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ABSTRACT 

The industrial processing of a commercial 7xxx series aluminum powder metallurgy (PM) 
alloy was studied in this work.  Key aspects considered included direct comparisons of 
laboratory and industrially processed specimens as well as the implementation of post-
sinter operations in an effort to increase the mechanical properties of the material.  
These included sizing, heat-treatment, and shot peening.  For the latter, an automated 
system was developed capable of applying various peening intensities in a controlled 
manner.  A nominal peening intensity of 0.4 mmN was found to be appropriate. 
 
Characterization of industrially processed pucks (100 x 75 x 17 mm) emphasized 
chemical analyses (bulk and localized measurements), sinter density measurements, 
tensile testing, fatigue testing, Rockwell and nanoindentation hardness, optical 
microscopy and SEM.  Residual stresses were quantified by x-ray diffraction (XRD) and 
neutron diffraction (ND) when assessing the near-surface and sub-surface gradients of 
residual stress respectively.  Industrial pucks experienced appreciable losses of Zn via 
evaporation in sintering.  Ultimately, the Zn concentration dropped to 3.1 wt% near 
surface, before increasing and stabilizing at the bulk composition of 5.6 wt% 
approximately 3 mm deep into the product.  The corresponding through thickness 
nanoindentation hardness ranged from ≈1.65 GPa at the surface stabilizing to ≈2.50 

GPa at a depth comparable to that at which the Zn concentration stabilized.  Nominal 
values for the sintered density (2.74 g/cm3), Young’s modulus (65 GPa), yield strength 
(459 MPa), ultimate tensile strength (465 MPa) and elongation to fracture (1.0%) were 
all in-line with previously published results for laboratory processed specimens, attesting 
to the scalability of the alloy for industrial applications.  Peening to an intensity of 0.4 
mmN resulted in strain hardening within a surface layer of the material, inducing a 
maximum compressive residual stress at the surface of 230 MPa, extending to a depth 
of 60-100 µm prior to transitioning to tensile stresses.   
 
Sizing was incorporated within the post-sinter processing sequence to better represent 
industrial production of geometrically complex parts from the alloy.  The metallurgical 
effects were principally studied through a combination of differential scanning calorimetry 
(DSC), transmission electron microscopy (TEM), XRD, and 3-point bending fatigue.  In 
certain instances, sizing was applied directly after sintering and prior to the 
solutionization and aging stages of T6 heat-treatment.  In others, sizing was applied as 
an intermediate step within heat treatment operations, after solutionizing but prior to 
artificial aging.  Respectively, these two sequences were denoted as “Size-Sol-Age” and 
“Sol-Size-Age” processes.  Application of the former yielded a product with a hardness 
of 85 HRB and fatigue strength of 228 MPa.  As both values were well aligned with the 
properties of unsized T6 samples, it was concluded that sizing had a neutral impact on 
these particular attributes when applied in this manner.  Interestingly, when the “Sol-
Size-Age” process was applied, the apparent hardness (78 HRB) and fatigue strength 
(168 MPa) were reduced to a statistically significant extent.  These declines were 
ascribed to the partial annihilation of quenched-in vacancies that subsequently altered 
the nature of precipitates within the finished product as supported by DSC and TEM 
findings.  Research also confirmed that the alloy responded well to shot peening, as 
fatigue strength was increased to 294 MPa.  However, thermal exposure at 80°C and 
160°C reduced the fatigue performance to 260 MPa and 173 MPa respectively as a 
result of residual stress relaxation, and in the case of 160°C exposure, in-situ over-aging.   
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Chapter 1: INTRODUCTION 

Aluminum alloys offer a very unique blend of physical and mechanical properties to 

engineers for use in structural applications.  While the use of aluminum is relatively new 

on the world scale compared to other common metallic materials, industrial exploitation 

has grown steadily since its introduction in the late 1800’s [1].  A principal advantage of 

aluminum alloys is their considerably high strength to weight ratio, allowing them to 

compete on a strength basis at room temperature with low-medium strength steels while 

maintaining approximately 1/3 the density of iron.  This attribute resonates particularly 

well with the automotive sector given the continual push towards reduced greenhouse 

gas emissions now mandated by numerous governments (i.e. USA CAFE Standards).  

Here, the replacement of ferrous parts with aluminum counterparts and the concomitant 

weight savings is applied as a means to reduce vehicle weight, and in turn increase fuel 

economy (and to a lesser extent performance).  This is perhaps most evident in the 2015 

Ford F150, shown in Figure 1-1, where aluminum alloys make up 25% of the curb weight 

of the vehicle, representing a weight savings of ≈700lbs over the previous model [2].   

 

While the benefits of reduced weight are substantial, the cost of aluminum is still an 

issue to overcome.  Accordingly, net and near-net shape aluminum forming technologies 

are of considerable interest to automotive manufacturers.  One increasingly popular 

option is Aluminum powder metallurgy (PM) as the relatively high raw material cost can 

be offset by the efficiency and high production rates of press-and-sinter processing.  

This concept is now leveraged in the high-volume serial production of growing list of 

components including camshaft bearing caps, transmission retainer plates, heat sinks, 

and planetary carriers to name but a few.   
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Figure 1-1 Aluminum usage in 2015 Ford F150 [2]. 
 

While aluminum PM processing is well accepted in the automotive industry, continued 

growth hinges on the implementation of alloys with increasingly higher mechanical 

properties that are competitive with a broader range of ferrous systems.  To this end, a 

7xxx series aluminum PM alloy based off the wrought system 7075 was devised.  

Denoted as Alumix 431D by the manufacturer (Kymera International, formerly Ecka 

Granules) and generally termed PM7075 throughout the entiriety of this work, laboratory 

studies have demonstrated that the system is responsive to PM processing, sinters to 

relatively high final density, and exhibits a tensile yield strength on the order of 450MPa 

in the T6 temper [3]  While such traits are unquestionably promising, commercial 

inception of the alloy has yet to transpire due to an absence of data on the industrial 

press-sinter processing response of the alloy and how it responds to common post-sinter 

operations.  Hence, the objective of this research was to develop data in these areas so 

as to establish a comprehensive understanding of the alloy and in turn, an accurate 

sense of its strengths and weaknesses under an industrial setting.  In doing so, 
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emphasis was placed on an array of industrial compaction and sintering trials, as well as 

the incorporation of critical secondary processes including sizing, heat-treatment, and 

shot peening.  Advanced means of material characterization were also applied including 

high magnification electron microscopy, thermal analyses, residual stress 

measurements, and multiple forms of fatigue testing.  As exposure to moderate elevated 

temperatures are common in under-the-hood applications wherein the alloy could be 

expected to operate, the effects of thermal exposure were also considered.   
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Chapter 2: BACKGROUND 

2.1 ALUMINUM AND ITS ALLOYS 

Aluminum is the most abundant metallic element in the earth’s crust.  Its discovery was 

believed to have occurred between 1808-1812 by Sir Humphrey Davy of England with 

the first small scale production occurring in 1855 [1].  Burdened by inherently challenging 

thermodynamics, aluminum remained in limited production until the end of the 19th 

century until key advances in metal extraction technology emerged.  Since then, 

aluminum has grown to be one of the most frequently used metals by weight, ranking 

only behind iron in global production; if measured by volume, the usage of aluminum 

now exceeds all other non-ferrous metals combined [1].  Aluminum has unique 

properties that suit it specifically to several industries, including transportation due to its 

high strength to weight ratio and lower cost compared to other materials such as 

titanium, and food processing and packaging due to its high resistance to corrosion and 

non-toxic properties. Typically, aluminum is combined with other elements to form alloys 

which can greatly increase mechanical properties.  Common elements added include 

copper, manganese, silicon, magnesium, and zinc among others.  Each element will 

alter the base aluminum in different ways, the complete structure with all added 

elements can compete with many other metals and still maintain a relatively light weight.   

 

Aluminum and its alloys are usually used in either wrought or cast form.  Wrought alloys 

are pre-formed products that typically require further fabrication.  Higher strengths are 

attainable with wrought alloys over cast alloys, but fabrication is typically costlier with 

machining usually being required.  Due to the increased mechanical properties of 

wrought products over cast, focus will be placed on comparing the PM system to its 

wrought counterpart.   
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The most widely used standard for alloy identification is that of the Aluminum 

Association, which employs different nomenclature for wrought and cast alloys.  Wrought 

alloys use a four-digit system with the first digit representing the alloy group or “primary” 

alloying element (shown in Table 2-1), the second indicates modifications of the original 

alloy or impurity limits in the alloy, with the last two identifying the alloy or the system 

purity.   

 
Table 2-1 Wrought aluminum alloy series. 

Aluminum, 99.0% minimum and greater 1xxx 

Aluminum Alloys Grouped by Major Alloying Elements 

Copper 2xxx 

Manganese 3xxx 

Silicone 4xxx 

Magnesium 5xxx 

Magnesium and Silicon 6xxx 

Zinc 7xxx 

Other Element 8xxx 

Unused Series 9xxx 

 

2.1.1 7XXX SERIES WROUGHT ALUMINUM ALLOYS 

The material of interest during this work was of the 7xxx series.  The major alloying 

element in 7xxx series alloys is zinc, with magnesium and copper also commonly playing 

very important roles, with some of the highest strength aluminum alloys (at room 

temperature) belonging to the aluminum-zinc-magnesium-copper family.  Table 2-2 

shows the chemical compositions for some common members of this series. 
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Table 2-2 Chemical compositions of common 7xxx series alloys (wt%) [4]. 

Alloy %Zn %Mg %Cu %Cr %Other 

7001 7.4 3.0 2.1 0.26 -- 

7050 6.2 2.2 2.3 -- 0.12 Zr 

7075 5.6 2.5 1.6 0.23 -- 

74751 5.6 2.5 1.6 0.23 -- 

1 – 7475 has the same chemical composition as 7075, but lower impurity limits.   

 

The PM system considered throughout this study was designed as a PM counterpart to 

aluminum alloy (AA)7075, which has very high strength and is typically used for highly 

stressed parts where weight is of primary concern.  This leads AA7075 to be commonly 

used in the aerospace industry, specifically in aircraft structures and fittings.  Although 

corrosion resistance is less then 5xxx and 6xxx alloys it exceeds that of 2xxx, which 

leads to its use in high stressed components where corrosion can be an issue.  It is also 

typically bolted or riveted since the alloy is not considered to be weldable.   

 

2.1.2 PRECIPITATION HARDENING IN 7XXX SERIES ALUMINUM ALLOYS 

Certain aluminum alloy systems can benefit from substantial gains in strength caused by 

precipitation hardening.  These heat-treatable systems rely on the formation of a fine 

network of a secondary phase (precipitates) within the aluminum matrix upon thermal 

treatment.  These precipitates will interfere with dislocation movement within the 

aluminum matrix during deformation, resulting in increased strength, while ductility of the 

system will typically decrease.  AA7075 is heat-treatable, with the primary strength gains 

coming from the formation of MgZn2 precipitates, through the reaction outlined in Eq 2-1: 

 

𝑆𝑆𝑆𝑆 → 𝐺𝑃 𝑍𝑜𝑛𝑒 →  𝜂′ →  𝜂 (𝑀𝑔𝑍𝑛2)  (𝐸𝑞 2 − 1) 
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The first requirement in the heat-treatment is to dissolve alloying additions (Zn, Mg, Cu) 

in the aluminum matrix.  Due to the solubility limits of these elements, this requires 

raising the temperature of the component to a point where the solvent atoms (Zn, Mg, 

Cu) will dissolve in the solute (Al) matrix, thereby creating a solid solution.  For AA7075 

this requires stabilization of the component in the range of 470°C.  Once the component 

is homogenized at this temperature, it is then quenched in water in an effort to preserve 

the solid solution at room temperature and thereby create a non-equilibrium super-

saturated solid-solution (SSSS).  At this point, the concentrations of dissolved solvent 

atoms exceed their respective saturation limits in aluminum, and will spontaneously 

precipitate out of the base matrix.  Depending on the kinetics of this reaction and the 

desired nature of precipitates, the material may be naturally aged, meaning it is held at 

ambient temperature for a period of time to allow precipitation to take place.  

Alternatively, it may be re-heated to a moderate temperature to expedite the precipitation 

reaction; a process termed artificial aging.  The precipitates within aluminum alloys will 

typically progress through various stages akin to Eq 2-1.  In the case of 7xxx series 

alloys, the precipitate reaction commences with GP Zone formation, characterized by the 

migration and grouping of solvent atoms within the aluminum matrix.  At this point the 

atoms remain in solid solution and are thought to retain the underlining aluminum lattice 

structure of face centered cubic (FCC).  With continued aging, the Zn and Mg atoms 

begin to coalesce to form semi-coherent η’ particles with a composition close to MgZn 

and thin-disc shape [1].  With increased ageing, the incoherent η precipitate will 

eventually form with a composition of MgZn2.  Although this is the traditional precipitation 

reaction believed to occur in 7xxx series aluminum, this model is highly contested and 

has been revised by several researchers which will be discussed in Section 5.3.   
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The four-digit alloy identification code is invariably followed by hyphenated designation 

that indicates the nature of the final processing applied.  In many instances, this refers to 

a prescribed heat treatment.  Generally shown as Txx, there are several subdivisions 

that identify how the heat treatment was accomplished as listed in Table 2-3.  

 
Table 2-3 Heat treatment designations for aluminum alloys. 

Temper Process 

T1 Cooled from fabrication temperature and naturally aged 

T2 Cooled from the fabrication temperature, cold worked, and naturally aged 

T3 Solution-treated, cold-worked, and naturally aged 

T4 Solution-treated and naturally aged 

T5 Cooled from the fabrication temperature and artificially aged 

T6 Solution-treated and artificially aged 

T7 Solution-treated and stabilized by overaging 

T8 Solution-treated, cold-worked, and artificially aged 

T9 Solution-treated, artificially aged, and cold-worked 

T10 Cooled from the fabrication temperature, cold-worked, and artificially aged 

 

In the case of AA7075, the maximum strength of the material is usually obtained after a 

T6 treatment, with precipitation having progressed to a point dominated by GP Zone/η’ 

formation.  With further progression along the precipitation reaction (as completed 

through T7 tempering), to the point of η formation, the material is in an overaged state, 

with slightly reduced strengths when compared to a T6 product.  The T7 temper is 

commonly encountered, especially in aerospace applications, as a T6 product will suffer 

from an increase in stress corrosion cracking (SCC) as a result of sustained stress, 

either from stable loads in service or residual stresses within the component along with a 

corrosive environment.  As this work focuses on an aluminum PM alloy of similar 
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composition to 7075, Table 2-4 shows the mechanical properties of AA7075 in various 

tempers.  

 
Table 2-4 Mechanical properties of AA7075 [4].   

Alloy-
Temper 

UTS (MPa) YS (MPa) 
Elongation 

(%) 
Hardness 

(BHN)1 
Fatigue 

Life (MPa)2 

7075-0 230 105 17 60 115 

7075-T6 570 505 11 150 160 

7075-T73 505 435 13 -- 150 

1 – 500kg load, 10mm ball 
2 – 500 000 000 cycles reversed stress R.R. Moore type machine 

 

2.2 POWDER METALLURGY PROCESSING 

PM is a fast-growing fabrication technique that can offer significant cost savings when 

compared to other more traditional metal forming means such as machining, forging and 

casting.  In this process metal powder is used as the raw stock which is ultimately 

formed into a coherent final product.  This can be accomplished by a number of means 

but always involves high pressure and heat to form the final solid product.  The 

economical savings come from the process producing near-net shape components that 

typically require little to no machining or secondary operations, along with very high 

production rates in traditional press-and-sinter processing.  There is also very high 

material utilization during the PM process, with approximately 97% of the starting 

powder converted to the final product [5]. 

 

Where the aerospace industry was the main target for new developments of traditional 

aluminum, the automotive industry is largely targeted for utilization of aluminum PM.  

The automotive sector would benefit greatly from the weight savings that aluminum can 

offer over steel and they maintain the high volume required for press-and-sinter PM 
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production to be economical, whereas the aerospace industry deals with significantly 

lower production numbers. 

 

There are several means that powder may be formed to a final product, the following will 

outline the conventional, most widespread method - die compaction followed by 

sintering.   

 

2.2.1 COMPACTION 

Typically, it is desired to produce a final component with maximum density, as this is 

generally synonymous with the highest mechanical properties.  The first step in 

densification of the bulk powder is shaping and compaction.  This produces a “green 

compact” which is strong enough for handling, while still of a chalk-like consistency and 

has the approximate shape of the final product.  The most common method of 

compaction (and that considered in this study) is die compaction.  Other forms include 

injection molding, isostatic pressing and direct powder forging.  

 

During die compaction, powder is pressed uni-axially in rigid tooling under pressures 

commonly ranging from 100-700 MPa.  The tooling (die, punches, core rods, etc.) 

required is typically very expensive and of material with exceptional wear resistance.  

The cyclic rubbing of powder on tooling surfaces amounts to a very abrasive 

environment, which often mandates highly durable materials such as tool steels and 

tungsten carbide in tooling fabrication.  Typically, compaction is achieved by means of 

“double action die compaction” as depicted in Figure 2-1.  Here, pressure is applied to 

the powder from both the bottom and top punches, opposed to single action compaction, 
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wherein pressure is only be applied from one direction.  The advantage of double action 

compaction will be discussed later in the section. 

 

 

Figure 2-1 Die compaction [6]. 
 

When the complexity of the component increases, sections of different thickness are 

frequently encountered.  In such scenarios, multiple punches are generally required to 

apply different pressures to the separate sections in order to obtain a more uniform 

density throughout the component as illustrated in Figure 2-2.  
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Figure 2-2 Use of multiple punches to achieve a more uniform green density during 
compaction [6]. 
 

During the pressing of the powder, there are several stages that occur. Figure 2-3 is a 

graphical representation of these, starting with the bulk powder itself (i.e. apparent 

density) and finishing with a green compact of maximum density.  During rearrangement, 

particles are forced together with the finer particles filling the voids between those that 

are coarser in size.  Individual contact points between the particles then begin to 

plastically deform, increasing contact area between particles thereby giving rise to 

localized deformation.  During homogeneous deformation, the entire powder particles 

begin to deform.  For example, spherical particles would begin to take on polygonal 

shapes, further increasing contact area.  The powder compact then starts to behave as a 
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solid body, which can only undergo bulk compression.  Minimal deformation and 

densification occurs during this final stage. The resultant green body typically exhibits a 

final density ranging from 90 to 95% of full theoretical density in the case of aluminum 

powders.  

 

 

Figure 2-3 - Stages of powder compaction (adapted from [6]). 
 

A very significant issue in die compaction is the presence of density gradients within the 

formed green body.  This is a result of die wall and punch face friction.  Figure 2-4 shows 

a typical density gradient within a pressed green body.  This example is copper powder 

with density units of g/cm3.  This also reveals the difference between single and double 

action compaction, in that double action imparts a more homogenous green density 

throughout the product.  Indeed, density gradients become increasingly problematic 

when attempting to press long, narrow components.  Figure 2-5 shows the effect of 

Height/Diameter on the density gradient present in a component pressed in single action 

die compaction.  
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Figure 2-4 Density gradients common in die compaction [6]. 
 

 

Figure 2-5 Effect of Height/Diameter on density gradient [6]. 
 

In an effort to reduce the density gradient present in a compact, lubrication is typically 

applied.  This can be added mainly in two forms, the most common is by mixing a 

powdered lubricant into the powder mixture, while a second option is coating the die 

walls with a sprayed-on lubricant.  In an industrial setting, it is rather complex and costly 

to apply a lubricant coating on the die walls between each component press, which is 
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why a powdered lubricant addition is more commonly utilized.  In use, the powdered 

lubricant melts due to frictional heat generated between the powder and die wall.  This 

liquid then reduces the coefficient of friction between the powder and the die wall so as 

to improve green density uniformity and extend tooling life.  One down side to lubrication 

is that the addition can result in lower overall green densities when high compaction 

pressures are applied.   

 

2.2.2 SINTERING 

Once a green body is formed, the next step in the PM process is sintering.  Here, the 

individual powder particles are bonded to one another, which results in greatly improved 

mechanical properties.  There are two main forms of sintering; namely, solid state and 

liquid phase.  The main difference being that during the latter, a liquid is formed in the 

powder mixture, yet such a constituent is absent in the former.   

 

The means by which the particles bond together during solid state sintering are mass 

transport mechanisms between adjacent powder particles, where mass from adjacent 

particles will shift and form a neck.  This diffusion of material is thermally driven, with 

sintering temperatures typically ranging from 60 – 80% the materials melting point.  

When heating is applied to a green compact, diffusion is a result of the compact 

attempting to reduce its overall energy by reducing its surface area.  

 

There are two key forms of mass transport that can occur during solid state sintering, 

surface transport and bulk transport.  Surface transport results in atomic movement 

along the surfaces of both particles, accomplished by atoms moving into void locations.  

This will cause neck growth between particles, while particle spacing remains 



 16 

unchanged (no densification occurs) [6].  The sub-mechanisms that enable the flux of 

atoms in this manner include evaporation-condensation (E-C), surface diffusion and 

volume diffusion.  Surface diffusion dominates at low temperatures with evaporation-

condensation also playing an important role, especially in low stability metals (e.g. lead).  

Bulk transport mechanisms involve volume diffusion, grain boundary diffusion and plastic 

flow.  Here, mass is transported from the interior of a particle to the surface.  Bulk 

transport also results in the compact shrinkage, which is due to a reduction in inter-

particle porosity.  Visually, the sinter process can be broken into three stages, initial, 

intermediate and final.  The typical microstructures of a component observed during 

these three stages can be seen in Figure 2-6. 

