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ABSTRACT OF THE DISSERTATION 
 
 

Microstructural Engineering for Strength and Stability in Magnesium Alloy Systems 
 
 

by 
 
 

Heather Katelin Salvador 
 

Doctor of Philosophy, Mechanical Engineering 
University of California, Riverside, September 2021 

Dr. Suveen Mathaudhu, Chairperson 
 
 

The transportation industry currently contributes to roughly one-third of greenhouse 

gas emissions in the United States providing a large target for innovative solutions in fuel 

reduction technology. One such strategy is through weight reduction which contributes to 

improved fuel efficiency and leads to reduced carbon emissions. Magnesium and magnesium 

alloys provide an encouraging prospect as a light-weight structural material with a density 

lower than aluminum, and high specific strength and stiffness. Unfortunately, magnesium 

alloys exhibit poor bulk strength and formability which hinder the adoption of magnesium on 

a larger scale and limits the potential applications. One solution to improving strength is via 

grain refinement, which has allowed magnesium strengths to reach levels not previously 

seen, however, maintaining the fine grain sizes and resulting strength is difficult as 

magnesium exhibits poor thermal stability against grain growth at low homologous 

temperatures. The research on understanding the fundamental mechanisms of strength as a 

function of reducing grain size is currently limited, and those studies that do exist note a 

deviation from expected strengthening trends at grain sizes as large as 1-5μm. This 

dissertation examines three different Mg alloy systems across the grain size regimes in which 
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these deviations appear to occur, focusing on strengthening mechanisms and thermal 

stability. 

As an introduction, the claim by another author of extreme strengthening 

contributions from the presence of nano-spaced stacking faults in a hot-rolled magnesium 

alloy is supported by ruling out any significant contribution from basal texture. The second 

study explores the need to amend current strengthening models to accommodate grain-

boundary strengthening as a function of grain size. A Mg-YH2 metal-matrix composite was 

used to demonstrate the increasing degree of discrepancy between predicted strength and 

experimental strength with decreasing grain size. This discrepancy is shown to be reduced 

when applying Hall-Petch coefficients based on the presenting grain size of the system. 

Lastly, a Mg-Li-Ca alloy displayed hardness up to 92HV and pushed the current window for 

thermal stability in Mg-Li systems up to 150°C. This was accomplished using grain boundary 

and dispersions for strengthening, and the second-phase particles also contributed to Zener 

pinning and grain boundary drag leading to enhanced stability. 
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Chapter 1 - Introduction 
 

Magnesium is not a material that typically comes to mind when imagining 

structural materials, but the benefit to magnesium lies in its specific strength. Despite this 

high specific strength, magnesium exhibits low bulk strength, preventing the material 

from gaining more widespread use. This presents an opportunity for researchers to 

expand the magnesium design space and available applications by increasing the strength 

of the metal and its alloys. Currently, high strength magnesium alloys reach ultimate 

tensile strengths of 400 MPa in commercially available wrought magnesium alloys, and 

740 MPa in a Mg-Cu-Y alloy processed by rapidly solidified powder and extrusion [1]. 

Table 1-1 lists the ultimate tensile strengths and elongation at break of commercially 

available magnesium alloys and research alloys via nonconventional processing methods.  

Table 1-1 Ultimate tensile strength and elongation to break for various magnesium alloys 
in varying conditions. 
Alloy Condition UTS (MPa) EL (%) 
AM60B [2] Cast 225-240 8-13 
WE43 [3] Cast 250 2 
AZ31B [4] Wrought 260 15 
ZK60A [5] Wrought 365 11 
Elektron 675 [6] Wrought 407 9 
Mg-Gd Extrusion + ageing 508 2.5 
Mg-Gd-Y-Zr [7] Rotary swaging + aging 710 4.5 

Mg-Cu-Y [8] Rapidly solidified powder + extrusion 740 1.8 

 
 

Each of these examples involve a form of severe plastic deformation processing 

for microstructural refinement and precipitation strengthening for material property 
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improvement. Among the various strategies currently employed within magnesium 

strengthening research, more recent attention has been given toward understanding the 

strengthening effect and dislocation interactions as a function of domain size. The most 

commonly studied domain is grain size, estimated to provide strengthening as 

characterized by the Hall-Petch relation:  

𝜎𝑦 = 𝜎0 + 𝑘
√𝑑⁄  

Where σ0 is the lattice friction term, k is an empirical constant, and d is grain size.  

There is a plethora of physical models that have been proposed to explain the 

underpinning mechanisms responsible for the Hall-Petch relation. In the dislocation pile-

up model, dislocations encounter grain boundaries as obstacles. Further plasticity is only 

possible when the stress accumulation at the head of the dislocation pile-up surpasses the 

stress required to nucleate a dislocation source in the neighboring grain. Another model 

proposes grain boundaries themselves to be the source of dislocation emission, with 

increased GB stress concentrations or ledges available for emission with smaller grains. 

The model on geometrically necessary dislocations explains strengthening via normal 

dislocation slip followed by the formation of geometrically necessary dislocation once 

uniform deformation is no longer possible beyond a certain dislocation density. The mean 

slip distance model relates the strengthening to the grain area available for slip to occur, 

and as such the grain size affects the dislocation density. Despite the variety of models 

proposed, there remains a lack of evidence, experimentally or theoretically, that 

conclusively validate any of these approaches over another, and the mechanism doesn’t 

seem to be consistent between different crystal structures. A few issues set forth in 
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studying the Hall-Petch relation involves the difficulty in creating nanoscale materials 

without artefacts and unclear understanding of overlapping strengthening mechanisms 

that occur at smaller domain sizes. 

Li et al. aggregated the available data for strength as a function of grain size and 

found a wide spread of experimental reported values for the Hall-Petch constant, leading 

the author to question if the Hall-Petch relation was optimum to describe strengthening at 

small length scales[9]. In fact, it was noted that the experimental data fit better to a 

generalized size-dependence equation applicable to domain sizes where dislocation 

source sizes are constrained. Further, a review by Meyers et al. showed the apparent 

deviation and reversal of the typical Hall-Petch trend in a variety of materials [10]. This 

has been explained as a transition from dislocation-mediated plasticity to grain-boundary 

sliding below a critical grain size where the grain area is too small to provide dislocation 

activity, and termed the inverse Hall-Petch relation. Choskshi et al. first reported the 

inverse Hall-Petch effect in nanocrystalline Cu and Pd when grain sizes are less than 

16nm or 14nm [11], and Erb et al. showed a Hall-Petch breakdown in Ni with grain sizes 

below 10nm [12].   

The anisotropic nature of the HCP system further convolutes the study of 

plasticity across length scales. Yu et al. reviewed the factors that influence the Hall-Petch 

constant, k, or hardenability, in magnesium alloys, and found that texture, grain size, 

boundary conditions, temperature, and strain all have a large influence on k [13], which 

indicates the transition in dominant plasticity mechanisms. In magnesium, unlike in FCC 

metals, the propensity for twinning decreases with decreasing grain size, and with 
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twinning acting as an important deformation mode in a material with limited slip systems 

active at room temperature, these transitions are more sensitive to grain size [14], [15].   

Although HCP materials have not been as widely studied as FCC materials in 

relation to Hall-Petch, emerging research has started to chart the critical grain sizes in 

which the Hall-Petch relation starts to break down in magnesium. Interestingly, this 

transition appears to occur at  grain sizes much larger than what is reported in FCC 

materials, with a hardening breakdown beginning at ~5μm and a reversal below 1μm 

[16]–[18]. Since grain boundary strengthening occurs at relatively large grain sizes in 

magnesium, it opens up an opportunity to better understand the transition between 

deformation modes and their effect on strengthening across grain sizes. Further, most of 

the work done on the Hall-Petch breakdown is on pure magnesium in order to minimize 

secondary strengthening effects, which opens up research avenues for magnesium alloys 

and the interactions between multiple strengthening mechanisms across grain sizes.  

Another complication in strengthening via grain refinement is the capability to 

maintain fine grains by preventing grain growth. Magnesium, in particular, has been 

shown to undergo grain coarsening at temperatures below 250°C [19]–[24], leading to a 

loss in strength improvements realized from grain boundary strengthening. Researchers 

have found some success in retaining fine grains through modification of the grain 

boundary character [25]–[28], pinning grain boundaries [29]–[35], and using alloying to 

modify stacking fault energy [36]–[38]. Each of these methodologies contribute toward 

modifying the critical resolved shear stresses for various slip systems to inhibit grain 
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boundary migration, however, there is a lack of understanding of defect interactions that 

control strength as a function of grain size. 

To address this gap, this dissertation examines the strengthening effects as a 

function of domain size and secondary phases by asking the following questions; 

1. How can transitions in deformation mechanisms affecting strength be 

incorporated into conventional strengthening models? 

2. What role do secondary phases play in stabilization of grain sizes and 

strengthening in fine-grained magnesium? 

The following chapters include three papers written for publication on three different 

studies on strengthening mechanisms and thermal stability domain sizes in magnesium. 

The first study is an extension of work done by W.W. Jian on extreme 

strengthening by nano-spaced stacking faults in a hot-rolled magnesium alloy [39], [40]. 

In collaboration with Bhattacharrya and Agnew from the University of Virginia, the 

effect of textural strengthening in the hot-rolled alloy was analyzed using pole figures. 

