
 

A STUDY OF CYLINDER BORE DISTORTION IN V6 ALUMINUM ALLOY      

ENGINE BLOCKS 

 

by 

 

Anthony Lombardi                                                                                                             
B. Eng., Ryerson University, 2009 

 

 

A thesis                                                                                                                     
presented to Ryerson University                                                                                                                

in partial fulfillment of the                                                                                                
requirements for the degree of 

 

Master of Applied Science 

 

in the Program of                                                                                                                    
Mechanical Engineering 

 

 

Toronto, Ontario, Canada, 2011 

Copyright © Anthony Lombardi 2011 

  

 

 



ii 
 

Author’s Declaration 

 

I hereby declare that I am the sole author of this thesis. 

 

I authorize Ryerson University to lend this thesis to other institutions or individuals for the 

purpose of scholarly research. 

 

________________________________ 

Anthony Lombardi 

 

 

 

I further authorize Ryerson University to reproduce this thesis by photocopying or by other 

means, in total or in part, at the request of other institutions or individuals for the purpose of 

scholarly research. 

 

 

_________________________________ 

Anthony Lombardi 

 

 

 

 

 



iii 
 

Abstract 

A STUDY OF CYLINDER BORE DISTORTION IN V6 ALUMINUM ALLOY      

ENGINE BLOCKS 

Master of Applied Science, 2011                                                                                              
Anthony Lombardi 

Mechanical Engineering                                                                                                                   
Ryerson University 

This study investigates the potential factors which may cause cylinder bore distortion in V6 

aluminum engine block with cast-in gray iron liners. In this research, the microstructure, 

mechanical properties and residual stress of 319 type aluminum alloy engine blocks were 

analyzed from top to bottom along the interbore regions in the TSR, T7 heat treated and service 

(dyno) tested conditions. The results suggest that the cooling rate increased significantly along 

the cylinder in the vicinity of the chill plate at the bottom of the engine block. This caused a 

significant refinement in the microstructure which increased the hardness and tensile strength at 

the bottom of the cylinder relative to the top. The increased strength at the bottom of the cylinder 

prevented the rapid relief of residual stress at elevated temperature, which suggests that the 

bottom of the cylinder is less susceptible to cylinder distortion. 
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Chapter 1: Introduction 

In recent years, there has been increased interest in the use of light alloys for automotive 

applications. Increased fuel costs and government legislation related to carbon emissions have 

encouraged the automotive industry to manufacture lighter and more fuel efficient automobiles. 

The use of aluminum (Al) alloys for automotive components, such as engine blocks, will result 

in reduced vehicle weight, thus making them more fuel efficient. Aluminum has a density of     

2.7 g/cm3 which is approximately one third of the density of steel or cast iron [1]. Furthermore,     

Al-Si-Cu based alloys, such as 319, have good strength at ambient and elevated temperature         

(~200 °C). Thus, aluminum alloys are a suitable replacement to ferrous alloys in automotive 

powertrain applications. However, the use of 319 alloy for engine blocks is limited by the lack of 

adequate wear resistance, especially in the cylinder bore region. 

The aluminum engine blocks require the insertion of gray cast iron cylinder liners for improved 

wear resistance. However, these cast iron cylinder liners may cause excessive residual stresses 

along the cylinder bores due to the large difference in thermal expansion coefficient between the 

319 aluminum alloy (2.4 x 10-5 K-1) and cast iron (1.5 x 10-5 K-1) [2]. The cast iron liners may 

cause non-uniform cooling along its length, in its vicinity. This results in inhomogeneous 

microstructure and variation in strength characteristics. Subsequent heat treatment (solution heat 

treatment and aging) may exacerbate the situation. The large variation in mechanical properties, 

coupled with the residual stresses generated along the cylinders may lead to sections of the 

cylinder being prone to permanent dimensional distortion when the engine blocks are exposed to 

service conditions.  

Dimensional distortion of the cylinder bores is a major problem affecting engine operating 

efficiency. Engine efficiency is greatly influenced by the thermodynamic efficiency of the engine 

cycle. Thermodynamic efficiency increases with increased compression ratio, which is the ratio 

of the volume of the air-fuel mixture prior to the compression stroke to the volume after the 

compression stroke [3]. Dimensional distortion of the cylinder bores, however, results in a loss in 

compression of the air-fuel mixture due to inadequate seal between the cylinder wall and the 

piston. This loss of seal causes a portion of the compressed air-fuel mixture to leak out of the 

combustion chamber by a process known as “blow-by”. This process significantly reduces 

compression of the air-fuel mixture which results in a large reduction in thermodynamic 
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efficiency. Cylinder bore distortion is detrimental to the engine operating efficiency, resulting in 

increased fuel consumption and carbon emissions. For this reason, there is a need to analyse or 

evaluate the relationship between microstructure, mechanical properties and residual stress along 

the cylinder bridge of the engine block in as-cast, heat treated and service tested conditions. This 

will help in determining the regions in the cylinder that are most prone to permanent dimensional 

distortion when exposed to elevated temperatures, and enable development of process parameters 

to eliminate them. 

Objective 

The main objective of this study is to determine the factors that contribute to cylinder bore 

distortion in 319 aluminum alloy engine blocks with cast-in gray iron liners, thus laying the 

foundation for optimization of production parameters to improve engine operating efficiency 

through the elimination of distortion. This research envisages a study of distortion in the 319 

aluminum alloy cylinder block with cast iron inserts, in the as-cast, heat treated and dyno 

tested/customer returned conditions. The study will involve optical, scanning and transmission 

electron microscopy for microstructural characterisation and neutron diffraction for residual 

stress analysis.  
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Chapter 2: Literature Review 

In this chapter, there are a general introduction to precision sand casting and an introduction to 

aluminum alloys. Phase formation during heat treatment of aluminum-silicon-copper alloys is 

explained and related to alloy strengthening and dimensional distortion. The development and 

measurement of residual stresses in engineering components are explained. Finally, the 

mechanisms contributing to dimensional distortion in aluminum alloys are discussed. 

2.1 Sand Casting 

Sand casting is a moulding process in which bonded sand is used to form the moulding cavity. A 

sand mould consists of top and bottom sections called the cope and drag, respectively. The cope 

and drag contain a portion of the casting cavity and gating system (downsprue, runners and      

in-gates). Prior to pouring, the cope and drag are assembled in order to obtain the complete 

mould cavity. For components which require complex internal features, cores of bonded sand or 

steel are inserted into the sand mould. 

One of the most important considerations in mould design is the gating system. The gating 

system in the sand mould is used to control the flow of molten metal in order to prevent 

turbulence and subsequent entrainment of inclusions, such as oxides, within the casting [4]. A 

schematic of a typical sand mould is shown in Figure 1. 

 

 Figure 1: Schematic of the components in a typical sand mould [6]. 
 

Runner 
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In order to construct the mould cavity of a sand mould, preconditioned sand is compacted around 

mahogany, composite or metal patterns, which represent the negative of the mould cavity. The 

sand is then bonded using a combination of clay and water (green sand moulding) or chemical 

binders (precision sand moulding) [5-7]. The internal patterns are subsequently removed once 

the sand has formed a rigid cavity 

Strength and permeability are two main factors regarding mould quality. Sand moulds with high 

strength (typically chemically bonded) resist fracture and deformation during mould filling. This 

results in improved dimensional accuracy of the resulting casting. Conversely, moulds that are 

excessively rigid may increase the susceptibility for hot tearing, which are cracks that form in the 

casting during solidification. Permeable moulds allow gases in the mould cavity to escape 

resulting in reduced gas porosity. However, moulds with excessive permeability may cause metal 

penetration where sand becomes entrapped in the casting [6]. Optimization of the strength and 

permeability of the sand mould is of fundamental importance in ensuring that the casting meets 

the required dimensional tolerance values along with reduced casting defects.  

2.1.1 Precision Sand Casting 

Precision sand casting is a technique used when the dimensional accuracy of the component is 

critical. Unlike green sand moulds which use a combination of sand, clay and water, moulds 

prepared for precision sand casting use chemical binders such as phenolic urethane. The use of 

chemical binders results in sand moulds with improved rigidity and dimensional stability as 

compared to green sand moulds [7]. The increased rigidity of the mould also has benefits with 

regards to component quality and cost. Components produced by precision sand casting require 

less machining allowances, allowing thinner sections to be produced, and as a result in increased 

cooling rate and improved mechanical properties [7]. Furthermore, precision sand moulds use a 

more compact gating system, thereby improving casting yield and reducing the amount of energy 

used for remelt [6]. Therefore, precision sand casting is a cost effective technique in producing 

components with high dimensional accuracy.   

2.1.2 Cosworth Casting Process 

The Cosworth process has been recognized as a process that yields high quality, dimensionally 

accurate aluminum castings and has been used extensively in the production of engine blocks. 
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The Cosworth process differs from other casting techniques in that the mould is rotated 180˚ 

upon completion of filling. A schematic of the Cosworth casting process is shown in Figure 2. 

                    

Figure 2: Schematic of an engine block mould utilized in the Nemak Cosworth process [8]. 
 
 

The procedure used in the Cosworth casting process allows for improved feeding of liquid metal 

into the casting. While bottom-gated moulds are essential to eliminate turbulence, the main 

draw-back with traditional casting techniques is that the hottest metal remains at the bottom of 

the mould. This prevents effective feeding from the gating system, resulting in casting defects 

such as shrinkage porosity. Therefore, separate reservoirs of liquid metal called risers are often 

required to reduce shrinkage porosity.  The Cosworth process, however, due to the 180 ˚ rotation 

after mould filling, utilizes the in-gates as risers which can effectively feed the shrinkage [8]. 

This eliminates the need for additional risers throughout the casting, which increases the casting 

yield, thereby reducing production cost. 

2.2 Aluminum Alloys 

In recent years, there has been increased interest in the use of light alloys for automotive 

applications. The global usage of aluminum and its alloys, including automotive applications, is 

shown in Figure 3. The data indicates that aluminum usage in other industries is more 

predominant than the automotive industry. However, the use of aluminum in automotive 

applications began in the 1970’s and has steadily grown since [9]. The increased fuel costs and a 

need to reduce the impact of automobiles on the environment has been the main driving force for 

the increased use of aluminum in the automotive industry. 

180 ˚ Rotation   
Cylinder block 

cavity 

Cylinder block 
cavity 

Integral Chill 

Integral Chill In-gate 

Riser 
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Figure 3: Global in-use aluminum and aluminum alloys [9]. 

2.2.1 Aluminum-Silicon-Copper Alloy System 

The aluminum-silicon-copper (Al-Si-Cu) alloy system is used in the production of engineering 

components such as engine blocks and cylinder heads. This aluminum alloy system, known as 

the 3xx alloy series, has good mechanical properties at ambient and elevated temperatures   

(~200 °C) as well as good castability. Specifically, aluminum alloy 319 is a hypoeutectic Al-Si 

based alloy that usually contains between 6 and 8 wt% Si along with additions of 3 to 4 wt% Cu. 

In most cases, iron (Fe) is present as an impurity element introduced into the alloy during the 

handling and pouring of the molten aluminum and is considered very detrimental to the 

mechanical properties of Al-Si alloys due to the formation of brittle intermetallic compounds. 

Iron is also introduced into aluminum castings through the use of recycled aluminum [6]. In 

order to reduce the negative impact of iron impurities, manganese (Mn) is added into the alloy 

which forms less harmful iron and manganese bearing intermetallic compounds. Additions of 

magnesium are also made to 319 type aluminum alloys which results in the formation of phases 

that improve strength, machinability and increase the rate of age hardening [6].  

2.2.2 Microstructure of 319 Type Aluminum Alloys 

The 319 alloy microstructure usually consists of an α-Al matrix, Al-Si eutectic and Al2Cu 

intermetallic phase. Furthermore, in Al-Si alloys containing iron impurities (~ 0.35 wt.%), the   

β-Al5FeSi and α-Al15(Fe,Mn)3Si2 phases are common in the microstructure. The following     

sub-sections discuss the phases present within the 319 alloy microstructure. 



7 
 

2.2.2.1 Eutectic Silicon 

Eutectic silicon is a phase consisting of nearly pure silicon surrounded by aluminum. During 

solidification of hypoeutectic Al-Si alloys, silicon particles nucleate along with eutectic 

aluminum following the formation of the primary aluminum dendrites. The eutectic silicon phase 

naturally appears in the microstructure as coarse acicular particles (Figure 4(a)) [10, 11]. 

Acicular silicon eutectic particles are typically detrimental to the mechanical properties due to 

the inherent brittleness of this phase as well as stress concentrations occurring at the tip of the 

silicon needles [10, 11].  Modification of the eutectic silicon morphology into a fibrous structure 

by solution heat treatment and increased cooling rate (quench modification), or by additions of 

strontium, antimony or sodium may lead to an increase in the yield and ultimate tensile strength 

[10-12]. Fibrous eutectic silicon is characterized by clusters of small, globular silicon particles 

surrounded by the aluminum matrix (Figure 4(b)). The results from Fatahalla et al. [13], shown 

in Table 1, illustrates the influence of morphological modification of eutectic silicon on the 

tensile properties of Al-Si alloys. These results show that the addition of 0.015 wt.% Sr increased 

in the yield strength, ultimate tensile strength and elongation from 37 MPa, 74 MPa and 1.4 %, 

respectively to 62 MPa, 124 MPa and 5 %, respectively [13]. Addition of strontium also caused 

the largest degree of eutectic silicon modification, which led to the largest improvement in 

tensile properties [13].  

   

Figure 4: Optical micrographs of A319 in the as-cast condition with: (a) unmodified silicon eutectic, (b) 

strontium modified silicon eutectic [11]. 

