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ABSTRACT OF THE DISSERTATION 

Mechanical and Electrical Properties in Thermally Stable Ultrafine Grained and Nanocrystalline 

Silver Alloys Through Severe Plastic Deformation Processing 

 

by 

Erik William Sease 

Doctor of Philosophy, Graduate Program in Materials Science and Engineering 

University of California, Riverside, December 2021 

Dr Suveen N. Mathaudhu, Chairperson 

 

 

Metallic silver has been extensively used by humans for millennia, with usage recorded 

as far back as 4000 BCE due to its abundance of useful material properties including corrosion 

resistance and high formability, making it an ideal metal for use by ancient civilizations. In more 

recent centuries other properties such as the oligodynamic effect, which gives rise to 

antimicrobial properties in silver, as well as the highest thermal and electrical conductivity of any 

metal, have helped silver retain the interest of scholars and scientists in numerous disciplines. 

Several issues with silver however have reduced its use in many applications in which it would 

otherwise be an ideal material choice. Some material properties of silver, in particular the 

mechanical strength and extremely low stacking fault energy, make silver a very poor choice for 

structural purposes, which require a high resistance to deformation. Pure silver possesses very 

low hardness and strength and has a tendency to gall under repeated loading and unloading. 

While it is possible to strengthen silver through a variety of strengthening mechanisms, including 

work hardening or reduction of the grain size (i.e., Hall-Petch strengthening), the low stacking 

fault energy of silver makes it energetically favorable for dislocations to dissociate into partial 
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dislocations with a wide equilibrium splitting distance. While this tendency of dislocations to 

dissociate allows silver to obtain extremely high dislocation densities, it acts as a driving force for 

recovery, recrystallization and grain growth within the crystal lattice. The poor mechanical 

properties and low stacking fault energy in silver culminate in a material which self-anneals at 

room temperature, losing the increased strength and hardness imparted by materials processing 

techniques used to strengthen it. 

In this work, we explore two severe plastic deformation methods for strengthening of 

silver – mechanical alloying combined with spark plasma sintering, and high pressure torsion. 

Microstructural stabilization through dilute alloying additions and impurities is explored for 

prevention of self-annealing, producing ultrafine grained and nanocrystalline high strength silver 

and silver alloys with high thermal stability and resistance to grain growth. 
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

Severe plastic deformation (SPD) processing techniques are a family of materials processing 

techniques commonly used for strengthening of metals. These processes use the application of 

immense pressure to impart high levels of plastic strain to materials without causing significant 

change in the net geometric shape of the material [1]. By constraining a material within a die to 

prevent free flow while introducing high amounts of strain into the lattice of a metal, extremely 

high dislocation densities can be generated within a polycrystalline material. As dislocations are 

introduced to the strained metal, they form low angle grain boundaries, which, as they continue to 

absorb more dislocations, eventually decompose into a highly refined grain structure, separated 

by high angle grain boundaries [2]. This reduction of the grain size in a polycrystalline material to 

the sub-micron or even the nanometer scale is a well-studied strengthening mechanism known as 

Hall-Petch strengthening, also commonly referred to as grain boundary strengthening [3]. The 

term nanocrystalline (NC) is used to refer to polycrystalline materials with a grain size under 

100nm, and ultrafine-grained (UFG) is used to define grain sizes between 100-1000nm [4]. By 

reducing the grain size of these materials to the nanoscale, the mechanical properties of materials 

processed by SPD are drastically increased, allowing production of metals with strength or 

hardness orders of magnitude greater than generally observed in coarse grained metals, or 

materials not processed by SPD.  

SPD processes are analogous to commonly used metals processing techniques such as 

extrusion, forging, rolling, and countless others which can strengthen a material through grain 

structure refinement [5]. One significant distinction between these more common used processing 

techniques and SPD techniques is the confinement of the material in a die, which increases the 

amount of strain that can be imparted to the material during processing. While common processes 
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may only apply a plastic strain of up to about 2.0 [6], SPD processing techniques may introduce a 

plastic strain multiple orders of magnitude higher than this [6], which, as well as refining the 

grain size, introduces vastly increased dislocation density in the material which further acts to 

increase the mechanical properties [7].  

1.2 Motivation 

The vastly superior mechanical properties displayed by NC and UFG materials 

introduces increased potential for structural purposes in comparison to their coarse-grained 

counterparts, especially in metals not commonly considered to be structural materials. Structural 

materials are, as the name suggests, materials which are used primarily for their mechanical 

properties, such as strength, hardness, toughness, or elasticity, as opposed to other materials 

properties such as electrical, magnetic, optical, etc. By applying SPD processes to materials not 

generally known for their mechanical properties, we can expand their use into novel structural 

applications.  

Silver is one such metal which has fallen out of use as a structural metal. Silver is one of 

the oldest metals used by humans due to its high formability and resistance to corrosion, with use 

as coinage material, water vessels and tools dating back at least 6,000 years [8]. Despite its use as 

such in the past, silver is not traditionally considered a structural material in modern 

circumstances, as it is relatively soft and deforms easily in comparison to modern structural 

metals such as steel or aluminum alloys [9].  

As well as its poor mechanical properties, silver also possesses an extremely low stacking 

fault energy (SFE) of 16mJ/m2 [10] in comparison to other pure metals, such as 45mJ/ m2 in 

copper [10] or 220mJ/ m2 in aluminum [11]. Dislocations present within a low SFE metal lattice 

will tend to dissociate into two partial dislocations to reduce elastic energy, with larger 

equilibrium separation distances corresponding to lower SFE [12]. This large splitting distance 



3 
 

hinders dislocation climb and cross-slip and dislocation annihilation, creating forests of pinned 

sessile dislocations and much higher dislocation densities than observed in lower SFE metals 

[12,13]. While this high dislocation density leads to increased mechanical properties compared to 

the non-work hardened or annealed state, it also acts as a driving force for recovery and grain 

growth, leading to exceptionally poor thermal stability, yielding self-annealing and 

recrystallization at room temperature and loss of hardness within days of processing [10].  

These particularly poor mechanical properties of silver often overshadow some of its more useful 

properties, such as the highest thermal and electrical conductivity of any pure metal, and highly 

effective antimicrobial properties, despite low toxicity to humans [8, 14-16].  

In order to make use of silver’s useful material properties within a broader range of 

structural applications, it becomes necessary to: 1) Improve its mechanical properties, and 2) 

Increase the thermal stability of silver to prevent self-annealing and softening. One of the most 

basic methods of increasing the mechanical strength of a pure metal is by alloying with other 

elements. Through the addition of one or more alloying elements to the metal lattice metal, solid 

solution strengthening and introduction of additional phases increase the strength of the lattice 

metal by introducing stresses and barriers in the lattice which impede the motion of dislocations 

through the metal. Alloying and additional phases however yield a significant reduction in the 

electrical conductivity [16] which reduces its attractiveness of silver or other highly conductive 

materials in applications which require high electrical conductivity. By reducing the alloying 

additions in a silver alloy to a minimum and strengthening through other mechanisms, it becomes 

possible to avoid some of the detrimental effects of alloying or second phases [17] on silver’s 

exceptional conductivity. 
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1.3 Objectives 

The following sections of this dissertation detail the processing-properties-performance-

structure relationship of dilute high strength nanocrystalline silver alloys processed by two 

different severe plastic deformation processing techniques to explore the feasibility and 

applications of metallic silver in non-traditional applications. By exploring the development of 

techniques for producing enhanced mechanical properties in this material system, we may gain 

insight into the possibility for application of these methods in other materials systems and their 

use in non-traditional applications. 

The primary objectives of this dissertation are as follows: 

1) Develop an understanding of the fundamental interactions between processing, structure, 

properties, and performance in high strength silver alloys processed through severe plastic 

deformation (SPD) processing methods.  

2) Understanding of the strengthening mechanisms present in SPD processed high strength 

silver alloys, the individual contributions to mechanical properties offered by each, and the 

limitations of each, as well as the effect of processing on non-mechanical properties of these 

alloys. 

3) Understanding of the effect of time and temperature on the long-term thermal stability 

and self-annealing behavior on the mechanical properties in silver alloys processed through SPD 

processes. 

These objectives should be considered in how they apply to SPD processing for the alloys 

explored in this work, as well as their use and context in the processing of metallic materials in 

general. By developing an understanding of the use of SPD processing on the properties non-

traditional structural materials, we may develop a deeper understanding and gain insights into the 
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potential use and effect of SPD processing on the properties in other non-traditional structural 

alloy systems. 

1.4 Processing Techniques 

In order to explore the strengthening and microstructural stabilization of silver alloys through 

SPD processing, two commonly used SPD processes were selected based on their availability at 

the time of this research and for their ability to produce exceptionally high levels of grain 

refinement in polycrystalline materials, strengthening them without the need for alloying 

additions or second phase particles through the aforementioned Hall-Petch relationship. Although 

they are not strictly necessary, the addition of dilute alloying additions and impurities are 

explored in this work in order to determine their effects on strengthening and microstructural 

stabilization. 

The Hall-Petch relationship is the observed and empirically demonstrated relationship 

between the yield strength and grain size of a polycrystalline metal, alloy, or intermetallic [3, 18]:  

𝜎𝑌 = 𝜎0 + 𝑘𝑑−
1

2                                                                     (1) 

Where σY is the yield strength of the material at a given grain size d, σ0 is the lattice friction 

stress, or the stress required to move a dislocation within a perfect crystalline lattice of the 

material, and k is the strengthening coefficient; a material dependent constant which measures the 

local stress needed to initiate plastic flow within the material. Grain boundaries in metallic 

materials act as barriers to dislocation motion due to lattice misorientation and mismatch, 

preventing slip and deformation. As the volume fraction of grain boundaries within the material 

increases, the amount of applied stress necessary to overcome the critical stress needed to move 

dislocations between grains increases, generating an increase in the yield strength of the material. 