 

 

Figure 2-6 Stages in microstructure evolution during solid-state sintering [6]. 
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From Figure 2-6 there is a significant amount of densification occurring between the 

initial stage and final stages.  The main feature of the initial stage of sintering is neck 

formation between particles.  All mass transport mechanisms occur during this process, 

yet E-C and surface diffusion are generally predominant.  With regards to the former, all 

surfaces have a vapour pressure associated with them.  However, when two particles 

are adjacent a relatively low pressure will exist in the contact area (concave neck) as 

compared to that present on the remainder of each particles exterior surface.  This 

thereby establishes a pressure gradient, prompting the transport of vapour into the lower 

pressure neck region.  As this “over-pressurizes” the region beyond its equilibrium 

condition, vapour will then condense and impart neck growth.  During the sintering 

process, a common measurement in assessing the stage of sinter reached is the shape 

and size of the pores present.  During the initial stage of sintering the pores are rather 

coarse and remain highly irregular in shape. At this point the compact is said to be 

“under sintered” and exhibits low strength.  

 

The intermediate stage is typically considered to be the most important during the solid-

state process.  This stage is characterized by simultaneous pore rounding, grain growth 

and densification, which have a profound effect on the final properties of the component 

(especially densification).  During the preceding initial stage, much of the curvature-

induced gradients from neck formation are eliminated.  The mechanisms effective during 

this stage deal with minimization of surface area and energy through changes in the 

pore structure within the microstructure.  The pores present between powder particles 

can be thought of as regions with high concentrations of vacancies present. In an effort 

to reduce surface energy, these vacancies will migrate into the particles, being replaced 

by atoms (mass) flowing to fill the pore, which results in the pores shrinking and taking 

on a highly rounded shape, this causes an increase in density.  
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Compared to the initial and intermediate stages, the final stage is considerably slower, 

so much so that in press-and-sinter PM it is rarely attained during sintering of green 

compacts.  At this point closed rounded pores are present at grain boundary 

intersections.  As in the intermediate stage, the compact tries to reach a state of lower 

surface area and energy, but with much of the surface area eliminated other 

mechanisms begin to further densify the compact, mainly pore interaction along grain 

boundaries, termed “Ostwald Ripening”.  Pores exist predominantly along grain 

boundaries as they effectively reduce the boundary area, resulting in a reduced energy 

state of the compact.  The grain boundaries also act as a quick route for mass transport 

and thereby enable meaningful rates of pore elimination.  Ostwald Ripening effectively 

leads to the larger pores growing while the smaller pores become smaller, resulting in a 

progressively higher density.  However, as higher temperatures and/or longer sintering 

times are realized, grain growth will begin and can lead to the grains breaking away from 

the pores.  Figure 2-7 describes how this occurs.  With slow grain growth, the pore will 

begin to deform in an effort to remain affixed to the grain boundary (Figure 2-7 (b)).  A 

pressure gradient is then developed given the differing states of curvature on the 

opposing flanks of the deformed pore.  This causes E-C to diffuse molecules from the 

right side of the pore (the higher pressure surface) to the left side (lower pressure 

surface).  Initially, this mass flux is sufficiently adequate for the pore to keep up with the 

advancing grain boundary.   However, as the kinetics of grain growth increase, a point is 

reached where this is no longer the case and the grain boundary breaks away from the 

pore.  When this occurs, densification ceases from a practical standpoint.  During the 

final sinter stage, a microstructure similar to Figure 2-7 (c/d), could be reached.  
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Figure 2-7 Grain movement and pore isolation during sintering [6]. 
 

2.2.2.1 LIQUID PHASE SINTERING 

During sintering, the means by which bonds are formed involve diffusion of material 

between particles, this is very critical for a properly sintered final product.  If the diffusion 

rate is increased, the sintering rate can also be greatly increased, in an industrial setting 

this can be very beneficial and allow for a more homogeneous sinter in a shorter period 

of time.  With liquid phase sintering (LPS) a liquid is formed during the sintering process. 

As diffusion is typically between 100-1000x faster through a liquid then a solid this can 

result in much more efficient and intense densification.  While there are a number of 

different variants of LPS, two of those more commonly encountered are persistent liquid 

phase sintering (PLPS) and transient liquid phase sintering (TLPS). The “classical” liquid 

phase sintering is that of PLPS.  During this process the liquid remains during the 

entirety of the sintering process, and solidifies as a separate phase upon cooling.   

 

In order to form a liquid phase, typically there will be multiple powders present in the 

mixture with one having a relatively low melting point.  Sintering takes place at a 
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temperature so the additive powder will form a liquid within the mixture, Figure 2-8 

shows this on a theoretical phase diagram.  There are three main requirements that 

must be met for this process to proceed effectively, which are, a high solubility of the 

solid in the liquid, low solubility of the liquid in the solid and the liquid must readily wet 

the solid (no beading).  PLPS is often utilized when sintering refractory metals such as 

tungsten and molybdenum due to their high melting point, when dealing with hard to 

sinter metals such as aluminum or magnesium, and when enhanced densification is 

sought.   

 

 

Figure 2-8 Theoretical phase diagram indicating liquid phase sintering [7]. 
 

There are four main stages during PLPS, heating, rearrangement, solution-

reprecipitation, and final stage.  An illustration of these can be seen in Figure 2-9 below.  

During the heating phase the lower melting point particles will begin to form a liquid, 

which will wet the solid particles.  Once this occurs rearrangement of the solid particles 

will begin, this results in a burst of densification, as can be seen in Figure 2-10, showing 
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a graphical representation of compact density versus sintering time.  During solution-

reprecipitation the smaller grains will be dissolved in the liquid, which will then be 

reprecipitated onto the larger particles.  As the larger grains grow, the contact area 

between adjacent particles will increase displacing liquid into the pore areas.  During the 

final stage the main means for further densification is effectively that of solid state 

sintering between the contacting solid particles.  The amount of liquid formed during the 

process is very critical, if too little liquid forms inadequate densification will be likely yet if 

too much liquid is present, it is possible for the compact to become excessively fluid to 

the point where the net shape of the component can be lost.   

 

 

Figure 2-9 Stages during persistent liquid phase sintering [7]. 
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Figure 2-10 Density versus sintering time, showing PLPS stages [7]. 
 

TLPS differs from PLPS in that the liquid which is formed during heating does not remain 

during the entire sintering process.  Here, the liquid has a high solubility within the solid 

particles.  This means that as the sintering time is increased, the liquid will form a 

separate phase with the solid, with a resulting higher melting point, and in turn, 

solidification will occur.  

 

2.2.3 ALUMINUM POWDER METALLURGY 

The use of aluminum PM has been dominated by two early material systems (AC2014 

and A6061), designed for press-and-sinter processing and based off the wrought 

systems AA2014 and AA6061 respectively.  With growing demand for aluminum PM 

components, much effort has been placed on developing new alloy compositions that 

offer improved mechanical/physical properties and can meet industry demands for a 
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growing list of new product opportunities.  Ecka Granules (Velden, Germany), one of the 

world’s largest manufacturers of aluminum metal powders, have developed a family of 

alloys (termed “Alumix” Alloys) to offer press-and-sinter processing with increased 

properties over the industry standard AC 2014 and A6061.  Table 2-5 shows the 

chemical compositions of one of these Alumix alloys (denoted as grade 431D and 

generally termed PM7075 throughout this work) along with those of AC2014 and A6061 

per ASTM.  Typical mechanical properties of these same materials are provided in Table 

2-6.  

 
Table 2-5 Chemical compositions of AC2014, A6061 [8] and PM7075 [3], wt%. 

PM Alloy Al (min) Cu Mg Si Zn Sn 

AC2014 91.5 3.5-5.0 0.2-0.8 1.2 max -- -- 

A6061 96.0 <0.5 0.4-1.2 0.2-0.8   

PM7075 balance 1.6 2.5 -- 5.5 0.2 

 

Table 2-6 Mechanical properties of AC2014, A6061 [8] and PM7075 [3]. 

PM Alloy 
(Temper) 

Compaction 
Pressure 

(MPa) 

Density 
(g/cm3) 

UTS 
(MPa) 

Hardness 
Elongation 

(%) 

AC2014 (T1) -- >2.6 172 55-60 HRE 3.0 

AC2014 (T6) -- >2.6 290 80-85 HRE 2.0 

A6061 (T1) -- 2.45-2.6 128 80-85 HRH 6.0 

A6061 (T6)  -- 2.45-2.6 207 65-70 HRE 2.0 

PM7075 (T1) 600 2.75 323 67 HRB 1.4 

PM7075 (T6) 600 2.75 448 86 HRB 0.9 

 

PM7075 (which is the focus of this work) is designed as a PM equivalent to the common 

high strength wrought alloy AA7075, with the addition of 0.2wt% Sn along with 1.5wt% 

lubricant.  The lubricant included in PM7075 aides in powder compaction, increasing the 

green density of the compact and reducing the density gradients present as a result of 

uni-axial compaction.  While the Sn addition in the alloy acts as a liquid forming 
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secondary phase during sintering, allowing for LPS to be achieved, greatly increasing 

the quality of the final sintered product.   

 

2.3 SECONDARY PROCESSING 

Although PM produces a near net shape component, secondary operations after 

sintering are typically required to obtain the dimensional tolerances which are commonly 

demanded in components.  There are also secondary operations utilized to increase the 

mechanical properties and performance of parts.  Common processes include 

machining, grinding, sizing, repressing, and forging to name a few.  As this work was 

undertaken to show the industrial feasibility of PM7075, care was taken to simulate an 

industrial process as closely as possible.  For this reason, sizing was one critical 

secondary process incorporated, along with shot peening in an effort to increase the 

fatigue properties of the PM material.   

 

2.3.1 SIZING 

During LPS of aluminum green compacts, distortion will typically be present to some 

extent, either in the form of shrinkage in the part due to densification during sintering, or 

in some instances swelling can result.  To achieve the tight tolerances required within 

final part geometry, sizing is completed to alleviate these sintered distortions within 

parts.  Although sizing is incorporated in essentially all aluminum PM produced parts, 

there is virtually no literature available regarding the effects that sizing has, if any, on 

final part performance.  Much of aluminum PM products produced industrially are in a T2 

temper, with sizing applied to the sintered product once it has cooled to room 

temperature.  Much of the effort in aluminum PM development emphasizes the use of 

precipitation hardening to increase the mechanical performance of aluminum PM 
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materials by means of applied heat treatments.  Hence, the incorporation of sizing 

introduces an interesting challenge as the sequence of post-sinter events includes sizing 

in addition to the steps required for heat treating - solutionization, quenching and aging 

(either natural or artificial).  When sizing is applied first and all heat treatment operations 

follow thereafter, the product temper would be the T4 or T6 condition (depending on 

whether natural or artificial aging was utilized).  On the other hand, sizing could be 

included as an intermediate stage within the sequence of heat treatment operations.  For 

instance, the sintered product could be solutionized and quenched, then sized, and 

finally, naturally or artificially aged.  Under these sequences, the resultant temper is then 

either T3 or T8 (again, depending on the manner of aging).  Industrially, sizing in the 

quenched state provides a few advantages versus sizing in the sintered (T1 state).  The 

material is more malleable in the quenched state compared to the partially precipitation 

hardened T1 state, resulting in lowered press capacity.  Also, by applying sizing 

following solutionization and quench, any quench induced distortion would be 

addressed.  Deformation processing between quenching and artificial aging (T8 

processing) has been shown to increase the mechanical properties of certain aluminum 

alloys and is widely used in industry.  For example, the strengths of alloy AA2219 (Al-

6.3Cu-0.30Mg-0.18Zr-0.10V-0.06Ti) in both the T62 and T87 tempers are shown in 

Table 2-7.  Conversely, T8 processing of 7xxx series wrought alloys will affect the aging 

response of the material and generally result in lowered achievable strengths compared 

to T6 processing [4].   

 
Table 2-7 Mechanical properties of AA2219 (Al-6.3Cu-0.30Mg-0.18Zr-0.10V-0.06Ti) [4]. 

Temper UTS (MPa) YS (MPa) Elongation (%) 
Hardness 

(BHN) 

T62 415 290 10 115 

T87 475 395 10 130 
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2.3.2 SHOT PEENING 

Shot peening is a cold working technique mainly utilized to increase the fatigue 

properties of metallic materials.  This is accomplished by impacting the surface of a 

component with a stream of spherical balls, termed “shot”.  When impact occurs, the 

surface will plastically deform, inducing a thin compressive residual stress layer in the 

surface of the specimen.  The process was first developed in the 1920’s and 1930’s 

concurrently in the United States and Germany.  Engineers at Buick Automotive 

Company completed a great amount of early work in the 1930’s when it was noticed that 

shot blasting (used for cleaning a surface) resulted in increased fatigue strength.   

 

Shot peening is based off shot blasting (or abrasive blasting) where so-called shot are 

propelled against the surface of a component.  While the two processes are very similar, 

the intent is different in that shot peening is utilized to plastically deform the surface 

layer, whereas shot blasting is used for stripping or cleaning the surface.  There are 

three main types of shot peening machines, differing in the way the shot is propelled, 

including compressed air, suction, and wheel, with compressed air being the most 

common.  Typically peening will be completed in a cabinet to retain the shot for reuse.   

 

When shot impacts the surface of the component, plastic deformation ensues, creating a 

dimple or crater in the surface, as shown in Figure 2-11. 
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Figure 2-11 Plastic deformation caused by shot peening. 
 

This plastic deformation at the treated surface is resisted by the inner material, resulting 

in a thin layer of compressive residual stress to form along the treated surface.  Figure 

2-12 depicts a typical residual stress profile caused by shot peening.  As the body is in 

equilibrium, a tensile force opposes this compressive layer, but at a greater depth in the 

surface.  It is this surface compressive layer that results in increased fatigue strength.  

Mechanistically, failure in metals is mainly due to tensile forces.  With a compressive 

residual layer present, in-service tensile loads must thereby overcome this compressive 

force before the applied load will begin to deform the component.  Hence, the maximum 

tensile stress actually developed within the material is reduced thereby invoking 

enhanced fatigue performance. 
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Figure 2-12 Typical residual stress profile resulting from shot peening. 
 

The residual stress profile instilled through shot peening will vary depending on the 

intensity of peening and material being peened.  For instance, depths of compressive 

residual stress can vary from tens of microns to over a millimeter, while the magnitude of 

peak compressive residual stresses held within the body will largely depend on the 

strength of the material being treated (generally, ~50% the materials static yield strength 

but can approach the yield strength of the material).   

 

A number of different shot media types, in terms of size and chemistry, are utilized for 

peening.  These include ferrous and nonferrous cast shot, cut wire shot, glass beads 

and ceramic shot.  Cast steel shot is the most widely used, being made by water 

atomization.  When ferrous contamination is a concern glass bead or ceramic shot may 

be utilized, or materials such as copper, aluminum or zinc alloys.  Typical media sizes 

range from 0.18 mm to 2.4 mm.  One major concern when selecting a shot type is to 

have hardness greater than that of the component to be peened as this will minimize the 
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damage to the shot, which is typically recirculated, screened for broken media and 

reused.  

 

While working at Buick, John Almen realized the need to quantify the energy of the shot 

stream a component was subjected to.  This energy is mainly due to the velocity of the 

shot.  With this being rather difficult to measure, Almen developed a simple way to 

classify the intensity of peening, termed Almen intensity.  Almen noticed that when a thin 

strip of metal was subjected to shot peening the compressive stress introduced would 

cause the strip to arc.  Hence, standard steel Almen strips are subjected to the shot 

stream and arcing is then measured using an Almen gage, as depicted in Figure 2-13.  

The intensity is stated as an arc height, followed by the strip used.  There are three 

standard Almen test strips, identified as A, C and N, with A being the standard strip, N 

used for light peening, and C used for aggressive peening.  These differ in thickness and 

are utilized for different intensities (e.g. for an A intensity of less than 0.1 mm, an N strip 

should be used).  An arc height of 0.4 mm using an N test strip would be classified as 

0.4N intensity.  Similarly, if English units are used, an arc height of 0.017” measured 

using an A strip would be 17A intensity.  
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Figure 2-13 Almen intensity measurement [9]. 
 

Another important measurement is coverage.  This is typically completed using a 

magnifying glass or microscope and is checked visually.  Coverage is used to ensure the 

complete surface of the component is peened.  The time of peening required to cover 

98% of the surface is termed 100% coverage.  Typically, coverage specifications will be 

anywhere from 100 to 300%.  At 200% coverage, the component would be subjected to 

the shot stream for twice the time required to obtain 100% coverage.  This ensures 

complete coverage.  Throughout the duration of this work, coverage was maintained at 

>150%. 

 

Shot will typically be analyzed visually with the aid of a microscope to ensure the shape 

and size of the media.  This is usually completed before usage and at predetermined 

intervals.  It is very important that fractured shot not be used during peening as this can 

damage the part surface.  Usually there is some sort of screening system to remove 

damaged shot, but inspections are required periodically to ensure proper functioning.  
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2.4 RESIDUAL STRESS 

Residual stresses are stresses within a material that exist with no external forces acting 

on the body.  These stresses are a result of different processes, commonly being due to 

either nonuniform plastic deformations within a component, or temperature gradients 

caused by various thermal processes such as welding or heat treatment.  Several 

methods can be used to quantify the residual stress present within material.  The first 

group of tests are destructive or semi-destructive and rely on the removal of bulk 

material and measuring the relaxation that takes place within the body.  The second 

group of tests, which were utilized in this work and will be discussed, are non-destructive 

and rely on using the crystalline lattice of the material as a strain gauge.  Two such tests 

include X-ray diffraction (XRD) and neutron diffraction (ND), which were utilized in this 

work.  In the case of XRD, the measurements are limited to the near surface of metallic 

materials (on the order of tens of microns) due to the absorptivity of x-rays with matter.  

Depth profiling is possible, but requires the removal of material, resulting in destructive 

or semi-destructive testing.  Neutrons on the other hand are considerably more 

penetrating, allowing for depth profiling non-destructively.   

 

XRD is the most common method for measurement of residual stresses, being widely 

used in industry due to the availability of XRD systems, while ND requires a neutron 

source, usually requiring government facilities with considerably higher costs.   

 

2.4.1 UTILIZING DIFFRACTION FOR STRESS MEASUREMENT 

Both XRD and ND rely on diffraction to use the crystal structure of a material as a very 

accurate strain gauge.  This means that there needs to be some repeating structure 

within the material, therefore this is only useful on crystalline/polycrystalline structures 
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and cannot be used for measurement on amorphous materials.  If residual stresses 

exist, the lattice spacing will be slightly different then the unstressed state, Figure 2-14.   

 

 

Figure 2-14 Changes to lattice spacing due to residual stresses.   
 

The lattice spacing of a family of planes within the atomic structure is determined by 

measuring the angle of diffraction of the incident x-ray and applying Bragg’s law, Eq 2-2. 

 

𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃ℎ𝑘𝑙   (𝐸𝑞 2 − 2) 

 

Where λ is the wavelength of the x-ray (or neutron), dhkl is the interplanar spacing of the 

family of planes {hkl}, and θhkl is the measured angle of diffraction caused by the family 

of planes {hkl}.   

 

It should be clear that in order to measure the induced strain (and in turn determine the 

residual stress) caused by shot peening, an unstressed measure of the lattice parameter 
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of the system is required.  It should also be noted that a sample that has been prepared 

for peening, for example including heat treatment, may have residual stresses present 

prior to peening due to material processing.  If one compares the heat treated sample to 

the peened sample they will be determining the amount of residual stress induced by the 

peening process, and not necessarily the total amount of residual stress within the body.  

To determine the true residual stress within the material one would need an unstressed 

reference sample, ensuring the material processing for this sample did not result in any 

residual stress being introduced to the sample.  For XRD measurements this can be 

avoided and will be discussed in Section 2.4.2.   

 

The stress state at a point within a body can be expressed as a second order tensor, 

shown in Eq 2-3: 

 

𝜎𝑖𝑗 = [

𝜎11 𝜎12 𝜎13

𝜎21 𝜎22 𝜎23

𝜎31 𝜎32 𝜎33

]  (𝐸𝑞 2 − 3) 

 

Which can be related to the second order strain tensor by the elasticity tensor of the 

material Cijkl through Eq 2-4: 

 

𝜎𝑖𝑗 = [

𝜎11 𝜎12 𝜎13

𝜎21 𝜎22 𝜎23

𝜎31 𝜎32 𝜎33

] =  𝐶𝑖𝑗𝑘𝑙𝜀𝑘𝑙  (𝐸𝑞 2 − 4) 

 

The elasticity tensor is of forth order and is a material property.  From the stress tensor, 

there are six unknowns, as the off diagonal shear stress terms (e.g. σ12 and σ21) must be 

equal for equilibrium to exist in the body.  To solve the system of equations with six 

unknowns, six independent measurements must be taken.  Usually some simplification 
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is possible knowing the stress state during measurement (e.g. plane-stress condition, 

knowing the principle directions, etc.) which will be discussed for the case of XRD and 

ND in the following sections.   

 

2.4.2 X-RAY DIFFRACTION 

In the case of XRD, it is important to realize the measured lattice parameter (determined 

by Bragg’s law and the angle of diffraction for a given family of planes) is limited to the 

near surface of the scanned component.  This is a result of the absorptivity of matter to 

x-rays, with the penetration depth found using Eq. 2-5. 