 
 
 

(a) (b) 

CuAl

 

Al5Fe Si 

 Si  Si 
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Table 1: Tensile properties of Al-6%Si alloy, modified with additions of sodium, antimony and strontium 

[13]. 

 
 Tensile Properties 

Alloy Condition Yield Strength (MPa) Ultimate Tensile Strength (MPa) % Elongation 

Non-Modified 37 74 1.4 
Na-Modified                   

(1 wt.% Na addition) 
55 114 4.3 

Sb-Modified                
(0.8 wt.% Sb addition) 

50 109 3.7 

Sr-Modified              
(0.015 wt.% Sr addition) 

62 124 5.0 

2.2.2.2 Iron Bearing Intermetallics  

Iron is an undesirable impurity in Al-Si alloys, usually found in commercial grade 319 aluminum 

alloys. Iron impurities typically lead to the formation of acicular β-Al5FeSi intermetallic, as 

shown in Figure 4. This iron bearing phase is hard, brittle and has poor bond strength with the 

aluminum matrix, making it highly deleterious to the mechanical properties of the alloy [14, 15].  

In order to reduce the detrimental influence of the β-Al5FeSi phase on the mechanical properties 

of Al-Si alloys, manganese is added which to suppress the formation of β-Al5FeSi in favour of α-

Al15(Fe,Mn)3Si2. This phase has a more compact Chinese script morphology which is less 

harmful to the mechanical properties compared to Al5FeSi [14, 16].  Based on the results of 

Narayanan et al. [14], an Fe:Mn ratio of 1.5:1 at a cooling rate between 0.1 and 10 °C/s is 

required to replace the majority of the β-Al5FeSi with α-Al15(Fe,Mn)3Si2. Furthermore, Hwang et 

al. [17] observed that for an Fe:Mn ratio of approximately 0.75:1, the β phase is completely 

suppressed. Larger manganese additions, however, caused the formation of a polyhedral α-phase, 

referred to as sludge, along with the Chinese script α-phase [16, 17]. The morphology of the 

Chinese script and polyhedral α-phases are shown in Figures 5(a) and (b) respectively.  

The addition of manganese to iron bearing 319 aluminum alloy was observed by Hwang et al. 

[17] to improve the tensile strength and ductility with decreasing Fe:Mn ratio down to an Fe:Mn 

ratio of 0.75:1, as shown in Figure 6. The formation of the polyhedral α-phase, for Fe:Mn ratios 

less than 0.75:1, was observed to be detrimental to the alloy ductility, as shown in Figure 6(b). 

This was attributed to the increased volume fraction of brittle iron bearing phases as well as 
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increased porosity, which occurs due to the formation of the polyhedral α-phase [16, 17]. 

Therefore, for optimum mechanical properties, there should be only enough manganese to 

suppress the formation of β-Al5FeSi.  

 

Figure 5: Backscattered electron images for an Al-6.5Si-3.5Cu alloy with an Fe:Mn ratio of: (a) 0.75, (b) 0.6 

[17]. 
 

 

   

Figure 6: Tensile properties of a 319 alloy as a function of the Fe:Mn ratio showing: (a) ultimate tensile 

strength and yield strength in as-cast and T6 heat treated conditions, (b) percent elongation in the T6 

condition [17].  

 
 

2.2.2.3 Aluminum-Copper Based Intermetallic (Al2Cu) 

In the 319 aluminum alloy system, aluminum and copper form a strengthening phase, present in 

the interdendritic regions, with stoichiometry Al2Cu. This intermetallic phase appears in the 

microstructure in two morphologies: eutectic and blocky. The eutectic Al2Cu morphology is 

(a) 
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characterized as a lamellar structure consisting of Al2Cu and α-Al lamellae, as shown in      

Figure 7 (a). In contrast, the blocky morphology is characterized by clusters of larger Al2Cu 

particles (20-40 µm) embedded in the aluminum matrix, as shown in Figure 7 (b). Although both 

morphologies of Al2Cu are usually present within the microstructure, Sr additions, used to 

modify the morphology of eutectic silicon, have been found to promote the formation of blocky 

Al2Cu [11]. However, since most engineering components are heat treated prior to use, the 

eutectic Al2Cu morphology is preferred in the as-cast state since less time is required to dissolve 

this phase during solution heat treatment. 

 

Figure 7: Backscattered electron image of A319 in the as-cast condition showing: (a) eutectic Al2Cu 

morphology, (b) blocky Al2Cu morphology [11]. 
 

2.2.2.4 Magnesium Bearing Intermetallics 

Magnesium bearing phases, such as Mg2Si or Al5Mg8Cu2Si6, are also present in 319 type alloys 

containing magnesium. Typically, in 319 alloys containing magnesium, the Al5Mg8Cu2Si6 

intermetallic compound forms during solidification, although Mg2Si may also be present. The 

Al5Mg8Cu2Si6 phase precipitates in clusters with Al2Cu since both phases precipitate near the 

solidus point of the alloy. The magnesium bearing phases have been observed to improve the 

strength of 319 type alloys especially in the metastable state, obtained after solution heat 

treatment and aging [18]. 

2.2.3 Development of Microstructure in 319 Alloys 

The development of microstructure in the Al-Si-Cu alloy system is highly dependent on the 

composition of the alloy and the cooling rate during solidification. Since there is a large range of 

(a) (b) 



 

compositional limits that are considered

temperature of the phases may

reactions maintain a specific sequence

aluminum alloys. This phase form

phases regardless of the alloy composition

the alloy [19]. A cooling curve and its first derivative, indicating 

for Al-6Si-3.5Cu-0.6Mg alloy, are

with the formation temperature are

Figure 8: Cooling curve and first derivative curve showing the formation of pha

an Al
 

 
Table 2: Description of phase formation reactions 

 
Reaction Number Temperature (°C)

1 611.8 

2 600 to 572.7

3 561.8 
4 550 to 541
5 510 
6 502.7 

 

The cooling curve (Figure 8) indicates that the α

However, increased concentration of 

α-Al 
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that are considered within the 319 alloy designation, the

may vary greatly in each alloy. However, the phase 

sequence. An example is the formation of Al2Cu in 

forms after the α-Al dendrites, eutectic silicon and the iron bearing 

regardless of the alloy composition. Specifically, Al2Cu forms near the

and its first derivative, indicating the phase formation sequence

are shown in Figure 8. A list of phase formation reactions along 

temperature are given in Table 2.  

: Cooling curve and first derivative curve showing the formation of phases during solidification for 

an Al-6Si-3.5Cu-0.6Mg 319 type alloy [19]. 

phase formation reactions during solidification of Al-6Si-3.5Cu

Temperature (°C) Type of Reaction 
Formation of α-Al dendritic network

600 to 572.7 Precipitation of pre-eutectic iron intermetallics                       
(α-Al15(Fe,Mn)3Si2 and β-Al5FeSi)

Precipitation of eutectic Si 
550 to 541 Precipitation of post-eutectic β-Al

Precipitation of Al2Cu 
Precipitation of Al5Mg8Cu2Si

indicates that the α-Al dendrites form at approximately 608 

However, increased concentration of silicon reduces the phase formation temperature of

Eutectic Si 

Al2Cu 

Al5FeSi 
Al5Mg8Cu2Si6 

Mg2Si 

the precipitation 

However, the phase formation 

in commercial 319 

Al dendrites, eutectic silicon and the iron bearing 

near the solidus point of 

the phase formation sequence 

A list of phase formation reactions along 

 

ses during solidification for 

3.5Cu [19]. 

Al dendritic network 

eutectic iron intermetallics                       
FeSi) 

 
Al5FeSi 

Si6 

Al dendrites form at approximately 608 ˚C. 

reduces the phase formation temperature of the α-Al 
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dendrites down to 577 °C at the eutectic composition [11]. For this reason, alloy composition 

dictates the type of phases that form, the quantity of each phase in the microstructure and the 

phase formation temperatures.  

2.3 Heat Treatment of Aluminum Alloys 

Engineering components are typically heat treated prior to being exposed to service conditions.  

Heat treatment, through the mechanism of atomic diffusion, is used to obtain a more uniform 

microstructure compared to the as-cast state, improve mechanical properties and reduce residual 

stresses that may have been generated during processing of the component. The following 

sections discuss the stages involved in precipitation hardening heat treatments that are typically 

used in engine block production. 

2.3.1 Solution Heat Treatment and Quenching  

The first stage of a precipitation hardening heat treatment is solution heat treatment. Solution 

heat treatment is carried out to dissolve coarse equilibrium phases that are present in the as-cast 

state to form a single phase, supersaturated solid solution (SSSS) [4, 20, 21]. In order to form a 

supersaturated solid solution, the alloy system must have a region where all of the alloying 

elements are soluble in the base material. Furthermore, the solid solubility of the alloying 

elements should decrease with decreasing temperature, indicated by a solvus line in the phase 

diagram. An example of the solubility trend required to effectively solutionize alloys is shown in 

the aluminum rich portion of the Al-Cu binary phase diagram in Figure 9.  

In this section, the Al-Cu binary system with approximately 3 wt.% Cu is considered in the 

explanation of precipitation hardening of 319 aluminum alloys since these alloys are typically 

strengthened during heat treatment by the formation of Al-Cu based precipitates. For Al-Cu 

alloys, heating to a temperature above the solvus line results in the dissolution of the equilibrium 

θ-Al2Cu phase, which forms a single phase microstructure.  

Three main variables influence the material properties following heat treatment: temperature, 

time and cooling rate during quenching.  
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Figure 9: Aluminum rich portion of the Al-Cu binary phase diagram [22]. 
 

Solution temperature depends on the phases that are required to be dissolved. For instance, to 

effectively dissolve Al2Cu in 319 aluminum alloys (containing approximately 3 wt% Cu), 

solution treatment should be conducted between 505 and 540 ˚C. Solution temperatures near the 

solvus point (~480 ˚C for Al2Cu dissolution (Figure 9)) result in sluggish dissolution of Al2Cu 

[20, 21]. These trends were illustrated by the results of Samuel et al. [23] (Figure 10).  

The results in Figure 10 show that increasing the solutionizing temperature from 480 °C to above    

500 °C reduced the amount of residual Al2Cu in the microstructure, suggesting more effective 

dissolution of Al2Cu. The dissolution kinetics are greatly accelerated with increasing temperature 

due to increased diffusion rates which lowers the amount of time required to attain complete 

dissolution of equilibrium secondary phases [11, 23, 24]. However, the solutionizing temperature 

should be kept in an optimal range since too high a temperature causes incipient melting of the 
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Al2Cu phases, leading to increased porosity, which severely deteriorates the mechanical 

properties of the alloy [23, 24]. Samuel et al. [23] determined that incipient melting of Al2Cu 

occurs for solution heat treatment temperatures above 540 °C, which corresponds to the melting 

point of Al2Cu as shown in the Al-Si-Cu ternary phase diagram (Appendix C1). 

 

Figure 10: Graph showing the influence of solutionizing temperature and time on dissolution of Al2Cu [23]. 
 

In addition to temperature, alloying also influences the appropriate solutionizing temperature. 

For instance, additions of 0.3 to 0.6 wt% Mg to Al-Si-Cu alloys lower the recommended 

optimum solution temperature range to 500-520 ˚C. This was attributed to the presence of 

Al5Mg8Si6Cu2 which has a lower melting point than Al2Cu [23].  

Solution heat treatment time, which depends on the selected solutionizing temperature, is mainly 

determined by considering the dissolution rate of the secondary phases which are to be dissolved. 

For example, the dissolution of the magnesium bearing phases in 319 aluminum alloys occurs 

rapidly due to their relatively low melting point. In contrast, the higher melting point of iron 

bearing phases results in a significantly lower dissolution rate. Iron bearing intermetallic 
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particles typically fragment and gradually dissolve after prolonged solution heat treatment time 

[25].  

Morphology and size of the constituents in the microstructure also influence the amount of time 

required for complete dissolution. With regards to Al2Cu, the blocky morphology is more 

difficult to dissolve than the eutectic morphology [11]. The main reason is that the dissolution of 

eutectic Al2Cu occurs by fragmentation into smaller particles, which then spheroidize and 

dissolve into the matrix by atomic diffusion. In contrast, blocky Al2Cu particles do not fragment 

into smaller particles. Thus more time is required to attain complete dissolution of blocky Al2Cu 

since spheroidization and dissolution by diffusion occur on significantly larger particles [11, 23, 

26]. The relationship between local solidification time, which indicates the coarseness of the 

microstructure, and the amount of undissolved Al2Cu following solution heat treatment is shown 

in Figure 11. Figure 11 indicates that at a constant solutionizing temperature, increased local 

solidification time results in more Al2Cu remaining in the microstructure following solution heat 

treatment which suggests that more time is required to dissolve coarse Al2Cu particles. Although 

this trend is shown for Al2Cu, similar trends have been observed for other phases such as 

Al5Mg8Cu2Si6 and Mg2Si.  

 

Figure 11: Graph showing influence of solidification time on dissolution of Al2Cu at a constant solutionizing 

temperature of 495 °C and varying solutionizing time [27]. 
 
 

The last aspect to consider in the solutionizing process is quench rate. The quenching stage 

involves rapid cooling to a specified temperature and is required at the end of the solutionizing 
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process to preserve the metastable supersaturated solid solution. Although higher quench rates 

are desirable since the dissolved elements remain in supersaturated solid solution, higher quench 

rates also result in large thermal gradients between the surface and the interior of the component 

[21, 28, 29].  Thermal gradients in the material subsequently cause the generation of residual 

stresses, which can lead to premature failure of the component. Therefore, the quench rate must 

be optimized in order to prevent equilibrium phases from coming out of solution, while reducing 

the generated residual stress. 