The two SPD processes used to explore the fabrication of microstructurally stable high strength 

bulk silver alloys are as follows: mechanical alloying combined with consolidation by spark 
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plasma sintering, and high pressure torsion. These two processes approach SPD from two 

separate directions, and each has inherent advantages over the other process: Mechanical alloying 

is considered a ”bottom-up” method, while HPT is considered a “top-down” processing method; 

the distinction being that in bottom-up processes, bulk nanostructured material is produced 

through assembly of small nanoparticles or nanostructured solids, while top-down processes 

begin with a bulk scale coarse-grained material and refines the existing coarse microstructure 

through processing [1]. 

1.4.1 Mechanical Alloying and Spark Plasma Sintering 

1.4.1.1 Mechanical Alloying 

The first SPD process, explored further in Chapter 2, is mechanical alloying (MA), also 

know ass mechanical milling, ball milling, mechanical attrition, and a number of other names. 

Fundamentally, MA consists of repeated fracturing, cold welding, and re-fracturing of metal 

powder particles through repeated abrasion or collisions with hardened metal or ceramic milling 

media in the form of balls or rods, all within a closed container. MA is classified as an SPD 

process, as the milling introduces high levels of strain within the microstructure of powder 

particles, yielding grain refinement within the individual particles through an increase in 

dislocation density [19]. Repeated collisions between the milling media and powder particles 

causes a flattening and work hardening of the particles as they are deformed by repeated 

collisions.  

As these particles are further fractured and flattened, they begin to overlap and bring 

clean metal surfaces into contact, which then become cold welded as collisions continue. As 

dislocation density within the material increases, dislocations eventually form low angle 

boundaries as they align, annihilate, and recombine. Sub-grain and low angle grain boundaries 

eventually absorb more dislocations, and accompanied by grain rotation, decompose into smaller 
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grains, separated by high angle grain boundaries [20]. Eventually the competing mechanisms of 

fracturing and cold welding create a highly refined and homogenized microstructure as the grain 

size of the material approaches a material-specific minimum, independent of milling conditions 

[20].  

The minimum grain size for FCC metals such as silver has been found to scale inversely 

with the melting temperature Tm or bulk modulus B of the material, i.e. the higher the Tm or B, 

the smaller the minimum grain size [21]. This is believed to be due to competition between work 

hardening and recovery phenomena of the metals (such as activation energy for self-diffusion), 

which scale with the melting point.  

As the refined material produced by MA is in powder form, it is necessary to pair it with 

secondary consolidation processes to form bulk material and is therefore considered a bottom-up 

process.  Most consolidation processes for metallic powders such as traditional sintering involve 

long hold times at elevated temperature, however this causes recrystallization in NC metals due to 

the high driving force for recovery caused by the large presence of grain boundaries within NC 

metals. 

1.4.1.2 Spark Plasma Sintering 

Spark plasma sintering (SPS), also known as pulsed electric current sintering (PECS), 

field assisted sintering technique (FAST), and a variety of other names, is a relatively new 

powder consolidation process, combining aspects of sintering and hot pressing. Despite its 

similarities to traditional sintering, the mechanism for heating is Joule heating (resistive heating) 

of the work material itself, which provides numerous advantages over traditional sintering or 

pressing, which use external heating sources [22, 23]. Despite the name, there is now a general 

consensus that the process does not produce plasma [24, 25]. 
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Consolidation by SPS utilizes a combination of uniaxial pressure and pulsed DC current 

to consolidate powders in an electrically conductive die. A mechanical loading system applies 

pressure to a punch and die assembly, inside which a bed of powder is confined. A high current 

upwards of several thousand amps [37] is applied across the punch and die assembly at low 

voltage, generating internal heating within the powder bed. The punch and die assembly are held 

within a vacuum chamber which protects the tooling and powder from atmospheric contamination 

and oxidation at elevated temperatures. The combination of pressure and current gives rise to 

enhanced sintering behavior compared to other consolidation processes [26], producing bulk disc-

shaped samples which can easily be scaled up with larger SPS units. 

Among the benefits of SPS are its extremely fast heating rate and its effect on the final 

microstructure of the powder bed. While traditional sintering processes may provide heating rates 

on the order of tens of degrees Celsius per minute, it is not uncommon for Joule heating in SPS to 

produce heating rates upwards of 1000°C per minute in some cases [26]. By applying a high 

heating rate to the powder bed, it is possible to quickly reach peak sintering temperature where 

densification and sintering between powder particles is most prominent.  

Significantly shorter hold times are also common in SPS compared to standard sintering, 

with hold times often on the order of minutes, rather than hours [4]. By using the SPS process to 

consolidate NC powders produced through the MA process, the highly refined and plastically 

strained powder does not have the necessary time required to coarsen at elevated temperatures 

where grain boundary mobility is enhanced. The bulk material produced retains the mechanical 

properties inherent in the fine grain sizes due to the Hall-Petch effect [23]. Some coarsening is 

generally observed in samples processed by SPS; however, it is far less than that caused by 

traditional sintering. 
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1.4.2 High Pressure Torsion 

High pressure torsion, commonly abbreviated as HPT, is an SPD process used to achieve 

grain refinement in a coarse-grained bulk precursor material and is therefore classified as a top-

down SPD process. As the name suggests, HPT utilizes the application of immense pressure 

combined with torsion to refine the microstructure of a material: A disc shaped sample is placed 

between two anvils in a constrained die and subjected to a combination of applied uniaxial 

pressure on the order of several GPa, and torsional strain by twisting of the lower anvil [1]. As the 

lower anvil turns with respect to the top, frictional forces from the anvil deform the disc by shear 

and introduce a high dislocation density into the material, yielding grain refinement believed to 

occur through dynamic recovery, dynamic recrystallization and grain boundary migration due to 

the high density of accumulated lattice defects [27].  

The strain introduced to the work material by HPT processing can be quantified by true 

strain, εTrue, where N is the number of revolutions of HPT, r is the radial distance, and h is the 

height of the disc [11]:  

𝜀𝑇𝑟𝑢𝑒 = 𝑙𝑛(
2𝜋𝑁𝑟

ℎ
)                                                           (2) 

Or by von Mises equivalent strain, which is more commonly seen in literature [11]: 

𝜀𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 =
2𝜋𝑁𝑟

ℎ√3
                                                           (3) 

As there is a dependence on radial distance, the imposed plastic strain in the material should be at 

a maximum at the outer edge of the disc, and theoretically zero at the center of the disc. With 

enough revolutions however, prior studies [11, 28] have shown that with enough straining, both 

by higher pressure or more revolutions of HPT, a reasonable homogeneity across the disc can be 

reached as shear forces cause local hardening and transferal of shearing to adjacent positions 

within the disc [28].  
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One benefit of HPT processing is that the radial dependence of heterogeneity within the 

disc can be an effective tool for examining a wide range of applied strains within the material. 

The effect of time and imposed strain on the microstructural stability can be examined over a 

wide range of strains, indicating whether there are certain levels of plastic strain which may be 

prone to self-annealing, or a saturation point of dislocation density, past which recovery and 

recrystallization begin to occur. Other benefits to the HPT process are more inherent to top-down 

processing methods: HPT does not require the use of powders and milling media, which are far 

more prone to contamination than can introduce unpredictable microstructural evolution and 

mechanical properties [2]. Since HPT samples are not produced from powder precursor, it also 

avoids the issue of residual porosity which can have detrimental effects on the mechanical 

properties of materials processed by powder means. The applied pressure also prevents void 

formation and tearing of the sample during processing, producing high density material. 

Top-down processing by HPT also comes with its own drawbacks however, including a difficulty 

in the scale-up of these processes. The limited depth of microstructural evolution caused by the 

torsion applied to samples restricts HPT to thin samples, on the order of millimeters in thickness. 

Other bulk SPD processes like MA and SPS on the other hand may produce considerably larger 

samples, with thicknesses on the order of centimeters. 

1.5 Summary of Opportunity 

The opportunities made possible by the work outlined in this dissertation align with the 

primary objectives laid out in section 1.3 of this chapter. Studies have been performed on SPD 

processing and strengthening of silver and silver alloys, and the poor thermal stability of SPD 

processed silver has been documented and explored through microstructural examination. By 

understanding the fundamental interaction between processing, structure, properties, and 

performance in high strength silver, this work seeks to elucidate processing methods for synthesis 
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of bulk high strength silver and dilute silver alloys with high thermal stability. The effect of 

strengthening by grain refinement and strain hardening on the electrical conductivity of these 

materials is also investigated for high strength high conductivity applications. 
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Chapter 2: Strengthening Mechanisms in a Dilute Nanocrystalline Silver-Titanium Alloy 

Processed by Cryomilling and Spark Plasma Sintering 

2.0 Abstract 

Improvements in the mechanical strength of a dilute silver-titanium alloy are explored 

through a combination of powder processing and densification methods in order to produce bulk 

metallic samples, strengthened through multiple coexisting mechanisms. Strengthening is 

achieved through a collaboration between grain refinement, solid solutionizing, and dispersion 

strengthening achieved by mechanical alloying (MA) and spark plasma sintering (SPS) of silver 

powder with 1% titanium by weight. The strengthening mechanisms are characterized, and their 

relative contributions discussed and compared to previously published literature on silver, and 

through characterization of bulk samples by SEM, TEM, XRD and indentation. The results 

forecast processing-microstructure-property relationships needed for the manufacturing of high-

strength nanocrystalline silver alloys. 

2.1 Introduction 

Silver is one of the oldest metals discovered by humans; found in native form and used 

for millennia for its numerous beneficial properties, including good formability and corrosion 

resistance, disinfectant properties, and the highest thermal and electrical conductivities of any 

pure metal [1-4]. Unfortunately, these benefits are often overshadowed by the poor mechanical 

properties of silver [5], preventing its use in most structural applications. Due to its high electrical 

conductivity, one of the most appealing applications of silver is in electrical connectors, but due 

to its low wear resistance and tendency to gall [6,7] under repeated loading and unloading, it is 

only used in low-durability and low-cycle applications [7]. In order to make use of silver’s 

beneficial properties for a broader range of structural applications, it becomes necessary to bolster 

its mechanical properties such as strength and hardness.  
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One of the simplest methods of increasing the mechanical strength of a metal is by alloying with 

other elements. Alloying however yields a significant reduction in the electrical conductivity of 

silver [7] which reduces its attractiveness as an electrical conductor. In a study by Y. Sakai et al 

on the conductivity of Cu-Ag alloys, it was found that the addition of 2at% silver to a copper 

alloy reduced the conductivity by roughly 14-17% [8]. By keeping the alloying additions in a 

silver alloy to a minimum and strengthening by other means, we can avoid some of the 

detrimental effects of alloying on conductivity.  