 

𝐼𝑥 = 𝐼𝑜𝑒
−(

𝜇
𝜌

)𝜌𝑥
  (𝐸𝑞 2 − 5) 

 

Where Ix is the intensity of the x-ray after passing through a distance of x of the material, 

Io is the incident intensity of the x-ray, µ/ρ is the mass absorption coefficient of the 

material, and ρ is the density of the material.  It must also be noted that due to the 

exponential function in Eq. 2-5, much of the diffraction is coming from near-surface in the 

material.  For example, based on Eq. 2-5, along with the geometry of diffraction, it can 

be found that the average depth of diffraction within aluminum comes from the top 20 µm 

of the sample for high angle diffraction (this calculation will be discussed in more detail in 

Section 4.6.2.3).   

 

Typically, the main goal of XRD residual stress measurements is to determine the in-

plane stress that exists on the surface of the sample in a specific direction, shown in 

Figure 2-15 as σφ.   
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Figure 2-15 Surface stresses during XRD residual stress measurements [10].   
 

Due to the near surface nature of XRD measurements, the volume with which diffraction 

takes place can be taken as in a plane-stress condition (i.e. the stress normal to the 

sample surface, σ3, will be zero).  Due to the assumption of σ3 being zero, the principal 

stress directions will lie such that σ3 is normal to the sample surface, and σ1 and σ2 will 

be in-plane with the sample surface.   

 

Being concerned with the in-plane stress σφ, the d-spacing of primary importance would 

be of planes lying normal to the sample surface (normal to the vector OC in Figure 2-15 

for example).  Due to the geometry of XRD, measurement of the d-spacing of planes 

normal to the sample surface is virtually impossible, so measurements are made by 

rotating the bisector of the incident and diffracted x-ray off normal, as shown in Figure 

2-16 for an inclination of ψ and in-plane tensile stress.   
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Figure 2-16 X-ray diffraction geometry with ψ-inclination during stress measurements.   
 

This orientation shown in Figure 2-16 (b) would lie in the plane OABC in Figure 2-15.  

During these measurements, linear elastic theory is used to relate the strain value to 

stress, requiring the material properties of Young’s modulus (E) and Poisson’s ratio (ν).  

In the case of diffraction work, the bulk properties of the material, which would typically 

be used in stress analysis are not suitable due to the anisotropic behavior of a single 

crystal.  This is due to the measurements of planer spacing (d) being completed in a 

specific orientation within the anisotropic crystal lattice.  For this reason, specific values 

of E and ν are required for the d-spacing orientation in question and are denoted Ehkl and 

νhkl.  Common terms found in XRD residual stress measurements incorporate these 

specific orientation values of Ehkl and νhkl, termed x-ray elastic constants (XEC) and 

defined as: 

 

𝑆1 = − (
𝜈

𝐸
)

ℎ𝑘𝑙
  (𝐸𝑞 2 − 6) 

 

½𝑆2 = (
1 + 𝜈

𝐸
)

ℎ𝑘𝑙
 (𝐸𝑞 2 − 7) 
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The strain in direction OB, or εψ can be found based on elasticity theory for isotropic 

materials, as shown in Eq 2-8. 

 

𝜀𝜓 = (
1 + 𝜈

𝐸
)

ℎ𝑘𝑙
𝜎𝜑 sin2 𝜓 − (

𝜈

𝐸
)

ℎ𝑘𝑙
(𝜎1 + 𝜎2)  (𝐸𝑞 2 − 8) 

 

The planer spacing dψ is what can be determined directly from Bragg’s law and the angle 

of diffraction, which can be related to εψ by: 

 

𝜀𝜓 =
𝑑𝜓 − 𝑑𝑜

𝑑𝑜
= (

1 + 𝜈

𝐸
)

ℎ𝑘𝑙
𝜎𝜑 sin2 𝜓 − (

𝜈

𝐸
)

ℎ𝑘𝑙
(𝜎1 + 𝜎2)  (𝐸𝑞 2 − 9) 

 

Rearranging for dψ yields: 

 

𝑑𝜓 = [(
1 + 𝜈

𝐸
)

ℎ𝑘𝑙
𝜎𝜑𝑑𝑜 sin2 𝜓] − [(

𝜈

𝐸
)

ℎ𝑘𝑙
𝑑𝑜(𝜎1 + 𝜎2)] + 𝑑𝑜  (𝐸𝑞 2 − 10) 

 

Where dψ is measured based on the angle of diffraction at inclination ψ, σ1 and σ2 are 

constant for a sample (although unknown), ν and E are material properties, do is the 

unstressed planer spacing, at this point unknown for the system, and σφ is to be solved 

for.  Based on Eq 2-10, dψ will vary linearly vs. sin2ψ, shown by taking the differential of 

Eq 2-10 with regards to sin2ψ: 

 

𝑑𝑑𝜓

𝑑 sin2 𝜓
= (

1 + 𝜈

𝐸
)

ℎ𝑘𝑙
𝜎𝜑𝑑𝑜  (𝐸𝑞 2 − 11) 

 

Solving for σφ yields: 



 38 

𝜎𝜑 = (
𝐸

1 + 𝜈
)

ℎ𝑘𝑙

1

𝑑𝑜
(

𝑑𝑑𝜓

𝑑 sin2 𝜓
)  (𝐸𝑞 2 − 12) 

 

If the material properties Ehkl and νhkl are known, the slope of dψ vs. sin2ψ can be found 

by making various measurements of dψ at different inclinations, ψ.  At this point, to solve 

for σφ all that is required is do.  To get a true unstressed planer spacing for the material is 

not trivial and an assumption can be made which introduces minimal error in the 

measurements.  Back to the fact that the surface is in a plane-stress condition, the strain 

normal to the sample surface (ε3) will be a result of Poisson’s effect due to the principal 

stress σ1 and σ2, as shown in Eq 2-13. 

 

𝜀3 = −𝜈(𝜀1 + 𝜀2) = −
𝜈

𝐸
(𝜎1 + 𝜎2)  (𝐸𝑞 2 − 13) 

 

The strain ε3 can also be related to the unstressed d-spacing of the material (do), along 

with the measured d-spacing normal to the sample surface (dn):   

 

𝜀3 =
𝑑𝑛 −  𝑑𝑜

𝑑𝑜
=  −

𝜈

𝐸
(𝜎1 + 𝜎2)  (𝐸𝑞 2 − 14) 

 

Rearranging to solve for dn finds: 

 

𝑑𝑛 = 𝑑𝑜 [1 − (
𝜈

𝐸
) (𝜎1 + 𝜎2)]  (𝐸𝑞 2 − 15) 

 

Since E >> (σ1 + σ2) in the elastic region, the value of dn will differ only slightly from do.  

As an example, considering E and ν of 71 GPa and 0.33 (values for bulk aluminum), and 
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principal stresses of σ1 = σ2 = -300 MPa (relatively high for residual stresses within 

aluminum), from Eq 2-15 we find: 

 

𝑑𝑛 = 0.9972𝑑𝑜  (𝐸𝑞 2 − 16) 

 

With dn being so close to do, the measurement of dn, with the incident and diffracted x-

ray bisector being normal to the sample surface (or ψ = 0°) can be substituted directly 

into Eq 2-12 with minimal error introduced: 

 

𝜎𝜑 ≅ (
𝐸

1 + 𝜈
)

ℎ𝑘𝑙

1

𝑑𝑛
(

𝑑𝑑𝜓

𝑑 sin2 𝜓
) (𝐸𝑞 2 − 17) 

 

At this point, if various measurements of dψ are made, typically from -45° to +45°, 

including measurement at ψ=0°, the slope can be found and Eq 2-17 can be solved for 

σφ.   

 

2.4.3 NEUTRON DIFFRACTION 

When dealing with ND, a beam of neutrons is used to probe a material, similar to an x-

ray beam used in XRD analysis.  As these measurements rely on the phenomenon of 

diffraction, the beam of neutrons is treated as a wave. 

  

There are two main ways that neutrons are produced for the purpose of neutron 

scattering.  The first is essentially the exact same as nuclear power generation, where a 

fission reaction is used.  The second is rather different requiring a spallation source.  

Measurements were completed at the Canadian Neutron Beam Center (CNBC) (Chaulk 
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River, ON) on their National Research Universal (NRU) reactor.  The NRU reactor is a 

135 MW fission reactor operated partially as a research tool supplying neutrons for 

nuclear, materials and engineering work.   

 

Similar to produced x-rays, a neutron source produces a polychromatic or “white” beam, 

meaning there is a wide range of neutrons with varying speeds, and in turn, varying 

associated wavelengths.  As these measurements rely on diffraction of the incident wave 

of neutrons, Bragg’s law is utilized and a monochromatic beam is desired.  There are 

various methods to obtain a monochromatic beam from the neutron source, although the 

main method used at CNBC on the stress measuring spectrometer, is that of a single 

crystal monochromator.  Here, the incident neutron beam encounters a single crystal, 

shown in Figure 2-17, which will cause diffraction to occur at a defined angle, θ, 

consisting of a very narrow range of wavelengths that satisfy Bragg’s law. 

 

 

Figure 2-17 Single crystal monochromator used during ND measurements. 
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Knowing the lattice spacing of the single crystal monochromator used, d, one can select 

an angle, θ, which will result in a known wavelength, λ.   

 

Where x-rays are scattered by the electron cloud of an atom, neutrons interact and are 

scattered by the nucleus of an atom.  Since a neutron is neutral in charge, and much 

more massive than an electron, there is very little interaction with orbiting electrons.   

An incident beam of neutrons can be thought of as a plane wave, which when coming in 

contact with the nucleus of an atom scatters spherically in all directions.  The nucleus 

acts as an ideal point scatterer, producing spherical waves.   

 

In order to determine residual stresses, residual strains within the lattice are measured.  

These residual stresses will cause shifts in the diffraction peak position.  The strain 

within a body can be related to the measured d-spacing from diffraction, along with the 

unstressed d-spacing of the system: 

 

𝜀 =  
𝑑 − 𝑑𝑜

𝑑𝑜

(𝐸𝑞 2 − 18) 

 

Where: d is the lattice spacing of the material while do is the unstressed lattice spacing.  

Substituting Bragg’s law, strain as a function of diffraction angle can be found: 

 

𝜀 =  
sin(𝜃𝑜)

sin(𝜃)
 –  1 (𝐸𝑞 2 − 19) 

 

As we are primarily concerned with measurement of the residual stresses present within 

the body, this measure of strain must be related to the stress by linear elastic theory.  
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With a suitable number of strain measurements in various orientations, the stress tensor 

can be solved by: 

 

𝜎1,2 =
𝐸

(1 + 𝜈)(1 − 2𝜈)
[(1 − 𝜈)𝜀1,2 + 𝜈(𝜀2,1 + 𝜀3)] (𝐸𝑞 2 − 20) 

 

𝜎3 =
𝐸

(1 + 𝜈)(1 − 2𝜈)
[(1 − 𝜈)𝜀3 + 𝜈(𝜀1 + 𝜀2)] (𝐸𝑞 2 − 21) 

 

Where σ1,2 and ε1,2 are the in-plane stresses/strains on the surface of the part, while σ3 

and ε3 are the stress/strain values normal to the sample surface.  E and ν represent 

Young’s Modulus and Poisson’s ratio of the material in question, and similar to XRD 

measurements, as the strain values are measured in a specific orientation of the crystal, 

the values of E and ν should represent the material response in a specific loading 

orientation of the crystal.   

 

One of the major benefits of working with neutrons over x-rays is their much higher 

degree of penetration within materials.  It is due to this that the measurements of strain 

can be made directly normal to the sample surface, where this is impossible with x-rays, 

and required the ψ rotation normal to the sample surface during XRD measurements.   
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3.1 FORWARD TO CHAPTER 3 

This project began primarily as a study to determine the gains in fatigue strength 

achievable from shot peening of an aluminum PM alloy.  This particular aluminum alloy 

had been largely characterized previously in the research group, including sintering and 

heat treatment response, so material processing was followed in accordance with these 

previous studies.  As shot peening was new to the research group, an automated 

system was developed to ensure consistent peening between samples, as well as 

considering suitable peening intensities for the material in question.  Rotating bending 

fatigue (RBF) was completed in a non-controlled, open atmosphere.   
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3.2 ABSTRACT 

As concerns over environmental impact on our planet grow there is a continued push to 

decrease carbon dioxide and other pollutant emissions to the atmosphere.  The 

automotive industry feels this drive for increased efficiency more than any other.  A 

technology that may increase vehicle fuel economy is aluminum powder metallurgy (PM) 

by reducing the overall weight of vehicles via the expanded use of lightweight aluminum 

PM components.  In an effort to increase the mechanical properties of conventional 

aluminum PM alloys the effects of shot peening have been studied.  Various peening 

intensities were considered by analyzing the general surface condition, roughness, and 

sub-surface attributes.  This was completed on specimens pre and post peening using a 

combination of non-contact optical profilometry, optical microscopy, and scanning 

electron microscopy.  A suitable peening intensity was chosen and the effects of peening 

were quantified with a focus on fatigue life.  Comparisons to equivalent wrought 

aluminum alloys are also made.   

 

3.3 INTRODUCTION 

Vehicle emissions are a major contributor to global pollutant levels and with the 

continued increase in public awareness the automotive industry is continuously feeling 

the push for more environmentally friendly vehicles.  Automakers are searching for ways 

to increase fuel economy, and one major area for improvement is the reduction in 

vehicle weight. According to Ducker Worldwide, an independent research firm 

specializing in the global automotive industry, weight reduction including segment shift 

will contribute 25% of the improvement in fuel economy and CO2 reduction required by 

2020 [11].  The movement from large vehicles to more compact models will be a 

significant amount of this reduction (segment shift), but the use of lightweight materials 
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in place of heavy steel will also be a major contributor.  Some of the leading materials for 

replacement of steel components are aluminum alloys.  One processing method of 

aluminum that has shown increased benefits in the way of economic gains and unique 

mechanical properties over other traditional routes is powder metallurgy (PM).  The main 

benefit of aluminum PM is a reduction in processing costs due to the “near net shape” 

approach that minimizes machining and the amount of wasted material.  One downside 

to these PM alloys is residual porosity within the material, which results in decreased 

mechanical properties.  Porosity is typically reduced to an amount where the material is 

considered fully dense by hot forging.  This process adds to the cost of production, but 

can result in mechanical properties that actually outperform wrought equivalents, in 

particular, those of fatigue [12].   

 

Another process that holds great potential in increasing the fatigue properties of 

aluminum PM alloys is shot peening.  This technique has been used for some time to 

increase the performance of components produced from wrought aluminum alloys and 

forged PM steels but little to no information is available with respect to its effects on 

aluminum PM materials.  Shot peening is a process by which a material is bombarded 

with small spherical balls, termed “shot”.  The impact of these shot against a materials 

surface prompts the formation of small dents on the surface via plastic deformation.  The 

net result is a narrow layer of compressive residual stress induced at the surface.  As 

fatigue cracks initiate and propagate in tension, this layer of compressive residual stress 

will resist tensile forces.  Hence, an applied load must first overcome this barrier of 

compressive residual stress before crack initiation can occur.  By this means, the fatigue 

strength of a material can be increased by the shot peening process.   
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Shot peening is typically used as a method to resist fatigue and stress corrosion failures.  

The extent of increase can vary largely due to a number of parameters including the 

peening process and the material in question.  Shot peening has the added benefit of 

closing surface pores of press and sinter components, which can act as stress raisers.  

According to the ASM Metal Handbook, an increase of at least 20% in endurance limit 

due to shot peening can be seen with PM press and sinter steel components with small 

cross sections (6 x 6 mm) [13]. It has also been found that increases in fatigue strength 

in the range of 20 – 50% can be achieved on powder forged steel components [14, 15] 

while gains in wrought aluminum alloys typically amount to improvements on the order of 

20 – 35% [16].  With increases to this extent shot peening of aluminum PM alloys holds 

great potential and may be able to make aluminum PM more competitive with wrought 

equivalents on a performance basis.   

 

3.4 MATERIALS 

The main material of interest in this study was PM7075, a commercial PM alloy 

developed as an equivalent to wrought aluminum 7075.  This PM blend was produced 

by Ecka Granules and is designed for press and sinter processing. Details on this blend 

are given elsewhere [3].  The nominal chemical compositions for PM7075 and AA7075 

are shown in Table 3-1. 

 
Table 3-1 Chemical compositions of PM7075 and wrought AA7075 wt%. 

 Al Zn Mg Cu Sn 

PM7075 Bal. 5.5 2.5 1.6 0.2 

Wrought AA7075 Bal. 5.6 2.5 1.6 -- 
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3.5 EXPERIMENTAL TECHNIQUES 

The PM processing route followed was a two-stage approach of uni-axial die compaction 

and controlled atmosphere sintering.  To compact the powder blends, an Instron 5594-

200HVL load frame was used in conjunction with self-contained tooling.  Here, powders 

were briquetted at 600 MPa into Charpy bars (75 x 12.7 x 12.7 mm).  All bars were then 

sintered in a controlled atmosphere tube furnace.  The heating cycle included a 20 

minute dwell at 400C for de-lubrication purposes followed by sintering at 605C (20 

minutes), and finally, a gas quench to ambient in a water-jacketed cooling section.  A 

flowing atmosphere of ultra-high purity nitrogen (>99.999%) was maintained throughout 

the entire cycle.  All compacts were sintered to a final density of 2.77 g/cm3, this equated 

to 98.6% of the full theoretical density (2.81 g/cm3).  A T6 heat treatment was then 

applied to all sintered bars prior to peening.  This was a three-stage process that 

included solutionization at 470C for 90 minutes followed by a water quench, and 

artificial aging at 125C for 24h.   

 

Shot peening was quantified by use of Almen Intensity.  Here, standard Almen strips 

were peened in the same manner as PM substrates.  The amount of arcing that was 

measured in the Almen strip indicated the Almen intensity of the peening process.  Two 

types of Almen strips had to be utilized in this study, A and N.  A – type strips are 

considered to be the standard, while N – type strips are used for lighter peening 

intensities.  As the considered intensities varied between the range for N and A strips as 

per SAE standards [9] both had to be utilized.  For comparison, the common rule of 

thumb is that the Almen intensity measured using an N strip is approximately three times 

that measured using an A strip (e.g. 0.2 mmA is approximately 0.6 mmN).   
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In order to achieve consistent, repeatable peening results an experimental shot peening 

apparatus was designed.  The peening unit utilized, shown in Figure 3-1 (a), was a 

pressurized, self-contained cabinet that allowed for control of shot flow through the use 

of an in-stream pinch valve and control over shot velocity using regulated air pressure.  

The automated system utilized an electric motor driven linear actuator coupled with a 

linear track and various sample holders.  This unit, seen in Figure 3-1 (b), ensured that 

the time of exposure to the shot stream could be accurately controlled.   

 

 

Figure 3-1 Components of the system utilized in the shot peening of aluminum PM bars, 
(a) peening cabinet and (b) automated system. 
 

In order to assess the surface characteristics of the peened material, as sintered and T6 

heat treated Charpy bars were peened at various intensities and analyzed using a 

combination of optical and scanning electron microscopy (SEM) as well as non-contact 

optical surface profilometry.  In order to study the sub-surface condition of the peened 

samples cross sections were mounted under vacuum in an epoxy resin.  Cured mounts 

were then ground and polished using a Buehler Vector Power Head auto-polisher and 

various diamond pastes and extender from 9 m down to 1m and finished using 0.05 
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m colloidal silica, finished mounts were then examined using optical imaging.  The SEM 

unit utilized was a Hitachi S-4700 cold field system operated at an accelerating voltage 

of 10 kV and a beam current of 15 A.  Optical images were captured using a Unitron 

Optical Microscope equipped with a Micro Metrics digital camera at various 

magnifications ranging from 50x to 500x.  The non-contact surface profiler used was a 

Nanovea Micro-Profiler, model PS50 with a 130 m sensor.  Nanovea 3D software 

package was used for data acquisition and Nanovea Mountains Pro 3D for surface 

analysis.  Surface scans were conducted over a 1.5 x 1.5 mm area with a step size of 

1.5 m in the x and y direction and averaging set to 2.  A 4 mm profile scan was 

completed on fatigue bars in the center radius with a step size of 0.1 m and averaging 

set to 2.  

 

To complete fatigue testing aluminum PM Charpy bars were machined down to 6.35 mm 

diameter hourglass specimens.  Wrought AA7075 – T6 samples were also machined to 

the same configuration for comparison purposes.  To alleviate circumferential scratches 

in the surface due to machining, all samples were polished longitudinally using a Dremel 

Multipro Model 395 and 1 m diamond paste and extender.  As the peening setup only 

allowed for purely linear motion, the machined and polished PM bars had to be peened 

using a series of linear sweeps.  Here, samples were peened at 90 intervals, meaning 

that the bar would be peened traveling longitudinally past the shot stream, rotated 90 

and then peened again.  This peen/rotate sequence was then repeated until the full 

circumference of the bar was treated.  The surface topography and roughness of the 

peened fatigue bars was then measured at 30 intervals around the circumference to 

ensure consistency in peening.   
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Samples were tested for fatigue strength using a fatigue dynamics rotating-bending 

fatigue test frame operated at 50 Hz.  A total of 10 polished samples of wrought AA7075 

– T6 were tested followed by 10 polished then peened bars of the PM equivalent, 

PM7075  Fatigue strength was then found according to the staircase method [17] using 

an endurance life of 5 million cycles and a step size of 9 MPa.   

 

3.6 RESULTS AND DISCUSSION 

3.6.1 SURFACE CHARACTERIZATION 

Before the effect of peening on the fatigue properties could be studied a suitable 

peening intensity had to be determined.  According to SAE and ASTM, suggested 

peening intensities for aluminum alloys range from 0.15 mmA to 0.25 mmA [18, 19].  