2.3.2 Aging 

Solution heat treatment is followed by aging (precipitation of fine metastable particles from the 

supersaturated solid solution). Aging is carried out by holding the component at room 

temperature (natural aging) or at elevated temperature (artificial aging) for a specified period of 

time. Although aging is usually performed after solution heat treatment, there are standard aging 

schedules where aging is done following fabrication. Typically, the peak aging condition in 

aluminum alloys (T6 temper), which involves a solution heat treatment and artificial aging, is 

preferred due to the superior material strength (yield and ultimate tensile strength) in this 

condition. However, when dealing with high temperature applications that require precise 

dimensional tolerances, the component is usually overaged (T7 temper) following the solution 

heat treatment to improve the dimensional stability. The aging schedule to achieve a T7 temper 

requires a higher aging temperature and longer aging time compared to the T6 temper [1]. 

Therefore, the aging parameters, such as temperature and time, are not only dependant on the 

alloy system but also on the desired properties.   

In order to describe the phase transformation during aging, the evolution of Al-Cu precipitates is 

considered. The aging process causes many stages of intermediate metastable phases to 

precipitate from the supersaturated solid solution (SSSS) rather than the direct precipitation of 

the equilibrium phase. The main reason for this is that metastable phases have lower strain 

energy due to the coherent or semi-coherent interface with the matrix. The preferential formation 

of metastable phases occurs to minimize free energy. Therefore, the lower strain energy allows 

metastable phases to precipitate prior to the incoherent equilibrium phases [21]. In the aging of 

Al-Cu alloys, the supersaturated solid solution is followed by three metastable secondary phases 

prior to the formation of the equilibrium θ-Al2Cu. The precipitation sequence along with a model 
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showing the crystal structure of each phase (white and shaded spheres represent copper and 

aluminum atoms respectively) is shown in Figure 12. 

SSSS   G.P. Zones      θ”  θ’-Al2Cu          θ-Al2Cu

 

Figure 12: Precipitation sequence and structure of each precipitate formed during the aging of Al-Cu alloys. 

[30]. 

The first metastable phase to precipitate from the supersaturated solid solution is a phase 

consisting of Guinier-Preston (G.P.) zones. Guinier-Preston zones are clusters of alloying 

elements that come out of solution during aging. In the case of Al-Cu alloys, G.P. zones are 

clusters of copper atoms that form thin plates along the {100} planes of the face centred cubic 

(FCC) aluminum lattice, as shown in Figure 12(a). Furthermore, the copper rich G.P. zones are 

approximately 2 atomic layers thick, 20 to 30 atoms in diameter and are coherent with the 

aluminum matrix [20, 21]. The formation of G.P. zones in the thin plate morphology occurs to 

minimize strain energy due to the large difference in atomic size between aluminum and copper. 

Although copper rich G.P. zones are the most frequently documented, other elements, such as 

magnesium, can form G.P. zones within the aluminum matrix during aging. Furthermore, for 

alloy systems in which the atomic size of the precipitating alloying elements is closer to that of 

the matrix material, spherical G.P. zones form rather than the plate-like morphology observed in 

Al-Cu alloys [21]. 

Layer of Cu Atoms 
Layers of Cu Atoms 
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Following the formation of G.P. zones, continued aging results in the precipitation of the θ” 

phase, which is also known as the GP-2 phase. The θ” phase, which has a platelet morphology, 

consists of alternating layers of aluminum and copper atoms along the {100} planes as shown in          

Figure 12(b). The θ” phase replaces G.P. zones in the microstructure provided sufficient aging 

has been performed on the alloy [21]. The replacement of the G.P. zones with θ” is due to 

diffusion induced movement of atoms with time. Growth of θ” occurs to a thickness of 

approximately 2-3 nm and a diameter of 10-20 nm, which is significantly larger than the         

G.P. zones [21]. Similar to the G.P. zones, the θ” phase is coherent with the aluminum matrix. 

The formation of θ” precipitates indicate that the peak aging condition has been achieved. 

Continued aging past the peak aging condition results in the conversion of the θ” precipitates into 

θ’. The θ’ phase has a tetragonal crystal structure, as shown in Figure 12(c), and a similar 

stoichiometry to the equilibrium Al2Cu. Similar to θ”, the θ’ precipitates are characterized by a 

fine platelet morphology within the aluminum matrix, as shown in Figure 13. 

 

Figure 13: Bright field TEM image with corresponding selected area diffraction pattern along the [001] zone 

axis showing θ’ phase in the aluminum matrix [31]. 

The θ’ phase is a semi-coherent metastable precipitate since this phase is only coherent with the 

matrix in certain planar directions. Furthermore, coherency in these specific directions is 

gradually lost with particle growth since growth of θ’ causes the introduction of interfacial 

dislocations. The transformation of θ’ to equilibrium θ occurs when the interface between the 

matrix and the precipitates becomes incoherent [20, 21]. A schematic showing the tetragonal 

crystal structure of equilibrium θ is shown in Figure 12(d). 
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The evolution of the θ-Al2Cu precipitates was used to illustrate the influence of heat treatment on 

the microstructure. However, similar results have been observed with other secondary phases in 

aluminum alloys. For instance, Al-Si-Cu-Mg alloys may form λ-Al5Mg8Cu2Si6 and β-Mg2Si 

phases during solidification in addition to θ-Al2Cu. Similar to Al2Cu, λ and β phases are 

dissolved by solution heat treatment while subsequent aging leads to the formation of G.P. zones 

as well as metastable magnesium-rich age hardening precipitates. Furthermore, in 

multi-component aluminum alloys, solution heat treatment and aging leads to a combination of 

metastable phases (e.g. λ’ and θ’) present within the aluminum grains [32].  

2.3.3 Influence of Heat Treatment on Mechanical Properties 

Solution heat treatment and aging are often performed on aluminum engineering components in 

order to improve the strength of the alloy as well as reduce residual stresses that may have been 

introduced during processing. The formation of metastable precipitates within the aluminum-

matrix during aging has been documented to increase the hardness of Al-Si-Cu and Al-Si-Cu-Mg 

alloys, as shown in Figures 14(a) and (b), respectively [33, 34]. 

 
Figure 14: Variation in hardness with artificial aging time for: (a) Al-7Si-3Cu [33], (b) Al-7Si-0.45Mg-xCu 

[34].  
 

The results from Figures 14(a) and (b) demonstrate that hardness increases with increasing aging 

time until the peak hardness is reached, at which point further aging results in a reduction in 

hardness. Furthermore, by comparing the data shown in Figures 14(a) and (b), the addition of 

magnesium to Al-Si-Cu alloys not only increases the alloy hardness at the peak aging condition, 

but also reduces the time required to reach the peak aging condition.  

Ageing Time (h) Ageing Time (h) 
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The main reason for the increase in hardness up to the peak aging condition is due to the 

formation of coherent metastable precipitates. Coherent precipitates introduce strain fields in the 

surrounding matrix which interact with mobile dislocations. This interaction increased the 

resistance to the movement of dislocations [33, 34, 35]. At the peak aged condition, the 

microstructure of Al-Si-Cu alloys contains coherent θ” precipitates while Al-Si-Cu-Mg alloys 

may contain a combination of θ”, λ” and β” depending on composition. Continued aging past the 

peak aging condition results in reduced hardness, mainly due to the replacement of coherent 

metastable precipitates with semi-coherent metastable precipitates. Since these precipitates are 

only coherent with the matrix in certain crystallographic directions, strain fields will only exist in 

these directions, thus reducing the resistance to dislocation motion [20, 21, 33, 34]. Further 

decrease in hardness with aging time is attributed to the formation of equilibrium phases where 

coherency is lost, thus strain fields are no longer present to resist the movement of dislocations. 

Although strain fields provide a significant amount of strengthening, the interaction between 

mobile dislocations and second phase particles also result in increased strength provided that the 

particles are of the appropriate size and of sufficient hardness [21].  This is illustrated by the fact 

that a small amount of strengthening is observed compared to the as-fabricated condition even 

after equilibrium precipitates have completely replaced the metastable precipitates.  

In order to explain the influence of second phase particles on alloy strength, the two dislocation 

bypass mechanisms (shearing of particles and bending of dislocations) are shown in Figure 15. 

The mechanism where the second phase particles are sheared by dislocations applies mainly to 

small particles (less than 100Ǻ) or particles that are not significantly harder than the matrix. 

Particles that are sheared by dislocations do not increase strength significantly since the particles 

are typically bypassed by dislocations without much resistance [21]. 

Conversely, particles of optimum size, typically in the order of 500 Ǻ, cause dislocations to 

bypass the particles by the bending mechanism, provided the particle hardness is sufficient to 

make shearing difficult.  The bending mechanism also leads to the multiplication of dislocations, 

as shown in Figure 15(b), which increases the strain hardening response of the alloy. Therefore, 

in addition to coherency strains, alloys in the peak aging condition contain precipitates with an 

appropriate size to allow dislocations to bypass the particles by the bending mechanism which 
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also contributes to increased strength [37]. Additional aging beyond the peak aging condition 

results in not only a loss of coherency, but also coarsening of the precipitates. Coarsening of 

precipitates increases the interparticle spacing which allows the particles to be bypassed by 

dislocations at significantly lower stress levels compared to the required stress to bypass particles 

of optimum size [20, 21, 36, 37]. For this reason, overaging results in a significant loss of 

hardness and strength relative to the peak aging condition. 

 

Figure 15: Mechanism of dislocations bypassing particles by: (a) particle shearing, (b) bending of dislocations 

[36]. 

 

2.4 Residual Stresses in Engineering Components 

2.4.1 Introduction to Residual Stresses 

The presence of residual stress is common in many engineering components as a result of 

manufacturing processes such as casting, forging, extrusion and heat treatment. By definition, a 

residual stress is a stress which exists in an elastic body without the application of an external 

load [38-40]. Therefore, in order for the component to remain in equilibrium state, different 

regions of the component contain residual stresses of opposite sign which balance to zero. The 

distance required for the residual stress to equilibrate is known as the characteristic length (l0) 

which determines the type of residual stress that is present within the system. Residual stresses 

are classified into three main groups as shown in Figure 16. 

The first group refers to long range or macro residual stresses which are designated as type I (σI). 

Type I residual stresses have a characteristic length in the order of the scale of the structure     
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[38, 39]. Models used to estimate type I residual stresses usually ignore the polycrystalline and 

multi-phase nature of engineering structural materials. The second class of residual stress, known 

as type II (σII), equilibrate over a distance between 3 to 10 times the grain size. Finally, type III 

(σIII) residual stresses are those which exist over atomic dimensions and balance within grains. 

Type III residual stresses are usually associated with the presence of dislocations or point defects 

within grains [39].  

   

Figure 16: Schematic of grain structure showing characteristic length for the three types of residual stress 

[41]. 

It is important to recognize the type of residual stress present in the system, specifically when 

performing quantitative measurements. Since the three types of residual stress have different 

characteristic lengths, they will also have different characteristic volumes. With regards to the 

measurement of residual stress, if the characteristic volume is smaller than the sampling volume, 

the measured stress is equal to zero [38]. Therefore, in order to yield accurate measurements on 

the stress state of the system, the appropriate sampling volume is required. 

Residual stresses can be favourable or detrimental to a system depending on the magnitude of the 

stress, the nature of the stress (tensile or compressive) and the application of the component. For 

example, the presence of tensile residual stress in components experiencing large tensile loads 

may lead to premature failure of the component since the residual stress is additive to the applied 

load. However, in the case of components which require a high cycle fatigue life, compressive 

residual stresses at the surface of the material reduces the amplitude of the applied cyclic stress, 

thereby extending the fatigue life of the component [38, 39].  

σ
I
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2.4.2 Development of Residual Stresses in Engineering Components 

Residual stresses are developed through many manufacturing processes. In general, the 

development of residual stress is mainly attributed to uneven loading (mechanical or thermal), 

resulting in non-uniform plastic deformation of neighbouring regions in a constrained material 

[42]. In the following sections, the development of residual stress due to thermal gradients, 

differences in thermal expansion coefficient in components containing dissimilar materials and 

mechanical loading is discussed.  

2.4.2.1 Thermal Gradients 

The formation of large thermal gradients during manufacturing is one of the most common ways 

to induce residual stress. In order to explain the influence of thermal gradients on induced stress, 

an externally unconstrained material, divided evenly into many cubical elements, is considered. 

If the material is heated or cooled uniformly, the individual elements in the material expand or 

contract freely by an equal amount, proportional to α∆T, where α is the coefficient of thermal 

expansion of the material and ∆T is the change in temperature. In this case, there is no significant 

formation of residual stress. Conversely, an externally constrained material that is heated or 

cooled uniformly results in the generation of residual stress since the external constraint prevents 

certain sections of the material from freely changing dimensions.  

In the case of non-uniform heating or cooling of an externally unconstrained material, the 

individual elements expand or contract by differing amounts, depending on the temperature at 

each specific region of the component, resulting in a misfit between neighbouring elements. 

However, since continuity must be maintained, dimensional changes of individual elements are 

constrained by neighbouring elements, resulting in the generation of an elastic strain field, 

provided that the resulting induced residual stress is lower than the yield strength of the material 

[43, 44]. The magnitude of this strain field is dependent on the magnitude of the temperature 

gradient since the change in dimensions of each element is directly proportional to the variation 

in temperature and the coefficient of thermal expansion of the material.    