The reduction of the size of the grains or crystallites within the material, also known as grain 

boundary strengthening or Hall-Petch strengthening [9], is a well-studied method of increasing 

the mechanical properties of a metal, without the use of alloying additions or secondary phases. 

By reducing the grain size of structural materials to the nanoscale, it is possible to drastically 

increase their strength and hardness [9]. The superior mechanical properties displayed by 

nanocrystalline (NC) (<100 nm) and Ultrafine-Grained (UFG) (100 – 1000 nm) materials 

introduces a high level of potential for use as structural metals in comparison to their coarse-

grained counterparts. 

In this study, a bulk NC alloy of silver with 1% titanium by weight is produced via 

powder metallurgy through a combination of mechanical alloying (MA) performed at cryogenic 

temperatures (cryomilling) [10], and spark plasma sintering (SPS). The MA process is highly 

effective at dispersing alloying additions into the silver matrix, as well as grain refinement, as the 

milling media collides repeatedly with the powder during milling. The powder particles are 

repeatedly flattened, fractured, and cold welded back together, exposing clean surfaces and 

creating new grain boundaries [11]. By reducing the powder to cryogenic temperatures, the 

ductility of the silver is reduced, increasing the ratio of particle fracture versus particle welding 

by suppressing recovery and dynamic recrystallization [12]. Through this process, grain size in 



17 
 

the powder is effectively reduced to the nanometric scale through an increase in dislocation 

density and formation of grain boundaries as dislocations align, annihilate, and recombine [12]. 

Breakdown of the milling media during the MA process also introduces small amounts of second 

phase dispersoids into the silver matrix, further strengthening this alloy through the Orowan 

mechanism. 

Through the combination of both the MA and SPS processing, this process yields a dilute silver 

alloy strengthened by grain refinement, solid solution strengthening, and dispersion 

strengthening, with a hardness over five times that of pure annealed silver [13] with near 

theoretical density.  

2.2 Methods and Materials 

2.2.1 Mechanical Alloying 

Elemental silver powder (99.9% purity, -325 mesh particle size) and one percent titanium powder 

by weight (99.99% purity, -230 mesh particle size) purchased from Alfa Aesar was sealed in a 

55mL tungsten carbide (WC) milling vial under argon atmosphere and subjected to MA in a 

modified high energy SPEX 8000D shaker mill. MA was performed with four 7/16” diameter 

tungsten carbide balls as milling media, with a ball to powder ratio of 10, and continuously milled 

for four hours. The mill design was modified by introducing a constant flow of liquid nitrogen 

between the tungsten carbide milling vial and a PTFE housing during milling, thereby lowering 

the temperature of the jar and powder to cryogenic temperatures while preventing direct contact 

between the powder and liquid nitrogen.  

2.2.2 Powder Consolidation via Spark Plasma Sintering 

Mechanically alloyed powders were removed from the vials under argon atmosphere, 

ground lightly with a mortar and pestle to break up agglomerates and sieved to isolate powders 

under 125 microns (-120 mesh particle size). Cylindrical graphite dies with a height of 30mm, 
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external diameter of 30mm and internal diameter of 10.3mm were loaded with 1g of milled and 

sieved Ag-1Ti powder. Cylindrical graphite punches of 10mm diameter were then inserted on 

either side hold the powder in place. The punch-and-die assembly was loaded into an SPS unit 

(Dr. Sinter Lab Jr. SPS-211LX) under a vacuum pressure of <3 Pa and compressed with a pre-

load uniaxial ram pressure of 5 MPa. To study the effect of peak temperature on densification, 

temperature was ramped at a rate of 100°C per minute to peak temperatures between 350-700°C, 

measured with a K-type thermocouple inserted into a pocket on the side of the die. The 5 MPa 

pre-loading pressure was held until the thermocouple read peak temperature, which allowed for 

degassing of the powder and prevention of gas pocket entrapment in the final sintered material 

[14]. Once peak temperature was reached, the ram pressure was raised to 80 MPa to increase 

densification the powder bed. The powder was held at peak temperature for 5 minutes, after 

which the SPS was powered off. The die cooled in the SPS in vacuo under 80 MPa uniaxial ram 

pressure to 200°C before reducing ram pressure and removing the assembly from the SPS 

chamber. Through this method, bulk SPS discs of this Ag-1Ti silver alloy with a diameter of 

10mm and thickness of 1mm were produced. 

2.2.3 Microstructural and Mechanical Properties Characterization 

The density of the sintered Ag-1Ti discs was measured with Archimedes’ method in 

propylene glycol to determine their density relative to the theoretical density of bulk Ag-1Ti. X-

ray diffraction scans were performed on the sintered discs in a PANalitycal Empyrean Series 2 

XRD, and crystallite size was evaluated by Scherrer’s equation using a full-width half maximum 

estimation of the Ag(111) peak. Sintered discs were cut in half radially and mounted in epoxy to 

expose their interior surfaces, which were then polished to a mirror finish with 0.05μm diamond 

suspension. The polished surfaces were subjected to indentation with a Phase II Vickers Micro 

Hardness Tester at a load of 200g and a dwell time of 15 seconds. 
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The microstructure was evaluated via SEM (ThermoFisher Scientific NNS450) to 

determine the underlying sources of strengthening. Focused ion beam (FIB) milling in a 

Duobeam Quanta 200i was used to extract a foil via FIB lift-out from the interior surface of the 

discs. These foils were examined in a TEM (ThermoFisher Scientific Tecnai12) to validate grain 

size measurements estimated using Scherrer’s method. For comparison of hardness at larger grain 

sizes and determination of Hall-Petch coefficients, small buttons of the alloy were cast, mounted, 

and polished using the same methods mentioned before. Grain size was measured using the line 

intercept method and Vickers hardness indentation to give data for larger grain sizes. 

2.3 Results 

2.3.1 Peak SPS Temperature Relation to Density and Vickers Hardness 

Figure 1 displays final sintered relative density and Vickers microhardness of this alloy 

as a function of peak sintering temperature for discs SPS processed at peak temperatures between 

350 and 700°C. The density increases as a function of peak SPS temperature, with the largest 

growth in densification observed in samples between 350-600°C. Above 600°C densification 

slows and peaks at 98% relative density for samples SPS processed at 700°C. Vickers hardness 

increases up to 1.5 GPa in samples SPS processed at 550°C, followed by a reduction in hardness 

at higher SPS temperatures. 
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Figure 1: Hardness and density as a function of peak SPS temperature. Density is observed to 

increase with temperature; however, hardness is observed to peak between 500-550°C and soften 

at higher peak SPS temperatures. Multiple datapoints at equivalent temperatures come from 

samples with and without minor tungsten carbide contamination from the milling process. 
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2.3.2 Grain Size Relation to Vickers Hardness 

 
Figure 2: Hall-Petch relationship of pure silver from literature [15-24] overlaid with hardness and 

grain size data from cast Ag-1Ti samples and samples produced through MA and SPS. Hall-Petch 

parameters reported in studies by Cordero et al [9] and Mineta et al [34] are indicated in addition 

to parameters calculated in this study for pure Ag and Ag-1Ti. 

 

Figure 2 displays a Hall-Petch plot constructed of hardness and grain size data of pure 

silver taken from literature, overlaid with data from this study. Data from literature is displayed in 

black. Data on NC silver from this study is displayed in blue, while data on NC silver reinforced 

with tungsten carbide (WC) dispersoids is displayed in red and does not follow the Hall-Petch 

trend. Hardness and grain size measurements of Ag-1Ti from this study for both mechanically 

alloyed and SPS processed samples, as well as cast samples, were analyzed in order to determine 

the Hall-Petch behavior of this alloy compared to that of pure silver. The cast Ag-1Ti samples 
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had a Vickers hardness of 0.49+0.02 GPa at a corresponding grain size of 41+9 μm, whereas the 

samples prepared by MA and SPS had a maximum hardness of 1.24+0.18 GPa at a corresponding 

grain size of 26nm, estimated by Scherrer’s equation.  

2.3.3 Effect of tungsten carbide contamination on Vickers hardness 

 Upon examination of the Ag-1Ti Hall-Petch data in Figure 2, a cluster of datapoints with 

a grain size of around 30nm and a Vickers hardness between 1.35-1.55GPa are observed to not fit 

the Hall-Petch approximation. The boost in hardness observed in these datapoints is attributed to 

Orowan strengthening caused by tungsten carbide contamination from breakdown of milling 

media during the MA process. At a grain size of around 30nm, these samples are found to have a 

Vickers hardness of nearly 300MPa higher than other datapoints at equivalent grain size. SEM 

analysis of the samples attributed with these datapoints (Figure 3) indicate that there are 

significant amounts of tungsten carbide within the matrix. 

 
Figure 3: SEM BSE micrograph of tungsten carbide dispersoids from milling media within the 

Ag-1Ti matrix. WC particles are visible as light-colored angular particles within the darker Ag-

1Ti matrix.  

 

2.3.4 Effect of SPS Peak Temperature on grain size 

XRD scans of Ag-1Ti samples SPS processed at various temperatures were analyzed 

using a full width at half maximum (FWHM) analysis with the Scherrer equation as confirmation 
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of the coarsening effect of elevated SPS temperature on grain size. XRD scans of pure unsintered 

silver precursor powder, cryomilled unsintered Ag-1Ti powder, and SPS processed Ag-1Ti 

samples sintered at peak temperatures of 500°C, 600°C, and 700°C are displayed in Figure 4, and 

estimated at a grain size of 26-38nm with the Scherrer equation at the Ag(111) peak. Broadening 

of the Ag peaks is observed between the initial unmilled Ag powder and the milled Ag-1Ti, 

indicating grain refinement in this alloy due to the MA process. Narrowing of the Ag peaks in the 

500°C, 600°C, and 700°C conditions compared to the as-milled Ag-1Ti is indicative of grain 

coarsening occurring during SPS.  