The analysis determined that the weak texture intensity did not contribute significantly to 

the strengthening seen in Jian’s study, thereby reinforcing the case for the ability of nano-

spaced stacking faults to provide significant strengthening in an allegory to the ability of 

grains to strengthen with reduced domain size.  

Next, the effect of the inverse Hall-Petch effect on current strengthening models 

was examined using a magnesium-based metal-matrix composite was fabricated using 

mechanical alloying via SPEX milling and sintering through spark plasma sintering. The 

sintered material exhibited grain sizes <5μm, which falls within the Hall-Petch 
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breakdown gran size regime. The common strengthening models used to predict strength 

in metal-matrix composites was applied to the system to demonstrate the disparity that 

arises when the possible softening from Hall-Petch breakdown and inversion is not taken 

into account.  

Lastly, the role of secondary phases in strengthening and grain size stabilization 

in a lightweight Mg-Li-Ca alloy with sub-micron grain sizes was studied. The 

combination of the fine grain sizes and dispersion of Mg2Ca intermetallic contribute to 

the high hardness levels displayed by the processed alloy. Further, the fine dispersions act 

to pin grain boundary mobility and retard grain growth allowing for static thermal 

stability up to 150°C, which is an improvement over other Mg-Li alloys that undergo 

grain coarsening at temperatures as low as 25°C. These findings are attributed to 

dispersion hardening and Zener pinning which prevent the softening from the inverse 

Hall-Petch effect, and provide an improved Hall-Petch hardenability capacity over the 

LZ91 magnesium series, and on par with the AZ31 series. This points to the potential of 

developing a light-weight magnesium alloy with higher hardness and improved thermal 

stability over other lightweight magnesium alloys. 

From each of these studies, the underlying mechanisms contributing to 

strengthening in magnesium across fine domain sizes is studied, and the following 

questions are evaluated: 

1. Is there a non-linear hardening trend in magnesium systems displaying a range 

of fine domain sizes? 
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2. Within these fine grain sizes, do particulate or precipitate presence affect the 

relative thermal stability against grain coarsening? 

3. What are the relative effects of other strengthening mechanisms as a function 

of domain size?  
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Abstract 

Recent studies have shown promising results in the use of stacking fault and 

planar boundaries for providing both strengthening and plasticity pathways. One study in 

particular showed the presence of nano-spaced stacking faults in a hot rolled Mg-RE 

alloy providing exceptional strength with retention of ductility past a certain deformation 

point. However, while other strengthening mechanisms were considered insignificant to 

the stacking fault strengthening, the contribution of basal texture was not addressed. In 

this study, we demonstrate that the strong basal texture strengthening component 

typically seen in hot rolled magnesium alloys (10-30 MRD) is significantly weakened by 

the presence of rare earth additions and static recrystallization (5.6 MRD). This finding 

dismisses basal texture as a significant contribution to strengthening in a hot rolled Mg-

RE alloy with nano-spaced stacking faults, bolstering the stance that the dominant 

strengthening mechanism can be attributed to the stacking faults. 
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2.1 Introduction 

Simultaneous strength and ductility have been realized by several researchers in 

copper systems through the use of nano-twins as planar boundaries [1]–[5]. Unlike grain 

boundaries, nano-twins provide a high density of planar defects that allow for both hard 

and soft slip mechanisms, contributing to strengthening and enhanced work hardening 

capability. Mechanisms to circumvent the strength-ductility paradox are especially 

beneficial towards systems like magnesium where limited available slip systems present 

inherently poor ductility. Similar to the copper studies mentioned above, Jian et al. 

demonstrated strengthening while minimizing the accompanying drop in ductility 

through the production of nano-spaced stacking faults via hot rolling [6].  

The stacking faults formed in parallel along the basal planes and are thought to 

trap dislocations as they travel along pyramidal planes. Work hardening may be increased 

as gliding <c+a> dislocations cut the stacking faults causing fragmentation which leads to 

additional pinning sites for dislocation interaction. These proposed phenomena were 

observed through TEM imaging of the fracture surface post-tensile testing. From these 

finding, a physical model was proposed to model this strengthening which linearly relates 

the yield stress to the reciprocal of the mean spacing of the stacking faults in a parallel to 

the Hall-Petch relation [7]. 

While the strengthening contributions from solid solution alloying, grain 

refinement, and precipitates were ruled out and discounted, it was later pointed out that 

hot rolled magnesium alloys tend to form a strong basal textural component which could 

potentially provide a non-trivial contribution to the strengthening seen in Jian’s study. 
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Therefore, this study builds upon the work done by Jian by evaluating the presence and 

extent of texture in the rolled Mg-RE alloy when rolled to high rolling reductions with 

low reductions per pass. The results show a weak textural component which is attributed 

to texture weakening by the rare earth additions and static recrystallization. This finding 

rules out texture as a dominant strengthening mechanism, supporting Jian’s stance that 

the main contribution to the enhanced strengthening is from the nano-spaced stacking 

faults. 

2.2 Methods and Materials 

2.2.1 Material processing 

Mg-8.5Gd-2.3Y-1.8Ag-0.4Zr (wt%) was cast by Qudong Wang of Shanghai 

Jiaotong University using the procedure found in [8]. The ingot was heat treated per the 

T4 schedule to dissolve precipitates and subsequently cut into strips measuring 2mm x 

1mm x 7mm.  

Following the processing procedure from Jian’s work, the strip samples were heated to 

450°C on a hot plate and held at temperature for 15 minutes prior to each rolling step. 

Rolling was conducted on a conventional hot roller with each pass imparting no greater 

than 5% reduction. Samples for further characterization were taken at 10%, 15%, 78%, 

and 80% rolling reductions after being allowed to air cool. 

2.2.2 Sample characterization 

Samples at the specified rolling reductions were mounted in acrylic and polished 

to a 0.05μm colloidal silica finish for all characterization steps. To gauge the 

strengthening effect with increasing rolling reductions, Vickers hardness indentation was 
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performed along the plane parallel to the rolling direction. Grain size was determined for 

the same plane used for hardness indentation. Analysis was conducted using the linear 

intercept method with visual light microscopy images. Textural pole figures for the 

{101̅0}, {0002}, and {101̅1} orientations were mapped using x-ray diffraction. These 

figures were taken along the same plane as the hardness and grain size measurements at 

both the surface and again at the mid-plane of the sample. 

2.3 Results and Discussion 

2.3.1 Microstructural and hardness results in comparison with previous studies 

The grain size was reduced from 80μm to 8μm between the 10% and 80% rolling 

reduction conditions respectively, similar to the 13μm achieved by Jian at 88% rolling 

reduction. Fig. 2-1 shows the Vickers hardness measurements which increased from 

83HV at 0% rolling reduction to 108HV at 80% rolling reduction. Micrographs showing 

the microstructure and grain size for the 10% and 80% rolling reductions are also shown. 

Increasing hardness is expected with decreasing grain size, but Jian discounted grain 

boundaries as a significant strengthening mechanism due to the large grain size for the 

demonstrated strength. The micrographs also show that the precipitates from the cast 

condition remain dissolved throughout the rolling process.  

When evaluating the similarity in degree of strengthening, the difficulty arises in 

comparing hardness from this study to yield strength in Jian’s study, especially in 

magnesium where slip system activation is dependent on test direction [9], [10]. In the 

absence of strengthening via grain refinement and precipitation strengthening as shown in 

Fig. 2-1 and also ruled out by Jian, in addition to ruling out the effect of solid solution 
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strengthening, we are left with evaluating texture and the presence of stacking faults. The 

presence of stacking faults was identified in Jian’s study and is assumed to have been 

replicated in this study, thereby leaving the evaluation of the contribution of strength 

from texture to explain the increase in both hardness (this study) and yield strength 

(Jian’s study) with increased rolling reduction.  

 

Figure 2-1 Vickers hardness vs rolling reduction and micrographs of the 10% and 80% 
rolling reduction conditions. 

 
2.3.2 Texture expectations v. findings 

Rolled magnesium undergoes dynamic recrystallization whereby the grains 

reorient for easy slip orientations in order to accommodate the rolling strain. This process 

forms a distinct basal texture with basal planes parallel to the rolling direction or tilted 

toward the rolling direction [11]. The degree of texturing is described in terms of 

multiples of a completely randomly oriented sample, or multiples of random orientation 
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(MRD). Hot rolled magnesium often reaches strong basal textural components of 10-30 

MRD in pure magnesium [12]–[14], and 7-16 for AZ31 [15]–[18]. 

The pole figures for this study are shown in Fig. 2-2 for the {0002} basal, {10-

10} prismatic, and {10-11} pyramidal orientations at both the surface of the rolled sheet 

as well as mid-plane to account for any variation of texture within the rolled samples. 