In the production of engineering components, thermal gradients may arise due to high quench 

rates following heat treatment as well as non-uniform heating during component manufacturing 

or while in service. With regards to high quenching rates following heat treatment, thermal 
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gradients are formed between the surface and the interior of the component. The surface of the 

component, due to direct contact with the quenchant, cools very rapidly to obtain an equilibrium 

temperature with the quenching medium. Rapid cooling at the surface results in the surface being 

compressed plastically. The interior of the component subsequently cools, but at a cooling rate 

that is significantly lower than at the surface, giving rise to a thermal gradient [28, 39]. Upon 

cooling, the interior of the component is restricted from contraction due to the rigid outer surface 

resulting in the interior remaining elastically in tension.  

2.4.2.2 Mismatch of Thermal Expansion Coefficient 

Thermally induced residual stress in a component can also occur when in scenarios where 

dissimilar materials are in direct contact with one another. The generated thermal stress is 

directly related to the difference in thermal expansion coefficient between the two materials. In 

order to illustrate the influence of thermo-mechanical mismatch on residual stress generation, a 

uniformly heated beam made of two dissimilar layers is considered [44]. In this system, it is 

assumed that the beam is initially stress free. The stress generated due to the uniform change in 

temperature of each constrained beam layer is given in Equations 1(a) and (b), respectively [45]. 

The relationships in Equation 1, utilize the force equilibrium condition on the entire system to 

derive the stress induced due to thermo-mechanical mismatch of the beam layers. Equation 1 

relates residual stress (σ) in each layer to the change in temperature (∆T), the thermal expansion 

coefficient (α), the cross-sectional area (A) and the modulus of elasticity (E), for each layer of 

the component. 
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The resulting residual stress distribution for each dissimilar layer of the beam, with layer 

thicknesses h1 and h2, assuming that α1 > α2 and ∆T > 0 (heating), is shown in Figure 17.  



 

Figure 17: Qualitative stress distribution induced by thermal expan
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continuity requirement of the material, neighbouring elements constrain the deformation of the 

material, resulting in the formation of residual stress. 

2.4.3 Residual Stresses in Aluminum Engine Blocks 

Residual stresses typically develop in aluminum alloy engine block castings due to the formation 

of thermal gradients during quenching and a mismatch in thermal expansion coefficient between 

the aluminum alloy and the cylinder liner material [40, 46]. The development of residual stress at 

different sections of the cylinder bridge was modelled by Su et al. [46] using ABAQUS finite 

element software on an inline-4 (I-4) 319 aluminum engine block with cast-in iron liners. In this 

simulation, residual stresses formed during solidification were neglected since it was assumed 

that solution heat treatment relieved these residual stresses. Therefore, the model focussed on 

simulating residual stress formation due to quenching from the solution heat treatment 

temperature to ambient temperature. The simulated stress distribution of the engine block is 

shown in Figure 18. The results in Figure 18 show large tensile residual stresses at the cylinder 

bridge with a magnitude of approximately 150 MPa. The stress at the cylinder bridge was 

significantly larger in magnitude compared to other sections of the engine block. Su et al. [46] 

attributed the generation of residual stresses to the difference in thermal expansion coefficient 

between the aluminum alloy and the cast iron liners, which is compounded at the cylinder bridge 

due to the influence of two cast iron cylinder liners.  

The modelled results were confirmed for the deck face of the cylinder bridge by using strain 

gauge rosettes to measure the resulting strain due to sectioning of the cylinder bridge. The 

experimentally measured strains were found to be within 5% of the modelled strains. 

Furthermore, the results of Carrera et al. [40] also confirmed the results of the finite element 

model. Using strain gauges, and applying Hooke’s law, Carrera et al. [40] determined the 

residual stress at the cylinder bridge of an I-4 aluminum engine block with cast iron cylinder 

liners to be approximately 150 MPa. Therefore, based on the modelled and experimental results 

from Su et al. [46] and Carrera et al. [40], the critical location with respect to the residual stress 

magnitude of an aluminum engine block containing iron cylinder liners is the cylinder bridge.  



 

Figure 18: Modeled residual stress distribution of an I
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: Modeled residual stress distribution of an I-4 319 aluminum engine block with cast

[46].  

2.4.4 Measurement of Residual Stress 

easurement of residual stress is usually accomplished through various destructive and 

destructive methods. Destructive methods of residual stress measurement include
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Figure 19: Schematic showing: (a) sampling volume formed from incident and diffracted beams, (b) direction 

of scattering vector with respect to the lattice planes, (c) magnitude of the scattering vector [47]. 

 

The first aspect that must be considered in a neutron diffraction experiment is the wavelength (λ) 

of the neutron beam. In order to ensure that a single wavelength is used throughout the 

experiment, a monochromator filters the neutron beam and only allows neutrons of a specified 

wavelength to pass through it. The monochromated neutron beam is then defined in a specific 

direction by a soller slit collimator. The beam that emerges from the collimator is subsequently 

used as the incident beam in the experiment [47]. Once in contact with a crystalline specimen 

having an interplanar spacing of the order of the wavelength of the neutron beam, the incident 

beam scatters (or diffracts) if the Bragg condition is met. The Bragg condition states that 

constructive interference between adjacently scattered neutrons occurs if the scattered neutrons 

remain in phase. For the diffracted neutron beams to remain in phase the path difference between 

adjacent diffracted beams must be integer multiples of the wavelength. The path difference 

resulting in constructive interference between adjacent waves is given by Bragg’s law as shown 

in Equation 2 for first order diffraction (n = 1), which relates the wavelength (λ) to the 

interplanar spacing (dhkl) and the scattering angle (φ) [47]. 

             � � ����������� �� �                                          (2) 

The diffracted beam that emerges from the crystalline specimen is then directed towards the 

detector using another soller slit collimator. The volume defined by the intersection of the 

(a) (b) 

(c) 
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incident and diffracted beam, as shown in Figure 19, is known as the sampling volume, which is 

the location of the specimen where crystallographic information is obtained.  

The measurement of strain using neutron diffraction involves the measurement in the change in 

interplanar spacing (dhkl). The interplanar spacing is determined by first plotting the diffracted 

neutron intensity against angular position. By fitting a continuous statistical distribution to the 

data (i.e. Gaussian distribution), the diffraction angle is estimated, which by utilizing Bragg’s 

law, allows the interplanar spacing to be estimated. Using the “peak shift” method shown in 

Equation 3, strain is calculated by relating the measured interplanar spacing to the interplanar 

spacing of a “strain free” sample (d0,hkl) of the same chemical composition.  

                                                    � � ��� !�"#�� 
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                                 (3) 

The accuracy of the calculated strain depends largely on the “strain free” sample. If this sample 

is indeed strain free, then the calculated strain at the sample location of interest is a relatively 

accurate estimation of the true strain within the specimen.  

In most engineering applications where residual stress is a concern, strain measurements are 

performed along the three principal orientations to calculate the residual stress. Strain 

measurements in different orientations are performed using neutron diffraction by orientating the 

specimen perpendicular to the scattering vector (Q). The scattering vector is a linear combination 

of the incident and diffracted neutron wave vectors, Ki and Kd, respectively, as shown in      

Figure 19. Therefore, by measuring the interplanar spacing of the appropriate family of planes, 

the three principal strain components are determined. The residual stress in each orientation is 

then calculated using the measured strain and generalized Hooke’s law, shown in Equations 4-6 

[47].     
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where, E is the modulus of elasticity, ν is Poisson’s ratio, σ is the residual stress in the x, y and z 

principal axes and ε is the strain in the x, y and z principal axes. 

Although Hooke’s law in Equations 4-6 is defined for the Cartesian co-ordinate system, for 

cylindrical specimens polar co-ordinates are typically used where the principal directions are the 

hoop, radial and axial orientations. 

2.4.4.2 Comparison of Neutron Diffraction to X-ray Diffraction  

Residual stress measurement using neutron diffraction and X-ray diffraction use similar 

principles. Both methods use Bragg’s law to determine the interplanar spacing in order to 

calculate strain and subsequently the residual stress in the sample. However, the main difference 

between the two techniques lies in the way each wave is scattered by the crystalline specimen. 

Neutrons interact directly with the nucleus of the atoms while X-rays interact with the 

surrounding electron cloud [48]. Since the penetration depth of the incident beam is inversely 

proportional to the probability of interaction within the material, neutrons can penetrate further 

than X-rays prior to being scattered.  This occurs since the probability of a scattering event 

between the incident beam and the nucleus of an atom is lower than the probability of a 

scattering event between the incident beam and the electron cloud. Furthermore, while the 

neutron beam has essentially the same penetration depth regardless of the atomic number of the 

specimen, the penetration depth for X-rays decreases with increasing atomic number. With a 

higher atomic number, the electron cloud becomes larger, increasing the probability of a 

scattering event [48]. For this reason, neutron diffraction can be applied to analyze the bulk 

material properties (2-3 cm depth) of larger engineering components, while X-ray diffraction can 

only be used to analyze surface properties (100 µm depth). However, due to significantly higher 

cost and scarcity of neutron generators, X-ray diffraction is typically used in the measurement of 

residual stress.  

2.5 Mechanisms of Dimensional Distortion in Aluminum Alloys 

Dimensional distortion is one of the major considerations in engineering design regarding 

materials selection and heat treatment schedule used in the production of components. Similar to 

ferrous alloys, such as steel, heat treatable aluminum alloys are typically prone to distortion 

unless the proper precautions are taken during processing of the component. The two 
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mechanisms associated with dimensional distortion of Al-Si-Cu alloy components are the 

presence of excessive tensile residual stress and a phase transformation based mechanism known 

as thermal growth. The following sections discuss the mechanisms of dimensional distortion in   

Al-Si-Cu alloy components. 

 2.5.1 Excessive Residual Stress 

The formation of residual stresses during manufacturing of engineering components may cause 

significant distortion or premature failure while the component is in service. It is generally 

accepted that residual stress exceeding the yield strength of the material causes plastic 

deformation resulting in permanent dimensional distortion [49, 50]. Plastic flow subsequently 

results in the relief of the residual stress within the material since elastic stresses are relieved by 

plastic deformation. 

Dimensional distortion is especially a concern in components which operate at elevated 

temperatures and require high dimensional accuracy. An example of this is the cylinder bore 

regions of hypoeutectic Al-Si alloy engine blocks. Large tensile residual stresses are induced 

along the cylinder bores due to a mismatch in the thermal expansion coefficient between the 

aluminum alloy (2.4 x 10-5 K-1) and the gray cast iron cylinder liner (1.5 x 10-5 K-1) [2, 40, 51]. 

Moreover, during in-service conditions, the regions of the engine block nearest to the cylinder 

bores are heated to approximately 200 °C due to the combustion cycle. This reduces the yield 

strength of the aluminum alloy at the regions nearest to the cylinder bores, thereby increasing the 

susceptibility to distortion. Furthermore, while in service, external stresses are applied to the 

cylinder walls of the engine block. A schematic of the combustion chamber showing the external 

stresses arising during operation are shown in Figure 20.  

The externally applied stresses (normal and shear stresses) arise during the power stroke of the 

engine cycle. The ignition of the compressed air-fuel mixture causes a rapid expansion of the   

air-fuel mixture within the combustion chamber [50]. This large change of pressure within the 

combustion chamber imparts a large amount of externally applied stress on the engine cylinder 

walls. For engine blocks containing large tensile residual stress prior to operation, the externally 

applied stress is added to the residual stress by superposition principles, making the engine 



 

blocks highly susceptible to dimensional distortion. Therefore, it is critical to minimize the 

residual stresses at the cylinder bore regions prior to in

Figure 20: Schematic of the combustion chamber (piston

stresses experienced by the material while in

 

2.5.2 Thermal Growth 

Permanent dimensional changes may also occur during heat treatment of Al

mechanism known as thermal growth. Thermal

volume of the material due to the precipitation of age hardening

mechanism influences the specific volume of the material in two ways 

with the change in lattice parameter of the matrix phase during precipit

precipitates. Dissolution of equilibrium secondary phases 

lattice parameter of aluminum (a = 4.05 Å for pure aluminum [30]) to change

precipitation of age hardening precipitates, the lattice parameter of the matrix phase changes 

proportionally to the amount of alloying elements that precipitate

of the change in lattice parameter for

alloys is shown in Figure 21. Consideri

precipitation of copper rich precipitates during aging causes an expansion in the lattice parameter 

of the matrix while magnesium rich precipitates cause 

32 

blocks highly susceptible to dimensional distortion. Therefore, it is critical to minimize the 

residual stresses at the cylinder bore regions prior to in-service use. 

 

Schematic of the combustion chamber (piston-cylinder assembly) within an engine showing the 

stresses experienced by the material while in-service [50]. 
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Figure 21: Unit change in lattice parameter of the aluminum matrix with amount of dissolved alloying 

elements [53]. 

 

The second aspect of thermal growth is associated with the difference in specific volume of the 

precipitates relative to the matrix phase. Prior to aging treatments, the microstructure of the 

material is composed mainly of a single phase supersaturated solid solution with a certain 

specific volume. However, the precipitation of secondary phases during aging may influence the 

overall specific volume of the material if secondary phases have a significantly different specific 

volume relative to the matrix. This phenomenon was illustrated in the work of Hunsicker   

(Figure 22) [53]. Figure 22 shows the linear dimensional change associated with the precipitation 

of θ”, θ’ and equilibrium θ as a function of the amount of copper precipitated. The results 

suggest that during aging of Al-Cu alloys, the precipitation of different metastable phases 

resulted in a different unit linear dimensional change of the alloy. For instance, the precipitation 

of the θ’ phase resulted in the largest change in specific volume, approximately three times larger 

than that associated to the precipitation of equilibrium θ.  
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Figure 22: Observed dimensional changes due to the precipitation of age hardening precipitates during aging 

of Al-Cu alloys [53]. 
 