 

Figure 4: FWHM analysis of pure unmilled silver precursor powder, cryomilled Ag-1Ti powder, 

and Ag-1Ti SPS discs sintered at a peak temperature of 500°C, 600°C, and 700°C. Grain sizes 

estimates made by the Scherrer equation are shown beside the corresponding Ag(111) peaks for 

each condition. 
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2.3.5 Grain size verification by TEM 

 

Figure 5: TEM verification of grain size estimated by XRD and Scherrer’s equation. Grain size 

estimates by the line intercept method from this sample indicate a grain size of 31nm, confirming 

the grain size estimation of 33nm from XRD analysis. 

 

Figure 5 displays a representative TEM micrograph of an Ag-1Ti SPS disc sintered at a 

peak temperature of 600°C. As the grain sizes in the sintered samples were too small to evaluate 

by SEM, grain size measurements made through XRD and the Scherrer equation were verified by 

TEM. The Scherrer equation was used to calculate an average grain size of 31nm for this sample; 

TEM verifies this estimation with a measured grain size of 33nm, calculated by the line intercept 

method. 

2.4 Discussion 

2.4.1 Strengthening Mechanisms Present in Ag-1Ti Processed by MA and SPS 

The strength of metallic materials is determined by the level of applied stress necessary to 

overcome boundaries or obstacles within the microstructure which interfere with dislocation 

motion [25]. By processing this silver alloy through a combination of both MA and SPS there are 

several strengthening mechanisms that come into play through these processing methods. In 
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addition to the Peierls stress of pure silver, the Ag-1Ti alloy synthesized in this study is 

strengthened through solid solution strengthening by mechanical alloying with one percent 

titanium by weight. The MA process is also extremely effective at refining the grain structure of 

the particles through the severe plastic deformation induced by the milling process, introducing 

Hall-Petch strengthening into the alloy. The milling media used in this study is fabricated from 

sintered tungsten carbide with cobalt binder, which, although known for its exceptional hardness, 

is prone to fracturing and degradation during extended milling and leaves small particles behind 

in the milled powder [26]. As small pieces break off from both the WC milling vial and balls, 

they are ground into the silver matrix along with the titanium, further contributing to the strength 

of the alloy through the Orowan mechanism [27]. 

The strengthening mechanisms present in this alloy are described in the following 

section, and their individual strengthening contributions calculated to determine the relative 

strengthening contributed by each of the mechanisms. The summation of strengthening 

contributions to the hardness of this alloy may be considered as a summation of each of the 

individual contributions [15]: 

𝐻 = 𝐻0 + 𝐻𝑆𝑆 + 𝐻𝑂𝑟𝑜 + 𝐻𝐻𝑃                                                             (1) 

Where H indicates the overall hardness of the alloy, H0 indicates the base hardness of silver due to 

Peierls stress of the lattice, HSS indicates the hardness contribution due to solid solution 

strengthening with 1% Ti by weight, HOro indicates the hardness contribution due to the Orowan 

mechanism, and HHP indicates the hardness contribution due to Hall-Petch strengthening. 

2.4.2 Peierls Stress/Lattice Friction Stress of Pure Ag Matrix 

Peierls stress, or lattice friction stress, is the most fundamental strengthening mechanism 

present in metallic materials and can be considered the strength of a metal in monocrystalline 

form, as it is the stress required to move a dislocation within a perfect crystalline lattice [28]. As 
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the matrix of metallic silver is an FCC structure with abundant slip systems present, dislocations 

may propagate along multiple present slip systems, resulting in a low Peierls stress relative to 

metals with other crystal structures. The Vickers hardness due to Peierls stress in pure silver in 

this case is assumed to be the same as the hardness of pure annealed silver at H0=245MPa 

(25HV) [29] as indicated by the lower dashed line in Figure 2. 

2.4.3 Hall-Petch/Grain Boundary Strengthening of Pure Ag vs. Ag-1Ti.  

In this study, processing of precursor Ag-1Ti powder by MA serves two purposes. 

Firstly, the MA process is highly effective at homogenizing the alloy powder [30] through 

repeatedly fracturing and cold welding of the metal particles in the milling vial, effectively 

forcing the Ti powder into solution in the Ag powder. Secondly, MA is also highly effective as a 

grain refinement process, reducing the grain size of the Ag-1Ti powder through the same repeated 

fracturing and cold welding, causing increased dislocation density in the powder particles. As 

dislocation density in the lattice grows, dislocations eventually forms low angle grain boundaries 

which continue to absorb more dislocations, and, accompanied by grain rotation, decompose into 

finer grains separated by high angle grain boundaries [9].  

By consolidating the milled Ag-1Ti powder with SPS, it is possible to synthesize bulk 

sintered material with NC grains, as the beneficial nanostructuring gained from the MA process is 

not lost through recrystallization during long holds at elevated temperatures common in 

traditional sintering processes [17]. Although the exact mechanism behind the SPS process is still 

under debate, fundamentally, the process combines aspects of sintering and hot pressing. The 

heating mechanism differs vastly from that of traditional sintering however, generating internal 

heating through Joule heating within the powder bed, rather than by external sources as is 

common in traditional sintering [31]. Localized high temperature and pressure hotspots between 

powder particle contact points give rise to enhanced sintering behavior compared to other 
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consolidation processes [32] and further aid in the densification of the powder [16]. These factors 

enable the production high density sintered samples within a relatively short timeframe (on the 

order of several minutes) and at lower temperatures and with shorter temperature ramp time than 

traditional sintering practices [33,34]].  

The effect of SPS peak temperature on the grain size and relative density of Ag-1Ti SPS 

discs can be observed in Figure 1. The increase in hardness between peak temperatures of 350-

550°C is attributed to an increase in density and interparticle sintering. Beyond 550°C density 

continues to increase at a reduced rate, however there is also an observed drop in hardness 

attributed to grain coarsening within the sintered discs between 550-700°C.  

The measured hardness as a function of grain size is plotted as a modified version of the 

Hall-Petch equation (Equation 2) [15] in Figure 2 in order to determine the contribution of Hall-

Petch strengthening to the overall strength and hardness of the alloy in Equation 1: 

𝐻 = 𝐻0 + 𝑘𝑑−
1

2                                                                        (2) 

Where HHP is the contribution to the overall hardness of the alloy due to Hall-Petch 

strengthening, k is a strengthening coefficient, and d is the grain size [35]. According to the Hall-

Petch relationship (Equation 2), the hardness as a function of grain size can be expressed as 

follows: 

𝐻𝑉[𝐺𝑃𝑎] = 2.91[𝐺𝑃𝑎 ∗ 𝑛𝑚0.5]𝑑−0.5 + 0.546[𝐺𝑃𝑎] (Pure silver from literature) 

𝐻𝑉[𝐺𝑃𝑎] = 3.58[𝐺𝑃𝑎 ∗ 𝑛𝑚0.5]𝑑−0.5 + 0.491[𝐺𝑃𝑎] (Ag-1Ti from this work) 

The k value for pure silver is estimated at 2.91GPa*nm1/2, while hardness measurements of this 

alloy indicate a k value of 3.58 GPa*nm1/2, demonstrating that this alloy has improved 

hardenability when compared to pure silver samples from literature at equivalent grain sizes.  

The contribution to the hardness in this alloy due to the Hall-Petch effect can be 

approximated by comparison of hardness of Ag-1Ti at a theoretical infinite grain size to the 
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hardness of Ag-1Ti at 25nm. From the Ag-1Ti Hall-Petch linear regression we can determine that 

the Ag1-Ti has a y-intercept of 491MPa, representing the hardness value of this alloy with no 

grain boundary strengthening. At a grain size of 25nm we can determine with Equation 2 that we 

should observe a Vickers hardness of 1.21GPa. Therefore, we can determine that at the smallest 

observed grain size, Hall-Petch strengthening contributes 716MPa. 

2.4.4 Solid Solution Strengthening 

The addition of 1% titanium by weight to this alloy contributes solid solution 

strengthening. The degree of strengthening attributed to the titanium addition is estimated through 

the Hall-Petch plot in Figure 2. The linear regressions of Ag-1Ti from this study indicate that in 

monocrystalline form, pure silver has a higher Vickers hardness than Ag1Ti. This is likely 

inaccurate due to the spread in the data, as it can be observed in Figure 2 at low grain sizes, the 

hardness of Ag-1Ti is higher than that reported of pure silver of comparable grain size. 

Figure 2 indicates from the Hall-Petch relationship that pure Ag has a k value 

2.91GPa*nm1/2, whereas the k value of Ag-1Ti is 3.58GPa*nm1/2. The data from these studies was 

used to determine an H0 value of 0.546GPa, indicating that perfect monocrystal silver with no 

lattice strain or defects should have a hardness of 0.546GPa. This value is too large, which may 

be attributed to the scatter in data. The scatter is likely due to different processing and 

characterization methods used in different literature sources, which can produce distinct texturing 

or introduce different levels of impurities depending on the process [9]. Therefore, the hardness 

of pure annealed silver is substituted for an H0 value of 0.245GPa [29]. The difference in 

hardness values between pure silver and Ag-1Ti with no grain boundary strengthening indicates 

that the overall contribution to hardness from solid solution strengthening with 1% titanium by 

weight is 246MPa. 

 



29 
 

2.4.5 Orowan Strengthening from WC Dispersoids  

Tungsten carbide dispersoids from the MA process, visible in Figure 3, contribute to the 

overall hardness in this material by Orowan strengthening. Strengthening due to the Orowan 

mechanism can be calculated using Equations 3 and 4 [36]: 

𝐻𝑂𝑟𝑜 =
3√3𝐺𝑏

𝜆
                                                                     (3) 

𝜆 = 4𝑟
(1−𝑓)

3𝑓
                                                                      (4) 

Where G is the shear modulus of silver (28GPa), b is the Burgers vector for silver (0.289nm), r is 

the average nearest neighbor distance between WC particles (1.44μm) calculated from SEM 

micrographs, and f is the volume fraction of tungsten carbide within the Ag-1Ti matrix (3.50%) 

also calculated from SEM micrographs. From these values, the tungsten carbide dispersoids were 

calculated to increase the Vickers hardness of this material by 290MPa. 