Based on what is seen in previous studies, the hot rolled texture is expected to be the 

most significant in the basal orientation, followed by the prismatic orientation, and then 

the pyramidal orientation. The results from this study follow this trend, with a weak 

texture shown throughout all rolling reductions in the prismatic and pyramidal 

orientations, and showing a more pronounced basal texture with some basal pole splitting 

in the mid-plane at 78% rolled reduction. While there is a definite basal texture intensity 

reaching a maximum of 5.6 MRD, this is still considered weak compared to the 10-30 

MRD expected in rolled magnesium.  
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Figure 2-2 Pole figures for the A) pyramidal, B) prismatic, and C) basal plane 
orientations taken at the surface and midplane for samples rolled to 10%, 15%, 78%, and 
80% rolling reduction. The rolling direction is along the horizontal axis, transverse 
direction along the vertical axis, and normal direction is out of plane. 
2.3.3 Mechanisms for texture weakening 

The weak texture observed in this study, combined with the steady increase in 

hardness with rolling reduction support the inference that textural strengthening is not a 

major contributor to the overall strengthening observed in this material, and can be 

explained by two mechanisms; rare-earth alloying additions and static recrystallization.  
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The addition of rare earth elements have also been shown to be effective at 

weakening texture [19]–[21]. This stems from their reduction of stacking fault energy 

[22], [23], lowering the threshold for <c+a> slip and thereby lessening the need for grains 

to align in order to accommodate basal slip during the rolling process. Additionally, rare 

earth additions tend to segregate to the higher energy grain boundaries and act as pinning 

mechanisms preventing grain boundary mobility, limiting the ease of reorientation to 

form strong textural component [24]–[26]. 

Static recrystallization occurred during the 450°C heating step prior to each 

rolling pass, easily surpassing the recrystallization temperature of 200°C for magnesium 

alloys [27]. Recrystallization during rolling drives the formation of basal texture as the 

recrystallized grains are oriented to accommodate the easy slip direction [9], [28], [29], 

and this process is enhanced with processing at higher temperatures. Alternatively, static 

recrystallization during annealing has been shown to weaken the texture formed during 

rolling [30]–[32], as randomly-oriented grain nucleation is more prevalent in the absence 

of the need to accommodation strain.  

By ruling out the role of texture to strengthening, in addition to the previous 

explanations of the exclusion of strengthening via solid solution alloying, grain size 

reduction, and precipitation hardening, the main contributor to strengthening in this 

study, the assertation that nano-spaced stacking faults act as the dominant strengthening 

mechanism in Jian’s study is supported. 
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2.4 Conclusions 

A study by Jian showed extreme strengthening in a Mg-8.5Gd-2.3Y-1.8Ag-0.4Zr 

alloy processed by hot-rolling due to the formation of nano-spaced stacking faults. While 

strengthening by solid-solution additions, grain refinement, and precipitation hardening 

were adequately discounted, the role of texture was not addressed. In this study, the 

textural component was evaluated by processing Mg-8.5Gd-2.3Y-1.8Ag-0.4Zr in the 

same manner as Jian. The evaluated texture is similar to rolling texture seen in other 

magnesium alloys, however, the maximum basal pole intensity is considered weak at 5.6 

MRD, where rolled magnesium typically exhibits basal pole intensities of 10-30. This 

weak texture is attributed to static recrystallization during reheating between rolling 

passes and the rare earth additions. Therefore, it is determined that basal texture is not a 

significant source of strengthening in this material, and further supports Jian’s claim of 

the presence of nano-spaced stacking faults to act as a significant strengthening 

mechanism in this alloy. 
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Abstract 

Strengthening models hold potential for materials design by providing the ability 

to predict strength based off of the constituents, constituent properties prior to any 

material fabrication, however, the accuracy of these models needs to be improved upon 

for this use. In magnesium-based metal-matrix composites, Hall-Petch strengthening is 

often the dominant strengthening mechanism, making the need for an accurate Hall-Petch 

strength model imperative. The classical Hall-Petch model does not take into account the 

breakdown and inversion of the Hall-Petch strengthening trend, and the large grain sizes 

at which this occurs in magnesium necessitate consideration. In this study, the 

contributions of strengthening mechanisms in a magnesium-based composite with YH2 

reinforcement was evaluated using current strengthening models, and found Hall-Petch 

strengthening to be the dominant mechanism. By employing modified Hall-Petch 

coefficients to include the effects of the breakdown and inverse regimes, it was found that 

this modified strength model more closely fits the experimental results, and is more 

pronounced at smaller grain sizes.  
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3.1 Introduction 

The ability to accurately predict the mechanical properties of a metal-matrix 

composite based off of composition, microstructure, and processing could have a huge 

impact on materials design. Typical estimation methods involve summation of individual 

strengthening mechanism models which does not account for the interaction between 

active mechanisms, and lead to a huge error between the predicted and experimental yield 

strengths. Despite this potential error, these methods are useful in identifying the relative 

contributions of each strengthening mechanism. In studying the strength-ductility balance 

in a copper metal matrix nanocomposite, Bahador showed the relative contributions of 

the dominant strengthening mechanisms and found that the contributions are dependent 

on reinforcement and processing parameters [1]. Chen discovered the apparent presence 

of a transition in dominant strengthening mechanisms in an aluminum-carbon nanotube 

composite which was determined to be a result of the carbon nanotube aspect ratio [2]. 

Both Sanaty-Zadeh and Kim noted the dominance of Hall-Petch strengthening in their 

review of magnesium-based metal matrix composites, emphasizing the need for accurate 

inclusion of Hall-Petch strengthening in the models [3], [4]. 

As an extension of the Hall-Petch strengthening model, one could include the 

inverse Hall-Petch trend encompassing the tendency of experimental results to deviate 

and invert from the typical linear Hall-Petch trend below a critical grain size [5]. 

Researchers have explained this softening as a transition in the dominant deformation 

mode from slip-mediated to grain boundary-mediated plasticity. This transitional 

phenomenon previously was not explored for magnesium as the transition has been 
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shown to occur below 100nm [5]–[8] and fabricating magnesium at such small grain 

sizes was considered detrimental due to the suppression of the much needed twin 

deformation mode necessary for plasticity. However, experimental studies have shown 

the Hall-Petch breakdown and reversal to occur at grain sizes much larger than what is 

observed in FCC materials, pulling the range of currently studied magnesium grain sizes 

into the possible Hall-Petch breakdown trend.  

Although there is call for modification in the current models to more accurately 

account for Hall-Petch strengthening, little work is aimed at further including the effect 

of the inverse Hall-Petch effect in these modifications. In this study, a magnesium-based 

metal matrix composite with YH2 particulate reinforcement processed by mechanical 

alloying and spark plasma sintering was used to examine the significance of the transition 

in deformation mechanisms affecting the Hall-Petch strength in affecting conventional 

strengthening models. While not exact, it was shown that by using the Hall-Petch 

coefficients determined by Zheng for varying grain size regimes, the predicted values 

more closely fit to the experimental hardness values [6]. 

3.2 Materials and Methods 

High purity (>99.9%) Mg chips from Alpha Aesar with a particle size less than 

4mm, and YH2 chips from Strem Chemicals, Inc. with a particle size less than 0.5mm 

were mixed in a 9:1 magnesium to yttrium-hydride ratio by weight. The mixture was 

loaded within an argon glovebox, into a 440C stainless steel vial with 1/2-inch diameter 

440C stainless steel balls to achieve a ball-to-powder weight ratio of approximately 5:1. 

The system was then cryomilled using a modified SPEX 8000D for a total of 4 hours, 
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operating in 5-minute cycles with a 1-minute pause between cycles.  The powder was 

extracted from the jar within an argon glovebox, and any agglomeration was reduced 

using a mortar and pestle prior to sieving for collection of particles between 63μm and 

125μm in size. The powder was then consolidated via SPS (Fuji Electronic SPS-211LX 

Spark Plasma Sintering Machine) into disks measuring 10mm in diameter by 2mm in 

height. Within the SPS chamber, each disk was consolidated under vacuum using 50MPa 

uniaxial pressure and held at a temperature of 350°C, 375°C, or 425°C for 5-minutes, and 

allowed to cool within the SPS chamber. The samples will be designated as follows: 

magnesium powder (P-M), yttrium-hydride powder (P-YH), cryomilled powder (M-

MYH), Mg-YH2 disk processed at 350°C (S-350), Mg-YH2 disk processed at 375°C (S-

375), MgYH2 disk processed at 425°C (S-425). 

The powder samples were mounted in acrylic, polished to 0.05μm colloidal silica, 

and coated in carbon for SEM analysis. The disks were prepared for both the hardness 

measurements and microstructure imaging by polishing to a 0.05μm colloidal silica 

finish. X-ray diffraction (Pananalytical Empyrean Series 2) with CuKα radiation was 

used to examine initial powder, milled powder, and consolidated disk compositions. 

Consolidated disk density was measured using Archimedes principle in propylene glycol. 

The microstructure was evaluated using scanning electron microscopy (NovaNano 

SEM450) at 5kV with both secondary and backscatter electron detectors. TEM foils were 

cut from the bulk disks using a focused ion beam (Quanta 3D 200i), and the yttrium-

hydride interaction with grain boundaries was observed using transmission electron 
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microscopy (Tecnai T12) at 120kV. The bulk hardness properties of the disks were 

obtained using a Phase II Vickers machine applying a 100g load for 5-seconds. 

3.3 Results  

The as received powders used showed an average particulate size of 4.4 ± 7.3μm 

and 11.1 ± 33.9μm for magnesium and yttrium-hydride respectively. Fig. 3-1 shows the 

microstructure of the starting powders, milled powder, and each of the sintered 

conditions. It should be noted that the cryomilled powder SEM image in Fig. 3-1C was 

taken much later than the hardness and grain size taken immediately after cryomilling, 

which is what was used for analysis.  