Components made from heat treated 319 aluminum alloys that operate at elevated temperature 

(~200 °C) may be dimensionally unstable due to phase transformation of metastable Al-Cu 

precipitates. However, the magnitude of dimensional growth of a component while in service at 

elevated temperature is highly dependent on the heat treatment temper of the component prior to 

in-service use as well as the operating temperature. Boileau et al. [54] investigated the 

dimensional change of a 319 aluminum alloy that was heat treated to T4 (solution treated at    

495 °C for 1 hour), T6 (solution treated at 495 °C for 8 hours then aged at 190 °C for 5 hours) 

and T7 (solution treated at 495 °C for 8 hours then aged at 260 °C for 4 hours) tempers and 

subsequently exposed to temperatures of 180 and 250 °C. The variation in dimensional change 

for each treatment condition at exposure temperatures of 180 and 250 °C are shown in Figures 

23(a) and (b), respectively.  

The results from Boileau et al. [54] illustrated that components in the T4 temper were less 

dimensionally stable than components in the T6 or T7 tempers. Thermal growth of 319 

aluminum alloy in the T4 treatment condition was attributed to the continued aging of the 319 

alloy while exposed to elevated temperatures (180 and 250 °C). This likely resulted in the 

precipitation of θ’ precipitates from the supersaturated solid solution that is present for 319 

alloys in the T4 temper [54].   
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Figure 23: Dimensional growth of W319 aluminum alloy in the T4, T6 and T7 heat treatment condition while 

exposed to: (a) 180 °C, (b) 250 °C [54].  
 

Exposure of T6 treated 319 aluminum alloy to elevated temperatures (180 and 250 °C) also led 

to thermal growth, albeit to a lesser degree than for the T4 temper. Thermal growth for the alloy 

in the T6 condition was attributed to the replacement of the θ” phase with θ’ due to continued 

aging [54]. The precipitation of the θ’ phase in place of θ” resulted in a dimensional expansion as 

shown in Figure 22 [53].  

(a) 

(b) 
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Conversely, Boileau et al. [54] found that the 319 alloy in the T7 temper exhibited a significantly 

lower degree of thermal growth as compared to the T4 and T6 tempers. The primary reason for 

this is that the microstructure of a 319 aluminum alloy in the T7 temper consisted of a 

combination of θ’ and equilibrium θ. Since the θ’ phase was already present in the microstructure 

along with θ, significant growth did not occur while in service. Thus the component was 

dimensionally stable at temperatures up to 250 °C. 

Operating temperature is also an important factor regarding the dimensional stability of heat 

treated 319 aluminum alloy components. By comparing Figures 23 (a) and (b), it is apparent that 

higher operating temperatures result in accelerated aging which causes dimensional changes to 

occur in a shorter period of time. Furthermore, Figure 23 (b) illustrates that thermal exposure for 

more than approximately 50 hours at 250 °C causes dimensional contraction. Boileau et al. [54] 

attributed dimensional contraction to the replacement of θ’ with equilibrium θ phase. Since the θ 

phase results in a lower unit dimensional change compared to θ’, the replacement of θ’ with θ 

was believed to result in dimensional contraction. 

Chapter Summary 

This chapter provided a review of the Al-Si-Cu alloy system along with heat treatment of           

aluminum alloys and its effect on mechanical properties. Mechanisms associated to residual 

stress generation during component processing were also reviewed in detail. This chapter also 

discussed mechanisms that cause dimensional distortion in aluminum alloys. This discussion of 

mechanisms related to residual stress formation and dimensional distortion establishes the 

background for a thorough investigation of the potential causes of cylinder bore distortion in    

Al-Si-Cu alloy engine blocks with cast-in gray iron cylinder liners.  
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Chapter 3: Experimental Procedure 

This chapter outlines the experiment methods utilized in this study. Section 3.1 outlines the 

project structure and the analysis that was performed on the engine block castings. The relevant 

engine block production parameters are discussed in Section 3.2, while the analyzed cylinder 

locations in the engine blocks are shown in Section 3.3. Finally, this chapter shows the 

methodology of sample preparation for scanning and transmission electron microscopy, the set 

up required for the neutron diffraction experiments and the procedure used to measure the 

cylinder profiles using a co-ordinate measuring machine.  

3.1 Project Outline 

This project was a collaborative project between the Centre for Near-net-shape Processing of 

Materials (CNPM) at Ryerson University and the Nemak Centre of Engineering in Windsor, 

Canada. The project sought to determine the cause of dimensional distortion in aluminum engine 

blocks with cast-in gray iron cylinder liners and to develop a scientific explanation for distortion 

in order to prevent it in the future production of aluminum engine block castings. 

In order to determine the cause of cylinder bore distortion, the following aspects were 

investigated for engine blocks following the thermal sand reclamation treatment (TSR), T7 heat 

treatment and service testing to determine the cause of cylinder distortion. 

• Analysis of the cylinder profiles in service tested block 

• Microstructure 

• Thermal analysis 

• Mechanical properties 

• Residual stress/strain evolution 

The flow chart shown in Figure 24 shows the analysis performed on several engine blocks in 

each treatment condition. The flow chart includes the specific aspects assessed in microstructural 

analysis, mechanical properties and thermal analysis as well as the orientations in which strain 

measurements were performed.  
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Figure 24: Flow chart showing the analysis performed in this study. 

 

3.2 Engine Block Production Parameters 

This investigation dealt with the analysis of production 319 type aluminum alloy engine blocks 

taken randomly from the production line at three stages in the production process. The three 
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stages were: 1) following a thermal sand reclamation (TSR) treatment, 2) following a heat 

treatment to T7 temper and 3) after service (dyno) testing. The composition of the alloy used to 

manufacture the engine blocks is shown in Table 3.  

Table 3: Composition of 319 type aluminum alloy engine block (wt.%) from batch analysis. 

 
Si Cu Fe Mn Mg Sn Ti Ni Cr Sr Al 
8.5 2.8 0.45 0.35 0.35 0.25 0.15 0.04 0.03 0.005 Bal. 

The engine blocks were cast at the Nemak Centre of Engineering in Windsor, Canada using the 

Cosworth casting process with precision sand moulds to improve the dimensional accuracy of 

the casting. A schematic showing an engine block casting with the gating system attached is 

shown in Figure 25.  

 

Figure 25: Schematic showing isometric view of an engine block casting with gating system                  

(Courtesy Dr. Robert MacKay, Nemak of Canada Corporation). 
 

In order to improve the in-service wear resistance of the engine block, gray cast iron cylinder 

liners were inserted into the mould cavity. The liners were preheated to 400 °C using induction 

coils prior to being inserted into the mould to promote a more uniform microstructure. The 

molten 319 aluminum alloy was then poured into the sand mould at a pouring temperature of 

720 °C. Risers were placed near the top of the cylinder bores, as shown in Figure 25, while chills 

were inserted at the bulkhead region (near the bottom of the cylinder).   
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Following solidification, the engine block castings were subjected to a thermal sand reclamation 

treatment (TSR) as well as solution heat treatment, forced air quench (50-100 °C/minute) and 

aging to a T7 temper. The details of the heat treatment parameters used in engine block 

production are shown in Table 4. 

Table 4: Parameters used for heat treatment of the aluminum engine blocks. 

 
Treatment Temperature (°C) Time (Hours) 

Thermal Sand Reclamation 495 1 

Solution Heat Treatment 480 7.5 

Aging to T7 Temper 240 5.5 

In addition to analyzing as-cast and heat treated engine blocks, select engine blocks were studied 

after service testing in order to observe the effect of service testing on microstructure, 

mechanical properties and residual stress. Service testing was conducted by connecting the 

engine to an engine dynamometer for 20 hours. The combustion process subsequently heated the 

aluminum in the vicinity of the cylinder bores to the operating temperature of 180 °C.  

3.3 Locations Analyzed in Engine Blocks 

The engine block castings were sectioned at the cylinder bridge in order to perform 

microstructural analysis and to evaluate the mechanical properties at this section. The cylinder 

bridge was selected for analysis since this location was designated as a critical location within 

the engine block due to the influence of two Al-Fe liner interfaces at this section [40, 46]. The 

sections of the engine block that were analyzed are indicated by the squares in Figure 26.  

Microstructural analysis of various sections along the cylinder, including the top, upper middle, 

lower middle and bottom, was carried out as illustrated in Figure 27 (a). However, scanning 

electron microscopy (SEM), phase microanalysis, transmission electron microscopy (TEM) and 

hardness testing were only performed at the top and bottom sections since preliminary optical 

microscopy revealed that the largest variations in microstructure occurred at these sections. The 

analyzed sections were approximately 15 mm in length and 7 mm in width. The top and bottom 

sections were taken approximately 10 mm from the top and bottom respectively, corresponding 



 

to the location where the aluminum was in contact with the gray iron cylinder liner. Tensile 

samples were also extracted in three locations from the cyli

Figure 27(b). The extracted samples were machined in accordance to the ASTM B557 s

standard [55].  

Figure 26: Top view of the 319 aluminum

 
 
 

  

Figure 27: (a) Cross-section of cylinder bridge showing sections 
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to the location where the aluminum was in contact with the gray iron cylinder liner. Tensile 

samples were also extracted in three locations from the cylinder bridge, as shown by the lines in

extracted samples were machined in accordance to the ASTM B557 s
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3.4 Optical and Scanning Electron Microscopy 

Optical and scanning electron microscopy was performed at various locations along the cylinder 

in order to assess variations in microstructure for each treatment condition. Microstructural 

characterization included measurement of the secondary dendrite arm spacing (SDAS), 

quantitative image analysis of microstructural constituents and phase microanalysis. This section 

outlines the sample preparation and microstructural characterization procedure.  

3.4.1 Sample Preparation 

Samples for optical and scanning electron microscopy were taken from the cylinder bridge as 

shown in Figure 27 (a). In order to develop samples for optical and scanning electron 

microscopy, the cylinder bridge was sectioned using a horizontal bandsaw and subsequently cut 

into individual samples using a Buehler abrasive cut off wheel. Once sectioning was completed, 

the samples were subjected to metallographic polishing using a polishing wheel which rotated in 

the counter-clockwise direction. The details of the polishing procedure are shown in Table 5.  

Table 5: Metallographic polishing procedure 

 
Step Abrasive Grit/ Polishing Cloth RPM Time (minutes) 

1 120 SiC 200 Until plane 
2 320 SiC 200 2 
3 1200 SiC 200 2 
4 5 µm Al2O3, Lecloth 150 5 
5 3 µm diamond suspension, Lecloth 150 5 
6 0.05 µm colloidal silica, Chemomet 100 5 

In the first three steps of the metallographic polishing procedure, the samples were cleaned using 

water and dried with compressed air following each step. For steps 4 and 5, an ultrasonic cleaner 

was used with water to remove excess Al2O3 or diamond particles that may have been stuck to 

the surface. In the final polishing step, the Chemomet cloth was flushed with water for               

10 seconds prior to the completion of this step to remove the colloidal silica from the sample 

surface. This effectively prevented the formation of a surface film that commonly forms while 

using colloidal silica. Following the polishing procedure, the samples were thoroughly washed 

with ethanol and dried with compressed air. 
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3.4.2 Measurement of Secondary Dendrite Arm Spacing (SDAS)  

The measurement of the SDAS was performed along the cylinder bridge using a Buehler 

Viewmet optical microscope instrumented with a uEye CCD camera, which was connected to a 

personal computer. Buehler Omnimet image analysis software was used to perform all the 

required measurements. The average SDAS was estimated using the relationship shown in 

Equation 7, where Lp is the length of the primary dendrite and the number of secondary dendrite 

arms (Ns) [56]. 

                                                    ��-./- � 01
23!�                           (7) 

The measurement of the average SDAS also allowed the cooling rate along the cylinder bridge to 

be estimated. The cooling rates (R) were estimated using an empirical relationship developed by 

Vazquez-Lopez et al. [57] for Al-Si alloys, as shown in Equation 8. 

             -./- � 45678!96:;               (8) 

3.4.3 Quantitative Image Analysis 

In order to investigate the influence of cooling rate, heat treatment and service testing on the 

volume fraction of the secondary phases present in the microstructure, quantitative image 

analysis was employed. Image analysis was carried out at the top and bottom sections of the 

cylinder bridge for each analyzed treatment condition. Optical micrographs, taken at 200x 

magnification, were used to quantify the amount of eutectic silicon present in the microstructure. 

However, since Al2Cu intermetallics do not have sufficient contrast under an optical microscope, 

backscattered electron images taken in a JEOL JSM-6380LV scanning electron microscope at a 

magnification between 200 and 300x were used to quantify the amount of Al2Cu and iron 

bearing intermetallics present in the microstructure. For both optical and SEM analysis, estimates 

on the area fraction of each intermetallic phase were made using a minimum of fifteen 

micrographs.  

3.4.4 Phase Microanalysis 

Phase microanalysis was conducted on the primary aluminum dendrites as well as the secondary 

phases to determine the composition of the phases present in the microstructure. Energy 
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dispersive X-ray spectroscopy (EDX) was performed on the secondary phases to determine the 

composition of phases in the microstructure. A minimum of five particles of each secondary 

phase were analyzed using EDX. Energy dispersive X-ray spectroscopy was used to determine 

the elements present in each phase. This data was further utilized in determining the 

stoichiometry using other techniques such as X-ray diffraction (XRD). 

The composition of the α-Al dendrites was estimated using wavelength dispersive X-ray 

spectroscopy (WDS) using a minimum of 10 points in each section of the cylinder bridge. This 

analysis was carried out on the TSR, T7 heat treated and service tested engine blocks to 

determine if thermal processing caused dissolution of phases into the aluminum dendrites. The 

equipment was calibrated using standard samples of similar composition to the 319 alloy in order 

to ensure accurate compositional measurements.  