When an excessive intensity is used during peening the surface of the material can 

become damaged, called over peening.  This can be very detrimental and even cause 

surface cracking to begin, resulting in pre-mature failure.  In an attempt to determine a 

suitable peening intensity three Charpy bars were peened to intensities of 0.25 mmN, 

0.4 mmN, and 0.2 mmA.  These samples were then analyzed using SEM, the images 

generated can be seen in Figure 3-2.   
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Figure 3-2 SEM imaging of peened surfaces prepared at various intensities, (a) 
unpeened, (b) 0.25 mmN, (c) 0.4 mmN and (d) 0.2 mmA 
 

From Figure 3-2 (d) it appeared that there was considerable surface damage occurring 

at 0.2 mmA intensity.  From Figure 3-2 (c), 0.4 mmN intensity did not appear to be 

damaging the surface of the material, while clear denting can be seen, indicating plastic 

deformation and in turn, that compressive residual stress has been introduced.  The 

lower peening intensity of 0.25 mmN (Figure 3-2 (b)) also had noticeable denting, but 

much less than the higher intensities.   

 

Using a non-contact optical profiler, the surface topography of the unpeened and peened 

431D samples was obtained.  Sample 3D images of the PM 431D material unpeened 
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and peened to 0.4 mmN intensity are shown in Figure 3-3.  This allowed for the surface 

roughness of the material to be found using the software suite Nanovea Mountains Pro 

3D.  The measured roughness values for the as sintered/heat treated material, as well 

as those peened at various intensities are shown in Figure 3-4.  It was found that 

peening to intensities of 0.25 mmN and 0.4 mmN had little to no effect on the surface 

roughness, while a substantial increase occurred at a peening intensity of 0.2 mmA.  It is 

typically regarded that a smoother surface will perform better than a rough surface in 

fatigue due to stress raisers present in a roughened surface.   

 

 

Figure 3-3 Surface topography of aluminum PM7075 – T6 (a) unpeened, and (b) peened 
to 0.4 mmN. 
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Figure 3-4 Surface roughness of as sintered PM 431D and peened to intensities of 0.25 
mmN, 0.4 mmN and 0.2 mmA. 
 

To understand the effects of peening on the sub-surface material, cross sectional 

mounts were examined.  The resultant micrographs are shown in Figure 3-5.  Similar to 

the SEM surface images, a peening intensity of 0.2 mmA appeared to damage the 

surface.  This was evident as material folded over adjacent material, which resulted in 

sub surface cracking.  When over peening occurs one form of damage that can transpire 

is peened surface extrusion folds (PSEF).  PSEF are a result of excessive material flow 

lateral to the peened surface, and can cause premature fatigue failure due to 

acceleration in crack nucleation [20].  This showed strong indication that a peening 

intensity of 0.2 mmA was too aggressive for the PM alloy.  Noticeable denting was also 

observed with 0.4 mmN intensity, yet no PSEF had occurred.  At an intensity of 0.25 

mmN very minimal surface change was seen between the peened and unpeened 

surfaces, consistent with SEM observations.   
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Figure 3-5 Cross-sections of peened surfaces, (a) Unpeened, (b) 0.25 mmN, (c) 0.4 
mmN, and (d) 0.2 mmA.  PSEF shown by arrow. 
 

3.6.2 FATIGUE TESTING 

From the surface characterization, a peening intensity of 0.4 mmN was chosen for 

further analysis, specifically the effects of this intensity on the fatigue strength of PM 

431D.  According to a previous study conducted at Dalhousie University the fatigue 

strength of PM7075 at 5 million cycles is approximately 130 MPa [12], the samples used 

in the current study were prepared in a similar manner for comparison sake.   

 

Prior to fatigue testing the machined samples (wrought and PM) were polished to 

alleviate the circumferential cut marks from machining.  Figure 3-6 shows the profile 

scans of fatigue bars as machined, polished and peened to 0.4 mmN intensity, in these 

figures the radius of the fatigue bar was removed to show purely the surface roughness.  

From the profile scans the corresponding roughness values were found as shown in 

Table 3-2.   
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Figure 3-6 Profile scan of fatigue bars, (a) as machined, (b) polished, and (c) peened to 
0.4 mmN intensity. 
 

Table 3-2 Surface roughness for various surface finishes. 

Surface Finish Machined Polished Peened to 0.4 mmN 

Roughness (Ra) 0.257 m 0.104 m 2.399 m 

 

Before samples were tested the consistency of circumferential peening had to be 

validated.  Using the non-contact optical surface profiler, the center radius of the fatigue 
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bars was scanned to show the surface topography.  A consistent roughness around the 

circumference would indicate an even amount of peening induced plastic deformation 

and in turn it is speculated an even amount of residual stress introduced.  Figure 3-7 

shows a sample scan of the fatigue bar radius. 

 

 

Figure 3-7 Surface scan of a fatigue bar radius peened to 0.4 mmN intensity. 
 

Software was then used to find the surface roughness.  This was completed at 30 

intervals around the bar on two separately peened specimens.  The results are shown in 

Figure 3-8, showing the angle of rotation vs. roughness.   
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Figure 3-8 Surface roughness around the circumference of fatigue bar. 
 

Although there were a few points where the roughness was slightly higher the most 

important observation was that there was no pattern of an increased surface roughness 

at certain intervals, e.g. it was not seen that when the shot stream was perpendicular to 

the sample being peened (at 0, 90, 180 and 270) a higher surface roughness 

occurred, which would have indicated uneven peening.  With this, it was believed that 

consistent peening was achieved around the circumference of the bar. 

 

Fatigue testing was conducted on wrought AA7075 and peened PM7075 aluminum 

alloys in accordance with MPIF Standard 56 [17].  The staircase method was applied 

and statistical analyses enabled the calculation of the fatigue strengths at various 

probabilities of failure, as shown in Table 3-3.   
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Table 3-3 Fatigue comparison of wrought AA7075 to peened PM7075 aluminum alloys 
at various probabilities of failure. 

Material 50% 90% 10% 

Wrought AA7075-T6 258 MPa 243 MPa 273 MPa 

Peened PM7075-T6 177 MPa 146 MPa 208 MPa 

PM7075-T6 [12] 130 MPa --- --- 

 

It was found that peened PM7075 was out performed by the wrought AA7075 material, 

but of more importance to this study is the increase seen in PM7075 through shot 

peening.  When compared to the fatigue strength found in previous studies an 

improvement of 36.2% was seen.  This is a very significant gain, which decreased the 

gap in performance between the PM and wrought materials.  This increase was in the 

high end of gains seen in wrought aluminum alloys by shot peening (20 – 35%) and 

considerably higher than that known to occur in wrought AA7075 – T6, 25% [16].  The 

considerably higher increase in fatigue strength seen in PM over wrought is possibly due 

to a two-fold effect: peening induced residual stresses, plus the closing of surface 

porosity.  The latter was an added benefit with peening PM materials as it is well known 

surface pores can act as stress risers and lead to premature failure.   

 

An important note is that the peening intensity of 0.4 mmN may not be optimal for the 

PM7075 material.  Even greater improvements in fatigue strength can be expected with 

further study into various peening intensives.  Although wrought AA7075 – T6 still out 

performs peened PM7075 – T6 studies have shown that forged PM7075 – T6 actually 

out performs wrought AA7075 – T6 [12].  Therefore, shot peening of forged PM7075 

material has the potential to significantly outperform wrought AA7075 while maintaining 

the benefits of the PM process, specifically reducing production costs and material 

waste.   
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3.7 CONCLUSIONS 

From the completed work, it has been concluded that: 

1. 0.2 mmA peening intensity resulted in noticeable surface and sub-surface 

damage occurring to Alumix 431D in the as-sintered and T6 heat treated state, 

indicating over peening was occurring.   

2. A peening intensity of 0.4mm N showed noticeable surface denting, while little to 

no surface or sub-surface damage was seen. 

3. Peening of a round sample in a linear fashion can produce consistent surface 

roughness and in turn, it is speculated that a consistent state of residual stresses 

is induced.  

4. Shot peening of 431D – T6 PM alloy to 0.4 mmN intensity resulted in an increase 

in fatigue strength of approximately 36%. 

5. Higher gains were seen in shot peening of PM material over literature of 

improvements in wrought material.  This may be an indication that peening is 

reducing the surface porosity, an added benefit in peening of PM materials.  
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4.1 FORWARD TO CHAPTER 4 

At this point the scope of the project expanded, with focus heavily placed on industrial 

processing of the alloy.  Prior work largely resulted from lab-based processing, and to 

verify the alloy would respond in a similar manner in an industrial setting, industrially 
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processed samples were studied.  Shot peening response was further analyzed by 

measuring the induced residual stresses within the sample.   

 

4.2 ABSTRACT 

The objective of this study was to characterize the mechanical/physical properties of an 

industrially processed Al-Zn-Mg-Cu powder metallurgy (PM) alloy and assess the 

subsequent effects of shot peening.  The research involved a number of experimental 

techniques, including density measurements, tensile testing, Rockwell hardness 

measurements, nanoindentation, and optical and scanning electron microscopy.  

Residual stress measurements were completed using a combination of x-ray diffraction 

(XRD) and neutron diffraction (ND).  Industrially produced specimens attained near full 

theoretical density and exhibited a nominal yield strength on the order of 460 MPa in the 

T6 condition. It was discovered that zinc had preferentially evaporated from the surface 

of the components during sintering.  The depleted region persisted to a depth of ≈3 mm 

and resulted in reduced nano-hardness of 1.65 GPa at the surface versus 2.50 GPa in 

the bulk.  Shot peening increased the surface hardness of the alloy and resulted in a 

peak compressive residual stress of 232 MPa at the treated surface.  

 

4.3 INTRODUCTION 

As the automotive industry continuously strives to reduce vehicle emissions there is an 

increasing desire for high performance, lightweight materials that can be produced in an 

economical manner.  One option that has become progressively more attractive is that of 

aluminum powder metallurgy (PM).  The commercial inception of this technology began 

in the mid 1990's with the introduction of aluminum PM camshaft bearing caps.  In recent 

years, significant effort has been put into developing aluminum PM materials that can be 



 62 

used to expand the scope of automotive applications.  With 7xxx series wrought 

aluminum systems having some of the highest mechanical properties among all 

aluminum alloys, it is not surprising that alloys with similar chemistries have been 

devised for PM processing.  One such alloy that has now matured into a commercial 

product is referred to as Alumix 431D.  This blend was developed for press-and-sinter 

processing by Ecka Granules and was seemingly designed on the basis of the wrought 

alloy AA7075.   

 

The open literature on this alloy is exclusively focused on laboratory processing, and 

more specifically, the development of optimized sintering schedules.  Various studies 

have found that the blend responds very well to traditional press-and-sinter processing 

with both Martin and Castro [21] as well as Azadbeh and Razzahi [22] achieving sintered 

densities >98% with proper sinter temperature and time, while Pieczonka et al. [23] 

compared the effects of various sintering atmospheres, finding that nitrogen produced a 

superior sinter quality when compared to both argon and a nitrogen-hydrogen mixture.  

Additional studies have shown the heat treatment response to be similar to that of 

wrought AA7075, with LaDelpha et al. [3] finding the yield strength of the PM system in 

the T6 state to be approximately 91% that of the wrought system.   

 

While there has been a considerable amount of sintering-based research dedicated to 

Alumix 431D, minimal data exists on its response to critical secondary operations such 

as shot peening.  Shot peening has been extensively used in industry for years to 

improve the fatigue performance of wrought aluminum alloys with numerous studies 

published to ascertain the effects of shot peening on wrought AA7075 with varying 

results.  Both Benedetti et al. [24] and Wagner et al. [25] saw gains in fatigue strength of 

approximately 50% with select peening parameters.  However, others including Honda 
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et al. [26] and Grendahl et al. [27] saw little to no improvements in the fatigue strength of 

AA7075 by peening, while Oguri [28] saw no gains from conventional shot peening, but 

slight improvements with a fine particle shot peening process.  Although there have been 

varying results describing the effectiveness of shot peening as a means to extend the 

fatigue life of AA7075, it is clear that with proper peening parameters, appreciable gains 

can be realized by shot peening aluminum alloys.   

 

Overall, it is clear that Alumix 431D is a promising PM material.  However, an acute lack 

of data in the areas of industrial processing behaviour and value-added secondary 

operations remain as impediments to widespread exploitation.  Hence, the objective of 

this research was to simultaneously address both shortfalls by producing samples of the 

alloy in a high volume industrial production cell and then conducting a detailed 

metallurgical assessment of sintered specimens both before and after a conventional 

shot peening operation. 

 

4.4 MATERIALS 

The material of interest in this study was the commercial Al-Zn-Mg-Cu system referred to 

as Alumix 431D.  The blend was produced by ECKA Granules (Fürth, Germany) through 

air atomization and is generically denoted as PM7075 throughout the study.  An SEM 

image of the raw powder can be seen in Figure 4-1, showing the irregular morphology 

typical of air atomized materials.  This particular powder blend was designed for direct 

press and sinter processing and was formulated from a mixture of a master alloy powder 

containing aluminum and all alloying additions, pure aluminum powder, as well as a 

powdered lubricant (Licowax C; Clariant Corporation) added to aid die compaction.  The 
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targeted and measured compositions of the PM system, found by atomic absorption, can 

be seen in Table 4-1.   

 

 

Figure 4-1 SEM image of PM7075 raw powder. 
 

Table 4-1 Targeted and measured chemistries of PM7075 (weight %). 

 Al Cu Mg Zn Sn 

Target Bal. 1.6 2.5 5.5 0.2 

Measured Bal. 1.60 2.62 5.59 0.14 

 

4.5 EXPERIMENTAL TECHNIQUES 

The samples for study were prepared industrially using a conventional die compaction 

and sintering approach.  Initially, green compacts were produced through double action 

die compaction under an applied pressure of 400 MPa.  All compacts were plate-shaped 

with nominal dimensions of 100 x 75 x 17 mm.  The green compacts were then sintered 
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in a continuous mesh belt furnace under a high purity nitrogen atmosphere.  The 

nominal thermal cycle consisted of a 20 minute dwell at 400oC for de-lubrication, 

followed by sintering at 605oC ± 5oC for 20 minutes and gas quenching to ambient 

temperature in a water jacketed section of the furnace.  During the sintering process the 

atmospheric oxygen content was held <10 ppm while the dew point was <-60oC.  All 

sintered plates were then heat treated to the T6 condition.  This process included 

solutionization at 470oC for 90 minutes followed by water quenching and artificial aging 

at 125oC for 24 hours.  Both thermal stages of heat treatment were conducted in air.   

 

To study the effects of shot peening on the T6 material, the pucks were sectioned to a 

size appropriate for the automated peening system (approximately 50 x 50 mm) and the 

surface was peened to an Almen intensity of 0.4 mmN.  Harding et al. [29] found this 

intensity to produce noticeable plastic deformation in the treated surface while 

minimizing excessive damage to the material.  The tolerance on the intensity was + 0.02 

mmN, - 0.00 mmN (+ 5%, - 0%) and was verified using standard N-S Almen strips before 

and after peening of the PM plates according to SAE J442 [30].  To minimize surface 

contamination of peened specimens, zirconium oxide shot was utilized as the peening 

media.  This resulted in uniform deformation of the treated material without any obvious 

material transfer or damage to the shot.   

 

Characterization of the pucks began with measurements of sintered density, apparent 

hardness and tensile properties.  The sintered density of the samples was measured by 

a standard Archimedes approach coupled with oil infiltration.  Hardness measurements 

were completed with Rockwell and nano-indentation systems.  Rockwell data were 

gathered from the surface of T6 pucks in the HRB scale using a Leco R600 Rockwell 

Hardness Tester.  Nano-indentation was employed to assess sub-surface hardness 
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gradients using an Agilent G200 system equipped with a continuous stiffness 

measurement module.  Indentations penetrated to a depth of 1000 nm with the hardness 

being determined from an indentation depth of 400 to 900 nm.  To determine the tensile 

properties of T6 specimens, heat treated pucks were sectioned and machined into 

threaded-end round tensile bars per ASTM E8-M [31].  Tensile testing was completed 

using an Instron 5594-200HVL hydraulic frame equipped with a 50 kN load cell.  All 

specimens were loaded at a rate of 5 MPa/s with strain data collected using an Epsilon 

model 3542 axial extensometer that remained attached to the specimen through 

fracture.  As such, the reported values for elongation represent the sum of elastic and 

plastic strain components. 

 

The next means of characterization emphasized microstructure assessment.  Here, 

optical and electron microscopy were employed together with x-ray diffraction (XRD) and 

optical profilometry.  To characterize the surface condition of both the heat treated and 

peened materials a combination of scanning electron microscopy (SEM) and non-

contact optical profilometry was utilized.  Surface imaging was completed using a Hitachi 

S-4700 cold field emission SEM operated at an accelerating voltage of 15 kV and beam 

current of 10 μA.  Surface topography was studied using a Nanovea Micro-Profiler, 

model PS50, equipped with a 1.2 mm sensor.  Data acquisition was completed using 

Nanovea 3D software with Nanovea Mountains Pro 3D used for analysis including 

surface roughness measurements.  For subsurface analysis, samples were sectioned 

perpendicular to the free sintered surface and mounted in epoxy.  Mounts were then 

ground and polished through standard metallographic procedures.  The microstructure 

was analyzed optically using an Olympus model BX51 optical microscope.  In addition, 

chemical analyses were completed using a JOEL JXA-8200WD/ED electron-probe 

micro-analyzer (EPMA) operated at an accelerating voltage of 15 kV and equipped with 
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wavelength dispersive spectroscopy (WDS) detectors.  XRD was employed to assess 

the phases present within a particular specimen and also to conduct lattice parameter 

measurements.  Here, filings were ground from a heat treated puck, and screened to a 

size <45µm.  The screened filings were scanned using a Bruker D8 Advance XRD 

equipped with a LynxEye silicon strip detector.  The incident beam was Cu Kα radiation 

generated at 40 kV and 40 mA.  The lattice parameter of the system was calculated from 

the peak position associated with the {422} diffraction plane.  In cases where a small 

amount of material was required, the Nanovea Micro-Profiler, model PS50, with a 1.2 

mm sensor was utilized to determine the precise volume from which the filings were 

extracted.  These samples were then placed on a silicon single crystal zero background 

holder prior to XRD analyses. 

 

To quantify the extent and gradient of residual stresses caused by shot peening, a 

combination of XRD and neutron diffraction (ND) was utilized.  The XRD measurements 

were completed by Proto Manufacturing (Oldcastle, Ontario, Canada) with an LXRD 2 

system using Co Kα radiation generated with an applied tube voltage and current of 25 

kV and 20 mA, respectively.  The measurements were completed using the {331} plane 

for aluminum by the psi-splitting technique with 22 tilt angles, giving an in-plane normal 

stress measurement as well as a shear stress value both at the surface of the sample.  

The x-ray elastic constant used for stress determination was a general value used for 

aluminum alloys, ½s2 = 18.56 x 10-6 MPa-1.  Residual stresses at depth were obtained 

using ND at the Canadian Neutron Beam Centre (CNBC) using the L3 spectrometer.  

The incident and diffracted beams were defined using 0.3 x 25 mm slits, giving a gauge 

volume of nominally 0.3 x 0.3 x 25 mm3 that was stepped through the material, making 

measurements every ≈50 μm.  A germanium single crystal monochromator was used to 

obtain a neutron beam with a nominal wavelength of 1.7269 Å, which yielded a 
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diffraction angle (2θ) of ≈90o for the {311} aluminum plane which is the preferred 

diffraction plane for aluminum when conducting ND measurements.  A more detailed 

description of the technique is given by Clapham et al. [32].   

 

4.6 RESULTS AND DISCUSSION 

Industrially processed samples of PM7075 were subjected to detailed metallurgical 

characterization in the conventional heat treated (T6) state and again after shot peening.  

Research on the former focused on mechanical properties and microstructural 

constituents.  For the latter, efforts shifted to the characterization of peening-induced 

changes in surface topography and the sub-surface transitions in microstructure, 

hardness and residual stress. 

 

4.6.1 CHARACTERIZATION OF T6 SPECIMENS 

4.6.1.1 PHYSICAL AND MECHANICAL PROPERTIES 

During the industrial processing of any PM-derived component, the density of the 

sintered product and its uniformity are critical.  As such, the industrially processed pucks 

were sectioned into four quadrants for discrete density measurements.  The densities of 

the four segments were very consistent with one another, showing an average value of 

2.743 ± 0.002 g/cm3, which corresponded to 98.3% of full theoretical density (2.79 

g/cm3).  Published data from LaDelpha et al. [3] for smaller lab-produced specimens 

showed a comparable sinter density of 2.749 g/cm3 representing 98.4% theoretical 

density.  Hence, despite the relatively large size of the industrially fabricated pucks, a 

sintered density close to full theoretical was achieved throughout the entire volume.   
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The variation in apparent hardness throughout heat treated pucks was also assessed.  A 

total of 99 hardness measurements were made in 9 quadrants on the surface. The 

average apparent hardness and standard deviation for each quadrant are shown in 

Figure 4-2.  Quadrant averages ranged from 82 to 86.5 HRB.   Such variations were 

minimal and overall, good agreement was seen across the surface of the heat treated 

product.  Interestingly, the average apparent hardness for quadrants on the left and right 

sides of the puck are modestly yet consistently lower than those in the quadrants in the 

central third of the puck, with the hardness for the quadrants at the left edge showing a 

slightly larger decrease in average hardness than those for the quadrants at the right 

edge.  The orientation of the flowing nitrogen during sintering is indicated in Figure 4-2, 

and as will be seen in the following section may explain these hardness variations. 