 

Figure 3-1 Typical microstructures of the metal-matrix composites along different stages 
of processing as imaged with a concentric backscatter electron ring detector in a scanning 
electron microscope. A) as-received magnesium powder (P-M), B) as-received yttrium-
hydride powder, C) milled magnesium-yttrium-hydride metal-matrix composite particle 
(M-MYH), D) milled powder consolidated at 350°C (S-350), E) milled powder 
consolidated at 375°C (S-375), F) milled powder consolidated at 425°C (S-425). 

Grain sizes increased from 141nm after milling to 4.02μm in the S-425 case, and 

increased with increasing sintering temperature. The Vickers hardness drops from 
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54.3HV after milling to 37.5 for S-350, and then again to 36.6HV for S-375 which 

corresponds with the increase in grain size. There is a slight increase in hardness to 40HV 

for S-425 despite the increase in grain size. This is most likely due to the increase in 

relative density of the samples with increased sintering temperature. 

Table 3-1 Summary of microstructural observations and mechanical properties for as 
received powders, milled powders, and consolidated samples. 

Sample 
Grain 
Size 
(μm) 

Particle 
Size 
(μm) 

Volume 
Fraction 

(%) 

Relative 
Density 

(%) 

Hardness 
(HV) 

Tabor’s 
Estimate 

(Mpa) 

Pure 
Mg* 

- - - - 30 - 45 - 

YH2** - - - - 428 - 

P-Mg 6.08 ± 
3.54 

4.4 ± 7.3 - - - - 

P-YH2 - 11.1 ± 33.9 - - - - 

M-
MYH 

0.141 ± 
0.017 

0.260 ± 
0.074 

1.09 - 54.3 ± 4.2 177.38 

S-350 1.13 ± 
0.42 

0.260 ± 
0.220 

1.06 99.04 37.5 ± 1 122.5 

S-375 3.03 ± 
1.96 

0.250 ± 
0.210 

1.23 99.56 36.6 ± 1.7 119.56 

S-425 4.02 ± 
1.52 

0.200 ± 
0.170 

1.01 99.95 40 ± 2.7 130.03 

 
* [9]–[11] 
** [12] 
 

Compositional changes between processing stages were assessed with XRD as 

shown in Fig. 3-2 and Fig. 3-3. The analysis shows that the M-MYH is primarily 

magnesium with YH2 peaks, indicating the makeup of the metal-matrix composite. 
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Yttrium peaks in the P-YH2 scan disappear after milling, which is likely due to the 

dissolution of yttrium into the magnesium matrix, some of which contributes to the 

formation of a Mg24Y5 phase. After sintering, more yttrium is dissolved into the matrix, 

with the formation of another Mg24Y5 peak.  There are no significant changes in the XRD 

scans between S-350, S-375, and S-425 indicating that the composite is stable between 

350°C and 425°C with no detectable phase changes. 

 

Figure 3-2 X-ray diffraction intensities of the powdered samples, P-M, P-YH, and M-
MYH. 



 32 

 

Figure 3-3 X-ray diffraction intensities for the consolidated samples, SPS-350, SPS-375, 
SPS-425. 

 
Transmission electron microscopy of the S-350 sample was used to determine the 

size, dispersion, and coherency of the reinforcement with the matrix. The yttrium-hydride 

particles appear as black regions throughout the sample, and can be seen to be dispersed 

both within grains and at grain boundaries. Small particles along the grain boundaries can 

retard grain growth via Zener pinning or drag [13]–[19] which explains the lower than 

expected grain growth of this study in comparison with magnesium and magnesium 

alloys without particulate additions [20]–[23].  
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Figure 3-4 Transmission electron microscope image of the S-350 sample. A) white 
arrows point to particles along grain boundaries and the white circles encircle particles 
within grains, B)-C) HRTEM images showing coherency. 

 
Fig. 3-4B and Fig. 3-4C show high resolution images along a particle-matrix 

boundary which is shown to be semi-coherent. The shaded red areas show regions of 

disorder indicating loss of coherence. With some areas of the particle coherent with the 

matrix and other areas incoherent, this particle can be considered to be semi-coherent. 

This coherency has effects in the performance of the metal-matrix composite as it affects 

dislocation motion and load transfer capability. 

3.4 Discussion 

The grain sizes for the S-350, S-375, and S-425 samples fall within the Hall-Petch 

breakdown and inversion regimes laid out by Zheng [6], making these ideal for 

examining the significance of using a modified Hall-Petch model to include the inverse 

Hall-Petch trend. This inverse trend is only possible with the transition of slip-dominated 

to grain boundary-mediated plasticity, and would be hindered by the presence of second-

phase particles residing at grain boundaries. While this study does show these particles at 

grain boundaries, the low volume fractions (~1%) and large sizes of the particles (200-
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260nm) limit the efficacy of these particles in pinning grain boundaries and preventing 

grain boundary sliding. In addition to Hall-Petch strengthening, the models for load 

transfer, coefficient of thermal expansion and elastic mismatch, and Orowan 

strengthening will be evaluated. 

3.4.1 Load transfer model 

The load transfer model estimates the increased strength arising from the ability 

of the metal-matrix composite to transfer the load from the softer matrix to the harder 

reinforcement phase. To properly transfer the load from the matrix to the reinforcement, a 

coherent interface is required. Additionally, the size and amount of reinforcement affect 

the extent of strengthening. Smaller particles and low volume of reinforcement do not 

strengthen as well as there is less reinforcement to transfer the load to. This strengthening 

from load transfer is typically modeled using the shear lag model or a variation of this, 

and the variation used for equiaxed particulate reinforcements as given by: 

∆𝜎𝐿𝑇 =
1
2
𝜐𝑝𝜎𝑚 

In this equation, νp is the volume fraction of the particulate phase and σm is the 

yield strength of the matrix without reinforcement. Using an estimate of 5MPa for the 

yield strength of unreinforced magnesium [24], and the volume fraction values listed in 

Table 1, the increase in strengthening due to load transfer amounts to less than 1MPa. 

The low value of added strength stems mainly from the low volume fraction of the added 

reinforcement, where magnesium  metal matrix composites typically start to exhibit 

significant strengthening with additions of 0.5-2 wt% for yttria reinforcements [25]–[29]. 
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3.4.2 Coefficient of thermal expansion and elastic modulus mismatch models 

The effect of thermal stresses can also cause strengthening with the creation of 

geometrically necessary dislocations that are required to accommodate the differences in 

thermal expansions between the matrix and particle reinforcement. The coefficient of 

thermal expansion and elastic modulus mismatch model can be represented using the 

Taylor equation: 

Δ𝜎𝐶𝑇𝐸+𝐸𝑀 = √3𝛽𝐺𝑏 (√𝜌𝐶𝑇𝐸 + √𝜌𝐸𝑀) 

Where β is a constant (empirically determined to be approximately 1.25 [24]), G 

is the shear modulus of the matrix, b is the burger vector of the matrix, ρCTE is the 

dislocation density due to the contraction upon cooling associated with the difference in 

coefficients of thermal expansion, and ρEM is the dislocation density due to the strain 

induced upon cooling around the particle. The expressions for the dislocation densities 

are given by: 

𝜌𝐶𝑇𝐸 =
𝐴Δ𝛼Δ𝑇𝜐𝑝

𝑏𝑑𝑝(1 − 𝜐𝑝)
 

𝜌𝐸𝑀 =
6𝜐𝑝
𝜋𝑑𝑝

3 𝜀 

A is a constant representing the transparency of the dislocation forest for basal-

basal interactions (0.2 for magnesium [24]), Δα is the difference in thermal expansion 

coefficients between the matrix and reinforcement, ΔT is the temperature excursion, νp is 

the volume fraction of particulates, b is the Burgers vector, dp is the particle diameter, and 

ε is the plastic strain which can be calculated as ΔαΔT [30]. The strengthening in this 
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case arises from the number of dislocations generated during the cooling process, which 

is inversely dependent on the size and directly dependent on the volume fraction of the 

reinforcement phase. As stated previously, the volume fraction of reinforcement seen in 

this study is not large enough to cause significant strengthening. This coupled with the 

relatively large particulate diameter when compared with the significant strengthening 

seen in studies with yttria reinforcements sub-50nm [25], [26], [29], [31], provide a total 

strengthening contribution from geometrically necessary dislocations of <1MPa. 

3.4.3 Orowan strengthening model 

Fine particles contribute to strengthening through the Orowan mechanism, and is 

modeled as: 

Δ𝜎𝑂𝑅 = 𝑀
0.4𝐺𝑏
𝜋�̅�

𝑙𝑛(�̅� 𝑏⁄ )

√1 − 𝜐𝑚
 

Where M is a constant representing the mean matrix orientation factor (6.5 for 

magnesium [24]), G is the shear modulus, b is the Burgers vector, d̅ is the mean grain size 

of the matrix, λ̅ is the mean inter-particle spacing, and νm is the Poisson’s ratio of the 

matrix. The dominant variables affecting the degree of strengthening from this model are 

the mean grain size of the matrix and the mean interparticle spacing. While a larger grain 

size results in a stronger strengthening event for a given interparticle spacing, a smaller 

interparticle spacing results in greater strengthening for a given grain size. The effect of 

the smaller interparticle spacing, however, is more prominent than the effect of increasing 

the grain size, following a power trend and logarithmic trend respectively. This model 

estimates a strengthening contribution of 21.99MPa, 24.74MPa, and 26.7MPa for the 
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SPS-350, SPS-375, SPS-425 samples respectively. Interparticle spacing depends on both 

the size and volume fraction of the particles. While it has already been determined that 

the volume fraction is much less and the particle size is much larger than other studies 

with a similar reinforcement type in magnesium, there is still anticipated to be some 

degree of strengthening due to the Orowan effect. One factor that has not been addressed 

is the location of the particles with respect to the grain boundaries. For the full Orowan 

effect to take place, particles need to be located within the grains instead of at the grain 

boundaries, and this study shows the presence of particles in both locations, thereby the 

full extent of the predicted Orowan strengthening is not being realized. 