3.4.4.1 X-ray Diffraction 

X-ray diffraction was undertaken using a Panalytical X’Pert Pro diffractometer to determine the 

stoichiometry of the secondary phases in the microstructure. This analysis was first conducted on 

the polished bulk sections that were used for optical and scanning electron microscopy. 

However, due to an insufficient volume fraction of certain secondary phases, XRD analysis was 

also performed on extracted secondary phase particles. To extract the secondary phase particles, 

the bulk samples were immersed in a solution containing 30 g NaOH and 500 mL of distilled 

water for 48 hours, which resulted in a powder composed mainly of second phase particles. The 

extracted particles were then heated to 200 °C for 2 hours in order to decompose and remove any 

residual aluminum hydroxide that may have formed during the dissolution of the aluminum 

matrix [58].   

3.5 Transmission Electron Microscopy 

3.5.1 TEM Analysis Parameters    

Transmission electron microscopy was performed on engine blocks in the TSR, T7 and dyno 

tested conditions using a Phillips CM20 transmission electron microscope, equipped with a LaB6 

filament, at a voltage of 200 kV. This analysis was performed to observe any changes in the 

structure within the primary aluminum dendrites due to thermal processing. An energy dispersive 
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X-ray (EDAX) spectrometer was also used in order to perform chemical analysis of the                  

nano-precipitates observed within the aluminum dendrites.  

3.5.2 Sample Preparation 

Transmission electron microscopy samples were extracted from the cylinder bridge at the top 

and bottom sections. The first step involved obtaining a bulk section from the top and bottom of 

the cylinder, similar in dimensions to the samples used for optical and scanning electron 

microscopy. Once the bulk sections were obtained, they were cut into 1 mm thick plates using a 

low speed saw at a speed of 200 rpm. The plates were mounted on 20 mm diameter cylindrical 

sample holders using double sided tape and thinned with successively finer SiC papers on a 

polishing wheel which rotated in the counter clockwise direction. The samples were held with 

minimal applied pressure to prevent bending of the samples. The abrasive grinding procedure for 

obtaining the approximately 120 µm thick plate samples is given in Table 6.  

Table 6: Abrasive grinding procedure used to produce thin plate samples for TEM analysis. 

 
Step Abrasive Grit RPM Time (minutes) 

1 320 SiC 150 4 
2 600 SiC 150 6 
3 1200 SiC 150 Until sample thickness < 120 µm 

Following the thinning procedure, the samples were immersed in toluene for 12 hours to dissolve 

the double sided tape allowing the samples to be removed from the sample holder without risk of 

bending. Once removed, the sample thickness was measured using a digital vernier calliper to 

ensure the samples were thinned below 120 µm. For samples that did not meet the required 

thickness, the 1200 grit SiC step was repeated. 

The thin samples were cut into 3 mm diameter disks using a punch and placed in a Struers 

TenuPol-5 twin-jet electropolisher. The electropolishing process was used to electrochemically 

attack the material, using an electrolyte under an applied voltage and stopped as soon as a small 

observable hole developed in the centre of the sample. A wedge-like gradual increase in 

thickness away from the hole subsequently formed for samples polished under optimal process 

parameters. The approximately 100 nm thick region nearest to the hole is called the transmission 

region, which was observed in the TEM. The temperature, flow rate and composition of the 
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electrolyte control the material removal rate along with the applied voltage [59]. Initial trials 

were carried out to optimize the process parameters. The optimized parameters used to obtain the 

transmission region in the samples are outlined in Table 7.  

Once electropolishing was completed, the samples were rinsed thoroughly with methanol and 

subsequently placed in a Gatan Solarus 950 plasma cleaner. The samples were plasma cleaned 

for 2 minutes using a mixture of oxygen and argon gas in order to remove oxide layers that may 

have formed on the sample surface. 

Table 7: Optimized parameters used in twin-jet electropolishing. 

 
Parameter Description 

Electrolyte 30 % HNO3, 70 % Methanol 
Electrolyte Temperature -30 °C (Cooled with liquid nitrogen) 
Electrolyte Flow Rate 10 flow units (on a full scale of 50) 

Electrolyte Flow Mode Dual flow   
Voltage 12.5 V 

Process Time Varies depending on initial foil thickness  

 

3.6 Differential Scanning Calorimetry 

The Differential scanning calorimetry (DSC) analysis was carried out to determine the phase 

formation temperatures during solidification and during the laboratory simulation of the heat 

treatment process. Samples for DSC analysis were taken from the cylinder bridge at the top and 

bottom sections. Theses samples were developed by sectioning the cylinder bridge into 1 mm 

thick plates using a low speed saw at 200 rpm. The plates were then cut into 3 x 3 mm samples 

and weighed with a digital scale.  

The DSC analysis was performed in a Perkin-Elmer Pyris Diamond differential scanning 

calorimeter. The parameters used in the DSC analysis are shown in Table 8. The cooling rates 

used in the solidification experiments were estimated using the SDAS measurements at the top 

and bottom of the cylinder.  
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Table 8: Experimental parameters used for solidification and solution heat treatment experiments. 

 
Differential Scanning Calorimetry Experiments 

 Solidification Experiments 
Simulation of Solution 

Heat Treatment 

Crucible Al2O3 Al 

Heating Rate to Start Temperature 100 °C/minute to 650 °C 100 °C/minute to 480 °C 

Isothermal hold time - 450 minutes 

Cooling Rate to End Temperature 1. Top of cylinder:         
60 °C/minute to 400 °C 

2. Bottom of cylinder: 
300 °C/minute to 400 °C 

100 °C/minute to 25 °C 

 

3.7 Mechanical Testing 

3.7.1 Hardness Testing  

The hardness measurements were carried out using Rockwell hardness testing and 

Nanoindentation testing. The samples were taken from the top and bottom of the cylinder bridge. 

The dimensions of the samples used in hardness testing are similar to those of the samples 

analyzed for optical and scanning electron microscopy. Furthermore, since a polished surface 

was required, the metallographic polishing procedure outlined in Table 5 was used in the 

preparation of hardness samples.  

Rockwell hardness testing (HRE) was carried out using a 1/8 inch ball indenter at a load of   100 

kg. This analysis was performed to observe the influence of microstructural variation              

(e.g. SDAS, morphology of secondary phases) and thermal processing (e.g. heat treatment, dyno 

testing) on the hardness and related to strength properties (yield and ultimate tensile strength) of 

the castings in the relevant regions.  

Following Rockwell hardness testing, the nanoindentation technique was used to determine the 

hardness of each microstructural constituent for specific treatment conditions. Nanoindentation 

testing was carried out using a Hysitron TI 950 Triboindenter equipped with a triangular 

(Berkovich) tip indenter and atomic force microscopy (AFM) imaging probe. Similar to 

Rockwell hardness testing, nanoindentation testing was carried out at the top and bottom sections 
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of the cylinder bridge. Furthermore, the hardness near the Al-Fe liner interface was also 

determined using nanoindentation. The load used to perform the indentation of each phase was 

10 mN. Atomic force microscopy was used to measure the size and location of each indent to 

verify the precision of locating the indenter on the specific phase. 

3.7.2 Tensile Testing 

The final step in the assessment of the mechanical properties in the cylinder bridge region of the 

engine block was tensile testing at the ambient temperature. The samples were extracted from the 

cylinder bridge region as shown in Figure 27(b). Although size restrictions prevented the top and 

bottom of the cylinder bridge to be tested separately, the tensile gauge was placed in the centre of 

the cylinder to estimate the average strength of the cylinder bridge, while also determining the 

effect of heat treatment and service testing on tensile properties.  

3.8 Strain Measurements using Neutron Diffraction 

Strain within the engine blocks was measured using neutron diffraction (ND) at both the Oak 

Ridge National Laboratory in Oak Ridge, Tennessee and the Canadian Neutron Beam Centre in 

Chalk River, Ontario. The first stage of the neutron diffraction experiments involved obtaining a 

reference d-spacing value (d0) using “strain free” samples of composition similar to that of to the 

specimen requiring strain analysis. The reference value of the d-spacing was determined from 

neutron scans of “match stick” samples cut from the cylinder bridge. Although the cylinder 

bridge is a high stress region in the engine block, it was assumed that any residual stress in the 

material would be relieved during machining of the relatively small (4 mm x 4 mm x 15 mm) 

“strain free” samples. To further ensure strain free measurements of the reference, the match 

stick samples were rotated at 6 rpm during the neutron scan in order to obtain an “averaged”      

d-spacing across many sections of the sample. 

In order to measure the true in-service strain, the engine block was placed directly under the 

neutron beam without prior sectioning. The neutron beam wavelengths used in these experiments 

were 1.73 Å and 1.55 Å. Neutron scans were completed using the (311) (φ(311) = 78.73°) and 

(331) (φ(331) = 112.95°) reflections from aluminum as well as the (211) (φ(211) = 82.95°) 

reflection from iron. These reflections were selected due to the strong diffraction intensity, 

resulting in a large peak-to-background ratio. The other consideration was the shape of the 
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sampling volume. Generally it is desirable to have a rectangular sampling volume rather than 

trapezoidal. For this reason, the aluminum (311) was selected instead of aluminum (111) even 

though the (111) reflection has a stronger diffraction intensity. The rectangular sampling volume 

ensures that the only neutrons that reach the detector were the ones that were diffracted from the 

specified area of interest. The aluminum (331) reflection was used in cases where the sampling 

volume consisted of aluminum and the iron liners. The Al (331) reflection has a diffraction angle 

that is far from that of the strong iron reflections, reducing the background generated by neutrons 

diffracted from the iron liners. 

The strain measurements were performed by determining the d-spacing in the cylinder bridge 

region and relating it to the reference d-spacing (Equation 3). The d-spacing was determined 

from Bragg’s law using a diffraction angle that was estimated by fitting a statistical distribution 

(i.e. Gaussian distribution) to a plot relating peak intensity to diffraction angle. The following 

sections outline the placement of the engine blocks required to achieve accurate strain 

measurements in the hoop, axial and radial directions. These strain measurements were then used 

in conjunction with generalized Hooke’s law to calculate the residual stress profiles along the 

cylinder bridge of the engine blocks. 

3.8.1 Hoop Orientation 

The measurement of the hoop strain component involved aligning the engine block so that the 

incident and diffracted wave vectors formed a scattering vector (Q) that was tangential to the 

cylinder bore and perpendicular to the planes shown in Figure 28(a). The actual positioning of 

the engine block on the spectrometer table is shown in Figure 28(b). 

The monochromated incident beam penetrated through the bulk of the sample material          

(both aluminum and iron). The sampling volume was formed at the point of intersection (B) of 

the incident and diffracted beams allowing neutron data to be collected at that specific location 

within the cylinder bridge of the engine block. Once completed, the engine block was translated 

in X, Y and Z directions to the next point-of-interest in order to reposition the location of the 

sampling volume. The neutron scan was then repeated for each subsequent point to obtain a 

distribution of strain measurements from top to bottom along the cylinder bridge.   
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Figure 28: Orientation of incident (labeled A) and scattering (labeled C) beams in the measurement of hoop 

component of strain in cylinder (4-6) bridge: (a) control system map; (b) actual positioning of the engine 

block on the spectrometer sample table.  
 

3.8.2 Radial Orientation 

The radial component of the strain was measured using a similar methodology as that used for 

the measurement of the hoop strain component. The engine block was however repositioned to 

allow the scattering vector (Q) to be in the radial direction relative to the cylinder bore and 

perpendicular to the planes shown in Figure 29(a). The actual positioning of the engine block on 

the spectrometer table is shown in Figure 29(b). 

  

Figure 29: Orientation of incident (labeled A) and scattering (labeled C) beams in the measurement of radial 

component of strain in cylinder (4-6) bridge; (a) control system map; (b) actual positioning of the engine 

block on the spectrometer sample table.   
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3.8.2 Axial Orientation 

The final strain component measured using neutron diffraction was the axial component. The 

methodology employed was once again similar to that employed in the measurement of the hoop 

and radial strain components. For the axial strain component, the engine block was positioned so 

that the scattering vector (Q) was in a direction parallel to the cylinder axis and perpendicular to 

the planes shown in Figure 30(a). The actual positioning of the engine block on the spectrometer 

table is shown in Figure 30(b). 

  

Figure 30: Orientation of incident (labeled A) and scattering (labeled C) beams in the measurement of radial 

component of strain in cylinder (4-6) bridge; (a) control system map; (b) actual positioning of the engine 

block on the spectrometer sample table.   

 

3.9 Measurement of Cylinder Bore Distortion 

Cylinder bore distortion was determined by measuring the cylinder bore profile of the service 

tested engine block using a co-ordinate measuring machine (CMM). The analyzed depths were   

5, 25 and 48.5 mm relative to the top of the cylinder. Further depths could not be measured due 

to equipment constraints. Cylinder profiles were plotted against angular position at each 

measured depth within the cylinder (where the 0° position represents the cylinder bridge) by 

determining the radial deviation from the nominal cylinder diameter (94 mm). Furthermore, 

roundness of the cylinder, which is a measure of deviation (non-circularity) compared to a 

nominal least squares circle, was also estimated using the data obtained from the CMM 

measurements and least squares regression analysis. 