 

 

Figure 4-2 Variation in the average apparent hardness over the surface of PM7075-T6.  
All values reported in the HRB scale.   
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The tensile properties were measured using multiple specimens machined from a single 

industrially produced puck.  Table 4-2 shows the average properties measured, as well 

as previously published data from LaDelpha et al. [3] derived from smaller specimens 

sintered in a controlled laboratory environment.  Data from the industrially processed 

pucks were highly consistent and in excellent agreement with lab-based findings.  This 

spoke favourably to the prospects of industrial implementation and to the scalability of 

laboratory developed materials.   

 

There was no discernible trend in tensile properties as a function of position within the 

puck.  This was in agreement with the measured uniformity of sintered density but 

somewhat inconsistent with the subtle trends in hardness.  Thus, the differences in 

hardness were either too small to be reflected in the bulk tensile properties or the 

differences were a surface related effect that did not persist through to the core of the 

puck from which the tensile bars were extracted.  This point was addressed in greater 

detail during the next stage of characterization, microstructural assessment.   

 
Table 4-2 Tensile properties of lab and industrially produced specimens of PM7075-T6. 

 Lab Produced [3] Industrially Produced 

Young’s Modulus (GPa) 65 ± 2 65 ± 0.5 

Yield Strength (MPa) 444 ± 8.1 459 ± 0.6 

Ultimate Tensile Strength (MPa) 448 ± 11 465 ± 6.1 

Max Elongation (%) 0.9 ± 0.1 1.0 ± 0.1 

 

4.6.1.2 MICROSTRUCTURAL ATTRIBUTES 

Optical microscopy was conducted at the centre of an industrially processed puck.  The 

microstructure (Figure 4-3) was consistent with LaDelpha et al. [3] on laboratory 

processed specimens.  Key attributes of the microstructure included a matrix of α-
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aluminum grains (A) as the dominant feature together with isolated porosity (B), and the 

sporadic presence of a grey secondary phase (C).  The pores were closed and rounded, 

indicating that a high quality sinter was obtained.   

 

 

Figure 4-3 Core microstructure of industrially processed PM7075-T6. 
 

During prior lab processing, zinc build up was observed within the exhaust of sintering 

furnaces.  This implied that zinc was being lost to the atmosphere during sintering and 

that a chemical gradient may exist near the surface of both laboratory and industrially 

sintered specimens.  To assess this possibility, a section was removed from the center 

of an industrial processed T6 puck, mounted, polished and examined through 

EPMA/WDS.  Through-thickness variations in the concentrations of zinc, magnesium, 

copper and tin extending from the free surface during sintering (0 mm) completely 

through to the belt facing surface (17 mm) are shown in Figure 4-4.  The data shows that 
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the puck had lost a significant amount of zinc in the vicinity of the free surface (Figure 

4-4 (a)) during processing.  The zinc concentration began with an appreciable decrease 

at the free surface dropping to a value of approximately 3.1 wt%.  The concentration 

increased with depth, stabilizing at a depth of ≈3 mm within the sample to a value 

consistent with the bulk assay of the alloy (≈5.6 wt% as indicated in Table 4-1).  The 

concentration decreased again near the surface that was in contact with the furnace belt, 

though it did not reach as low a value as was observed at the free surface (4.7 wt.% vs 

3.1wt.%).  The magnesium concentration, Figure 4-4 (b), showed a considerable amount 

of scatter, but there were no clear trends near either surface as seen in the zinc profile.  

This was also the case for copper and tin contents, although less scatter was observed.  

For each spike in magnesium concentration, there is a corresponding increase in tin 

concentration, Figure 4-4 (d).  It is postulated that these particular points were close to 

grain boundaries within the system, where locally higher concentrations of magnesium 

and tin often exist in sintered aluminum alloys owing to the formation of the 

thermodynamically stable phase Mg2Sn as found by MacAskill et al. [12].   

 

Of all the elements present in PM7075, zinc has by far the highest vapour pressure at 

the sintering temperature employed (1640 Pa).  Aluminum, copper and tin are relatively 

non-volatile, exhibiting vapour pressures of only 5.51x10-8, 3.72x10-9 and 5.06x10-8 Pa, 

respectively, calculated based on properties given by Brandes [33].  Magnesium has a 

vapour pressure of 144 Pa, which is still an order of magnitude less than that for zinc.  

Based on these values it is clear that zinc had the greatest propensity for evaporation 

among the elements present.  As such, the observed near-surface loss of zinc was a 

valid result well supported by fundamental thermodynamic concepts.   
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The Al-Zn-Mg-Cu alloy family exhibits some of the highest strengths of all aluminum 

based systems.  This largely stems from the η-type precipitation sequence wherein 

meta-stable variants of MgZn2 are formed in the -aluminum grains.  Delasi and Adler 

[34] showed these precipitates evolve according to Eq 4-1. 

 

𝑆𝑆𝑆𝑆 → 𝐺𝑃 𝑍𝑜𝑛𝑒𝑠 → 𝜂′(𝑀𝑔𝑍𝑛2) → 𝜂(𝑀𝑔𝑍𝑛2) (𝐸𝑞 4 − 1) 

 

In the T6 temper, the system represents a peak hardened state wherein a high 

concentration of Guinier-Preston (GP) Zones and the semi-coherent η’ precipitate phase 

reside within the alloy.  The noted decrease in zinc concentration at the exterior surfaces 

of sintered pucks would invariably reduce the concentrations of these phases, thereby 

weakening the system at the exterior surface.  As noted earlier, the industrial processed 

plates were sintered in a continuous mesh belt furnace.  Here, pucks are placed on the 

belt that draws them into the heated zones of the furnace in a direction that is counter-

current to the flowing nitrogen atmosphere.  In this situation, the zinc vapour would be 

swept away from the puck as it evolved, prompting continual growth of the zinc lean 

surface layer.  Furthermore, this effect should be particularly intense on the leading edge 

of the puck and along any other free surfaces for which evaporation is not inhibited by 

obstructions such as the furnace belt itself.  Lower average hardness values were 

consistently noted along the leading edge of pucks (Figure 4-2), consistent with these 

observations.   
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Figure 4-4 Through thickness variations in the concentrations of (a) zinc, (b) magnesium, 
(c) copper, and (d) tin within an industrially produced puck of PM7075-T6.   
 

To assess the effect of near-surface zinc loss in greater detail, hardness was measured 

as a function of depth via nano-indentation (Figure 4-5).  The puck showed a decreased 

hardness at the surface (≈1.65GPa) which then stabilized at a value of approximately 

2.50 GPa.  Interestingly the trend did not continue to a depth similar to the zinc loss seen 

in Figure 4-4 (a), with the drop being present only to a depth of ≈1 mm where the zinc 

gradient was seen to exist to a depth of ≈3 mm.   
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Figure 4-5 Hardness profile recorded at the centre of a puck of PM7075-T6 from the top 
surface (0 mm) inward. 
 

As a further indication of the effect this zinc loss has on the system, the lattice parameter 

was measured using XRD.  Figure 4-6 shows the XRD trace for filings taken from the 

centre of aT6 puck.  All the diffraction peaks agreed closely with the theoretical peak 

positions for pure aluminum.  This was a further indication of the heat treatment 

producing largely a GP zone structure, as no secondary η’ or η precipitate phases were 

detected.  It also agrees with the micrographs of the system (Figure 4-3) showing largely 

α-aluminum, with only trace amounts of secondary phases present.   
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Figure 4-6 XRD trace for PM7075-T6. 
 

To assess the effect of zinc loss on the lattice parameter, filings were taken from the 

centre, away from the zinc depleted region as well as from the surface, where the 

sharpest gradient was measured.  Using a non-contact surface profiler, it was 

determined that the surface filings came from the upper 30 μm of the specimen.  The 

screening of the filings resulted in particles with a size below 45 μm, which Noyan and 

Cohen [35] state should result in particles that would not have any macroscopic residual 

stresses present.  Therefore, it should have been evident if the noted loss in zinc had 

caused any changes to the lattice parameter of the material.  The {422} diffraction peaks 

for filings taken from the centre and the surface of the material are shown in Figure 4-7.  

The centres of the peaks were found by the chord midpoint at full width half max 

(FWHM).  There was very little change seen in the peak positions, with the centre filings 

showing a peak position of 137.088o and the surface filings showing a peak position of 
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137.072o.  Using Bragg’s Law along with the cubic structure of the system, the lattice 

parameter of the system (a) was found to be 4.0547 Å in the centre, and 4.0549 Å at the 

surface.  This variation in peak position is also within the stated accuracy of the XRD 

system, 0.02o.  From this, the zinc depletion did not appear to have any significant effect 

on this crystallographic attribute.  This was not surprising, as Hatch [4] shows zinc as 

having a very small effect on aluminum, changing the lattice parameter of the system by 

only -0.0075 Å/at%.   

 

 

Figure 4-7 Comparison on the {422} diffraction peaks recorded from the central and 
surface regions of PM7075-T6 puck. 
 

4.6.2 EFFECTS OF SHOT PEENING 

To assess the response of PM7075-T6 to shot peening, heat treated pucks were peened 

to an intensity of 0.4 mmN and characterized.  Core means of assessment included a 
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characterization of the general surface attributes and the measurement of sub-surface 

gradients in hardness and residual stress. 

 

4.6.2.1 SURFACE ASSESSMENT 

SEM images of the heat treated as well as peened surfaces can be seen in Figure 4-8.  

Noticeable deformation caused by shot peening was observed.  Although there 

appeared to be some damage around the impact craters, it was not deemed excessive 

as observed with higher intensity peening shown by Harding et al. [29].  The surfaces of 

both materials were scanned using optical profilometry to quantify the surface roughness 

(Sa), resulting in a measured value of 6.61 μm for the T6 sample and 6.12 μm for the 

T6/peened specimen.  The modest decrease in surface roughness due to peening was 

viewed as beneficial as it could be associated with fewer and less severe stress 

concentrators at the surface  

 

Shot peening of ferrous PM materials has given rise to significant sub-surface 

densification in some instances, with Molinari et al. [36] finding shot peening to create 

essentially a fully dense surface layer continuing to a depth of approximately 50 μm in a 

Cr-Mo steel with bulk sintered density of ≈90%.  In an attempt to determine if a similar 

phenomenon had occurred in PM7075-T6, the microstructures beneath sintered and 

sintered/peened surfaces were examined using optical metallography (Figure 4-9).  In 

this instance, there was no clear evidence that sub-surface densification had taken 

place.  However, a localized peening-induced density increase would not be readily 

discernible given that the material had sintered to a density that approached full 

theoretical (> 98%).   
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To determine if the peening process caused any sub-surface hardening, hardness was 

measured as a function of depth via nano-indentation on a shot peened specimen.  The 

resultant profile is shown in Figure 4-10.  The hardness varied little with depth, 

maintaining a constant level of ≈2.5 GPa.  Although hardness values were not obviously 

higher in the zone immediately adjacent to the peened surface (which is commonly seen 

in peened materials as a result of strain hardening, as reported by both Was et al. [37] 

and Rodopoulos et al. [38]), the softened layer noted in the unpeened specimen (Figure 

4-5) was no longer present.  This indicated that the plastic deformation associated with 

peening had work hardened the surface to an extent that offset the softening imparted 

by the preferential volatilization of zinc. 

 

 
           (a)               (b) 

Figure 4-8 General surface appearance of PM7075-T6 (a) before (b) after shot peening.   
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           (a)               (b) 

Figure 4-9 Subsurface microstructure of heat treated (a) and peened (b) PM7075-T6.   

 

 

Figure 4-10 Hardness profile recorded at the centre of a shot peened puck of PM7075-
T6 from the top surface (0 mm) inward.  Specimen was peened to 0.4 mmN intensity. 
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4.6.2.2 SURFACE RESIDUAL STRESS MEASUREMENTS 

XRD was used to measure the in-plane stress in the surface layer of PM products.  A 

specimen in the T6 heat treated condition was scanned as was a sample peened to 0.4 

mmN intensity.  Three scans were completed on the surface of each specimen at 45o to 

one another to determine the isotropy of the surface in-plane stresses present.  The 

resultant values are given in Table 4-3.  As is expected, the heat treatment process itself 

resulted in an appreciable level of compressive residual stress at the surface of the 

component.  This phenomenon has been well documented for wrought aluminum alloys 

and studied in depth by Robinson et al. [39, 40] as well as Becker et al. [41], and is 

largely driven by the quenching stage of the heat treatment sequence.  After solution 

heat treatment at an elevated temperature the material is quenched into water.  Upon 

contact with water differential cooling invariably occurs between the surface and bulk of 

the material.  When equilibrium is eventually reached, the interior material is in a state of 

tension, while the outer surface is in compression.  During ageing, these residual 

stresses may be reduced, but short of fully stress relieving the material, they will persist.   

 
Table 4-3 In-plane residual stresses measured at the surface of PM7075-T6 specimens 
processed with and without shot peening. 

Sample Condition 
Residual Stress (MPa) 

         0o               45o              90o 

T6 -64 ± 9 -58 ± 9 -60 ± 8 

T6 + Peening -232 ± 3 -234 ± 3 -231 ± 2 

 

The shot peening process resulted in a factor of four increase in the level of compressive 

residual stress at the surface over the heat treated sample.  This level of stress was 

comparable to values reported by Benedetti et al. [24] for wrought AA7075-T6, and 

represents approximately 50% of the yield strength of the material.  It was also noted 
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that the residual stress was consistent throughout the surface of the peened samples.  

This was a result of the isotropic deformation that took place upon shot impact and 

indicated that the specimens responded to peening in an isotropic manner in the treated 

surface (i.e. there was no anisotropic behavior which may result from, for instance, 

texture within the surface). 

 

4.6.2.3 THROUGH THICKNESS RESIDUAL STRESS 

Through thickness residual stress measurements were completed by ND.  Two normal 

strain components were measured, one parallel to the free surface, and one 

perpendicular to it.  It was assumed that the near surface in-plane strains due to peening 

were isotropic, which was supported by the XRD measurements (Table 4-3).  It was also 

assumed that these measurements were made in the principal directions.  This should 

be the case when considering residual strains caused by shot peening as the three 

principal directions should lie with one normal to the surface and two in-plane.   

 

The unstressed lattice parameter (ao or interplanar spacing do) was found as discussed 

previously in Section 4.6.1.2, which followed the procedure recommended by Noyan and 

Cohen [35].  The major causes for change in the lattice of a crystalline metallic material 

include alloying additions and residual stresses.  Although a gradient in zinc 

concentration was found to exist within PM7075 (Figure 4-4 (a)), this did not appear to 

have any significant effect on the lattice parameter of the system as noted earlier.  As 

such, a single value for the unstressed lattice parameter was used for all the strain 

calculations by ND as a function of depth.  This value was ao = 4.0548 Å; an average 

value of the measurements completed on PM7075-T6 per Figure 4-6. 

 



 83 

Knowing this unstressed lattice parameter and the measured peak positions as a 

function of depth via ND, the lattice strain was found using Eq 4-2: 

 

𝜀 =  
𝑑 −  𝑑𝑜

𝑑𝑜
=

sin 𝜃𝑜

sin 𝜃
− 1  (𝐸𝑞 4 − 2) 

 

In Eq 4-2, d is the plane spacing, here for the {311} plane in the stressed condition, with 

a corresponding scattering angle of 2, and do is the stress-free {311} plane spacing, 

corresponding to a scattering angle of 2o.  The residual lattice strains (in-plane and 

normal) in shot peened PM7075-T6 are plotted in Figure 4-11.   

 

 

Figure 4-11 In-plane and normal strains measured in shot peened PM7075-T6.   
 

As expected, the peening resulted in compressive in-plane residual strain at the surface.  

This was a result of plastic deformation, causing the surface material to flow laterally.  
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This lateral flow was resisted by inner material, leaving the surface layer in a 

compressive state.  Due to the Poisson effect, the strain perpendicular to the surface 

was then in a tensile state.  However, the level of tensile residual strain was quite 

surprising, with the magnitude being considerably higher than the in-plane compressive 

residual strain (Figure 4-11).  XRD measurements were used to confirm this result.  

Here, a peened sample was scanned using XRD normal to the surface with Cu and Co 

radiation sources.  Comparing the measured peak positions to the unstressed lattice 

parameter of the system, normal strain values of 0.002351 and 0.001910 were deduced 

for Cu and Co radiation respectively.  Although XRD measurements are usually 

regarded as surface measurements, there is in fact a probed volume associated with the 

analysis due to x-ray absorption.  Hence, a particular strain measurement derived 

through XRD does not correspond to a true surface measurement, but actually to a 

narrow depth beneath it.   

 

To determine the actual depth value, the maximum depth probed by the x-rays was first 

quantified using Eq 4-3: 

 

𝐼𝑥 = 𝐼𝑜𝑒
−(

𝜇
𝜌

)∙ 𝜌 ∙𝑥
 (𝐸𝑞 4 − 3) 

 

Where Ix is the transmitted intensity, Io is the incident intensity, µ/ρ is the mass 

absorption coefficient found for PM7075 (50.81 cm2/g for Cu radiation and 78.22 cm2/g 

for Co radiation based on chemical composition), ρ is the alloy density (2.79 g/cm3) and 

x is the distance traveled through the material.   

 



 85 

Eq 4-3 is based on the maximum distance an x-ray will travel through a material when 

the incident trajectory is normal to the material surface.  Hence, when the incident beam 

is non-orthogonal (as is the case in diffraction measurements) the actual probed depth 

will differ from the calculated maximum.  To account for this factor, the true maximum 

penetration depth was found for each radiation source using Eq 4-4 and the known 

diffraction angle  for the plane in question ({422} using Cu radiation and {331} for Co): 

 

𝑑 =  ½𝑥 sin 𝜃   (𝐸𝑞 4 − 4) 

 

Where d is the depth of the probed volume, x is the distance traveled by the x-ray and  

is the angle of diffraction.   

 

From Eq 4-3 and 4-4, the true penetration depth that would have accounted for 99.9% of 

the diffracted x-rays (Ix = 0.1, Io = 100) was determined.  The corresponding values were 

calculated to be 226 μm and 152 μm for Cu and Co radiation respectively.  Although 

these particular depths were those associated with 99.9% of the diffracted x-rays, a 

disproportionately large fraction of the diffracted beam would originate from a region 

close to the surface.  Hence, to determine the average depth of the measurement, Eq 4-

3 and 4-4 were then combined and integrated with respect to the depth, d, resulting in 

Eq 4-5: 

 

∫ 𝐼𝑜𝑒−𝜇/𝜌 ∙ 𝜌 ∙2𝑑/𝑠𝑖𝑛𝜃 𝑑𝑑 =  
−𝐼𝑜𝑠𝑖𝑛𝜃

2 ∙
𝜇
𝜌 ∙  𝜌

𝑒−𝜇/𝜌 ∙ 𝜌 ∙2𝑑/𝑠𝑖𝑛𝜃]

0

𝑑𝑒𝑝𝑡ℎ

 (𝐸𝑞 4 − 5) 
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This solution gives the area under the curve of the transmitted intensity equation.  By 

solving Eq 4-5 based on the total depth that the diffracted beam probes (per Eq 4-4) the 

area can then be divided by two so as to determine the true average depth probed.  

Hence, it was found that the average depth of the XRD measurement was 22.6 μm for 

Cu radiation and 15.2 μm for Co radiation.   

 

The values for the normal component of strain found by XRD are summarized in Table 

4-4.  These XRD-derived measurements were consistent with the ND data (Figure 4-11).  

Hence, combining data from the two techniques yielded a plot with the expected trend 

for normal strain versus depth.  While the normal strain at the surface will not necessarily 

fall to zero, it should be a minimum at this position due to the free surface.  It should then 

increase with depth into the material, reach a maximum, and finally decrease to a static 

value.  The measured values of this study showed this very trend (Figure 4-12).   

 
Table 4-4 Summary of the normal strains and the corresponding measurement depths 
within peened PM7075-T6 found using Cu and Co radiation. 

Radiation Source Cu Co 

Diffraction Peak {hkl} 422 331 

Angle of Diffraction 2θ, o 136.4 147.3 

Mass Absorption Coefficient μ/ρ, cm2/g 50.81 78.22 

Depth Associated with 99.9% of Diffracted Beam, μm 226 152 

Average Depth of Measurement, μm 22.6 15.2 

Normal Strain, mm/mm 0.002351 0.001910 
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Figure 4-12 Normal component of strain measured in shot peened PM7075-T6.  The first 
two points correspond to XRD data and the remainder to ND data. 
 