3.4.4 Hall-Petch strengthening model 

Lastly, we evaluate the Hall-Petch strengthening model which has been modeled 

by: 

Δ𝜎𝐻𝑃 = 𝜎0 + 𝑘
√𝑑⁄  

Where σ0 is the Peierls stress of the matrix, k is the empirical Hall-Petch coefficient, and 

d is the grain size of the matrix. Using a Hall-Petch coefficient of 260 MPa- μm-1/2 the 

strengthening increment due to grain boundary strengthening is 244MPa for S-350, 

149MPa for S-375, and 130MPa for S-425. This strengthening places Hall-Petch as the 

dominant strengthening mechanism over load transfer, CTE-EM mismatch, and Orowan 

strengthening. One consideration in magnesium is the tendency to undergo grain growth 

at low temperatures due to the low melting temperature leading to accelerated recovery 

and recrystallization activation [6], [7], [20], and therefore the temperature and the 
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amount of time the system is exposed to the temperature is of concern when it comes to 

magnesium alloys. 

The SPS process uses Joule heating which shortens the time the sample is 

subjected to heat in comparison with heating by other methods, which in turn, limits the 

amount of grain growth which is dependent on both temperature and time [32]–[35]. 

Despite the use of SPS to limit heating time, it would still be expected for magnesium to 

undergo grain growth under any application of temperature unless otherwise impeded. 

Pure magnesium rolled sheets have been shown to undergo grain growth from 16.36μm 

to 21.45μm, 24.22μm, 28.5μm, and 42.84μm after 15 minutes exposure to 150°C, 200°C, 

300°C, and 400°C respectively [36].  

Grain growth kinetics is also affected by the amount of stored energy in the 

system which typically postpones the onset of grain growth. Additionally, grain growth 

can be impeded by through Zener pinning from second phase particles or added 

reinforcements causing grain boundary locking or drag depending on the location of these 

particles. Production of magnesium alloys through high-energy methods such as milling, 

can retain fine grain structure post compaction and annealing methods with a final grain 

size sub-100nm [37], [38]. Despite the success of retaining a nanometer-range 

microstructure in these studies, most of the literature found on magnesium-based metal 

matrix composites result in matrix grain sizes >5μm [27]–[29], [39]–[41], with the finest 

microstructure obtained through secondary processing such as extrusion [38], [42], [43]. 

The grain sizes achieved in this study are sub-5μm, which can be attributed to recovery 

and recrystallization of a system that was highly energized during milling, and a small 
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degree of grain boundary locking and drag due to the reinforcement phases residing at the 

grain boundaries and within the grain interior.  

3.4.5 Model Summation 

Typically, these strengthening effects have been taken into account using linear 

superposition given by: 

𝜎𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝜎𝑚 +∑∆𝜎𝑖
𝑖

 

However, this method has consistently overpredicted the actual strength found 

using experimental data. Clyne et al. proposed the use of a quadratic superposition model 

that better accounts for the interaction of individual strengthening mechanisms with each 

other [44], [45], given by: 

𝜎𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝜎𝑚 + √∑∆𝜎𝑖2
𝑖

 

Using this method, the overall strengthening can be estimated as seen in Table 2. 

The anticipated strength taken from the summation of individual strengthening 

mechanisms overestimates the actual sample yield strength as calculated from the 

Vickers hardness results and the Tabor relation σys = HV/3 [46], [47]. Both the linear and 

quadratic strengthening mechanism models have been shown to overestimate the 

experimental yield strength [4]. In a study on a Mg-Y alloy, Dong Qiu experimentally 

determined that the summation exponent can vary based on grain size, where they found 

an exponent of 1.5 to be ideal for their case [48]. This effect was shown to be more 

pronounced at larger grain sizes (~180μm), as the Hall-Petch strengthening mechanism 
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begins to dominate other strengthening mechanisms at smaller grain sizes (~25μm). 

Extrapolating from this study, as grain size decreases, the validity of the strengthening 

mechanism superposition models become secondary to Hall-Petch strengthening models 

overall. 

Table 3-2 also points to the dominance of Hall-Petch strengthening over the other 

strengthening mechanisms, which is alignment with the sub-5μm grain size. However, 

there is a variety of literature showing the Hall-Petch relation starts to break down at 

grain sizes below 5μm in magnesium. This breakdown in magnesium has been attributed 

to the transition of dominant deformation modes from dislocation-mediated plasticity, 

upon which the Hall-Petch relation is based, to grain-boundary-mediated plasticity [6], 

[49]–[51]. This softening effect could account for the lower experimental strength 

(through Tabor’s approximation) in comparison with the strengthening model prediction. 

Contradictory to this, the yttrium-hydride at grain boundaries would act to both retard 

grain growth, but also to prevent grain-boundary-mediated plasticity, thereby exhibiting 

additional strengthening rather than a softening effect.  
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Table 3-2 Summary of strengthening mechanism calculated values and comparison to the 
experimental Vickers hardness results, and Tabor’s relation yield strength estimate.  

  
SPS-350 
(MPa) 

SPS-375 
(MPa) 

SPS-425 
(MPa) 

Δσ
o
 Peierls Stress* 5 5 5 

Δσ
LT

 Load Transfer 
Strengthening 

0.371 0.4305 0.3535 

Δσ
CTE+EM

 CTE and EM Mismatch 
Strengthening 

0.05 0.09 0.07 

Δσ
Or

 Orowan Strengthening 21.99 24.74 26.70 

Δσ
HP

 Hall-Petch 
Strengthening** 

244 149 130 

σ
MMC

 Theoretical MMC 
Strength 

133.913 159.0165 150.4727 

σ
Tabor

 Tabor’s Estimation from 
Experimental 
Hardness*** 

122.5 119.56 130.03 

* Peierls stress taken from [24]. 
** A Hall-Petch coefficient of 260 MPa-μm-1/2 was used for all cases following the 
normal Hall-Petch trend coefficient from [6]. 
*** Tabor’s relation coefficients range from 2.3-3.7 [52]. A coefficient of 3.3 was used in 
these calculations in alignment with [53]. 
 

The results shown in table 3-2 represent the use of conventional Hall-Petch 

strengthening, which, on its own does not elucidate much other than the overestimation 

of the strength when compared to the Tabor’s estimate. Therefore, Hall-Petch coefficients 

taking into account the breakdown and inversion regimes as used by Zheng [6], were 

applied, resulting in a calculated strengthening of 141MPa for S-350, 157MPa for S-375, 

and 150MPa for S-425. Fig. 5 shows a comparison of using conventional Hall-Petch 

modeling vs using modified Hall-Petch modeling in estimating overall strength. Fig. 3-
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5A shows a large deviation at small grain sizes, with a closer fit as grain size increasing. 

Alternatively, by using the Hall-Petch breakdown and inversion modeling, the estimation 

fits closer to the experimental results even at smaller grain sizes. While not perfect, this 

indicates the potential of producing a model that can more closely approximate the actual 

strength of a magnesium-based metal matrix composite where grain boundary 

strengthening tends to dominate the overall strengthening of the system.  

 

Figure 3-5 Comparison of the A) typical Hall-Petch strengthening model and B) modified 
Hall-Petch strengthening model including the contribution from each strengthening 
mechanism, the summed estimated strength, and the Tabor’s estimate from experimental 
results.  

3.4.6 Potential for variability 

 Closer accuracy of the strength estimate depends on how well the parameters for 

the Hall-Petch coefficient and Tabor’s relation coefficient fit with experimental data 

across materials. The Hall-Petch coefficient varies widely between different magnesium 

alloys and the extant literature lacks a clear consensus on the Hall-Petch breakdown and 

inversed regimes. Most studies on magnesium report a coefficient between 250 and 280 

MPa-μm-1/2 [6], [54], [55] for a regime in which the Hall-Petch correlation is accurate. 
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Within the breakdown and inversed regimes, however, the literature is less expansive, 

and a much wider variation in coefficients exist, ranging from 32 to 105 MPa- μm-1/2 [6], 

[50], [55] for the breakdown regime and from -96 to -175 MPa-μm-1/2 [6], [50] in the 

inversed regime. This makes the selection of an appropriate Hall-Petch coefficient 

difficult without additional experimental data to validate the coefficient choice as the 

material approaches 5μm or below. Similarly, the Tabor approximation has been 

correlated to experimental data for coefficients between 2.3 and 3.7. Without accurate 

yield strength data, 3.3 for the Tabor’s coefficient was used to estimate the yield strength 

from Vickers hardness data. This is the coefficient used by Somekawa while 

investigating grain boundary sliding in magnesium [53], however, it is unclear how well 

this coefficient will fit the system in this study as there is the possibility that some grains 

were pinned by YH2 particles and were unable to slide.  