Cyl.#6

Cyl.#4

Cyl.#2

Web 

#1

Web 

#2

Cyl.#5
Cyl.#3

B

C

Cyl.#2

Cyl.#1
(a) (b) 

A 

Q 

Planes of Interest A C 



52 
 

Chapter 4: Results and Discussion 

This chapter presents the results obtained from the analysis of 319 type aluminum engine blocks 

in the TSR, T7 heat treated and service (dyno) tested conditions. The cylinder profiles were 

measured to estimate the amount of distortion along the cylinder (Section 4.1). The dendrite arm 

spacing was used to estimate the cooling rate during solidification of the engine blocks     

(Section 4.2). The microstructural changes were related to the analyzed conditions. The 

microstructure-mechanical property relationships were explained in Section 4.3. Strain and 

residual stress measurements along the bridge between cylinders 4 and 6 are then discussed in 

Section 4.4. The experimental data and analysis were used to explain the cause of cylinder 

distortion. 

4.1 Analysis of Cylinder Bore Distortion  

Cylinder profiles were obtained for the service tested engine block, using a co-ordinate 

measuring machine (CMM) to quantify the bore distortion The results from the CMM 

measurements (Figure 31) indicated that the maximum deviation from the nominal cylinder 

diameter for cylinders 2 and 6 were approximately 30 µm at depths (relative to the top of the 

cylinder) of 5 and 48.5 mm, respectively. Furthermore, by performing least squares regression 

analysis on the data obtained from the CMM, the cylinder roundness was estimated at these three 

depths (Table 9). The maximum roundness was found to be between 35 and 45 µm for both 

cylinders. Measurements of the other cylinders in the engine block revealed similar dimensional 

profiles and roundness values to those in Figure 31 and Table 9, respectively. 

Engine blocks require extremely high dimensional tolerances to avoid loss of compression 

during operation. For this reason, Nemak of Canada determined the maximum tolerable cylinder 

distortion which does not significantly cause leakage of compressed air-fuel mixture          

(“blow-by”). This was done by simulating service conditions with an engine dynamometer. 

Dynamometer testing revealed that a significant loss of compression occurred when roundness 

values were greater than approximately 40 µm. Therefore, although the amount of measured 

distortion in the analyzed service tested engine block was relatively small, there was sufficient 

distortion to cause “blow-by”, which reduced engine efficiency. The discussion in             

Sections 4.2-4.4 describes the variations in microstructure, mechanical properties and residual 
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stress along the cylinder bridge with the aim to identify the cause of cylinder distortion of 319 

aluminum alloy engine block with gray iron cylinder liners.  

 

 

Figure 31: Measured radial deviation from the nominal cylinder diameter for: (a) cylinder 2, (b) cylinder 6.  
 

 
Table 9: Roundness values at various depths along the cylinder bores. 

 
 Roundness (µm) 

Cylinder Depth (mm) Cylinder 2 Cylinder 4 Cylinder 6 

5 35 31 24 
25 20 20 15 

48.5 23 33 44 

-20

-15

-10

-5

0

5

10

15

20

25

30

0 40 80 120 160 200 240 280 320 360

R
a

d
ia

l 
D

e
v
ia

ti
o

n
 f

ro
m

 N
o

m
in

a
l 

D
ia

m
e

te
r 

 (
µ

m
)

Angular Position (degrees)

Z= -5mm

Z= -25mm

Z= -48.5mm

-20

-15

-10

-5

0

5

10

15

20

25

30

0 40 80 120 160 200 240 280 320 360

R
a

d
ia

l 
D

e
v
ia

ti
o

n
 f

ro
m

 N
o

m
in

a
l 

D
ia

m
e

te
r 

(µ
m

)

Angular Position (degrees)

Z=-5mm

Z= -25mm

Z= -48.5mm

(b) 

(a) 



54 
 

4.2 Microstructural Analysis 

4.2.1 Dendritic Structure in the Aluminum Cylinder Bridge 

Optical microscopy revealed a significant variation in the dendritic structure of the cylinder 

bridge. It was observed that the top of the cylinder bridge contained relatively coarse dendrites, 

while the bottom of the cylinder contained finer dendrites (Figure 32).  

     
 

     
 

Figure 32: Optical micrographs showing the dendrite structure of: (a) cylinder (2-4) bridge top,  (b) cylinder 

(2-4) bridge upper middle, (c) cylinder (2-4) bridge lower middle, (d) cylinder (2-4) bridge bottom. 

 
The dendrite refinement was quantified by measuring the secondary dendrite arm spacing 

(SDAS). These measurements were carried out at the top, upper middle, lower middle and 

bottom sections of the cylinder bridge as shown in Figure 27. The results are shown in Figure 33, 

where the error bars represent the 95% confidence limits of the SDAS population mean. The 
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average SDAS was found to continuously decrease from approximately 35 µm at the top of the 

cylinder bridge to approximately 20 µm at the bottom. Analysis of Variance (ANOVA) of the 

SDAS measurements (Appendix B1) confirmed that the gradual refinement in SDAS along the 

cylinder bridge was statistically significant with a 99.9% confidence level.  

Heat treatment was not found to have a significant effect on the dendrites, as the size of the 

dendrites did not change during heat treatment or during in-service testing. This was confirmed 

by ANOVA analysis (Appendix B1). The SDAS was affected only by cooling rate, concentration 

of solute atoms and the temperature gradient in front of the solid-liquid interface during 

solidification. 

  

Figure 33: SDAS measurements for: (a) cylinder (2-4) bridge, (b) cylinder (4-6) bridge.  

 
 

The refinement of dendrites at the bottom section of the cylinder bridge suggested a shorter local 

solidification time and faster cooling rate at the bottom of the cylinder compared to the top [2]. 

For this reason, the cooling rate was estimated using an empirical relationship developed by 

Vazquez-Lopez et al. [56] for Al-Si alloys as shown in Equation 8. The estimated cooling rates 

for each cylinder bridge are shown in Figure 34. The results show that the cooling rate during 

solidification at the cylinder bridge ranges between approximately 1 and 8 °C/s. The error bars in 

Figure 34 represent the 95% confidence limits of the cooling rate population mean. 

This refinement in dendrite size at the bottom of the cylinder was caused mainly by the design of 

the sand mould. The bottom section of the cylinder was closer to the chill plate that was inserted 

into the bulkhead region of the sand mould prior to pouring. This resulted in an increased 
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solidification rate. Conversely, the top section of the cylinder was near the risers and was 

required to solidify last in order to reduce shrinkage porosity [2]. Therefore, the top section of the 

cylinder likely had a longer local solidification time, resulting in significantly larger dendrites as 

compared to the bottom section of the cylinder bridge.  

 

Figure 34: Estimated cooling rate during solidification for each section of the cylinder bridge.  

 
 

4.2.2 Secondary Phase Analysis in the Aluminum Cylinder Bridge 

4.2.2.1 Thermal analysis 

Thermal analysis was performed at the top and bottom sections of the engine blocks in the TSR 

treatment condition. The estimated cooling rates obtained from the SDAS measurements were 

used to simulate solidification at individual sections along the cylinder bridge of the engine 

block. The simulation was carried out using differential scanning calorimetry (DSC). The 

resulting cooling curve, where endothermic heat flow is represented by upward peaks, for a 

cooling rate of 1 °C/s is shown in Figure 35.  

The DSC cooling curve in Figure 35 clearly shows the onset of exothermic reactions at 594, 568 

and 496 °C. These exothermic reactions approximately correspond to the formation of the α-Al 

dendrite network, Al-Si eutectic and Al-Al2Cu-Al5Mg8Cu2Si6 complex eutectic, respectively, as 

reported by Samuel et al. [19]. The results in this study are compared to those of                     

Samuel et al. [19] in Table 10. 
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Figure 35: Cooling curve generated using differential scanning calorimetry showing phase formation 

temperatures during solidification at a cooling rate of 1 °C/s. 

 
 

Table 10: Comparison of phase formation temperatures during solidification of 319 aluminum alloys. 

 
Type of Reaction Phase Formation Temperature (°C) 

 Current Study Samuel et al. [19] 

Formation of α-Al dendritic network 594 611.8 

Precipitation of pre-eutectic iron intermetallics    
(α-Al15(Fe,Mn)3Si2 and β-Al5FeSi) 

594 to 568 600 to 572.7 

Precipitation of Al-Si eutectic  568 561.8 
Precipitation of Al2Cu 496 510 

Precipitation of Al5Mg8Cu2Si6 496 502.7 

The discrepancies in phase formation temperatures between what is observed in this study and 

those of Samuel et al. [19] are likely due to the difference in composition. The Al-Si-Cu ternary 

phase diagram (Appendix C1) indicates that the formation temperature for the α-Al dendrites in 

Al-8.5Si-3Cu alloys is approximately 593°C, which corresponds well with the results obtained in 

this study. In addition, the formation of the Al-Si eutectic occurred at temperatures below 577 °C 

(eutectic temperature in Al-Si phase diagram (Appendix C2)) in both studies, indicating that the 

presence of impurity elements such as copper may have lowered the Al-Si eutectic temperature.  

It is also important to note that the peak corresponding to the iron bearing phases is not 

distinguishable in Figure 35. Samuel et al. [19] observed that the formation temperatures of the 

iron bearing phases and eutectic silicon are relatively close during the solidification of Al-Si-Cu 
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alloys containing iron impurities. For this reason, it can be assumed that because of the high 

silicon content in the alloy, the precipitation of the Al-Si eutectic masks the exothermic peak 

associated with the iron bearing phases. In addition, thermal analysis using DSC was also done 

for cooling rates associated to the bottom of the cylinder (~8 °C/s), however, due to the rapid 

cooling rate, the exothermic peaks corresponding to phase precipitation were not easily 

discernable. 

4.2.2.2 Secondary Phases in Interdendritic Regions 

Scanning electron microscopy in conjunction with energy dispersive X-ray spectroscopy (EDX) 

and X-ray diffraction (XRD) was performed to analyse the secondary phases present in the 

microstructure of the 319 aluminum engine blocks. The results suggest that the microstructure of 

the cylinder bridge was composed of an α-Al matrix, eutectic silicon particles, as well as Al-Cu, 

Al-Fe-Mn-Si and Al-Mg-Si-Cu intermetallic phases. Furthermore, to determine the 

stoichiometry of the secondary phases, XRD analysis was carried out on the extracted second 

phase particles. The results (Figure 36) indicate that the secondary phases are Al2Cu, 

Al17Fe3.2Mn0.8Si2 and eutectic silicon. The Al-Mg-Si-Cu phase, however, could not be analyzed 

using XRD because of its small volume fraction within the microstructure. However, this phase 

was identified by Lasa and Rodriguez-Ibabe [18] as Al5Mg8Cu2Si6.  

 
Figure 36: Results of X-ray diffraction performed on extracted secondary phase particles. 

 

Analysis of the secondary phases in the microstructure resulted in the observation that the 

volume fraction of the β-Al5FeSi intermetallic phase was very low in comparison to the 



59 
 

observations of Li et al. [11]. The majority of the iron-bearing phase particles were identified as 

α-Al17Fe3.2Mn0.8Si2. The relatively low volume fraction of β-Al5FeSi is significant with regards 

to the mechanical properties, since this phase is hard, brittle and has poor bond strength with the 

aluminum matrix [16, 17]. For this reason, the precipitation of β-Al5FeSi has a detrimental 

influence on the mechanical properties. The α-Al17Fe3.2Mn0.8Si2, however, is less detrimental to 

the mechanical properties of Al-Si alloys, resulting in improved strength and ductility compared 

to an alloy containing a large volume fraction of β-Al5FeSi [16, 17].  

The Fe:Mn concentration ratio is important in explaining the precipitation of α-Al17Fe3.2Mn0.8Si2 

as opposed to β-Al5FeSi. Narayanan et al. [14] observed that at a Fe:Mn ratio of 1.5:1, the 

majority of the iron bearing intermetallics were Chinese script α-phase rather than β-Al5FeSi. In 

this study, the Fe:Mn ratio was found to be approximately 1.3:1. Therefore, the observation that 

the microstructure of the engine block was composed mainly of α-Al17Fe3.2Mn0.8Si2 rather than 

β-Al5FeSi confirms the results of Narayanan et al. [14]. 

The variation in cooling rate and dendrite structure from the top to the bottom of the cylinder led 

to a significant modification in the morphology of the intermetallics. As shown in Figures 37(a) 

and (b), the microstructure at the top of the cylinder bridge was characterized by coarse clusters 

of eutectic silicon particles and coarse Al2Cu particles of mostly blocky morphology in clusters 

with Al5Mg8Cu2Si6. The Al17Fe3.2Mn0.8Si2 phase was present mainly in the Chinese script 

morphology and as coarse platelets. 

Small clusters of eutectic silicon were seen dispersed along the microstructure, as shown in 

Figure 37(b). This suggests that the eutectic silicon was partially modified by the addition of 

strontium [12]. The presence of strontium in the alloy may have also influenced the morphology 

of the Al2Cu phase, as strontium is known to promote the formation of blocky Al2Cu, as opposed 

to eutectic Al2Cu [11, 25].  

The bottom of the cylinder bridge was characterized by a significant refinement of the secondary 

phases, as shown in Figures 37(c) and (d). Accompanying this refinement in particle size was a 

modification in the morphology of eutectic silicon (Figure 37(d)) and the intermetallic particles. 

Eutectic silicon, Al5Mg8Cu2Si6 and Al2Cu became finer and more globular, while 

Al17Fe3.2Mn0.8Si2 transformed from mainly coarse Chinese script to a finer particulate 



 

morphology. Furthermore, the backscattered electron

the eutectic silicon and the intermetallic particles were more uniformly distributed in the 

aluminum matrix at the bottom of the cylinder bridge. From the observations of the dendrite 

structure and measurement of the SDAS, it can be deduced that the modification of 

morphology was likely due to an increase in cooling rate experienced by the bottom of the 

cylinder bridge relative to the top.
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morphology. Furthermore, the backscattered electron images and optical micrographs show that 

and the intermetallic particles were more uniformly distributed in the 

matrix at the bottom of the cylinder bridge. From the observations of the dendrite 

structure and measurement of the SDAS, it can be deduced that the modification of 

morphology was likely due to an increase in cooling rate experienced by the bottom of the 

nder bridge relative to the top. 
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Scanning electron microscopy was used in conjunction with image analysis software
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represent the 95% confidence limits for the population mean of the Al2Cu volume fraction. 