Once the strain values were known, the residual stress within the system could be 

determined using linear elastic theory.  The expanded forms of Hooke’s law for the three 

principal directions are given as Eq 4-6 and 4-7: 

 

𝜎1,2 =
𝐸

(1 + 𝜈)(1 − 2𝜈)
[(1 − 𝜈)𝜀1,2 + 𝜈(𝜀2,1 + 𝜀3)] (𝐸𝑞 4 − 6) 

 

𝜎3 =
𝐸

(1 + 𝜈)(1 − 2𝜈)
[(1 − 𝜈)𝜀3 + 𝜈(𝜀1 + 𝜀2)] (𝐸𝑞 4 − 7) 

 

Where σ1,2 represent the principal stresses in-plane, σ3 represents the principal stress 

normal to the surface, ε1,2,3 are the corresponding measured principal strain values, and 

E and ν are Young’s modulus and Poisson’s ratio for the material, respectively.   
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The values used for E and ν should be specific to the given diffraction plane used for the 

measurements; here, the {311} plane for ND work.  These values are commonly used in 

x-ray stress measurements in the form of x-ray elastic constants (XEC) for a specific 

diffraction direction termed s1 and ½s2 and are defined by Eq 4-8 and 4-9: 

 

𝑠1 =
−𝜈ℎ𝑘𝑙

𝐸ℎ𝑘𝑙
 (𝐸𝑞 4 − 8) 

 

½𝑠2 =
1 + 𝜈ℎ𝑘𝑙

𝐸ℎ𝑘𝑙
 (𝐸𝑞 4 − 9) 

 

As the majority of x-ray measurements rely only on ½s2, published values of both of the 

XEC’s needed to determine the values of E and ν for a given diffraction plane are not 

easily found.  For this reason, a theoretical model was used to calculate E and ν for the 

{311} diffraction direction.  The Kröner model, described in detail by Murray [42], predicts 

the elastic response of a polycrystalline single phase material for a given diffraction 

direction.  This model uses the single crystal elastic properties of the material, along with 

bulk properties to determine the anisotropic behaviour of the crystal system.  This model 

assumes a perfectly random grain orientation (no texture) as well as spherical grains. 

Both of these assumptions are valid for PM materials as no texture would be present 

due to the nature of press-and-sinter PM processing and the fact that a high quality 

sinter was observed wherein equi-axed grains prevailed (Figure 4-3).  The single crystal 

elastic constants (Cijkl) used were those for AA7075-T6 given by Logé et al. [43], where 

C1111 = 84.00 GPa, C1122 = 39.25 GPa, and C1212 = 55.24 GPa.  Similarly, bulk values of 

E (71.0 GPa) and ν (0.33) for AA7075-T6 were taken from ASM Handbook [44] and 

implemented in the Kröner model.  Resultant values of the XEC’s for the {311} plane of 

AA7075 were found to be s1 = -3.47 x 10-6 MPa-1 and ½s2 = 16.57 x 10-6 MPa-1.  This 
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value of ½s2 also agrees very well with measured values for wrought AA7075 in the 

{311} diffraction direction by Prevey [45] (½s2 = 16.43 x 10-6 MPa-1) giving confidence in 

the calculated XEC values.  Using these calculated values along with Eq 4-8 and 4-9, 

the values for E and ν in the {311} diffraction direction were found to be 76.33 GPa and 

0.27, respectively.   

 

Due to the chemical similarity of AA7075 and the PM system of interest, the 

aforementioned values for E{311} and ν{311} were used to determine the stresses 

present in the PM materials of this work.  The resultant in-plane residual stress profile is 

given in Figure 4-13, with the first point representing the value deduced through XRD 

(Table 4-3).  The in-plane residual stress was the only component considered since this 

is the beneficial stress that opposes tensile loading in the surface of an engineered 

product.  The residual stress was compressive on the surface of the peened specimen 

and transitioned into a tensile condition at a depth of 60-100 μm.  This was in good 

agreement with published data on wrought AA7075-T651 wherein a compressive layer 

thickness of approximately 75 μm was measured by Benedetti et al. [24].  Under these 

peening conditions the wrought alloy experienced a 47% increase in its fatigue 

endurance limit.  As such, research is now ongoing to determine if the comparable 

compressive surface layer observed in PM7075-T6 will impart tangible gains in the 

fatigue performance of this PM material as well. 
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Figure 4-13 Residual stress depth profile determined for shot peened PM7075-T6. 
 

4.7 CONCLUSIONS 

From the work completed in this study the following conclusions were reached: 

1. PM7075 responded very well to industrial processing, resulting in properties on 

par with laboratory processed specimens despite the appreciably larger size of 

the industrially manufactured parts.   

2. It was found that industrial sintering had induced a heterogeneous loss of zinc 

from the component surfaces.  The lowest concentration of zinc fell to 3.1 wt% 

but then stabilized to the nominal bulk value (5.6 wt%) at a sub-surface depth of 

3 mm. 

3. Near surface zinc loss was accompanied by a localized decrease in 

nanoindentation hardness down to 1.65 GPa from a nominal core value of 2.50 

GPa. 
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4. Shot peening imparted appreciable strain hardening at the surface of PM7075-T6 

so as to increase subsurface hardness and thereby offset the softening effect 

imparted by the evaporative loss of zinc.  

5. Shot peening resulted in an appreciable level of compressive residual stress 

within PM7075-T6.  This compressive stress persisted to a total depth of 60-100 

µm below the surface and at its peak magnitude, was over four times larger than 

that instilled in the alloy through heat treatment alone.   
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5.1 FORWARD TO CHAPTER 5 

Keeping with the industrial focus of the work from Chapter 4, key secondary operations 

required in industry were incorporated (primarily the effects of sizing and heat 

treatment).  Sizing was studied in two distinct sequences, with it being applied in the T1 

state followed by a standard T6 heat-treatment (Size-Sol-Age), as well as an interrupted 

step during the heat-treatment, between quenching and artificial aging (Sol-Size-Age).  

When applied as an interrupted step, the bars were naturally aged after quench for 30 

min prior to sizing being applied.  Focus was placed on the fatigue properties of the 

alloy, with shot peening again considered to increase fatigue strength.  With industrial 

processing a primary concern, fatigue testing was switched from RBF (as undertaken in 

Chapter 3) to 3-point bend loading, and similar to previous RBF testing was completed in 

a non-controlled, open atmosphere.  This was mainly due to the desire to test the parts 
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in the press-and-sintered state, avoiding any machining (which is required for RBF 

testing).  As thermal exposure is known to degrade the beneficial compressive residual 

stress imparted by shot peening, and can be commonly encountered in service, the 

effects of thermal exposure were also considered.   

 

5.2 ABSTRACT 

The objective of this work was to study the effects of several post-sinter processing 

operations (heat-treatment, sizing, shot peening) on a press-and-sinter 7xxx series 

aluminum powder metallurgy (PM) alloy.  The characterization of the products was 

completed through a combination of non-contact surface profiling, hardness 

measurements, differential scanning calorimetry (DSC), transmission electron 

microscopy (TEM), X-ray diffraction (XRD), tensile, and three-point bend fatigue testing.  

It was determined that sizing in the as-quenched state imparted appreciable reductions 

in surface hardness (78 HRB) and fatigue strength (168 MPa) relative to counterpart 

specimens that were sized prior to solutionizing (85 HRB and 228 MPa).  These declines 

in performance were ascribed to the annihilation of quenched in vacancies that 

subsequently altered the nature of precipitates within the finished product.  The system 

responded well to shot peening, as this process increased fatigue strength to 294 MPa.  

However, thermal exposure at 80°C and 160°C then reduced fatigue performance to 260 

MPa and 173 MPa, respectively, as a result of residual stress relaxation and in-situ over-

aging. 

 
5.3 INTRODUCTION 

Press-and-sinter aluminum powder metallurgy (PM) is an ever-growing industry due to 

the cost savings associated with high production rates and net shape capabilities 
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coupled with the advantageous strength-to-weight ratio inherent to aluminum alloys.  

Much of this growth has been underpinned by the development of improved PM alloy 

formulations, with most lying within the general scope of 2xxx (Al–Cu–Mg) [46, 47], 4xxx 

(Al-Si-Cu-Mg) [48], or 7xxx (Al-Zn-Mg-Cu) [3, 49] chemistries.  Accordingly, all such 

systems incorporate precipitation hardening as a key strengthening mechanism.  Within 

this context, new aluminum PM alloys chemically compliant with the 7xxx series offer 

particularly high strength-to-weight ratios and are of natural commercial interest. 

 

The traditional precipitation sequence believed to occur in wrought 7xxx series aluminum 

alloys was originally stated as [50]: 

 

𝑆𝑆𝑆𝑆 → 𝐺𝑃 𝑍𝑜𝑛𝑒 → 𝜂′ → 𝜂 (𝐸𝑞 5 − 1) 

 

Here, the metastable super saturated solid solution (SSSS) is formed upon quenching 

from the solutionization temperature.  It then decomposes during natural or artificial 

aging, through the formation of clusters of solute atoms (so called Guinier–Preston (GP) 

zones) that eventually transform into the semi-coherent phase η’ and finally the fully 

incoherent phase η (MgZn2).  This precipitation model is highly contested, and has been 

expanded upon with Ryum [51, 52] proposing that hardening actually transpires through 

multiple reaction sequences: 

 

𝑆𝑆𝑆𝑆 → 𝜂           𝛼 − 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝐸𝑞 5 − 2) 

𝑆𝑆𝑆𝑆 → 𝑛𝑢𝑐𝑙𝑒𝑖 → 𝜂′ → 𝜂          𝛽 − 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝐸𝑞 5 − 3) 

𝑆𝑆𝑆𝑆 → 𝐺𝑃 𝑍𝑜𝑛𝑒 → 𝜂′ → 𝜂          𝛾 − 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝐸𝑞 5 − 4) 
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In Ryum’s model, all three precipitation reactions will take place upon aging the SSSS.  

The traditional model is retained in the γ-reaction, but additional sequences of the SSSS 

transforming directly to η (α-reaction) along with a tertiary reaction (β) occurring with 

discrete nuclei providing the precursor to η’ formation.  Ryum believed that the 

nucleating agent was some manner of vacancy–solute atom aggregate.  This model was 

further refined by Jiang et al. [53], who proposed the following:  

 

𝑆𝑆𝑆𝑆 → 𝜂                               𝛼 − 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝐸𝑞 5 − 5) 

𝑆𝑆𝑆𝑆 → 𝑉𝑅𝐶 → 𝐺𝑃 𝑍𝑜𝑛𝑒 (𝐼𝐼) → 𝜂′ → 𝜂         𝛽 − 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝐸𝑞 5 − 6) 

𝑆𝑆𝑆𝑆 → 𝐺𝑃 𝑍𝑜𝑛𝑒 (𝐼) → 𝜂′ → 𝜂                 𝛾 − 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝐸𝑞 5 − 7) 

 

Jiang believed that the nuclei identified by Ryum within the β-reaction were regions with 

a high concentration of quenched-in vacancies, and thereby denoted these as vacancy 

rich clusters (VRC).  Such features then purportedly transform into GP-zone (II), which 

were identified as small regions enriched in vacancies and Zn atoms.  It is notable that 

the GP-zone (I) phase found in the γ-reaction consists of regions high in solute atoms 

only, which differentiates it from GP-zone (II).  Ryum believed that the β-reaction was the 

dominant sequence in alloys heat-treated to the T6 condition.  Hansen et al. [54] 

concurred with this concept, and noted that peak strength occurred when the β-reaction 

was able to proceed until η’ became the dominant phase present while working with an 

Al–Zn–Mg–Zr alloy.   

 

Beyond a standard heat-treatment practice of solutionization-quench-artificial aging, the 

post-sinter processing of aluminum PM products must also include a forming process so 

as to maintain appropriate dimensional tolerances within the final part.  This step 

(termed “sizing”) is typically completed at room temperature utilizing rigid tooling and 
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press technology comparable to that used during powder compaction.  While studies 

have looked into the mechanisms of sintering-induced distortion [55–57], there exists a 

clear void in the open literature on the effects of the actual sizing operation itself.  

Furthermore, the incorporation of post-sinter sizing and heat-treatment processes 

introduces the unique challenge of whether to apply sizing before, during, or after the 

heat-treatment cycle.  For instance, if the sizing is applied prior to solutionization, any 

microstructural changes caused by the associated cold work would then be largely 

annihilated during heat-treatment, and the product may be prone to quench-induced 

distortion.  Similarly, sizing may be implemented in between the quench and artificial 

aging steps so as to essentially apply a T8 temper.  The benefits of a T8 treatment are 

that cold work is applied when the material is in a soft, malleable state, and that it can 

eliminate any distortion that may have occurred during quenching.   

 

Although T8 treatments are common in certain aluminum alloys, they are rarely 

encountered when considering members of the 7xxx series.  This largely stems from the 

dominant precipitation reactions that occur.  For example, the θ-precipitation reaction 

present in the 2xxx series can benefit from cold working prior to artificial aging [58].  A 

detailed study of the influence of deformation immediately prior to aging on a wrought 

Al–Zn–Mg alloy [59] has shown that the introduction of dislocations by cold working will 

change the precipitation reaction upon aging, in some cases resulting in reduced 

mechanical properties.  This is attributed to a reduced likelihood of η’ formation (the 

main strengthening phase) as a result of direct heterogeneous η formation on 

dislocations (likely a result of the α-reaction identified by Ryum and Jiang et al.).   

 

Beyond sizing and heat-treatment, shot peening is another post-sinter operation of 

significant industrial impact, as it is known to increase fatigue performance.  Shot 
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peening is widely utilized across the majority of industries as a means to combat fatigue 

failure of metals by the introduction of a thin layer of compressive residual stress within 

the treated surface that helps to resist in-service tensile loads and in turn increase the 

fatigue performance.  Studies have shown varying results for the effectiveness of shot 

peening to provide fatigue improvements within wrought AA7075.  Was [37, 60] 

conducted two studies considering the effects of shot peening on the fatigue strength of 

AA7075-T6, with no gains observed for tension–compression fatigue testing while 

increased fatigue strength was seen for reverse bending fatigue testing. Positive results 

were found by Benedetti et al. [24] and Wagner et al. [25] for reverse bending testing, 

while Honda et al. [26] found no improvements in fatigue strength during 3-point bend 

loading.  In work by Harding et al. shot peening of PM7075 was found to impart positive 

results in rotating–bending fatigue performance, with gains of ~36% instilled through 

shot peening [29].   

 

Overall, it is clear that post-sinter operations are a necessity within aluminum PM 

processing, yet detailed knowledge on how they affect the metallurgy of the final 

products remains largely non-existent within the open literature.  Hence, the objective of 

this study was to initiate fundamental work in this area utilizing a commercially available 

7xxx series powder mixture as the base material of interest. 

 

5.4 MATERIALS AND METHODS 

The material of interest in this study was the commercially available aluminum PM 

system Alumix 431D produced by ECKA Granules (Fürth, Germany).  Chemically, the 

system largely emulates wrought AA7075, but with the addition of a small amount of Sn 

to aid in sintering.  Accordingly, it was denoted as PM7075 throughout this study.  A 
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complete assay for this PM system as measured by ICP-OES (Varian/Agilent 

Technologies, Santa Clara, CA, USA) is provided in Table 5-1.  In addition to the PM 

system, wrought AA7075 (rolled plate) was also utilized in select instances for 

comparison purposes.  The assay of this material relative to its respective nominal 

composition is also shown in Table 5-1. 

 
Table 5-1 Measured assays of the raw materials utilized (weight %) relative to the 
nominal targeted chemistries. 

Alloy Assessment Al Cu Fe Mg Si Sn Zn 

PM7075 
Target Balance 1.6 -- 2.5 -- 0.2 5.5 

Measured Balance 1.60 0.08 2.62 0.09 0.14 5.59 

AA7075 
Target Balance 1.2-2.0 0.50 2.1-2.9 0.40 -- 5.1-6.1 

Measured Balance 1.55 0.66 2.05 0.14 -- 5.44 

 

All PM samples were produced by a standard press-and-sinter approach (i.e., die 

compaction of raw powder mixture followed by controlled atmosphere liquid phase 

sintering).  Here, an array of test specimen geometries were fabricated, including Charpy 

bars (75 × 12.7 × 12.7 mm3) for tensile testing, transverse rupture strength (TRS) bars 

(31.7 × 12.7 × 12.7 mm3) for fatigue trials, and discs (30 mm Ø × 5 mm thick) for X-ray 

diffraction measurements.  All samples were compacted in floating rigid die tooling at 

400 MPa (pressurization rate of 10 MPa/s) and sintered in a continuous mesh belt 

furnace (BTU, North Bellerica, USA) under an atmosphere of high purity flowing 

nitrogen.  The nominal thermal cycle consisted of a 20 minute dwell at 400°C for de-

lubrication, followed by sintering at 605°C ± 5°C for 20 min and gas quenching to 

ambient temperature in a water-jacketed section of the furnace.  During the sintering 

process, the atmospheric oxygen content was held at <10 ppm while the dew point was 

<−60°C.  
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The sintered compacts then underwent secondary processing, which consisted of 

various combinations of heat-treatment, sizing, and shot peening.  Table 5-2 provides a 

summary of the specific sequences followed along with the notations utilized throughout 

this study. In all instances, solutionization was conducted at 470°C for 90 min at 

temperature followed by quenching into room temperature water.  Artificial aging was 

completed at 125°C for 24 h to attain the T6 temper.  Sizing was completed by uni-

axially loading lubricated specimens within a closed die tool set.  Shot peening was 

completed using an automated system to an intensity of 0.4 mmN (+5%/−0%) measured 

using standard N–S Almen strips before and after peening.  The peening media was 

ZrO2 with a shot diameter of 300 μm.   

 
Table 5-2 Summary of the post-sinter processing sequences considered. 

Notation Processing Sequence 

Sol-Age Solutionize/quench/artificial ageing 

Sol-Size-Age Solutionize/quench/size/artificial ageing 

Size-Sol-Age Size/solutionize/quench/artificial ageing 

Size-Sol-Age-Peen Size/solutionize/quench/artificial ageing/ shot peen 

 

The characterization of the effects of sizing on the material began with measurements of 

percent reduction in thickness, density, surface roughness, and apparent hardness.  The 

extent of sizing on samples was stated as a % reduction in height, with samples 

measured directly before and after sizing to 0.001 mm.  Densities were measured by a 

standard Archimedes approach coupled with oil infiltration as per MPIF (Metal Powder 

Industries Federation) Standard 42 [61].  Surface topography was studied using a Micro-

Profiler, model PS50 (Nanovea, Irvine, USA), equipped with a 1.2 mm sensor.  Data 

acquisition was completed using Nanovea 3D software with Nanovea Mountains Pro 3D 

version 5.0 (Nanovea, Irvine, USA) used for all analyses, including that of surface 
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roughness.  Hardness measurements were completed in the Rockwell B scale (Buehler, 

Norwood, USA) using a Wilson Rockwell 2000 unit.   

 

The principal means of mechanical testing was fatigue.  Here, TRS bars were first set in 

a 3-point bend fixture. Loading was then applied by a servo-hydraulic frame equipped 

with a 100 kN load cell.  Testing was conducted at a frequency of 25 Hz, an R-ratio of 

0.1, and runout taken as 1,000,000 cycles.  The staircase method was utilized with 

fatigue strength and standard deviation calculated based on MPIF Standard 56 [17].  A 

minimum of 10 tests were completed for each material processing condition of interest.  

To determine the tensile properties of specimens, Charpy bars were machined into 

threaded-end round tensile bars per ASTM E8M (American Society for Testing and 

Materials) [31].  The bars were then tested in an 5594-200HVL (Instron, Norwood, USA) 

hydraulic frame equipped with a 50 kN load cell.  All specimens were loaded at a rate of 

5 MPa/s, with strain data collected using an Epsilon model 3542 axial extensometer 

(Epsilontech, Jackson, USA) that remained attached to the specimen through fracture.  

As such, the reported values for elongation represent the sum of elastic and plastic 

strain components. 

 

Microstructural analyses included X-ray diffraction (XRD), differential scanning 

calorimetry (DSC), and transmission electron microscopy (TEM).  XRD was undertaken 

using a D8 Advance (Bruker, Madison, USA) operated with Co Kα radiation generated at 

an accelerating voltage of 35 kV and current of 27 mA.  For residual stress 

measurements, the psi-splitting technique was followed with 11 psi-angles from −45° to 

45° measured over the {331} aluminum peak.  DSC (TA Instruments model SDT Q600, 

New Castle, USA) was implemented to study precipitation hardening sequences.  All 

such scans were conducted in air with a scanning rate of 5°C/min up to a maximum 



 101 

temperature of 500°C.  In each instance, an equivalent sample of high purity aluminum 

(99.999 wt% Al) was also scanned.  The normalized data from the pure Al trace were 

subtracted from those acquired from test specimens in an effort to isolate the heat flow 

effects solely attributable to precipitation-based events.  High magnification imaging of 

precipitates was completed by TEM using a Talos F200X scanning/transmission electron 

microscope (FEI, Hillsboro, USA) operated with an accelerating voltage of 200 kV.  TEM 

samples were mechanically ground and then electro-polished at 20 V with a solution of 

30% HNO3 in methanol cooled to −30°C.  Representative bright field (BF) images and 

selected area diffraction patterns (SADPs) were recorded in each instance when the 

beam was closely aligned to the <112> zone axis. 

 

5.5 RESULTS AND DISCUSSION 

5.5.1 EFFECTS OF SIZING ON PHYSICAL PROPERTIES 

Sizing is implemented in industry primarily for dimensional control, and it is typically 

stated as % reduction as defined by the thickness change before and after the sizing 

operation is completed.  While the targeted amount of sizing can vary based on the 

tolerances required, the extent of sintering-induced distortion, and the geometry of the 

part in question, values are typically on the order of 3–5%.  To identify suitable sizing 

pressures for PM7075, TRS bars were re-pressed at pressures ranging from 200 to 600 

MPa.  The Sol-Size-Age and Size-Sol-Age sequences were both evaluated in this 

manner, as significant differences in formability were anticipated.  The effects of sizing 

pressure on the % reduction in thickness can be seen in Figure 5-1.  Both sequences 

yielded clear and unique trends.  The Sol-Size-Age sample showed an immediate rise in 

% reduction with increased sizing pressure before leveling off at an ~5.7% reduction in 

thickness for pressures ≥400 MPa.  As would be expected, the Size-Sol-Age sample 
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was more resilient to plastic deformation, with significantly higher pressures required to 

achieve a particular % reduction.  Here, sizing pressures >300 MPa were needed to 

instill any meaningful level of permanent plastic set.  The % reduction then rose 

gradually with a peak value of 5% realized at the highest pressure that could be safely 

evaluated (600 MPa).  The astute differences in sizing behaviour were a direct 

consequence of fundamental differences in the yield strength and microstructure of the 

starting materials.  In this sense, Size-Sol-Age samples were processed directly after 

sintering (T1 temper) whereby the material was in a naturally age-hardened state prior to 

sizing.  The associated microstructure thereby included an abundance of precipitates 

derived from the η-based solid state reaction sequences [3].  By solutionizing the 

material immediately before sizing (Sol-Size-Age), the majority of these pre-existing 

strengthening features would have been eliminated, thereby softening the material and 

improving formability. 
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Figure 5-1 Effect of sizing pressure on % reduction in thickness for Sol-Size-Age and 
Size-Sol-Age processing sequences. 
 