 Additionally, the overestimation of strength could be due to the reinforcement 

particle coherency and density of the samples. Figure 3-4 shows high resolution TEM 

showing the semi-coherency of the particles. This would lessen the amount of load that 

can be transferred from the matrix to the harder reinforcement before yielding at the 

interface. Similarly, the consolidated samples achieve >99% relative density, reaching 

higher densities with higher consolidation temperature. A sample that is denser would 

present with higher hardness as there is less porosity that can contribute to premature 

failure.  
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3.5 Conclusions 

 In this study, a magnesium-based metal-matrix composite with YH2 

reinforcements was used to examine the impact the inverse Hall-Petch trend can have on 

the current models used to estimate strength. By using the Hall-Petch coefficients for the 

corresponding grain sizes used by Zheng [6], it was shown that the approximated strength 

more closely matches the experimental hardness data, and is more pronounced at smaller 

grain sizes. In magnesium systems which tend toward grain-boundary strengthening as 

the dominant mechanism, coupled with Hall-Petch softening at relatively large grain 

sizes, grain-size-specific Hall-Petch coefficients should be taken into account and 

incorporated into the strengthening models. While there is plenty of room for variability, 

and the modified Hall-Petch strengthening model still overestimates the experimental 

results, this is a promising step toward increasing the accuracy of the current models.  
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Abstract 

Magnesium-lithium alloys present a class of super-light alloys, however, suffer 

from poor thermal stability and poor bulk strength. Grain refinement is effective in 

strengthening these alloys, however, this adds to the poor thermal stability. This limits the 

potential uses for structural Mg-Li if improvements in strength are unable to subsist when 

subject to heat. In this study, a Mg-3.53Li-0.61Ca (wt%) alloy was processed by high 

pressure torsion (HPT) to achieve a sub-micron grain size improving the hardness of the 

alloy to the high end of what is seen in magnesium alloys as a whole and among the 

highest seen in Mg-Li alloys to date. This Mg-Li alloy also retained the improved 

hardness up to annealing temperatures of 150°C, a marked improvement over room 

temperature and low temperature instability of the alloy system. Both the hardness and 

the stability can be attributed to grain refinement with stabilization via second-phase 

particles providing Zener pinning and precipitate strengthening. By comparing the 

hardness Hall-Petch trend of this study with deformed AZ31, LZ91, and Mg it was found 

that this study has a similar hardness trend to AZ31 and improved over that of LZ91 and 

Mg. This provides promise for developing stronger Mg-Li alloys that exhibit superior 

thermal stability over other Mg-Li alloys to date. 
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4.1 Introduction 

Magnesium alloys have long been attractive for use in the aerospace and 

automotive industries for weight-loss capabilities when replacing heavier materials such 

as aluminum or steel. Alloying magnesium with lithium further reduces magnesium alloy 

densities, increasing the weight-saving potential of using this class of alloys, however, 

these alloys tend to exhibit lower ultimate tensile strengths, UTS, (110-200MPa [1]–[3]) 

and hardness (40-60HV [1], [2], [4]) than other commonly used magnesium alloys (250-

365MPa and 85-100HV for WE43, AZ31B, and ZK60A [5]–[7]). Severe plastic 

deformation methods have had success in strengthening up to 80HV [8]–[22] and 

265MPa UTS [8], [12], [15]–[18], [20] via grain refinement, however, the research focus 

on fine-grained Mg-Li alloys leans toward superplasticity rather than strengthening [8], 

[9], [17], [21], [23]–[25]. 

Grain refinement increases the interfacial energy of the system, providing a 

driving force for grain growth, causing many nano-scaled and ultra-fine-grained materials 

to lose their refinement, and thus mechanical properties, over time and/or when subject to 

temperature. Since research focus in Mg-Li is often on the superplastic behavior of the 

material, the ability of the material to retain the processed nanostructure is typically not 

addressed. Of the few studies found, Guo studied Mg-7.8Li-08Zn processed by extrusion 

and rolling and subsequently to annealed at temperatures from 150°C to 350°C for 1 hour 

[26], causing a drop in both the yield stress and ultimate tensile strength at annealing 

temperatures as low as 150°C due to achieving full recrystallization and grain growth. 

Yang investigated cold-rolled LZ91 when annealed for 1 hour at temperatures from 75°C 
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to 300°C [18], also demonstrating a decrease in ultimate yield stress with the lowest 

annealing temperature, attributed to recovery and recrystallization. Considering Mg-Li 

alloys exhibiting poor strength, and lose mechanical properties achieved by grain 

refinement at such low temperatures, the applications for these materials remains limited.  

Beyond grain refinement, precipitation hardening has been shown to improve the 

mechanical properties of Mg-Li alloys to upwards of 100HV and 350MPa UTS [27], 

[28], and precipitates have shown the added benefit of stabilizing grain boundaries [29]–

[31]. Mg2Ca intermetallic readily forms in Mg-Li-Ca alloys and can be refined and 

dispersed upon processing. Nene used hot rolling to refine the LC41 grain structure to 

5μm, resulting in a hardness of 67HV [20]. This particular study had a microstructure 

much larger than the nanometer-level grain sizes mentioned earlier, however, the 

hardness level is still comparable due to the fine Mg2Ca intermetallic phase in 

conjunction with the grain boundary strengthening. The combination of grain refinement 

and dispersion hardening with grain boundary pinning, has the capability to circumvent 

the low strength and thermal stability of Mg-Li alloys, and is a category which has not 

been fully explored in hexagonal Mg-Li. 

In this study, the potential of the Mg-3.5Li-0.6Ca alloy to achieve and retain high 

hardness was analyzed and compared with literature reports on other magnesium alloys. 

By using HPT, the alloy was strengthened using a combination of grain refinement, 

dispersion hardening, and grain boundary pinning, reaching hardness above 90Hv, 

surpassing most hardness levels reported on magnesium-lithium alloys and comparable to 

some AZ31 alloys. Further, the alloy exhibited exceptional thermal stability up to 150°C, 
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much improved over the room temperature and low temperatures at which other Mg-Li 

systems have exhibited grain growth.  

4.2 Methods and Materials 

4.2.1 Starting Materials 

The cast material for this study was provided by Terves Inc., and sent to 

Laboratory Testing Inc. to verify composition using inductively coupled plasma analysis 

in accordance with MAS-ICP Rev. 25. This testing reported the samples to consist of 

3.5% lithium, 0.6% calcium and 0.002% silicon with the balance of magnesium by 

weight.  

To relieve any residual stress from the casting process, and induce a homogenized 

microstructure, the cast material was heat treated in a tube furnace at 350°C under argon 

for 24 hours and then quenched in water. This homogenizing treatment also worked to 

provide a more homogenous microstructure prior to processing.  

4.2.2 Severe Plastic Deformation Processing 

To prepare samples for high pressure torsion processing (HPT), a diamond saw 

was used to cut 0.1mm thick slices from the cast bar, and a bench punch was used to 

punch 10mm diameter disks from those slices. These 10mm by 0.1mm disks were 

processed using HPT using the following pressures and anvil turns; 4GPa for ½ turn, 

4GPa for 2 turns, 4GPa for 4 turns, 1GPa for 4 turns, and 5GPa for 4 turns. These 

conditions allow for a study including a variation of processing pressure as well as the 

number of turns, or total strain imposed in the material.  
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4.2.3 Isochronal Annealing 

To evaluate the microstructural and mechanical stability of the HPT-processed 

material, isochronal annealing was conducted on the HPT disks processed at 1GPa for 4 

turns, 4GPa for ½ turn, 2 turns, and 4 turns, and 5GPa for 4 turns. The HPT disks were 

sectioned into 6 equal pie pieces using a diamond saw. This pie piece geometry was used 

to include the full range of strain variation that exists in HPT disks, as the outer edges are 

subject to more strain than the center of the disk. Four pieces from each condition were 

used for the annealing treatments and the remaining two pieces were set aside 

representing the HPT condition without annealing.  

Each piece for the annealing study was wrapped in steel foil and sealed within 

borosilicate ampules under high purity (99.99%) argon. A sealed piece within an ampule 

from each HPT condition was annealed in a tube furnace at 100°C, 150°C, 200°C, and 

250°C for 30 minutes, using a heating ramp rate of 5°C/minute, and then quenched by 

breaking the ampules under water to halt the annealing process. 

4.2.4 Sample preparation and characterization 

As cast, homogenized, HPT, and annealed samples were prepared for 

characterization by mounting in acrylic and grinding the surface to 1200-grit using silicon 

carbide sand paper. Polishing was performed using 6μm and 1μm Advanced Abrasives 

Aqua-pol diamond suspension on Allied High Tech Products DiaMat polishing cloth, 

rinsing with soapy water, DI water, and ethanol between steps. Final polish was 

performed using 0.05μm water-free colloidal silica on a Final A polishing cloth (both 

purchased from Allied High Tech Products), rinsing with DI and ethanol after polish.  
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Hardness measurements were used to characterize the mechanical behavior of the 

material at varying conditions throughout the study. All measurements were taken using a 

Phase II Vickers microhardness tester at a load of 50g for 15seconds. To account for the 

strain variation across the HPT disk, hardness measurements were taken across the 

diameter of the disk with at least four lines of measurements per sample, and reported as 

an average with standard deviation as an indication of the variation across the disk.  

X-ray diffraction (PANalytical Empyrean series 2) was performed to identify 

phases present and any phase transition after HPT. Phase presence was further confirmed 

using electron dispersive spectroscopy (ThermoFisher Scientific NNS450 SEM). Grain 

size of the as cast and homogenized samples were evaluated using backscatter detection 

electron microscopy (ThermoFisher Scientific NNS450 SEM) and lineal intercept 

methodology. The grain size of the samples processed by HPT were too small to resolve 

in SEM, leading to evaluating 4GPa-2turn and 4GPa-4turn samples using focused ion 

beam polished foils with transmission electron microscopy (ThermoFisher Scientific 

TalosL120C). 