In Figure 2, two separate groupings of Ag-1Ti data points can be observed at a grain size 

of roughly 30nm – the lower grouping of hardness points is measured in samples with no tungsten 

carbide contamination; the upper grouping is indicated by the legend to be WC reinforced Ag-Ti. 

The Ag-1Ti grouping with a lower Vickers hardness is in agreement with the calculated Hall-

Petch behavior, and samples from this grouping were found to have little to no tungsten carbide 

dispersoids and an average Vickers hardness of 1.13+0.07GPa. Ag-1Ti samples from the upper 

grouping were found to have a large degree of tungsten carbide contamination and an average 

Vickers hardness of 1.40+0.10GPa. The calculated hardness increase due to the Orowan 

mechanism is found to agree well with the difference in hardness observed in these two 

groupings, and adequately explains the significantly higher hardness compared to samples of 

equivalent hardness in the lower grouping of data points. 
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2.4.6 Total Calculated Strength 

Contributions from each factor in the basic strengthening model for this material at a 

grain size of 25nm are outlined in Equation 1 is tabulated for each contribution in Table 1 below: 

Table 1: Contribution to overall hardness by strengthening mechanism 

Strengthening Mechanism Vickers Hardness 

Contribution (MPa) 

Peierls Lattice Friction H0 245 

Hall-Petch Strengthening HHP 716 

Solid Solution Strengthening HSS 246 

Orowan Dispersion Strengthening HOro 290 

Total 1497 

 

Contributions to strengthening are added linearly [37] to estimate the Vickers hardness of this 

alloy, calculated at 1.50GPa, which is in good agreement with the observed hardness values of 

1.40+0.10GPa measured in samples with a grain size of 25nm and found to have tungsten carbide 

dispersoids present. The dominating mechanism in overall strengthening comes from the 

reduction of grain size in the alloy and is responsible for roughly half of the overall strength 

observed in the material. The near agreement of calculated and measured strength in this material 

indicates that the linear addition of the calculated strengthening contributions is an effective 

method for determining the theoretical strength of the alloy in the case of nanocrystalline Ag-1Ti. 

2.5 Conclusions 

A bulk nanocrystalline silver alloy was synthesized by cryomilling and SPS of pure silver 

and 1% by weight titanium precursor powders. Samples produced through this process were 

characterized by SEM, TEM and XRD and were subjected to Vickers indentation for hardness. 

The hardest observed samples were determined to have a grain size of between 25-38nm and fit 

into two distinct groupings on a Hall-Petch Plot. Samples with no tungsten carbide present 

displayed a Vickers hardness between 0.94-1.24GPa, and samples with tungsten carbide 

dispersoids from breakdown of milling media during cryomilling displayed Vickers hardness 
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between 1.37-1.50GPa. Contributions to strengthening were calculated based on strengthening 

mechanism theory for solid solution strengthening, grain boundary strengthening and Orowan 

strengthening from dispersoids, and compared to the hardness of bulk SPS processed samples. 

Theoretical calculations and measurements determined that the dominating strengthening 

mechanism present in this material is grain boundary strengthening, which contributes 716MPa, 

followed by Orowan strengthening, lattice friction stress and solid solution strengthening, which 

contribute 290, 245, and 246MPa respectively, in samples at a grain size of 25nm. The total 

experimentally observed Vickers hardness was an average of 1.4+0.10GPa, which is in good 

agreement with the theoretical total of 1.50GPa. This alloy shows promise as a high-strength, 

high-conductivity alternative material for electrical connectors and other applications that require 

both high conductivity and robust mechanical properties. 
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Chapter 3: Electrical and Mechanical Properties of Ultrafine Grained Thermally Stable 

Dilute Silver Alloys Processed by High Pressure Torsion 

3.0 Abstract 

Severe plastic deformation processing of 3N purity silver and two dilute silver alloys is 

explored through high pressure torsion, producing high strength silver in bulk form. Samples 

produced by this process are characterized by indentation and tensile testing to explore their 

mechanical properties, and the effects of processing and alloying on the electrical conductivity is 

investigated with a 4-point conductivity probe. Characterization via SEM before and after long-

term storage reveals an ultrafine grained microstructure with excellent thermal stability. This 

work promises bulk high strength silver alloys with exceptional electrical conductivity, resistant 

to self-annealing and grain growth at ambient temperature. 

3.1 Introduction 

Bulk nanocrystalline (NC) and ultrafine-grained (UFG) materials have gained a 

considerable amount of interest in the last several decades due to the extraordinary properties that 

they exhibit compared to their coarse-grained counterparts [1]. In particular, mechanical 

properties are found to significantly increase with reduction of grain size to the nanometer level 

[2]. Due to their small grain sizes, NC (<100 nm average grain size) and UFG (100 – 1000 nm 

average grain size) materials often have poor microstructural stability at elevated temperatures [3] 

due to the strong driving force favoring recrystallization caused by the high surface area to 

volume ratio of nanometer scale grains. This recrystallization is a roadblock for their practical 

use, as this instability causes grain growth and loss of high hardness and strength. Many NC and 

UFG materials have been shown to be stable against grain coarsening at elevated temperatures, 

however this is often accomplished through alloying to reduce excess grain boundary energy and 

kinetically pin grain boundaries with solutes, or lower energy crystallographic features such as 
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twin boundaries [4, 5]. Some pure metals such as silver and copper are found to be unstable at 

low homologous temperatures and will even undergo self-annealing and grain growth at ambient 

temperature [6]. Silver in particular has been found to undergo rapid self-annealing and loss of 

mechanical properties at room temperature, in part due to its extremely low stacking fault energy 

(SFE) [7].  

A common method of reducing grain sizes in metals is by severe plastic deformation 

(SPD). SPD processing techniques are a family of processing techniques for metals which utilize 

the application of immense strain within a constrained die to generate hydrostatic pressure and 

prevent free flow of the material. By preventing free flow, it is possible to introduce increased 

level of grain refinement and defect density into materials without causing significant change in 

the net geometric shape [8]. Through these processes, the grain size can be reduced to the NC or 

UFG regime, producing materials with higher strength or hardness through the Hall-Petch 

strengthening [9] than is possible by conventional forming processes. 

In previous studies on SPD processing of high purity silver [3, 10, 11], it has been noted 

that the low stacking fault energy of silver allows for accumulation of extremely high dislocation 

densities [12]. This is due to the tendency of dislocations to dissociate into partial dislocations in 

low SFE materials, impeding dislocation annihilation and increasing dislocation density 

compared to materials with higher SFEs. This high degree of dislocation density in silver, 

combined with the high volume fraction of defects and grain boundaries when processed by SPD 

methods, yields a higher driving force toward recovery and recrystallization, causing self-

annealing and grain growth of silver within days of processing by SPD [11] and loss of 

mechanical properties. Despite this tendency to self-anneal, it has been shown that a small 

reduction of the purity level of silver has a significant effect on its stability. In a study by 

Hegedus et al [13], 99.995% (4N5) purity silver processed by 16 passes of equal channel angular 
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pressing (ECAP), another SPD process, was found to undergo self-annealing after 4 months in 

ambient storage and a loss in hardness of over 500 MPa. By reducing the purity to 99.99% (4N), 

the loss in hardness was reduced to just over 100 MPa after identical processing and storage 

conditions. 

While the addition of impurities or alloying additions is an attractive option to increase 

the thermal stability of alloys by kinetic pinning of grain boundaries by solutes or increasing the 

SFE, even a small amount of alloying addition can significantly reduce the electrical conductivity 

[14]. Silver is well known for its excellent electrical conductivity, however alloying significantly 

reduces this. By alloying with 7.5 percent copper by weight to produce sterling silver, one of the 

most common silver alloys, the electrical conductivity is reduced to only 88% of that of pure 

silver [15]. This large reduction in conductivity reduces the attractiveness of alloyed silver in 

electrical applications, therefore a balance of strengthening and stabilization with low levels of 

alloying additions to avoid reductions in conductivity are imperative in applications where high 

conductivity is preferred. 

In this study, lower purity 3N silver and two dilute silver alloys were cast and processed by 

high pressure torsion (HPT). Characterization through electron microscopy, x-ray diffraction, 

indentation and tensile testing is utilized to determine the effect of reduced purity and alloying 

additions, and the effect of time and varying levels of strain on the long-term mechanical 

properties, electrical conductivity, and grain size stability of silver. Through the addition of 

impurities and dilute alloying additions, we aim to produce high strength, high conductivity silver 

and silver alloys with significant long-term thermal stability.  
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3.2 Methods and Materials  

3.2.1 Materials and Processing 

Buttons of ~15 grams were cast from 99.9% (3N) purity silver, Ag-1Ti, and Ag-1Cu-1Pt 

(weight percent) in a vacuum induction melter and allowed to homogenize and form a complete 

solid solution under inert atmosphere. Homogenization was performed at 900°C for 72 hours for 

the 3N Ag, 900°C for 96 hours for the Ag-1Ti, and 750°C for 90 hours for the Ag-1Cu-1Pt. After 

solidification, the buttons were sectioned via wire electrical discharge machining (Sodick, 

Schaumburg, IL) to produce sections 1.5 mm thick. Disc shaped samples 10mm in diameter were 

then cut from the sections and mechanically thinned to 1.2 mm thickness for HPT processing. 

Two discs of pure silver, two discs of Ag-1Ti and three discs of Ag-1Cu-1Pt were produced, and 

grain size measurements were performed via light optical microscopy. Two discs from each silver 

alloy were subjected to HPT at room temperature and 1 RPM with 4 GPa for 4 and 6 turns each, 

and the extra Ag-1Cu-1Pt disc was subjected to 10 turns at otherwise identical parameters to 

determine the effect of varying strain on the alloys (Table 1). The 6-turn* pure silver disc was 

briefly exposed to 4.6 GPa during an over-correction of pressure but was otherwise processed at 

identical parameters as the other samples. The results of this over-pressurization are indicated 

with an asterisk* in this work so as to distinguish them from the normally processed material. 

