 

disks (Figure 16(b)) than for the compact powder HPT disks (Figure 17(b)). This was likely due 

to the compaction prior to the HPT processing as discussed above. The compaction and subsequent 

earlier grain refinement are expected to have led to the maximum hardness being achieved at a 

lower equivalent strain for the compact powder HPT disks. The maximum hardness achieved in 

the current HPT disks was significantly lower than the maximum hardness values achieved in 

alloy-processed HPT disks and hybrids of the same composition [1], [3]. Figure 19 compares the 

hardness distributions of the current materials with those for the cast HPT alloys and hybrids after 

30 turns from Hernadez-Escobar et al. [1], [3]. This plot shows the limited increase in hardness 

capable through HPT processing of powder forms. It is believed that the larger volume fractions 
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of the intermetallic phases would result in increased hardness values for alloy and hybrid HPT 

disks as indicated by the high-intensity XRD peaks from the intermetallics in [1]. The intermetallic 

phase volume fraction was small for the current samples as indicated by the XRD data, see Figure 

8 and Figure 13.  Thus, one reason why the powder HPT-processed Zn-3Mg (wt.%) disks in the 

current work did not achieve the high hardness values in comparison to the HPT-processed cast 

alloys and hybrids of the same composition [1], [3] was due to the lower amounts of intermetallic 

compounds that formed. The grain sizes of the HPT-processed cast alloys and hybrids and powders 

were similar, where the steady-state grain sizes were around 200 nm. Therefore, the same 

contributions to hardening from the grain size refinement would be expected for all the cases. 

It is noted that the maximum hardness values of the powder HPT disks in the current work were 

greater than those for cast pure Zn (max ~50 HV) [5] and pure Mg (max ~40 HV) [59]. The 

hardness decreased with increased equivalent strain after maximum hardness was achieved in both 

the loose and compact powder HPT disks despite their grain refinement, see Figure 16(b), Figure 

17(b), and Figure 18. It should be noted that softening by straining observed in this study was 

reported for pure Zn [5] and Mg [59] as well. It was shown by Figueiredo et al. using creep analysis 

that such a softening can happen for metals having low melting points due to the occurrence of 

grain boundary sliding at room temperature [60]. Zn and Mg both are considered to have low 

melting points (420 oC and 650 oC for Zn and Mg, respectively) [5]. A similar mechanism likely 

occurs in the Zn matrix phase of the current Zn-3Mg (wt.%) HPT disks, despite the formation of 

some intermetallics. This inverse Hall-Petch relationship between hardness and grain size is an 

indication that room-temperature grain boundary sliding should contribute to unusual strain 

softening of these nano-structured materials in this study. It is noted that softening at higher 

equivalent strain was not observed in HPT-processed cast alloys and hybrids [1], [3] due to the 
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presence of higher volume fraction of intermetallic compounds than the current study. Current 

results suggest that nanograin formation is not necessarily a solution to enhance the strength of 

biodegradable Zn-Mg alloys for biomedical applications. In addition, based on the current 

observations, the generation of cracks and oxidation due to HPT processing of the powders also 

have detrimental effects and may limit the strengthening, ductility and fracture toughness of the 

disks. 

4.3   Steady-State Behavior 

Edalati et al. showed that different hardness responses as a function of equivalent strain exist for 

different materials [5]. Despite the microstructural evolution and phase transitions in the early 

stages of straining, the microstructural features become saturated at large strain, where a steady-

state is achieved and the hardness values remain relatively constant [14], [16]. The different 

profiles for the hardness distribution as a function of equivalent strain and radial distance from the 

center of the disk have been related to their homologous temperature [5], [17]. In the cases where 

increased hardness correlated with increased equivalent strain (up to a maximum level where 

thereafter a plateau, or steady-state, was achieved) [4], [5], [14], no or little recovery was 

experienced in the materials during the early straining stages of HPT processing. This is because 

the recombination of the partial dislocations necessary to cross-slip is difficult, particularly for 

materials with high melting point and low stacking fault energy (SFE) [61]. In materials with 

higher homologous temperature and lower melting point, a maximum hardness was achieved at a 

certain equivalent strain, and with increased equivalent strain thereafter a decrease in the hardness 

was observed until a steady-state hardness was achieved [4], [5], [14]. In such materials, recovery 

is experienced during the early stage of HPT processing, as the recombination of the partial 

dislocations necessary to cross-slip is easier [61]. The latter occurred in the loose powder HPT 
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disks, see Figure 16(b), which exhibited hardness behavior similar to that for pure Zn [5] and Mg 

[59].  