4.3 Results and Discussion 

4.3.1 Grain refinement and precipitate distribution  

XRD analysis shows that the as cast alloy consists of hcp-Mg with lithium in 

solution and Mg2Ca phases (Fig. 4-1). After homogenization at 350°C for 24 hours, and 

subsequent processing by high pressure torsion, the presence of the Mg2Ca intermetallic 

peaks remain. Beyond this, it is difficult to determine whether or not peaks fully 

disappear which would indicate dissolution of the precipitate into the matrix as the 
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Mg2Ca peaks are only marginally larger than the machine noise. Given the maximum 

solid solubility of calcium in magnesium is 1.34wt% at 520°C, and the starting alloy 

contains 0.61wt% Ca, it is possible that the homogenizing treatment temperature allowed 

for diffusion of Ca into the matrix, but this is unconfirmed from the present data. 

Similarly, there do not appear to be significant peak variations with HPT, although the 

small peaks make it difficult to know if HPT participates in dissolving any Ca from the 

intermetallic into the Mg matrix from the XRD.   

 

Figure 4-1 X-ray diffraction for the as cast, homogenized, and HPT conditions with Mg 
and Mg2Ca peaks identified.  
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Fig. 4-2 shows large, dendritic-like intermetallic structures are sustained from the 

as cast sample to the homogenized sample and throughout all HPT conditions. Analysis 

of smaller precipitate dispersion and location relative to the grains after HPT was difficult 

to discern using SEM due to the quick formation of an oxide layer.   
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Figure 4-2 Scanning electron micrographs using backscatter electron detection for sample 
conditions A) homogenized, B) HPT at 4GPa for 0.5 turns, C) HPT at 4GPa for 2 turns, 
D) HPT at 4GPa for 4 turns, E) HPT at 1GPa for 4 turns, and F) HPT at 5GPa for 4 turns. 

 
TEM imaging of the 4GPa-2turn and 4GPa-4turn HPT samples showing the grain 

size is reduced from 74.23μm in the homogenized condition to 409nm and 172nm for the 

2turn and 4turn samples respectively. HPT has been used on Mg-Li base alloys to refine 

grains to similar sizes, although the main focus of those studies has been to use the 
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refined grain size to enhance ductility through grain boundary sliding [8], [9], [32], [33], 

whereas this study is focused on strengthening via grain refinement. As has been shown 

in other studies, severe plastic deformation contributes to grain refinement via dynamic 

recrystallization [34]–[36] and also precipitate fragmentation [37]–[39] and dispersion 

[39], [40], both of which are believed to have occurred in this study.  
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Figure 4-3 Micrographs displaying precipitate distribution in A) the homogenized state, 
B) the corresponding energy dispersive spectroscopy scan for calcium showing the 
precipitates in A are calcium-rich, C) Bright field TEM of the 4GPa-4turn sample and D) 
corresponding SAED with rings indexed, E) Bright field TEM of the 4GPa-2turn sample 
showing larger precipitates with arrows, and F) zoomed in box from image E with arrows 
showing smaller-scale precipitates, G) the 4GPa-2turn sample annealed at 250C for 30 
minutes and H) higher magnification of image C showing the location of the small, white 
precipitates relative to the grains. 
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Additionally, while the larger precipitate networks are present in all HPT 

conditions, smaller-scale precipitates can be seen distributed throughout the TEM images, 

and the presence of Mg2Ca is confirmed using selected area diffraction ring indexing. 

The smaller-scale precipitates appear to fall into two size categories: precipitates on the 

same scale as the magnesium grains as shown in Fig. 4-3E, and even smaller precipitates 

distributed throughout as shown in Fig. 4-3F. It should be noted that the assumption that 

contrast was used to identify the precipitates with the knowledge that Mg2Ca is present 

from SAED of the full foil (Fig. 4-3D), and was not verified specifically with SAED or 

STEM at this time. The precipitates are assumed to have been fragmented and dispersed 

during HPT, however, another mechanism that could be responsible for the small-scale 

precipitates is through dissolution and reprecipitation when subject to pressure. This 

mechanism has been shown in magnesium and aluminum alloys subject to HPT where 

the imposed strain drives precipitate fragmentation via dislocation cutting and dissolution 

via atomic migration along said dislocations [41]–[43], and would explain the presence of 

the smallest scale precipitates.  

Table 4-1 Grain size and hardness for initial conditions, HPT conditions, and select 
annealed conditions. 

Condition Grain Size (μm) Hardness (HV) 
As Cast 90.45 49.37 ± 2.03 
Homogenized 74.23 39.82 ± 1.75 
4GPa – 0.5turn -- 77.1 ±12.05 
4GPa – 2turn 0.409 ± 0.079 74.66 ± 10.19 
4GPa – 4turn 0.172 ± 0.045 91.54 ± 7.13 
1GPa – 4turn -- 77.71 ± 8.97 
5GPa – 4turn -- 92.09 ± 8.68 
4GPa – 2turn (250°C anneal) 9 ± 1.12 48.57 ± 4.2 
4GPa – 4turn (250°C anneal) 3.5 ± 0.42 51.15 ± 3.49 
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4.3.2 Discussion on hardness 

Hardness results of the HPT samples show an increase over the as cast and 

homogenized samples, with a peak hardness of 92HV for the 5GPa-4turn sample, and is 

attributed to the combination of sub-micrometer grain sizes and precipitate strengthening. 

This study exhibits a hardness level on the high end of what is typically seen in 

magnesium alloys and exceeds most Mg-Li alloys with the exception of select Mg-Li-Al 

precipitate-strengthened alloys [27], [28], [44]. To assess the hardening capacity, 

hardness was plotted against the inverse square root of the grain size and fit linearly 

following the Hall-Petch relation, only substituting yield strength for hardness.  

𝐻𝑉 = 𝐻𝑉0 + 𝑘
√𝑑⁄  

This capacity was plotted against plastically deformed AZ31, Mg, and LZ91 to 

demonstrate performance in context of other magnesium systems. The y-intercept value, 

HV0, is indicative of the Peierls stress or lattice friction without the influence of grain 

boundary strengthening, and the slope of this plot, k, represents the hardenability of the 

material, with a larger slope indicating a stronger relationship between hardening and 

grain size. 
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Figure 4-4 Hall-Petch relation plotted as hardness vs inverse square root of the grain size 
for commercially pure magnesium [45]–[56], AZ31 [46], [51], [57]–[65], and LZ91 [9], 
[12], [17]–[19] alloys processed by severe plastic deformation in comparison with the 
values found in this study. 

4.3.2.1 The Hall-Petch intercept, σ0 

Without the consideration of grain boundary strengthening, HV0 depends mainly 

on any added strengthening from solute additions. Since the addition of aluminum and 

zinc have greater solid solution strengthening ability than Li, the higher HV0 of AZ31 

over Mg and LZ91 is predicted [24], [66], [67]. LZ91 and Mg-Li-Ca are both Mg-Li base 

alloys and having similar HV0 is expected, however, the solute additions should improve 
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the HV0 values over unalloyed magnesium. To explain this, we need to consider the 

inverse Hall-Petch trend where the linear strengthening trend breaks down and inverts 

beyond a critical grain size and has been observed in magnesium alloys within the grain 

sizes plotted in Fig. 4 [68]–[72]. To account for this, dotted linear fitted lines are drawn 

on Fig. 4 to represent a fit for a classic Hall-Petch regime, a breakdown regime, and an 

inverse regime. From this, the regular Hall-Petch trend line shows a lower HV0 as 

expected in comparison to alloyed magnesium. 

4.3.2.2 The Hall-Petch slope, k 

When assessing the response of mechanical properties to severe plastic 

deformation, the more interesting parameter to consider is the Hall-Petch slope. The Hall-

Petch equation was developed empirically from experimental data, and there has been 

research suggesting other models that more closely follow the physical response of the 

system. Regardless of the model used, in simplistic terms, the Hall-Petch coefficient can 

be physically interpreted as the ability of the material to resist dislocation transmission 

under applied stress [73]–[75]. 

From Fig. 4 this study demonstrates a similar hardenability to AZ31, double that 

of LZ91, and about ten times larger than magnesium. It is anticipated that AZ31 will have 

a greater hall-Petch slope than Mg-Li alloy and Mg due to the greater effect aluminum 

and zinc have on increasing the critical resolved shear stress of slip systems within 

magnesium over lithium or without additions [76], [77]. What is unexpected is that the 

Mg-Li-Ca alloy in this study exhibits a hardening capacity equal to AZ31, especially as 

both Li and Ca have been shown to have an effect on the critical resolved shear stress and 
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stacking fault energy of magnesium [76], [78], [79] leading to a reduced work hardening 

ability compared to AZ31.  

The improved hardenability stems from the second-phase particles causing both 

Zener pinning and grain boundary drag. The effect of precipitates and second phase 

particles has been shown to impact the Hall-Petch constant by effectively reducing the 

mean free path for dislocation motion [80]–[83]. Beyond the evidence presented in this 

report, the Hall-Petch constant can be affected by other factors such as the anisotropy of 

the system which leads into texture development, the strain rate at which the material is 

tested, and the grain boundary character such as high or low-angled [84]. All of these 

play a role in the final strengthening characteristic of the material, however, were not 

addressed in this study.  