The processed discs were mechanically ground and then polished to a mirror finish with a 

50nm alumina suspension for microstructural characterization with x-ray diffraction (XRD) and 

microhardness measurements, detailed in section 2.2 below. To determine the long-term stability 

behavior of the processed material, the samples were stored at room temperature for 36 months, 

then repolished, followed by the same routes of characterization as well as scanning electron 

microscopy (SEM) with concentric backscatter (CBS) for direct grain size measurement. 
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After microstructural characterization was completed post-storage, wire EDM was used 

to cut two small-scale dogbone tensile samples from each HPT disc, with a gauge width and 

length of 1 mm and 3 mm respectively, and a gauge thickness of roughly 1 mm (Figure 1). The 

gauge section of each sample was cut out from the processed discs at a distance between 1.75-

2.55 mm from the center. Two small-scale dogbone samples were also cut from the remnants of 

the pure silver button for determining baseline mechanical and electrical properties before 

processing by HPT.  

Table 1: Parameters of Samples Processed by HPT 

Alloy Number of 

HPT Turns 

HPT Pressure 

(GPa) 

As-Cast Vickers 

Microhardness (MPa) 

3N Ag 4 4 432+27 

3N Ag* 6 4 + 0.6 432+27 

Ag-1Ti 4 4 608+51 

Ag-1Ti 6 4 608+51 

Ag-1Cu-1Pt 4 4 569+21 

Ag-1Cu-1Pt 6 4 569+21 

Ag-1Cu-1Pt 10 4 569+21 

 

 
Figure 1: 10mm diameter silver alloy disc post-HPT with two small-scale dogbone samples. 

 

3.2.2 Microhardness and Microstructural Characterization 

Hardness of buttons in the as-cast condition was evaluated by microindentation with a 

Phase II Vickers Micro Hardness Tester at a load of 200 g and a dwell time of 15 seconds to 

determine a baseline hardness for each alloy, and grain size was measured via light optical 

microscopy and the line intercept method. After HPT processing, hardness was re-evaluated via 
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indentation: Three lines of indents at 60° relative to each other were placed with indents at 

spacings of 3 mm across the diameter of the samples, providing hardness of the discs as a 

function of radial distance. Equivalent von Mises strain due to the severe plastic deformation of 

the HPT process was calculated using Equation 1 [16], given the number of revolutions of HPT, 

N, radial distance from the center of the HPT disc, r, and the original height of the disc, h. 

𝜀𝐸𝑞 =
2𝜋𝑁𝑟

ℎ√3
                                                                        (1)    

To estimate the grain size of the discs after HPT processing, XRD scans were performed 

on the discs in a PANalitycal Empyrean Series 2 XRD, and grain size was estimated by 

Scherrer’s equation using a full-width half maximum estimation of the Ag(111) peak. 

After 36 months in ambient air storage, the HPT processed discs were reevaluated via 

microindentation with the same methods in order to determine the long-term stability of the 

microstructures and mechanical properties. SEM imaging with CBS was performed on a NNS450 

SEM to determine grain size of the discs via the line intercept method at half radius of the discs 

(2.5 mm from the center). 

3.2.3 Conductivity Measurements 

The surfaces of the dogbone samples were re-polished with the same methods as 

previously mentioned to remove any surface irregularities and oxide contamination. Conductivity 

measurements were performed on the gauge section of the micro-scale tensile samples after 

polishing with the 4-wire resistance test method [12] using a Keithley 2636B System 

SourceMeter. A source current of 1A was passed through two source leads positioned on the grip 

section of the dogbones and the voltage was measured between two sense leads positioned at 

either end of the gauge section of the dogbones (Figure 2). The current reversal method [12] was 

used to cancel out thermoelectric voltages generated by thermal gradients and dissimilar metals 

within the circuitry of the Keithley SourceMeter and the 4-point probe, therefore isolating the 
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measured voltage within the material. Five conductivity measurements were performed per 

dogbone sample, with ten samplings performed per measurement to determine an average 

conductivity value for each dogbone. 

  
Figure 2: 4-Point conductivity probe leads positioned on a small-scale dogbone tensile sample. 

Source leads are positioned at the top and bottom of the sample, and sensing leads are positioned 

in the center. 

 

3.2.4 Small-Scale Tensile Testing 

Tensile testing was performed on the HPT-processed dogbone tensile samples in a 

Instron 5969 Dual Column load frame at an initial strain rate of 10-2 s-1 to evaluate the response in 

mechanical properties of the HPT processed material compared to the unalloyed and unprocessed 

material. To accurately determine stress and strain data, load on the specimen was measured via 

the loadcell on the load frame at a sample rate of 30 measurements per second. Strain on the 

tensile samples was determined via a digital image correlation (DIC) system using a Sony a7 III 

camera with a Venus Laowa 24mm f/14 macro probe lens filming the extension of the samples at 

a framerate of 30 fps. Prior to testing, the surface of the dogbone samples was painted with a thin 

layer of white acrylic paint, over which they were lightly speckled with black paint to provide a 

high resolution and high contrast surface lattice of black points on a white background. 

Displacement of each point relative to its neighbors was used to determine the strain on the 
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samples as a function of time using open source DIC software GOM Correlate and was synced to 

the load data to provide stress-strain data for each tensile sample. 

3.3 Results 

3.3.1 Microstructural Characterization 

Grain size and average Vickers microhardness measurements of the material via different 

characterization routes are indicated in Table 2: Light optical microscopy measurements of the 

as-cast material pre-processing, XRD Scherrer’s analysis measurements from pre-storage, and 

SEM measurements from post storage taken at half radius are reported. XRD grain size 

measurements of the as-processed material was not validated via electron microscopy (Figure 3), 

and was determined to be inaccurate when compared with the SEM measurements. This is due to 

the upper limit of grain sizes measurable by Scherrer’s equation, which is only accurate for grain 

sizes under 100nm [17]. Grain size values from literature indicate a grain size of 230+30 nm for 

of 4N silver directly after processing by 1 turn of HPT at 6 GPa, which is in good agreement with 

grain size values estimated by SEM after storage [18]. An SEM micrograph of the 4-turn Ag-1Ti 

microstructure at half radius  

Table 2: Grain size of samples processed by HPT. Post-storage SEM grain size measurements 

were performed at half radius 

Alloy Number 

of HPT 

Turns 

As-Cast 

Grain 

Size 

(μm) 

XRD Est. 

Grain Size 

Pre-Storage 

(nm) 

SEM Avg. 

Grain Size 

Post Storage 

(nm) 

Pre-Storage 

Vickers 

Microhardness 

(MPa) 

Post-Storage 

Vickers 

Microhardness 

(MPa) 

3N Ag 4 508 61 222+10 745+37 760+39 

3N Ag* 6 508 56 209+41 934+65 925+96 

Ag-1Ti 4 296 58 243+6 749+31 770+36 

Ag-1Ti 6 296 54 237+32 769+30 765+40 

Ag-1Cu-1Pt 4 439 51 185+48 782+61 733+76 

Ag-1Cu-1Pt 6 439 56 190+41 849+27 808+27 

Ag-1Cu-1Pt 10 439 50 196+41 810+53 794+40 
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Figure 3: A representative SEM with CBS micrograph used for grain size analysis, taken at half 

radius on the 4-turn Ag-1Ti sample with an accelerating voltage of 5kV and spot size of 3µm. 

 

3.3.2 Hardness as a Function of Equivalent Strain 

Hardness of the silver HPT discs before and after 36 months of room temperature storage 

was evaluated via indentation as a function of equivalent strain to determine if self-annealing, 

grain growth and softening of the material had occurred during storage. By plotting hardness as a 

function of equivalent strain, it is possible to visualize the effects of the number of HPT turns as 

well as the effect of radial distance on the strain gradient within the material, and by extension the 

effect of both on the hardness of the material. Figure 4 displays the Vickers microhardness as a 

function of equivalent strain for discs of 3N Ag, Ag-1Ti, and Ag-1Cu-1Pt processed by different 

number of HPT turns, before and after 36 months in ambient temperature storage. The lower 

dashed line on each plot indicates the hardness of the as-cast material prior to HPT processing. 
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(a) 

(b) 
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(c) 

(d) 

Figure 4: Hardness as a function of equivalent strain for a) 99.9% purity silver processed by 4 and 

6* turns, b) Ag-1Ti processed by 4 and 6 turns, c) Ag-1Cu-1Pt processed by 4 and 6 turns, and d) 

Ag-1Cu-1Pt processed by 10 turns of HPT before and after 36 months of storage at room 

temperature. The 10-turn sample is plotted separately for ease of visibility. 
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From Figure 4 it can be observed that the HPT process yielded an increase in hardness from the 

cast state across the entire range of strain that the samples were subjected to. Hardness was 

generally found to increase according to increasing levels strain, due to both increasing the 

number of turns of HPT and increase in radial distance.  

The highest increase in hardness from the as-cast state to the original HPT processed state 

was observed in the 6-turn* 3N purity silver sample, where hardness increased by an average 

Vickers microhardness of 502 MPa from the as cast condition. The Ag-1Ti and Ag-1Cu-1Pt 

samples were both observed to have comparatively smaller increases in harness from the as-cast 

state to the HPT processed state in comparison to the 6-turn* 3N Ag. The Ag-1Ti 6-turn sample 

saw an average increase in hardness from the as-cast state of 161 MPa, and the Ag-1Cu-1Pt 6-

turn sample saw a maximum increase in Vickers hardness of 280 MPa. Overall, these increases in 

hardness account for an increase of 216%*, 127% and 149% from the as cast condition of the 3N 

Ag, Ag-1Ti and Ag-1Cu-1Pt samples respectively. 

The silver and silver alloys processed by HPT were found to be stable across all levels of 

strain that the samples were exposed to, with most samples seeing only a slight reduction in the 

hardness over the time in room temperature storage. The largest loss in hardness was observed in 

the 4-turn Ag-1Cu-1Pt sample, which saw an average Vickers microhardness reduction of 49 

MPa during storage, while the greatest average hardness reduction in the other alloys occurred in 

the 6-turn* 3N silver and 6-turn Ag-1Ti samples, at 9 MPa and 4 MPa, respectively. 