Zn and Mg both are considered to have low melting points and exhibit relatively high SFE (140 

mJm−2 and 125 mJm−2 for Zn and Mg, respectively) [5]. The hardness of the compact powder HPT 

disks decreased from zero equivalent strain (Figure 17(b)), which might be because the hardness 

reached the maximum close to the center of the disks due to compaction before HPT. The loose 

powder HPT disks attained the steady-state at an equivalent strain of approximately 250 whereas 

the compact powder HPT disks likely attained the steady-state at an equivalent strain of 

approximately 175, earlier than the loose powder HPT disks. This is likely due to the early 

consolidation of the compact powder HPT disks resulting in smaller Zn matrix grain sizes at 

similar equivalent strains compared to the loose powder HPT disks as previously discussed. It is 

noted that the steady-state hardness level in the current disks was likely to have been affected by 

cracking, where the cracking resulted in continued decreases in the hardness values. 

Zhang et al. studied a cast Zn-22Al (wt.%) alloy that was subsequently HPT-processed, and the 

hardness decreased with an increased equivalent strain before reaching the steady-state even 

though grain size decreased to nanometer scales [62]. The reason for this behavior was attributed 

to the absorption of Zn precipitates due to intense plastic straining. A similar hardness distribution 

was found for the Pb-62Sn (wt.%) alloy [62]. It is to be noted that both alloys exhibit a eutectic 

where the two pure metal phases are possibly miscible, and no intermetallic phases were present 

in the microstructure. In another study, an HPT-processed Al-33Cu (wt.%) eutectic alloy exhibited 

an increase of hardness before reaching a steady-state hardness level and intermetallic particles 

were present in the microstructure (i.e., a multiphase microstructure with immiscible phases) [63]. 

The current study involved different intermetallic particles in the microstructure which explains 
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the hardness increase before reaching the steady-state for a multiphase material with immiscible 

phases. This suggests that in addition to the homologous temperature and SFE, the presence of 

immiscible ordered intermetallic phases may also influence the steady-state behavior of multiphase 

materials. 

5. Summary and Conclusions 

HPT was carried out on mixture of pure Zn and Mg powders, according to the targeted Zn-3Mg 

(wt.%) composition, to study the microstructural evolution, multiphase formation, and hardness 

distribution. In order to understand the effects of pre-consolidation on the resulting microstructure 

and hardness of this biomaterial, HPT processing was performed on loose powders placed in the 

die and also on a compact, where the powders were first pressed together prior to HPT processing. 

The following conclusions were obtained. 

1. HPT resulted in the refinement of the Zn matrix grains in both the loose powder and compact 

powder disks, where the compact powder HPT disks exhibited finer grain sizes than the loose 

powder HPT disks at identical equivalent strains. 

2. The formation of Mg2Zn11, Mg2Zn3, and MgZn2 intermetallics and ZnO were observed in the 

HPT disks.  The intermetallics decreased in size with increased equivalent strain. Cracking was 

exhibited in the samples once a respective threshold equivalent strain was achieved for both the 

loose and compact powder HPT disks. 

3. The hardness evolution of the different disks was consistent as similar hardness values were 

measured for similar equivalent strains.  Softening occurred at large equivalent strains in both the 

loose and compact powder HPT disks. The compact powder HPT disks attained the maximum 

hardness at a lower equivalent strain than the loose powder HPT disks due to the early 
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consolidation of the compact powder HPT disks, which resulted in smaller Zn matrix grain sizes 

at similar equivalent strains.  

4.HPT-processed Zn-3Mg cast alloys and hybrids resulted in larger hardness values than those for 

the current work and one reason for this was because of the larger volume of intermetallic 

compounds present in that study. 

5. The presence of immiscible ordered intermetallic phases influenced the hardness distribution 

(i.e., the steady-state behavior) of the HPT-processed disks.   

Overall, this study suggests that nanoscale grain refinement may not be a solution to enhance the 

hardness of Zn-Mg biodegradable alloys due to the contribution of thermally-activated phenomena 

such as grain boundary sliding. 
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