4.3.3 Effect of annealing temperature 

The isochronal annealing study shows that the 1GPa-4turn, 4GPa-0.5turn, and 

4GPa-2turn samples exhibited hardness stability up to 150°C, while the 4GPa-4turn and 

5GPa-4turn samples started decreasing in hardness at 100°C. Grain size analysis of the 

4GPa-2turn and 4GPa-4turn samples after annealing at 250°C for 30 minutes show that 

the grain sizes increased from 409nm to 9μm and 172nm to 3.5μm respectively. This 

demonstrates superior thermal stability to Mg-Li alloys which display low thermal 

stability due to the high mobility of lithium. Cold-rolled LZ91 exhibited a decrease in 

hardness after annealing at temperatures as low as 75°C [18] and rolled LAZ1110 

underwent age softening at room temperature [85]. 
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Figure 4-5 Hardness for as HPT conditions and annealing conditions.  

 
The small precipitates shown in Fig. 4-3 are the most likely mechanism 

explaining the retention of fine grains due to precipitates along or nucleated at grain 

boundaries causing Zener pinning or residing within grains contributing to drag. In Fig. 

4-3H many of the small precipitates are shown to be located within the grain interior after 

annealing indicating the grain boundary has broken free from the pinning effect, 

however, there are a few precipitates still residing at grain boundaries which is congruent 

with the theory that the refined precipitates maintain a pinning force even after hardness 

stability has been reached. 

4.4 Conclusions 

In summary, a Mg-3.53Li-0.61Ca (wt%) alloy was processed by high pressure 

torsion, followed by hardness measurements, and isochronal annealing. The following 

was found: 
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• The processing resulted in submicron refined grains along with fragmentation and 

dispersion of the Mg2Ca intermetallic precipitate.  

• The grain refinement contributed to Hall-Petch strengthening while the dispersed, 

fine intermetallic phases contributed to precipitation hardening of the HPT-

processed material. 

• The precipitates also acted to retard grain growth via Zener pinning. This allowed 

the HPT samples to retain hardness up to 150°C in the annealing treatments. Even 

after hardness stability is reached, the stabilized microstructure after 250°C 

annealing exhibit a grain size of 9μm and 3.5μm for the 4GPa-2turn and 4GPa-

4turn samples respectively.  

• A Hall-Petch relation was determined using the best fit linear line between points 

plotted on a hardness vs inverse square root of the grain size graph. The 

hardenability term, k, was found to be similar to that found in AZ31 alloys 

showing a similar hardenability capacity, whereas it was increased over that of 

LZ91 alloys and unalloyed magnesium due to the presence of second-phase 

particles. 

By using HPT, a lightweight magnesium alloy was strengthened to levels among 

the high end of what is currently seen in magnesium alloys due to grain refinement and 

precipitation hardening. Further, the precipitates act to pin grain boundaries providing 

greater thermal stability than seen in other Mg-Li alloys. This shows promise for 

increasing the strength and stability capabilities of lightweight magnesium alloys. In 

conjunction with strengthening capability, an avenue for future work includes variation in 
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production and processing parameters to better control precipitate dispersion and size, 

aiming for only a fraction of grains pinned, allowing for plasticity by grain boundary 

sliding in unpinned grains. This is yet to be explored, but could prove to be a useful 

mechanism for circumventing the classical strength-ductility paradox.  
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Chapter 5 - Conclusions 

Magnesium alloys have potential to expand the space of light-weight structural 

materials, especially if the poor bulk strength and thermal stability can be overcome. 

Within this dissertation, the underlying mechanisms contributing to strengthening and 

thermal stability in magnesium systems as they relate to fine grain sizes and second-

phase particles is examined. In order to do this, three studies were included as written for 

publication that, together, address the following questions: 

1. How can transitions in deformation mechanisms affecting strength be 

incorporated into conventional strengthening models? 

2. What role do secondary phases play in stabilization of grain sizes and 

strengthening in fine-grained magnesium? 

Chapter 2 discussed the evaluation of texture intensity in a hot-rolled Mg-RE 

alloy containing nano-spaced stacking faults. A previous study had proposed the extreme 

strengthening to be resultant from the stacking faults, however, the role of texture, which 

is typically strong in rolled magnesium, was not evaluated and could not be discounted as 

a significant contribution to overall strength. The results of the texture analysis show that 

the texture in this system is weak relative to other rolled magnesium systems that exhibit 

significant strengthening due to increased basal texture intensity. The weak texture was 

unexpected and concluded to be due to the rare-earth alloying additions and static 

recrystallization.  

The rare-earth additions lowered the stacking fault energy of the system, lowering 

the critical resolved shear stress required to activate harder slip systems, and lessening the 
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driving force for the grains to reorient to accommodate slip during rolling. While 

dynamic recrystallization occurring during deformation to nucleate new grains and orient 

grains to accommodate the imposed strain which increase texture intensity, static 

recrystallization causes texture intensity weakening as grains are not constrained for 

strain accommodation. The author of the previous study on hot-rolled Mg-RE with nano-

spaced stacking faults proposed a physical model to describe the strengthening effect 

which relates the yield stress to the inverse spacing of the stacking fault in a similar 

fashion to the Hall-Petch relation. What is interesting about this, however, is that the 

linear trend does not deviate even at small stacking fault spacings, whereas the Hall-Petch 

trend has been experimentally shown to break down below a critical grain size.  

Chapter 3 talks to this Hall-Petch breakdown in more detail as a Mg-YH2 metal-

matrix composite with grain sizes from 1-4μm was used to demonstrate the disparity that 

arises between estimated strengths when using the current models that do not account for 

this Hall-Petch breakdown and inversion trend. The common strengthening models load 

bearing, CTE-EM mismatch, Orowan, and Hall-Petch were evaluated for this system and 

the estimated strength was compared to experimental results. The models show a 

majority strength contribution from Hall-Petch strengthening, with a small amount of 

strengthening from Orowan, and negligible contributions from load bearing or CTE-EM 

mismatch. The Hall-Petch model was evaluated two ways: first using a normal Hall-

Petch trend, and second by applying Hall-Petch breakdown and inverted coefficients. It 

was found that by accounting for the breakdown and inversion in the Hall-Petch model 

depending on grain size, the experimental results matched more closely to the predicted 
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results. Sources of variability in the calculations made in this study include Hall-Petch 

coefficient selection, and comparison of yield strength estimates using a Tabor’s estimate 

from hardness data. Regardless, this paper demonstrated the need to account for the Hall-

Petch breakdown in magnesium-based metal-matrix composites to more accurately 

predict strength using models.  

Extending this study, chapter 4 goes into strengthening in a fine-grained 

magnesium alloy with enhanced thermal stability. A Mg-Li-Ca alloy processed by HPT 

achieved sub-micron grain sizes leading to hardness up to 92HV, on the high end when 

compared to other Mg-Li alloys and to many other Mg-based alloys as a whole. This 

strengthening is due to the fine grains achieved during HPT, and to the fine, dispersed 

second-phase Mg2Ca particles contributing to dispersion strengthening. These particles 

also act to stabilize grains by Zener pinning and grain boundary drag to retain improved 

hardness properties up to 150°C when subjected to annealing treatments. This finding is a 

significant improvement over other Mg-Li systems which exhibit destabilization at room 

temperature or slightly elevated temperatures.  

From these studies, in order to advance an understanding of strengthening 

mechanisms as a function of domain size and secondary phases, the questions posed in 

the introduction and were addressed.   

First, how can transitions in deformation mechanisms affecting strength be 

incorporated into conventional strengthening models? In chapter 3 we saw that for 

magnesium-based metal-matrix composites, Hall-Petch strengthening is typically the 

significant mechanism, and in a system possessing grainsizes where the typical Hall-
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Petch regime breaks down, the conventional Hall-Petch model is insufficient. Instead, a 

variation of the Hall-Petch model can be used where the Hall-Petch coefficient used is 

dependent on the grain size of the system. There is still room for refinement of these 

models, and considering the plethora of factors that affect the Hall-Petch coefficient, this 

model will not extend well to systems with multiple significant strengthening 

mechanisms at play at once. 

Secondly, what is the role that secondary phases play in stabilization of grain 

sizes and strengthening in a fine-grained magnesium alloy? Chapter 4 covered a sub-

micron Mg-Li-Ca alloy where it was shown that Hall-Petch strengthening and dispersion 

strengthening contributed to the high hardness values seen. The system also retained the 

fine microstructure and hardness up to 150°C when annealed, showing that the secondary 

phase particles act as stabilizers along grain boundaries through Zener pinning, and retard 

grain boundary motion through drag. 

Together, these studies provide a step towards understanding the complicated 

nature of strengthening mechanisms as they are affected across grain size domains in 

magnesium. Future work can be done in refining the strengthening models applied to 

fine-grained magnesium systems that better encompass the transition of deformation 

modes as they relate to strengthening. Work can also be done in the realm of the strength-

ductility paradox where a combination of ultra-fine-grained magnesium and a critical 

volume of secondary phase dispersions will allow for enhanced ductility by allowing 

some grain boundary sliding to occur, and yet retention of microstructure and strength as 

the secondary phase particle pin a fraction of boundaries, preventing sliding.  