Some discs were found to increase in hardness after storage; an unanticipated result, as 

the processed material was expected to self-anneal due their high dislocation density and strain, 

and the low SFE of silver [3]. Both the 4-turn 3N Ag and 4-turn Ag-1Ti discs were observed to 

increase in hardness across most of the range of strains they were subjected to, however the 

increases lie within a standard deviation of the average hardness value. 
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In the 3N silver samples, a vast difference in hardness is observed at the same values of 

equivalent strain for the 6-turn* 3N sample versus the 4-turn 3N sample. This difference is 

believed to be due to the over pressurization during processing, as the equivalent strain should be 

similar when accounting for both number of turns and radial distance, and therefore yield a 

similar microhardness value, as observed in the other samples. 

3.3.3 Electrical Conductivity 

Electrical conductivity and mechanical properties from testing performed on dogbone samples 

prior to tensile testing are reported in Table 3 below. Electrical conductivity is reported as a 

percentage of the International Annealed Copper Standard (IACS), where 100% IACS is equal to 

58 MS/m, the conductivity of annealed commercially available copper [19]. As silver possesses a 

higher electrical conductivity than copper at 105%, it is not uncommon to see electrical 

conductivity values for silver expressed as over 100% IACS.  

Conductivity was found to depend largely on the alloy used, with little variance due to 

processing conditions. As the grain sizes between the processed samples is similar (212+35nm), 

most of the discrepancy in conductivity is believed to be dependent on the alloying additions 

used, rather than by scattering at grain boundaries or other lattice defects. The 3N silver samples 

processed by HPT were found to have the highest conductivity of all the processed samples at 

between 97-100% IACS, with little to no reduction in conductivity compared to the as-cast 

condition. The Ag-1Cu-1Pt alloy samples also displayed good conductivity between 86-91% 

IACS, with little variation due to processing conditions, while the Ag-1Ti alloy samples 

displayed the lowest conductivity at 60-62% IACS. The conductivity of the Ag-1Cu-1Pt samples 

were also found to increase with increasing number of turns, counterintuitive to the expected drop 

in conductivity with an increase in strain and electron scattering sites within the metal lattice. 
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Table 3: Conductivity and conductivity of silver and silver alloys processed by HPT. Data from 

two tensile samples cut from the as-cast 3N Ag are also included. All values indicate average and 

standard deviation of properties measured from the two dogbone tensile samples cut from each 

disc, except for the mechanical properties of the 4-turn Ag-1Cu-1Pt which saw a failure in one of 

the samples during mechanical testing. 

Alloy 

Number of 

HPT Turns 

Electrical 

Conductivity 

(%IACS) 

0.2% YS 

(MPa) UTS (MPa) 

Elongation to 

Failure (%) 

3N Ag As-Cast 99.6+1.1 49+9 121+1 54+4 

3N Ag 4 99.1+0.9 148+5 180+7 29+1 

3N Ag 6* 97.5+0.9 141+2 218+15 36+4 

Ag-1Ti 4 61.3+0.2 153+8 167+2 30+4 

Ag-1Ti 6 61.5+0.4 164+12 176+5 24 

Ag-1Cu-1Pt 4 86.9+0.5 113 125 15 

Ag-1Cu-1Pt 6 89.7+1.0 131+3 152+7 20+3 

Ag-1Cu-1Pt 10 89.8+0.7 154+2 158+3 26+3 

 

3.3.4 Mechanical Testing 

Figure 5 displays the engineering stress-strain curves of the tensile samples prepared 

from the processed HPT discs and unprocessed 3N Ag button. The yield strength (0.2% flow 

stress), ultimate tensile strength (UTS), and elongation to failure are reported in Table 3. Samples 

processed by HPT show considerable strengthening compared to the as-cast condition, displaying 

an increase of UTS and yield strength with increasing number of turns, consistent with the 

general increase in Vickers microhardness seen with increasing equivalent strain.  

The highest average yield strength observed in any of the HPT processed samples was 

164 MPa in the 6-turn Ag-1Ti material, amounting to 338% increase in yield strength compared 

to the average yield strength seen in the as-cast 3N purity silver. The highest UTS observed in the 

HPT processed material was seen in the 6-turn* 3N Ag, which displayed an average UTS of 218 

MPa; 180% increase in comparison to the as-cast material. 

Elongation to failure was found to decrease for all samples compared to the as-cast 

condition, which is consistent with the loss in elongation commonly seen in NC and UFG 
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materials, which are often found to fail at 5-10% elongation [20]. Good elongation is still retained 

in the material processed by HPT however, with a maximum average elongation of 36% observed 

in the 6 turn 3N Ag* samples, although this is believed to be in part due to over pressurization of 

this sample. 

 

Figure 5: Engineering stress-strain plots of a) 99.9% purity Ag as-cast and processed by HPT, b) 

Ag-1Ti processed by HPT, and c) Ag-1Cu-1Pt processed by HPT. 

 

Figure 6 displays yield stress normalized by shear modulus as a function of electrical 

conductivity, plotted from data from a study by X. Ke et al [21]. Data is reported for NC, UFG 

and coarse-grained metals, overlaid with data from the UFG silver from this study. Despite the 

relative softness of silver compared to many other structural metals, UFG silver processed by 
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HPT from this study was found to display excellent electrical conductivity, especially in the 3N 

purity silver samples, which are only surpassed in electrical conductivity by coarse-grained Cu 

and Ag. Ag-1Ti processed by HPT, while displaying the poorest electrical conductivity of all the 

material evaluated in this work, still displays a balance of mechanical properties and electrical 

conductivity rivalling that of UFG aluminum [21]. It is also worth mentioning that many of the 

best performing materials, namely the nanotwinned and nanocrystalline silver (NC+NT Ag) and 

nanotwinned silver and copper (NT Ag+Cu) are only produced in thin film form [21], while HPT 

material from this study is produced in bulk form.  

  

Figure 6: Yield strength normalized by shear modulus (σy/μ) as a function of electrical 

conductivity for common metals and metal alloys used for electrically conducting applications; 

data from Ref. [21], with electrical conductivity and yield strength data from bulk UFG HPT 

silver and silver alloys from this study. The annealed copper and annealed silver points 

correspond to 100 and 105% AICS respectively. 
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3.4 Discussion 

3.4.1 Room Temperature Self-Annealing Behavior 

In prior studies on SPD processing of silver, it has been noted that self-annealing in silver 

begins within a very short period of time after processing. In a study by Gubicza et al [3] on the 

self-annealing behavior at room temperature of 4N5 silver processed by different numbers of 

passes of ECAP, self-annealing and significant loss of mechanical properties occurred within 1 

month after processing by 4, 8 and 16 passes of ECAP, determined by microhardness 

measurements on the samples. Within 4 months of storage after ECAP processing, the Vickers 

hardness of the 4-pass sample had dropped by roughly 250 MPa, and the 8 and 16 pass samples 

by roughly 500 MPa. 

In a similar study by Matsunaga and Horita on SPD processing of fcc metals by HPT 

[10], 4N purity silver processed by 5 turns of HPT at 6 GPa was found to decrease in hardness 

after only 1.5 days when stored at room temperature. Larger reductions in hardness were 

observed in regions of the samples exposed to higher levels of strain, indicating that strain energy 

imparted by the HPT process was a driving force for the observed reduction in hardness [9]. The 

large loss in mechanical properties observed in high purity silver is considered to be due to the 

extremely low SFE in silver, allowing the accumulation of large amounts of dislocations and 

defects, and driving recovery and recrystallization. 

In this study, lower purity 3N silver was used to cast the discs used for HPT, and the 

effect of impurities and alloying additions in the Ag-1Ti and Ag-1Cu-1Pt alloys is considered 

responsible for the absence of significant recovery and loss of mechanical properties after storage 

at room temperature. It is believed that the use of lower purity silver and small amounts of 

alloying additions are effective at stabilizing the microstructure in UFG silver by impurities 

hindering of defect motion through the lattice [13], and by kinetic Zener pinning at grain 
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boundaries [5]. In literature, SPD processed 4N purity silver has been shown to undergo some 

self-annealing yet still retain an ultrafine grained microstructure after a year in storage, whereas 

4N5 purity silver was found to fully recrystallize under the same conditions within 4 months [13]. 

It is therefore reasonable to conclude that although small, the increase in the impurity level from 

4N to 3N is responsible for the retainment of a UFG microstructure and high hardness after 

storage for the 3N purity samples processed by HPT. The addition of alloying additions in the 

Ag-1 Ti and the Ag-1Cu-1Pt samples is responsible for the same effect as impurities on the 

stability of the alloys. Full microstructural analysis to validate the hypothesis of the pinning effect 

and correlations with the mechanical response will be the subject of a future publication. 

3.4.2 Mechanical and Electrical Behavior 

The stress-strain behavior of silver and silver alloys processed by HPT in this study was 

found to vary significantly based on both number of turns of HPT as well as by alloying 

additions, however several trends remain consistent across most measured samples. The reduced 

elongation in the material processed by HPT is consistent with other NC and UFG materials, 

which are known to undergo necking after very little plastic flow and work hardening [20,23]. As 

the grain size is extremely small in NC or UFG materials, plastic deformation facilitated by 

dislocation motion is reduced as dislocations emitted at grain boundaries are quickly annihilated 

at the opposite boundary of the ultrafine grains [22,23]. The unexpected increase in grain size 

with increasing amount of turns in the Ag-1Cu-1Pt material may be accounted for by recovery 

and recrystallization at the higher levels of strain that the 10-turn sample was subjected to during 

HPT processing. This is supported by the drop in average hardness seen in Ag-1Cu-1Pt in the 10-

turn sample compared to the 6-turn sample after processing, as well as the gradual increase in 

SEM grain size measurements observed between the 4, 6, and 10-turn Ag-1Cu-1Pt material. This 



53 
 

indicates that there may be a saturation point of strain between 6 and 10 turns, past which the 

material begins to recover and dynamically recrystallize during HPT processing.  