The effect of sizing pressure on the surface roughness of the material was also 

measured (Figure 5-2).  A general decrease in this attribute was noted, with sizing 

pressure in both sequences resulting in smoother surfaces as compared to those 

present in the Sol-Age specimens (i.e., unsized).  The Sol-Size-Age products offered the 

lowest surface roughness for all sizing pressures other than 600 MPa, wherein parity 

with Size-Sol-Age products was observed.  The differences here were again ascribed to 

microstructural differences within the starting materials, with Sol-Size-Age presenting a 

more formable system. 
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Figure 5-2 Effect of sizing pressure on surface roughness for Sol-Size-Age and Size-Sol-
Age processing sequences. 
 

Finally, the densities of numerous specimens in the Sol-Age, Sol-Size-Age, and Size-

Sol-Age conditions were measured.  Minimal differences were noted, as all values 

ranged from 2.77 to 2.78 g/cm3 (representing 99.1%–99.5% theoretical density) 

irrespective of sizing pressure.  This was unsurprising, given that the material was 

almost fully dense in the sintered state (>99%) and that the deformation from sizing 

would be highly focused within a thin surface layer of the material.  Based on the 

collective body of physical property data derived for the sized products, it was concluded 

that the sizing pressures required within the Sol-Size-Age and Size-Sol-Age sequences 

were 400 and 600 MPa, respectively.  Under these conditions, the products from each 

stream were effectively equivalent in terms of % reduction (≈5%), surface roughness 

(≈15 μm), and density (≈2.775 g/cm3).   
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5.5.2 EFFECTS OF SIZING ON MECHANICAL PROPERTIES 

5.5.2.1  HARDNESS 

In the next stage of research, the effects of sizing on the mechanical properties of the 

finished products were considered, beginning with apparent hardness (Figure 5-3).  In 

general, the hardness of the Size-Sol-Age specimens was largely unaffected by the 

extent of sizing, as all values hovered around the nominal measurement for the unsized, 

Sol-Age counterpart.  However, the Sol-Size-Age samples showed a consistently lower 

hardness than both of these product forms, with the difference becoming more acute at 

sizing pressures >300 MPa.   

 

 

Figure 5-3 Effect of sizing pressure on apparent hardness for Sol-Size-Age and Size-
Sol-Age processing sequences. 
 



 106 

To determine if changes in the precipitates formed during age hardening may have been 

responsible for the trends in hardness data, pertinent information was gathered via DSC 

analyses.  Here, samples were processed into the Sol-Size and Size-Sol states and 

heated in the DSC.  In this approach, each specimen was thereby aged in-situ so as to 

accentuate the thermal events associated with any precipitation hardening 

mechanism(s) that were operative.  The resultant heat flow traces are shown in Figure 

5-4, with the principal peaks denoted A to D.  With close consideration of the work by 

Ryum [51, 52], Jiang et al. [53], Ghosh et al. [62] and Berg et al. [63], the precipitation 

events believed to be associated with these peaks (summarized in Table 5-3) were 

deduced.  The first exothermic peak (A) was attributed to GP-zone (II) formation from 

vacancy rich clusters (VRC), which consist of regions enriched in vacancies and Zn 

atoms.  It should be noted that GP-zone (I) (i.e., localized regions with heightened 

concentrations of Zn and Mg atoms) formation occurs at lower temperatures <50°C [53], 

which is why an exothermic peak corresponding to their formation was not observed in 

Figure 5-4.  The second exothermic peak (B) was due to η’ and η formation/growth.  

Although some studies show discrete peaks associated with the formation of these two 

phases [34, 53, 64], these could not be distinguished in the present study.  The 

endothermic peak (C) was identified as the dissolution of η’ and η, whereas peak (D) 

was ascribed to the melting of the S or T phase.   
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(a) 

 

(b) 

Figure 5-4 DSC (differential scanning calorimetry) scans recorded from samples of 
PM7075 (a) immediately after Sol-Size and (b) immediately after Size-Sol processing. 



 108 

Table 5-3 Summary of the precipitation events observed in Sol-Size and Size-Sol 
processed specimens. 

Peak Event Description 
Temperature (°C) 

Sol-Size      Size-Sol 

A GP zone (II) formation & growth 108 109 

B η’ & η formation 246 241 

C Dissolution of η’ & η 388 413 

D Secondary phase melting 460 461 

 

It is common knowledge that the concentration of vacancies within a material scales in a 

positive and proportionate manner with rising temperature.  Hence, water quenching 

from the solutionization temperature thereby locks in an excess concentration of 

vacancies within the matrix upon cooling to ambient.  Ryum and Jiang’s models [51–53] 

highlight the clear importance of these quenched-in vacancies on the precipitation 

strengthening of 7xxx series alloys.  In particular, they highlight the notion that these 

vacancies will coalesce to create the VRCs required to activate the β precipitation 

reaction sequence.  However, when sizing is applied to the as-quenched product, the 

associated deformation would annihilate a portion of the quenched-in vacancies by 

dislocation movement as a result of plastic deformation.  This would then lower the 

volume fraction of VRCs, and in turn, the propensity for GP-zone (II) formation from the 

β-reaction.  This concept was supported by the DSC results, as peak A within the trace 

acquired from the Sol-Size specimen (Figure 5-4a) was significantly smaller than that 

developed from the Size-Sol counterpart (Figure 5-4b).  Furthermore, a suppression of 

the β-reaction sequence would be expected to increase the magnitude of peak B.  In this 

sense, auxiliary solute atoms would now be available for use within the α precipitation 

sequence such that higher concentrations of η would now be precipitated directly from 

the SSSS.  This concept was also obvious when comparing the Sol-Size and Size-Sol 

traces (Figure 5-4).  Similar DSC results have been reported by Ghosh et al. [62] in a 
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study looking at applying high pressure torsion to a 7150 alloy between quench and 

artificial aging, with a comparable, but much more intense decrease in the peak 

associated with GP-zone (II) formation along with an increase in intensity in the η’/η 

peak.   

 

Additional samples were then prepared through the complete processing sequences 

(Sol-Size-Age and Size-Sol-Age) and run in the DSC (Figure 5-5).  Similar to the data 

gathered from unaged specimens, the reactions A’–D’ also stem from specific events 

related to in-situ changes to the underlying precipitates as summarized in Table 5-4.  

The first endothermic peak (A’) was associated to the dissolution of GP-zones.  It should 

be noted that this likely involved the dissolution of both GP-zone (I) and GP-zone (II), as 

these are indistinguishable events.  Next, an exothermic doublet peak (B’) was noted. 

This was attributed to the formation/growth of η’ and formation of η.  Similar to the Sol-

Size and Size-Sol traces (Figure 5-4) the endothermic peak (C’) was caused by the 

dissolution of these precipitates followed by endothermic peak (D’) representing the 

melting of a secondary phase; again, most likely the S or T phase.  When comparing the 

traces shown in Figure 5-5, one striking difference was that endothermic peak A’ was 

substantially smaller in the Sol-Size-Age data.  This implied that a lower concentration of 

GP-zones was present within the starting T6 material, lending further support to the 

notion that sizing immediately after quench had supressed the formation of a GP-zone 

(II) through the same mechanism previously discussed.  Along with the differences in the 

A’ peak, a clear doublet is present at peak B’ in the Size-Sol-Age material, where the 

Sol-Size-Age material showed a slight shoulder in the peak.  DeIasi and Adler [34] also 

saw a similar distinct doublet in AA7075-T651 along with a shoulder in the overaged 

AA7075-T7351, identifying the first peak as being the formation/growth of η’ as well as η 

formation and the second peak exclusively a result of η growth.  This clear doublet in the 
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Size-Sol-Age material, along with a shoulder in the Sol-Size-Age material, suggests the 

latter is closer to an overaged condition, with fully developed η present within the 

microstructure, leading to a reduced likelihood of η growth compared to the Size-Sol-Age 

material, where fine η formation and growth would take place.   

 

In an effort to substantiate the DSC findings, more direct evidence on the nature of the 

precipitates was sought by TEM.  Representative BF images of samples processed 

through Sol-Size-Age and Size-Sol-Age are provided in Figure 5-6 along with 

accompanying <112> SADPs in Figure 5-7.  The BF images revealed stark differences 

between the two samples.  The Sol-Size-Age material had precipitates of a high aspect 

ratio and uniform thickness lying parallel to the {111} planes.  These were also quite 

coarse, with a width in the range of 5–6 nm and length of approximately 11–16 nm.  

Hence, it was postulated that these represented a plate-like morphology lying on the 

{111} planes of the aluminum matrix, consistent with the crystallographic orientation of η 

[51].  In the case of Size-Sol-Age, a much finer, homogenously distributed precipitate 

structure was observed.  Whereas some particles were round (nominal diameter ~2–6 

nm), others were thin, rectangular features that lay on {111} planes and had a typical 

length of 4–6 nm and a uniform thickness (~1 nm).  Based on work by Sha and Cerezo 

[65], η’ will exist as plates on the {111} planes within the α-aluminum matrix.  Hence, it 

was postulated that the rectangular precipitates were in fact plates of η’ viewed edge-on.  

Overall, the general appearance of the precipitates within the Size-Sol-Age material was 

in strong agreement with that found for wrought AA7075-T6 by Guo et al. [66].   
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(a) 

 

(b) 

Figure 5-5 DSC scans recorded from samples of PM7075 after (a) Sol-Size-Age and (b) 
Size-Sol-Age processing. 
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Table 5-4 Summary of the precipitation events observed in Sol-Size-Age and Size-Sol-
Age processed specimens. 

Peak Event Description 
Temperature (°C) 

Sol-Size-Age     Size-Sol-Age 

A’ GP zone dissolution 207 210 

B’ η’ & η formation 240 239 

C’ Dissolution of η’ & η 394 407 

D’ Secondary phase melting 464 466 

 

Beyond the BF images themselves, the corresponding electron diffraction patterns 

aligned close to the <112> axis for each sample also showed clear evidence that a 

secondary phase was present (Figure 5-7).  In the case of the Sol-Size-Age material 

(Figure 5-7a), this came in the form of distinct secondary diffraction points that were 

thereby attributed to the presence of semi-coherent/incoherent precipitates.  The 

secondary diffraction points lay in rows parallel to the <111> directions (indicated by 

arrow in Figure 5-7a), such that the resultant pattern was in strong agreement with 

SADPs devised by Hansen et al for an Al-Zn-Mg alloy containing η’ and η phases [54].  

In the SADP recorded from the Size-Sol-Age product (Figure 5-7b) discrete secondary 

diffraction spots were less obvious and relatively intense streaking within the pattern was 

present (location and direction shown in Figure 5-7b by arrow), indicating that the 

diffracting phase now maintained an increased level of coherency with the α-aluminum 

matrix.  This implied that fully coherent GP-zones and/or the semi-coherent precipitate η’ 

now dominated the structure.   
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(a) 

 

(b) 

Figure 5-6 Bright field (BF) TEM images of (a) Sol-Size-Age and (b) Size-Sol-Age 
processed samples with the beam closely aligned to the <112> zone axis. 
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(a) 

 

(b) 

Figure 5-7 Selected area diffraction patterns (SADPs) recorded from (a) Sol-Size-Age 
and (b) Size-Sol-Age processed samples with the beam closely aligned to the <112> 
zone axis.  
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Based on the combination of TEM and DSC findings, the Size-Sol-Age material 

appeared to have a microstructure largely comprised of an α-aluminum matrix along with 

a combination of GP-zone and η’ precipitates.  This differed from the Sol-Size-Age 

material, as it was effectively in an overaged state given the increased size of the 

precipitates and a more acute presence of the fully incoherent η phase within the 

microstructure.  These microstructural differences were in direct agreement with the 

hardness results (Figure 5-3), as the Sol-Size-Age material was measurably softer.   

 

5.5.2.2  FATIGUE TESTING 

In the next phase of testing, the fatigue performance of PM7075 was evaluated under 

the different processing streams of interest.  A summary of the staircase results is 

presented in Table 5-5.  The highest fatigue durability was noted when sizing was 

applied before the full heat treatment cycle.  Here, sizing was found to invoke a minor 

gain in fatigue strength (~5%) relative to the specimens processed without any sizing at 

all (Sol-Age).  Prior data indicated that these two materials were comparable in terms of 

bulk density and hardness (Figure 5-3), presumably eliminating these attributes as 

influential factors.  The one tangible difference was in that of surface roughness (Figure 

5-2), whereby an improved value was noted for the Size-Sol-Age products compared to 

those of Sol-Age. This equated to a smoother exterior surface that would have contained 

a reduced presence of crack-inducing surface asperities and benefitted fatigue durability. 

It was also possible that sizing had closed a portion of the near-surface porosity, which 

has been shown to act as fatigue crack initiation sites within other aluminum PM 

materials [67].  Overall, it was concluded that the surface condition differential was a key 

factor of influence.   
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Table 5-5 Fatigue strength of PM7075 after the application of Sol-Age, Sol-Size-Age, 
and Size-Sol-Age processing. 

Process 
σa(50%)1 

(MPa) 
n2 

SD3 

(MPa) 
vs. Sol-Age 

Sol-Age 218 14 5 -- 

Size-Sol-Age 228 10 4 +5% 

Sol-Size-Age 168 10 4 -23% 

1 – Fatigue strength; 50% passing as determined through MPIF Standard 56 
2 – Number of samples tested 
3 – Standard deviation (SD) calculated in accordance with MPIF Standard 56 

 

Interestingly, a large decrease in fatigue behaviour ensued when sizing was 

implemented as an intermediate step between solutionization/quench and aging.  When 

comparing the metallurgical attributes of the Sol-Size-Age and Size-Sol-Age specimens 

assessed to this point, the principal difference was a reduced hardness (Figure 5-3) as 

driven by changes in the strengthening precipitates present (Figure 5-6).  As such, a 

drop in fatigue performance seemed logical.  However, given the magnitude of the 

fatigue decline, it was prudent to complete additional characterization work to determine 

if auxiliary factors were at play.  In particular, it was prudent to determine if sizing-

derived microcracks and/or different states of residual stress existed within the materials.  

Regarding the former, the manner of sizing applied clearly resulted in plastic 

deformation.  Furthermore, it was conceivable that this would be more acute at the 

surfaces of the bar, as lateral flow would be less constrained here than at regions within 

the bulk interior.  This scenario could thereby facilitate microcracking and a concomitant 

decline in fatigue performance.  To assess this possibility, specimens produced by Sol-

Size-Age and Size-Sol-Age were mounted, polished, and examined extensively at high 

magnifications by SEM.  No evidence of microcracking was discovered in any of these 

specimens, thereby confirming that this was not a contributing factor.   
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In standard T6 (i.e., Sol-Age) processing, it is well documented that 7xxx series 

aluminum alloys will have compressive residual stress within the surface of the part 

instilled by quenching after solution heat-treatment [39, 40].  Such stresses are 

beneficial to fatigue behaviour, as they act to resist in-service tensile loads.  During 

solution heat-treatment, the large thermal gradients created from water quenching from 

the solutionization temperature result in the surface of the sample cooling quicker than 

that of the interior.  Once the interior begins to cool, the surface material will resist 

thermal contraction of the inner material, so that the surface is ultimately in a state of 

compression while the interior is in tension.  The measured surface in-plane residual 

stresses within the samples processed by Sol-Size-Age and Size-Sol-Age are shown in 

Figure 5-8.  It can be seen that Sol-Size-Age yielded a product with a lower level of 

compressive surface residual stress.  This drop upon sizing after quench was believed to 

be caused by the plastic deformation acting similar to a stress-relieving process (such as 

stretching).  With regard to Size-Sol-Age processing with the sizing operation performed 

prior to the heat-treatment, the developed residual stresses within the compact are 

solely a result of the thermal gradients developed during quenching, and should 

therefore be similar to the case of a standard T6 treatment.   

 

In the case of Sol-Size-Age processing, it was plausible that the reduction in this 

advantageous attribute had contributed to the noted decline in fatigue strength in the 

samples, along with the previously discussed effects of precipitation hardening 

differences within the system.   
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Figure 5-8 Surface residual stress measured in PM7075 as a result of Sol-Size-Age and 
Size-Sol-Age processing. 
 

To determine if the fatigue differences were unique to PM7075, equivalent 

processing/testing was completed on the wrought counterpart AA7075.  Here, test bars 

of the material were processed through Sol-Age and Sol-Size-Age sequences, utilizing 

the same sizing pressure applied during PM7075 Sol-Size-Age processing (400 MPa).  

The resultant data on fatigue performance are given in Table 5-6.  Akin to PM7075, Sol-

Size-Age processing again resulted in lower fatigue strength.  However, the drop was 

much less pronounced, which implied that the underlying mechanism was exacerbated 

in the PM system and/or that additional factors were contributing.  As would be 

expected, the wrought alloy exhibited considerably higher fatigue strengths relative to 

the data previously acquired for the PM products studied (Table 5-5).   
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It was postulated that these transitions in fatigue behaviour were underpinned by 

fundamental differences in microstructure.  In this sense, aluminum PM and wrought 

materials differ in that the former contain higher concentrations of porosity as well as a 

network of oxides that stems from the starting raw powders.  As both attributes are 

known to serve as preferential sites for crack initiation and thereby lower fatigue 

resistance, the general inferiority of PM7075 was as expected.  However, these same 

features would also serve as stress concentrators during deformation (i.e., sizing).  This 

would thereby prompt localized increases in the extent of plastic deformation, and 

concomitantly abnormally high levels of vacancy annihilation within their vicinity.  The 

capacity to form vacancy rich clusters (VRC) would then be heterogeneously reduced, 

and in turn, so too would the net concentration of the most influential strengthening 

precipitate, GP-zone (II), as formed through the β-reaction sequence.  This scenario 

would preferentially weaken the alloy near pores and oxides so as to further exacerbate 

the ease at which fatigue cracks would nucleate and grow.  Given that wrought AA7075 

is largely devoid of porosity and oxide networks, Sol-Size-Age processing thereby 

imparted a more prolific fatigue decline in the PM material. 

 
Table 5-6 Fatigue strength of wrought AA7075 processed to Sol-Age and Sol-Size-Age 
conditions. 

Process 
σa(50%)1 

(MPa) 
n2 

SD3 

(MPa) 
vs. Sol-Age 

Sol-Age 366 12 9 --- 

Sol-Size-Age 344 10 5 -6% 

1 – Fatigue strength; 50% passing as determined through MPIF Standard 56 
2 – Number of samples tested 
3 – Standard deviation calculated in accordance with MPIF Standard 56 
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5.5.2.3  EFFECTS OF SHOT PEENING 

Beyond sizing and heat-treatment, shot peening is also considered as a secondary 

operation widely utilized and accepted in industry to combat fatigue-based failure within 

materials.  Given the aforementioned trends in fatigue behaviour, emphasis was 

restricted to the most advantageous means of processing PM7075: Size-Sol-Age.  With 

shot peening applied to the specimens, an increase in fatigue strength of 29% compared 

to the unpeened counterpart was found (Table 5-7).  These gains in fatigue strength can 

be attributed to the induced compressive residual stresses caused by inner material 

resisting the plastic deformation as a result of shot impacting the surface of the sample.  

The surface in-plane residual stress was measured by XRD (as described in Section 

5.4) to be -297 MPa (standard deviation 8 MPa), which has been shown to persist to a 

depth of approximately 80 μm in samples processed and peened in a similar manner 

[68].  This ≈30% increase in fatigue strength from shot peening was also in line with 

similar studies completed through rotating bending fatigue [29] as well as published 

results for wrought 7075 [16, 24, 37] (showing 20-50% gains). 

 
Table 5-7 Effect of shot peening on the fatigue strength of Size-Sol-Age processed 
specimens of PM7075. 

Process 
σa(50%)1 

(MPa) 
n2 

SD3 

(MPa) 
vs. Size-Sol-Age 

Size-Sol-Age-Peen 294 10 4 +29% 

1 – Fatigue strength; 50% passing as determined through MPIF Standard 56 
2 – Number of samples tested 
3 – Standard deviation calculated in accordance with MPIF Standard 56 

 

5.5.3 EFFECTS OF THERMAL EXPOSURE 

It is well-understood that thermal exposure is a problematic operating condition for 7xxx 

aluminum alloys.  For instance, when temperatures approach or exceed that utilized for 

aging (125°C), precipitation and coarsening of the η phase is exacerbated, leading to in-
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situ over-aging and a concomitant decline in mechanical properties.  Likewise, if the 

alloy is shot peened, the associated fatigue gains can deteriorate during thermal 

exposure via a relaxation of the underpinning compressive residual stress.  It is for this 

reason that a maximum operating temperature of 93°C is recommended for shot-peened 

aluminum alloys [9].  Hence, the effects of thermal exposure at temperatures below 

(80°C) and above (160°C) these important thresholds were assessed. 