The UTS and yield strength of all material processed at 4 GPa* was found to correlate 

well with increased number of turns, consistent with the increased dislocation densities expected 

with more highly strained material. The higher pressure briefly applied to the 6-turn* 3N Ag disc 

during HPT processing is likely responsible for the nearly 40 MPa increase in the average UTS of 

the 6-turn* 3N Ag compared to all other samples tested, as higher applied pressure during 

processing is believed to suppress atomic diffusion and recovery during processing, yielding 

increased dislocation density and grain refinement [24]. This is supported by the large 

discrepancy of hardness values at equivalent strains for the 4-turn compared to the 6-turn* 3N Ag 

samples, as the equivalent strain does not account for increased pressure applied during HPT. 

There are clear differences in the work hardening potential of these alloys due to alloying and 

processing, however an in-depth understanding of these phenomena is reserved for a future study. 

The HPT processing and alloying was found to have varying effects on the electrical 

conductivity of the processed material. Although most of the discrepancy in conductivity is 

believed to be dependent on the alloying additions used, both alloying and introduction of lattice 

defects are known to adversely affect the electrical conductivity of metals. Such disturbances in 

the lattice act as scattering sites for the electrons responsible for conductivity [14], and the 

reduced conductivity of the HPT material compared to the as-cast 3N silver is found to be 

consistent with the introduction of lattice defects such as grain boundaries and dislocations, as 

well as with the introduction of Ti, Cu and Pt alloying additions. The poorest conductivity was 

found in the material alloyed with 1% titanium by weight, which is consistent with other studies 

that have found that electrical conductivity is severely impacted by the addition of transition 

metal elements [14]. Electrical conductivity was found to increase with increasing strain in the 
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Ag-1Cu-1Pt samples, which is consistent with the increase in grain size and can be explained by 

possible dynamic recovery of the material at increased turns as mentioned previously. 

Conductivity in the 3N Ag HPT samples was found to have very little loss in conductivity 

compared to the as-cast condition due to the only sources of electron scattering coming from 

impurities and lattice defects introduced during processing. 

In terms of balance between mechanical properties and electrical conductivity, Figure 6 

may be considered. The datapoints from this study can be found distinctly divided into three 

groupings of points, dependent on alloying additions. Although the yield stress normalized by 

shear modulus for material from this study is not particularly notable, the normalized yield 

strength and conductivity of the HPT Ag-1Ti (the poorest performer in terms of conductivity) still 

rivals that of UFG aluminum. The HPT Ag-1Cu-1Pt, and in particular the HPT 3N Ag possess 

significantly higher conductivity at comparable normalized yield strength, with the 3N Ag 

surpassed only by annealed copper and silver. The strength presented for the HPT alloys in this 

study is also indicative only of these alloys with a UFG microstructure. With NC grains the 

hardness and yield strengths are found to be higher. This balance of good mechanical properties 

and excellent conductivity is promising for applications requiring higher mechanical strength than 

unprocessed silver while still retaining good electrical conductivity. 

3.5 Conclusions 

In this work, 3N purity silver and dilute silver alloys produced by casting were processed 

using high pressure torsion. The 3N purity silver and dilute silver alloys of Ag-1Ti and Ag-1Cu-

1Pt were processed with this technique through a varying number of turns, and their response to 

processing followed by 36 months of room temperature storage was used to evaluate the 

microstructure, mechanical properties, electrical conductivity and thermal stability of these 

alloys. Processing by HPT was found to increase the Vickers microhardness from the as-cast 
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condition at all levels of strain for all the material tested. The highest increase in material 

processed at 4 GPa was 172%, 126%, and 149% in the 4-turn 3N Ag, 6-turn Ag-1Ti sample and 

6-turn Ag-1Cu-1Pt samples, from their respective as-cast condition.  

The thermal stability of silver and silver alloys processed by HPT was evaluated through 

Vickers microhardness measurements before and after 36 months in ambient temperature storage. 

All the alloys tested were found to retain a majority of the increased hardness induced by HPT 

processing as none of the material was found to fall to its pre-HPT processing level of hardness, 

indicating good long-term stability. The largest average losses in mechanical properties after 

storage for each alloy were 9 MPa, 4 MPa and 49 MPa, observed in the 6-turn 3N Ag*, 6-turn 

Ag-1Ti, and 4-turn Ag-1Cu-1Pt material respectively. It is believed that the use of lower purity 

silver and small amounts of alloying additions in the casting of the material used for HPT is 

responsible for the increase in thermal stability of this material compared to previous studies on 

the long-term thermal stability of silver [3,7,13] due to Zener pinning at grain boundaries and 

hindering of defect motion through the lattice. 

Small-scale tensile samples cut from HPT processed discs were found to have increased 

yield strength and ultimate tensile strength, and reduced elongation compared to the as-cast 

condition. The best balance of electrical conductivity and mechanical properties was seen in the 

3N Ag* processed by 6 turns* of HPT, which retained average IACS conductivity values of 

97.5% with 0.2% average yield strength of 141 MPa and elongation to failure of 36% + 4%. The 

addition of alloying elements was also found to significantly reduce the electrical conductivity 

due to higher incidence of electron scattering at lattice defects and alloying additions. 

Increased pressure was found to have a large effect on the mechanical properties, as 

indicated by the 6-turn 3N Ag, which displayed the best Vickers microhardness and UTS of any 

of the material tested. Use of higher pressure during processing is believed to suppress atomic 
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diffusion and recovery during processing, yielding increased dislocation density and further 

refinement of grains compared to lower pressures. 

Overall, processing of silver and silver alloys by HPT is found to be an effective method 

of producing bulk high strength silver alloys with good electrical conductivity and mechanical 

properties. The thermal stability of these alloys is found to be substantial after three years ambient 

storage at all levels of strain tested and is promising for high strength and high conductivity 

applications. 
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CHAPTER 4: CONCLUSIONS AND FUTURE RECOMMENDATIONS 

This dissertation explores the processing-structure-properties-performance of bulk NC and UFG 

silver and silver alloys processed through top-down and bottom-up SPD methods. 

In Chapter 2 the bottom-up synthesis of a high strength dilute silver alloy is investigated through 

mechanical alloying and spark plasma sintering, providing insights into the strengthening 

mechanisms in responsible for enhanced mechanical properties. Hall-Petch strengthening is 

determined to be responsible for roughly half of the strengthening of the synthesized material as 

compared to the annealed state of pure silver, with grain sizes reduced into the NC regime 

through processing. Solid solution strengthening from the addition of 1% titanium by weight, and 

Orowan strengthening from tungsten carbide contamination particles generated by mechanical 

alloying are believed to be the origin of the remaining sources of mechanical strength. 

Calculation of the Hall-Petch coefficients of silver synthesized through the methods used here 

imply higher hardness at equivalent grain sizes compared to pure silver, based off of coefficients 

of pure silver predicted by other studies in literature. Future recommendations for the bottom-up 

synthesis methods explored in Chapter 2 of this work include further exploration of Hall-Petch 

strengthening and Orowan strengthening with tungsten carbide dispersoids. The processing-

structure-properties-performance relationship of these strengthening mechanisms is elucidated in 

this work, however the limitations of each are not. Further reduced grain sizes in milled Ag-1Ti 

powder are possible, as seen in the milled and unsintered powder. Coarsening due to the SPS 

process can be regulated with careful parameter control, therefore exploration of a lower grain 

size limit refinement before the onset of the reverse Hall-Petch effect is desirable, in order to 

determine an upper limit to strengthening through grain boundary refinement. Optimization of the 

Orowan strengthening mechanism is also desirable to determine a critical inter-particle distance 

and critical particle size to maximize Orowan strengthening as a balance of particle cutting versus 
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dislocation bowing around the particles in the microstructure. Further exploration of this material 

should include mechanical and electrical conductivity testing as seen in Chapter 3 of this 

dissertation. 

In Chapter 3 the top-down synthesis of high strength 3N silver and two dilute silver alloys is 

investigated through high pressure torsion. The effects of plastic strain gradients and the addition 

of small amounts of impurities and dilute alloying additions are explored. Microstructural 

characterization prior and after long term storage at ambient temperature is analyzed to determine 

the effects of alloying and severe plastic deformation on the long-term microstructural stability 

and resistance to grain growth of these alloys. Silver of 99.9% purity, as well as silver alloys of 

Ag-1Ti and Ag-1Cu-1Pt are explored in this study to demonstrate the effectiveness of impurities 

versus alloying additions as grain pinning points. Small scale dogbone samples are cut from the 

processed material for mechanical testing and electrical conductivity measurements. These tests 

demonstrate excellent electrical conductivity rivaling that of pure silver and copper, with 

increased hardness, yield strength, and ultimate tensile strength. The reduced grain size in the 

processed material was found to reduce the elongation behavior of the material through the 

reduced ability of UFG scale grains to accommodate work hardening. 

High strength UFG silver synthesized by high pressure torsion in Chapter 3 of this work is 

compared to the Hall-Petch plot generated from Ag-1Ti in Chapter 2 of this work and is found to 

lie within the expected range of hardness for the observed grain size, with an R2 value of 0.94. 

This verifies that the hardness observed from HPT processing is due to grain refinement from 

HPT, rather than by other strengthening mechanisms. Future recommendations for the top-down 

synthesis methods explored in Chapter 3 of this work include further microstructural analysis of 

the processed material. The kinetic grain pinning effect of impurities and alloying additions and 

their effect on the mechanical properties observed during tensile testing is to be fully explored 
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and validated. The loss of mechanical properties observed in the most highly strained Ag-1Cu-1Pt 

sample, hypothesized to be due to dynamic recrystallization during processing is also to be fully 

explored and validated. Lastly, higher processing pressures should be further explored. As 

observed in the 6-turn 3N Ag, higher applied pressure is believed to introduce higher dislocation 

density as it suppresses atomic diffusion and recovery in the metal lattice, increasing hardness 

through Hall-Petch strengthening. 

Overall, the work detailed in this dissertation promises bulk high strength silver alloys with 

excellent electrical conductivity, with resistance to self-annealing and grain growth at ambient 

temperature. 

 