 

Commencing with tensile testing, samples were processed into the Sol-Age condition 

and exposed.  Sizing was not considered in these particular tests, as the machining 

needed to convert the sized rectangular blank into a round bar would completely remove 

the sized surface, thereby omitting the development of an accurate correlation to the 

effects of this process variable.  The resultant tensile data are shown in Table 5-8.  

Exposure at 80°C for 1000 h imparted minimal changes.  A higher thermal exposure of 

160°C showed a drastic decrease in both yield and ultimate tensile strength coupled with 

a significant increase in elongation to fracture.  Such differences were expected, since 

the higher temperature should have facilitated excessive over-aging.  This was 

substantiated through XRD analyses (Figure 5-9) as the 80°C sample only exhibited 

diffraction peaks that matched the α-aluminum matrix phase.  No evidence of the 

incoherent η phase was detected within the system, indicating that the material 

remained in a peak hardened state.  This was as expected given that the exposure 

temperature was well below the aging temperature applied during Sol-Age processing 

125°C.  Conversely, the 160°C exposure samples showed distinct diffraction peaks that 

corresponded to η (MgZn2).  As such, the material had most certainly over-aged under 

these conditions synonymous with the steep decline in tensile properties (Table 5-8).   
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Table 5-8 Effects of thermal exposure (1000 h at indicated temperature) on the tensile 
properties of PM7075 initially processed into the Sol-Age condition. 

Process 
σyield 

(MPa) 
σUTS 

(MPa) 
E 

(GPa) 
Elongation 

(%) 

Sol-Age 466 ± 7 496 ± 9 64.7 ± 2.4 1.5 ± 0.2 

Sol-Age + 80oC 474 ± 14 480 ± 20 65.1 ± 1.5 1.1 ± 0.5 

Sol-Age + 160oC 237 ± 4 323 ± 8 64.5 ± 2.5 4.3 ± 0.6 

 

 

Figure 5-9 XRD traces acquired from Sol-Age samples exposed to 80°C and 160°C for 
1000 h. 
 

Data illustrating the effects of thermal exposure on the fatigue of samples originally 

processed into the Size-Sol-Age state are shown in Table 5-9.  Those exposed to 80°C 

showed no apparent loss in fatigue performance consistent with the trends in tensile 

data (Table 5-8).  Interestingly, this same exposure temperature actually invoked a 

measurable decrease in fatigue performance for the Size-Sol-Age-Peen specimens, 

declining from 294 MPa (Table 5-7) to 260 MPa (representing a loss of ≈12% fatigue 
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strength). As exposure at 80°C progressed, it was determined that a gradual reduction in 

residual stress also occurred (Figure 5-10).  This culminated in a final level of -200 MPa, 

which represented a loss of ≈30%.  Hence, it was presumed that this was the principal 

factor responsible given that no changes to the underlying precipitate structure were 

anticipated under these conditions per the data in Table 5-8 and Figure 5-9. 

 

Upon exposure to 160°C, a significant reduction in fatigue strength was seen in the Size-

Sol-Age-Peen material, dropping to 173 MPa from 294 MPa (Table 5-7), representing a 

loss of approximately 41% due to the elevated temperature exposure.  This significant 

drop in fatigue strength is due to a combination of over-aging of the material (supported 

by tensile and XRD analysis, Table 5-8 and Figure 5-9) along with an essentially full 

relaxation of the compressive residual stresses imparted by shot peening.  As shown in 

Figure 5-10, we can see that the Size-Sol-Age-Peen material dropped from a starting 

compressive residual stress value of ≈310 MPa to ≈40 MPa after 1000 h at 160°C with 

all the peening-induced residual stress wiped out, resulting in a level approximately 

equal to the residual stress resulting solely from the heat-treatment process (Figure 5-8).   

 
Table 5-9 Fatigue strength of thermally exposed PM7075 Size-Sol-Age and Size-Sol-
Age-Peen. 

Process 
σa(50%)1 

(MPa) 
n2 

SD3 

(MPa) 
vs. Size-Sol-Age 

Size-Sol-Age 80oC 225 10 4 -1% 

Size-Sol-Age-Peen 80oC 260 10 4 +14% 

Size-Sol-Age-Peen 160oC 173 10 4 -24% 

1 – Fatigue strength; 50% passing as determined through MPIF Standard 56 
2 – Number of samples tested 
3 – Standard deviation calculated in accordance with MPIF Standard 56 
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Figure 5-10 Residual stress as a function of elevated temperature exposure for Size-Sol-
Age-Peen samples. 
 

5.6 CONCLUSIONS 

The application of post-sinter sizing, heat-treatment, and shot peening operations to 

PM7075 was studied in this work.  Each process influenced the finished product such 

that the following conclusions could be drawn: 

1) Sizing reduced the surface roughness in all scenarios considered from ≈50 µm to 

≈15 µm (Sq) but did not impart a measurable change in the density of the 

finished products.   

2) When test bars were sized in the T1 state and then heat-treated to the T6 

condition, the product exhibited a slight gain in fatigue strength (~5%) relative to 

the standard unsized counterpart. This small gain was principally attributed to the 

improved surface roughness instilled through sizing.   
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3) If sizing was applied directly after quenching, the product exhibited declines in 

apparent hardness (~7 HRB) and fatigue strength (-23%) relative to the unsized 

counterpart.  It was determined that sizing in this manner had catalyzed 

precipitate growth, leading to larger precipitates and an increased concentration 

of incoherent η in the product.  This processing sequence was also found to have 

reduced the compressive residual stress from -40 MPa to -25 MPa. 

4) Shot peening successfully instilled a relatively large compressive residual stress 

at the surface of PM7075 (-293 MPa) that improved 3-point bending fatigue by 

29%.  However, these gains were weakened by thermal exposure at 80°C, and 

completely eliminated when the temperature was raised to 160°C.   
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Chapter 6: FATIGUE FRACTURE ASSESSMENT 

Beyond the quantified drop in fatigue strength observed with Sol-Size-Age processing, 

fatigue fractures showed qualitative differences when compared to Sol-Age and Size-

Sol-Age processed samples.  Representative macroscopic fatigue fractures from Sol-

Age and Size-Sol-Age processed samples are shown in Figure 6-1.  All such samples 

showed similar macroscopic fatigue fractures, with initiation appearing to begin at the 

surface, near the centre of the bar (indicated by arrows).  Fracture then propagated 

through the material with fatigue crack growth transpiring in a semi-circular pattern as 

would be expected (region A), followed by fast fracture (region B).  Interestingly, the 

majority of Sol-Size-Age processed samples show very clear differences in the 

macroscopic fatigue fracture (Figure 6-2).  Here, the initiation location appeared to be 

shifted off centre towards an outer corner of the bar, and in some cases multiple 

initiation sites appear to exist (indicated by arrows).  The fatigue crack growth (region A) 

also advanced further through the material before the final fast fracture transpired 

(region B).  It should be noted that since all fatigue testing was completed by the 

staircase method, these fractures did come from different loads, with the Sol-Age and 

Size-Sol-Age samples run in the range of 215-235 MPa while the Sol-Size-Age samples 

were loaded to 165-175 MPa.  With the lowered applied load, it was logical that in the 

Sol-Size-Age samples more extensive fatigue crack growth would occur prior to final fast 

fracture.   
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Figure 6-1 Macroscopic fatigue fractures of Sol-Age and Size-Sol-Age samples. 
 

 

Figure 6-2 Macroscopic fatigue fracture of two Sol-Size-Age samples. 
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The apparent shift in the point of fatigue crack initiation off centre in the Sol-Size-Age 

samples is believed to show a high sensitivity within the material with regards to the 

extent of sizing seen by the bar.  PM7075 undergoes densification and shrinkage during 

sintering, resulting in a sintered bar with elevated edges compared the bulk of the 

material (i.e. the surface will tend to “cup”).  This can been seen visually within the 

surface profiles recorded from Sol-Age and Sol-Size-Age specimens, shown in Figure 

6-3.  In the former, it was clear that the bar had elevated edges around the perimeter.  

Upon sizing, these edges would undergo a higher degree of deformation than the bulk 

surface resulting in a flattened edge around the perimeter.  From a metallurgical 

perspective, this would have instilled a heterogeneous distribution of newly formed 

dislocations within the bar immediately after sizing, thereby weakening the material in 

this localized region in light of a lowered tendency for the formation of GP zone (II) 

precipitates, as described in Section 5.6.2.1.   
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Figure 6-3 Surface profiles of Sol-Age and Sol-Size-Age samples. 
 

It is also conceivable that outer edge flattening promoted an enhanced reduction in the 

surface compressive residual stresses compared to the bulk of the bar as found and 

discussed in Section 5.6.2.2.  With the weakening of the alloy through reduced 

precipitation hardening and/or a more prolific reduction in surface compressive residual 

stresses, fatigue crack initiation would be expected to shift towards the edge.  Both of 

these factors would indicate a high sensitivity of the alloy to the extent of sizing the part 

undergoes, which could have significant industrial implications if a Sol-Size-Age process 

was utilized.  For instance, when complex parts are sized, varying degrees of 

deformation would be anticipated throughout the part due to the geometry itself and 
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sintering-induced deformation.  It is believed areas within the part undergoing a higher 

degree of deformation than the bulk, would be in a weakened state, and prime locations 

for premature fatigue failure.  Although these theories are supported by the data 

obtained to date, further investigation could shed light on the materials sensitivity to 

degree of deformation, which will be discussed further in Section 7.1 Suggested Future 

Work. 
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Chapter 7: CONCLUSIONS AND FUTURE WORK 

This project began primarily as a study to determine the gains attainable by shot peening 

of PM7075.  Although this remained as a primary goal over the course of the work, the 

scope grew considerably to emphasize a comprehensive understanding of the industrial 

processing response of the system and the interdependencies of critical secondary 

operations (sizing and heat treatment).   

 

In order to ensure consistent shot peening intensity from sample to sample, an 

automated system was required.  The setup used a linear actuator and track which was 

found to produce very consistent peening intensity from run to run, with a tolerance of 

+5%/-0%, well within the industry standard of +20%/-0%.  Three peening intensities 

were considered, 0.2 mmN, 0.4 mmN and 0.2 mmA.  The low intensity peening showed 

little deformation within the treated surface, while the high intensity peening of 0.2 mmA 

showed clear damage around the shot impact sites in the form of peened surface 

extrusion folds (PSEF).  Peening of PM7075-T6 to 0.4 mmN showed clear plastic 

deformation on the treated surface while little to no damage was evident.  Peening of 

cylindrical samples in a linear fashion followed by rotation of the bar by 90° showed 

consistent surface roughness cylindrically, inferring consistent imparted compressive 

residual stresses.  The orientation of peening was also tracked during rotating bending 

fatigue (RBF) testing, with failure occurring at various locations around the 

circumference, providing further evidence that the linear peening of cylindrical samples 

was consistent around the circumference of the bar.  Shot peening to 0.4 mmN of hour-

glass specimens in this fashion resulted in an increase in fatigue strength of ~36% over 

similar unpeened material as measured by RBF testing.   
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PM7075 slugs were produced industrially (GKN Sinter Metals, Conover NC), in the form 

of relatively large coupons measuring 100 x 75 x 17 mm.  Characterization of the 

industrially produced specimens revealed a close correlation with laboratory processed 

counterparts in terms of sinter density, sinter quality, hardness and tensile properties.  It 

was found that Zn had preferentially evaporated from the surface of the parts during 

sintering, with the loss being most pronounced at the free surface of the puck dropping 

to 3.1 wt% before stabilizing at a depth of approximately 3 mm to the bulk chemical 

assay of ≈5.6 wt%.  This loss was attributed to the high volatility of Zn, along with the 

flowing nitrogen atmosphere maintained during sintering.  The composition of Zn again 

decreased towards the belt side of the puck, although the depth and extent of loss was 

less pronounced compared to the free surface.  This was logical in that the free surface 

would have had no obstruction of the flowing nitrogen, while the belt would interfere with 

flow and in turn, lessen evaporative Zn loss.  The localized depletion of Zn was believed 

to weaken the surface of the sintered part due to an acute dependence on the 

precipitation of Mg/Zn-based phases as the principal strengthening features.  This was 

quantified by a reduced Rockwell hardness on the surface on the puck along with sub-

surface transitions in nanoindentation hardness.  The nano-hardness was found to drop 

to ≈1.65 GPa before stabilizing at a depth of approximately 2 mm to ≈2.50 GPa.   

 

Shot peening was found to induce strain hardening within the treated surface, increasing 

the surface nano-hardness in line with the bulk material to a value of ≈2.50 GPa.  

Through XRD measurement, the surface in-plane residual stress was found to increase 

from ≈-60 MPa in the T6 treated material to ≈-230 MPa upon shot peening to 0.4 mmN.  

Depth profiling of the induced compressive residual stresses from shot peening was 

measured by ND.  Strain measurements were made in the 3 assumed principal 
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directions over the {311} diffraction peak for aluminum at CNBC.  The strain 

measurements, coupled with a theoretical model predicting the elastic response of the 

material in the {311} crystallographic orientation allowed the in-plane residual stress to 

be calculated as a function of depth, finding the compressive layer transitioning to tensile 

stresses at a depth of 60-100 µm.   

 

Sizing was incorporated into the study as the process is required in industry to meet final 

part dimensional tolerances.  Two processing routes that incorporated sizing were 

considered: (a) sizing in the T1 state, followed by solution heat treatment (Size-Sol-Age) 

and (b) sizing in the quenched state prior to artificial aging of the alloy (Sol-Size-Age); 

essentially a T8 treatment. These two processing routes were compared to a standard 

T6 treatment (Sol-Age) devoid of sizing.  Sizing in either the T1 or quenched state 

resulted in a reduction of surface roughness over Sol-Age processing (decreasing from 

≈50 to ≈15 µm, Sq) while no changes in the density of the parts was found (all showed 

densities >99% theoretical).  It was found that sizing in the quenched state (Sol-Size-

Age) resulted in consistently reduced hardness over Sol-Age and Size-Sol-Age.  This 

reduction was attributed an alteration of precipitation hardening by the annihilation of 

quenched in vacancies via dislocation generation/movement instilled through sizing.  

DSC analyses showed that Sol-Size-Age processed specimens had a reduced likelihood 

of GP zone (II) formation (with a higher prevalence of η’/η precipitation) during artificial 

aging compared to Size-Sol-Age counterparts.  With GP zone (II) formation being the 

preferred strengthening mechanism for the alloy, the lowered concentration in Sol-Size-

Age processing could explain the reduced hardness compared to Sol-Age and Size-Sol-

Age processing.  This was also supported by TEM and SADP’s showing coarser 

precipitates to exist within the Sol-Size-Age material compared to that processed via 

Size-Sol-Age.   
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In keeping with the industrial focus of the work, fatigue testing was switched to 3-point 

bending fatigue in order to test press-and-sintered parts directly, avoiding the 

requirement of machining for RBF.  It was found that Size-Sol-Age processing resulted 

in a slight increase (≈5%, 228 MPa) in the 3-point bend fatigue strength of the alloy 

compared to Sol-Age processing (218 MPa).  This minor gain was believed to be 

attributed to the reduced roughness of the bar as a result of sizing.  Similar to hardness, 

the fatigue strength of Sol-Size-Age was found to decrease compared to Sol-Age and 

Size-Sol-Age processed samples, although the decrease of 23% (to 168 MPa) was 

somewhat surprising.  In addition to the observed changes in precipitation hardening, it 

was also discovered that the in-plane surface compressive residual stresses induced by 

quenching were reduced during Sol-Size-Age processing (≈25 MPa vs. ≈40 MPa in the 

Size-Sol-Age samples), which may also have attributed to the reduction in fatigue 

strength as surface compressive residual stresses will be beneficial in 3-point bend 

fatigue loading.   

 

Shot peening was found to impart a high level of compressive residual stress within the 

surface of Size-Sol-Age processed bars (≈297 MPa), increasing the fatigue strength to 

294 MPa (+29%).  As residual stress relaxation will occur at elevated temperatures, the 

compressive residual stress and fatigue strength of shot peened Size-Sol-Age bars was 

assessed after exposure to 80 and 160°C for 1 000 hrs.  Upon exposure to the lower 

temperature, the compressive residual stresses was reduced to ≈200 MPa, a loss of 

≈30%, along with a drop of approximately 12% in fatigue strength (260 MPa).  This drop 

in fatigue strength was believed to be solely due to reduced compressive residual stress 

in the surface, as tensile testing showed no changes in the static strength of the material 

at exposure to 80°C.  After exposure to 160°C for 1 000 hrs, the compressive residual 
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stress was effectively eliminated (reduced to -40 MPa), while a significant drop in fatigue 

strength, from 294 MPa to 173 MPa (loss of ≈41%), was found.  This reduction was due 

not only to the full relaxation of surface compressive residual stress, but also overaging 

of the alloy as supported by tensile testing and XRD analyses.   

 

Finally, based on macroscopic fatigue fractures of Sol-Age, Size-Sol-Age, and Sol-Size-

Age samples, it was believed that the material may be highly sensitive to extent of 

deformation when sizing is completed in the as-quenched state.  By shifting of the 

fatigue crack initiation site from the centre of the bars in Sol-Age and Size-Sol-Age 

samples towards the edge in Sol-Size-Age samples, it is theorized that the highly-

deformed edge is being either further weakened by increased dislocation movement 

compared to the bulk, and/or the surface residual stresses are being altered due to 

higher deformation locally.  This could have significant consequences if Sol-Size-Age 

processing was implemented industrially, as complex parts would likely undergo spatially 

varying levels of deformation, creating weakened areas within the part.   

 

7.1 SUGGESTED FUTURE WORK 

As with many studies, as this project progressed many additional questions were 

developed.  Although many of these were investigated, due to time constraints and 

available equipment others remained unanswered.  The paragraphs below outline some 

aspects of the project that the author believes to be worthy of future study.   

 

Although early in the work various peening intensities were considered, the method of 

selecting the chosen intensity of 0.4 mmN was not exhaustive and additional gains may 

be realized by further tailoring the intensity for the alloy.  One interesting possibility 
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which came up was the use of a higher intensity peening which would result in a high 

degree of plastic deformation (and in turn likely damage to the surface) followed by a 

lighter intensity peening in an attempt to smooth the surface after the high level of plastic 

deformation during high intensity peening.  Studies applying this concept to wrought 

aluminum showed minimal benefit, although considerably deeper compressive layers 

were seen.  This may indicate that the high intensity peening resulted in a high degree of 

damage that persisted after the light peening.  The interesting aspect of this type of 

approach with PM in mind is the possibility of increasing the density in the near surface 

layer and closing surface and near-surface pores, of which are prime locations for 

fatigue crack initiation.  Additionally, with increased fatigue performance in mind other 

peening methods may present increased gains, most notably laser peening.  The largest 

issue seen is the cost and availability of laser peening compared to the wide spread 

availability and use of standard shot peening.   

 

The preferential Zn loss from the surface during sintering presents a very unique 

challenge during PM processing of 7xxx series aluminum alloys.  PM is likely the only 

processing route where this free surface during sintering would result in this scenario.  

As 7xxx series aluminum alloys rely on the precipitation hardening from Zn and Mg 

alloying additions the loss of Zn should reduce the strength of the material near surface, 

supported by the reduced hardness seen.  The reduced strength, especially in this 

critical area where fatigue failure will begin in bend loading, could be reducing the 

performance of the material.  This may be combated by sintering in a Zn rich 

atmosphere or by creating a barrier to reduce the likelihood of Zn evaporation, although 

this type of approach may not be economically feasible in an industrial setting.   
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The effect of sizing is believed to be the most interesting result during this study and 

although the root cause was explored, many interesting questions remain.  The effects 

of varying the amount of sizing on the fatigue strength is recommended.  Also, it was 

speculated that Sol-Size-Age processing of PM7075 showed a greater decrease in 

fatigue strength than wrought AA7075 because of acute vacancy annihilation around 

pores and the inherent oxide network within the PM system.  This could be verified if 

TEM imaging could be completed around a pore and/or the oxide network in the 

material.  It may also be interesting to see directly through TEM the extent of precipitate 

coarsening with varying levels of sizing.   

 

The prospect of sizing in the quenched state is likely to be more attractive in an industrial 

setting as the loads required to instill the desired permanent set in the part would be 

lower.  Also, by sizing in the quenched state any distortion within a part during 

quenching could be rectified.  Whether these benefits out way the significant drop in 

fatigue strength would be up to the designer, although completing a thermomechanical 

treatment of solutionization-quench-initial age-sizing-final age could provide a good 

balance in turns of performance and industrial processing.  If an initial age was 

completed prior to sizing, the precipitation reaction could be started, which may reduce 

the likelihood of vacancy annihilation and in turn possibly result in increased hardening 

over Sol-Size-Age processing.   

 

With regards to the fatigue fractures, the speculation of the fatigue crack initiation site 

being shifted due to higher deformation along the edge resulting in either a weakened 

state and/or changes to the residual stress state could be verified by TEM analysis to 

compare the precipitate structure in the centre vs the edge of the bar, along with residual 

stress profiling of the surface.  It would also be very interesting to look at more complex 



 138 

geometries to see if varying local deformations produce an inhomogeneous structure.  

The fatigue fractures were imaged at higher magnification (not presented here, by SEM) 

with no clear differences regarding crack initiation or growth, although fractography is a 

complex field.  If the fractures were viewed by someone with more knowledge of the 

subject, notable differences in how the fatigue cracks initiate and grow with various 

processing routes may be distinguishable. 
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