Analysis of Variance (Appendix B2) confirmed that the reduction in the amount of Al2Cu at the 

bottom of the cylinder relative to the top was statistically significant with a 99.9% confidence 

level.  The reduction in Al2Cu confirmed the observations of Li et al. [11], who showed that the 

amount of Al2Cu that forms during solidification was reduced with a shorter local solidification 

time. The results obtained using image analysis also revealed significant clustering of the Al2Cu 

intermetallic particles at the top section of the cylinder, as illustrated by the relatively large error 

bars in Figure 38. Conversely, the bottom section of the cylinder had a more uniform distribution 

of Al2Cu, as shown by the relatively short error bars. 

 
 

Figure 38: Amount of Al2Cu at the top and bottom of the cylinder (2-4) and (4-6) bridge for various 

treatments.  

 
The volume fraction of the Al17Fe3.2Mn0.8Si2 phase changed slightly from top to bottom of the 

cylinder bridge as indicated by the 99.13% confidence level obtained from ANOVA analysis in 

Appendix B3. The area fraction of Al17Fe3.2Mn0.8Si2 for each condition is shown in Figure 39, 

where the error bars represent the 95% confidence limits for the population mean of the 

Al17Fe3.2Mn0.8Si2 area fraction. Although the change in the amount of Al17Fe3.2Mn0.8Si2 was 

small, as in the case of the Al2Cu phase, the Al17Fe3.2Mn0.8Si2 particles were more evenly 

distributed at the bottom of the cylinder bridge. 

Quantitative phase analysis for eutectic silicon was performed using optical micrographs in 

conjunction with image analysis software. The analysis revealed no significant changes in 

volume fraction of eutectic silicon from top to bottom of the cylinder, as shown in Figure 40. 
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This was confirmed by the overlapping of the error bars, which represent the 95% confidence 

limits for the population mean of the eutectic silicon volume fraction. Analysis of Variance 

(Appendix B4) further confirmed the insignificant change in the eutectic silicon volume fraction. 

However, the eutectic silicon particles were more uniformly distributed at the bottom relative to 

the top of the cylinder bridge. 

 

Figure 39: Amount of Al17Fe3.2Mn0.8Si2 at the top and bottom of the cylinder (2-4) and (4-6) bridge for various 

treatments.  

 
 
 

 

Figure 40: Amount of eutectic silicon at the top and bottom of the cylinder (2-4) and (4-6) bridge for various 

treatments.  
 

Quantitative phase analysis could not be performed for Al5Mg8Cu2Si6 due to insufficient contrast 

relative to the other phases present in the microstructure. However, based on the results obtained 
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from optical microscopy and SEM, it appeared that the volume fraction of Al5Mg8Cu2Si6 was 

reduced with increasing cooling rate. 

4.2.2.3 Secondary Phases at the Al-Fe Liner Interface 

Scanning electron microscopy was also used to characterize the microstructure near the            

Al-Fe liner interface. Backscattered electron images and EDX at the Al-Fe liner interface region 

for the bottom of the cylinder bridge revealed a 100 µm band of segregated coarse second phase 

particles. This is shown in Figure 41. This band of coarse second phase particles was primarily 

composed of Al2Cu and only appeared at the bottom section of the cylinder. For the top section 

of the cylinder, the distribution of second phase particles at the Al-Fe liner interface was similar 

to that in the remainder of the section. 

The segregation of coarse Al2Cu particles to the Al-Fe liner interface was likely caused by a 

variation in cooling rate and concentration of solute between the 100 µm band and the remainder 

of the cylinder section during solidification. Chills were inserted at the bulkhead of the engine 

block. These chills may have accelerated the cooling rate in the centre region of the bottom 

cylinder section, thereby leaving a thin region near the Al-Fe liner interface to solidify at a 

slower rate. The cast iron liners were also expected to act as a chill for the molten aluminum. 

However, the liners were preheated to approximately 400 °C, which likely eliminated any chill 

effect and resulted in coarser intermetallics at the Al-Fe liner interface. On the other hand, 

despite the presence of cast iron cylinder liners at the top section of the cylinder as well, the 

Al2Cu phase did not segregate to the Al-Fe liner interface in this region of the cylinder. This 

suggests that the driving force for the segregation of Al2Cu to the Al-Fe liner interface was the 

increased cooling rate in the centre region (caused by the chill plate) rather than the presence of 

the cast iron liners.  

The variation in cooling rate between the Al-Fe liner interface region and the centre region of the 

section only partially explains the discrepancy in particle size. If cooling rate was the only factor 

influencing this phenomenon, a more gradual coarsening of intermetallics from the centre of the 

section to the Al-Fe liner interface would have taken place. However, the change in particle size 

occurred very suddenly, indicating that other factors may have also contributed to this 

segregation. During solidification, the rapid cooling rate of the centre section caused the 



 

aluminum dendrites to nucleate and grow more rapidly. In turn, this likely resulted in an 

enrichment of copper in the remaining liquid near the Al

copper, in conjunction with the slower cooling rates

likely caused coarse Al2Cu particles to precipitate upon solidification.

 

Figure 41: Backscattered electron image of the Al
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dendrites to nucleate and grow more rapidly. In turn, this likely resulted in an 

in the remaining liquid near the Al-Fe liner interface. This enrichment of 

, in conjunction with the slower cooling rates experienced at the Al-Fe liner interface, 

Cu particles to precipitate upon solidification. 

 
 

Backscattered electron image of the Al-Fe liner interface region for cylinder (4

Cu was measured along the 100 µm band across the Al-Fe liner interface 

lts, shown in Figure 42, confirmed the segregation of coarse 

Fe liner interface. The error bars in Figure 42 represent the 95% 

confidence limits of the population mean for the Al2Cu volume fraction at the Al

It was found that this region had approximately 6 area % of Al2Cu, while the centre 

region of the bottom cylinder section had approximately 0.25 area % of Al2Cu. 

 

Cu at the Al-Fe interface for the bottom of the cylinder for various

TSR T7 Dyno

Treatment Condition

Cylinder (2-4) 
Bottom

Cylinder (4-6) 
Bottom

~100 µm 

Al2Cu 

Fe liner Interface 

100 µm 

dendrites to nucleate and grow more rapidly. In turn, this likely resulted in an 

Fe liner interface. This enrichment of 

Fe liner interface, 

Fe liner interface region for cylinder (4-6) T7 bottom. 

Fe liner interface 

, confirmed the segregation of coarse 

represent the 95% 

volume fraction at the Al-Fe liner 

Cu, while the centre 

 

e bottom of the cylinder for various treatments.  



 

4.2.2.4 Effect of Heat Treatment on Secondary Phase

The influence of heat treatment on dissolution or precipitation of secondary phases was 

using SEM, DSC and WDS. Although the microstructure at the top of the cylinder bridge was 

significantly different from the bottom, 

quantity of secondary phases in the interdendritic regions

analysis showed that the volume fraction of Al

unaffected after T7 heat treatment and in

analysis (Appendices B2-B4). Heat treatment did not have a significant effect on the amount and 

morphology of the eutectic silicon

morphology as in the TSR state. The iron 

These phases, however, are known to dissolve solely with very high solution heat treatment time

[25]. Therefore, the heat treatment time allotted for these engine blocks

have been long enough to cause sig

size and distribution of Al2Cu also

In order to confirm the effectiveness of the solution heat treatment

the solution heat treatment schedule (480 °C for 7.5 hours) was simulated using DSC analysis. 

The results, where upward peaks 

Figure 43: Results from isothermal hold e

 

65 

.2.4 Effect of Heat Treatment on Secondary Phase Distribution 

ent on dissolution or precipitation of secondary phases was 

Although the microstructure at the top of the cylinder bridge was 

significantly different from the bottom, heat treatment did not significantly influence the relat

quantity of secondary phases in the interdendritic regions. The data collected from image 

that the volume fraction of Al2Cu, Al17Fe3.2Mn0.8Si2 and eutectic 

unaffected after T7 heat treatment and in-service testing. This was confirmed by ANOVA 

Heat treatment did not have a significant effect on the amount and 

silicon particles, as the silicon particles were found to have the same 

in the TSR state. The iron rich phases were also unaffected by heat treatment. 

These phases, however, are known to dissolve solely with very high solution heat treatment time

. Therefore, the heat treatment time allotted for these engine blocks (~7.5 hours)

enough to cause significant dissolution of the iron rich phases. 

also remained unchanged after heat treatment.  

In order to confirm the effectiveness of the solution heat treatment parameters used in this st

the solution heat treatment schedule (480 °C for 7.5 hours) was simulated using DSC analysis. 

 represent endothermic heat flow, are shown in Figure 43

: Results from isothermal hold experiment using DSC at 480 °C for 7.5 hours. 
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Although the microstructure at the top of the cylinder bridge was 

did not significantly influence the relative 

lected from image 

and eutectic silicon was 

confirmed by ANOVA 

Heat treatment did not have a significant effect on the amount and 

particles were found to have the same 

ich phases were also unaffected by heat treatment. 

These phases, however, are known to dissolve solely with very high solution heat treatment time 

(~7.5 hours) may not 

Furthermore, the 

used in this study, 

the solution heat treatment schedule (480 °C for 7.5 hours) was simulated using DSC analysis. 

are shown in Figure 43. 
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The results from DSC analysis show no significant formation of large endothermic peaks during 

the heat treatment experiment. Since the dissolution of secondary phases is an endothermic 

process, significant dissolution is generally accompanied by endothermic peaks in a plot relating 

heat flow and time.  

Although the resulting heat flow was not completely constant with time, the maximum heat flow 

variation in Figure 43 was approximately 0.2 mW within the 250-450 minute interval. This 

variation in heat flow was observed to be significantly lower than the 10 mW exothermic peak 

associated with the Al-Al2Cu-Al5Mg8Cu2Si6 complex eutectic reaction, shown in Figure 35. This 

is important since in 319 aluminum alloys, dissolution of Al2Cu and Al5Mg8Cu2Si6 allows for 

effective precipitation hardening following heat treatment. For this reason, this endothermic peak 

was not significant with regards to dissolution of secondary phases. Therefore, the results 

suggest that the dissolution of equilibrium secondary phases was did not occur extensively 

during solution heat treatment. This confirmed that the dissolution of secondary phases is 

sluggish using this solution heat treatment schedule.  

To further investigate the influence of heat treatment on the microstructure at the cylinder bridge 

of the engine block, the composition of the α-Al dendrites was determined. The measurements 

were performed using wavelength dispersive X-ray spectroscopy (WDS) and are shown in 

Figure 44. The error bars in Figure 44 represent the 95% confidence limits of the population 

mean for the aluminum dendrite composition. 

The results obtained from WDS analysis suggest that there was a small increase in the amount of 

copper and magnesium within the aluminum dendrites at the bottom of the cylinder relative to 

the top, which was confirmed by ANOVA analysis (Appendicies B5 and B6). Heat treatment and 

service testing did not significantly change the amount of copper in the aluminum dendrites 

while the amount of magnesium in the aluminum dendrites changed slightly. The small change 

in magnesium content, however, points to the sluggish dissolution of Al5Mg8Cu2Si6. Similarly, 

the relatively small change in copper concentration in the aluminum matrix also confirms the 

sluggish dissolution of Al2Cu during heat treatment.  
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Figure 44: Composition of the aluminum matrix for various treatments for  cylinder (2-4) bridge.  
 

The solution heat treatment temperature was likely responsible for the sluggish dissolution of 

Al2Cu. It has been documented that a solution temperature of 480 °C causes sluggish dissolution 

of Al2Cu [11, 23]. Another reason for the sluggish dissolution of Al2Cu may be attributed to the 

morphology of this phase. For instance, Han et al. [26] found that during heat treatment, blocky 

Al2Cu was more difficult to dissolve than eutectic Al2Cu. Consequently, since Al2Cu mainly 

exhibited a blocky morphology at the top and bottom of the cylinder bridge, significant 

dissolution of Al2Cu likely did not occur.  

The absence of change in microstructure and matrix composition after heat treatment and 

subsequent in-service testing suggests that the engine blocks are thermally stable. Therefore, 

service conditions should not result in phase transformations, and it can be expected that the 

engine blocks will not undergo loss of mechanical properties while in service. 

4.2.2.5 Secondary Phases within Aluminum Dendrites 

Heat treatable aluminum alloys, such as 319, commonly form metastable age hardening 

precipitates during aging. These precipitates have been documented to improve the strength of 

the alloy. For this reason, the secondary phases within the primary aluminum dendrites          

(FCC crystal structure) were observed using transmission electron microscopy (TEM) in 

conjunction with EDX analysis.  
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The engine blocks in the TSR treatment 

rod-like precipitates, between 300 and 500 nm in length within the 

shown in the bright field TEM image in Figure 45

diffraction pattern is shown in F

carried out on the rod-like particles that were partially removed from the matrix, show

red circle in Figure 45(c).  
 
 

Figure 45: (a) Bright field TEM image of Cyl

pattern of the matrix, (c) bright field TEM image of c

where EDX analysis was performed on the rod precipitates

 

The results from EDX, shown in Figure 45

Al-Mg-Si-Cu type precipitates. Therefore, the results suggest that the thermal sand reclamation 

treatment may have caused a redistribution of alloying elements within the

which subsequently led to the formation

ambient temperature.   
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in the TSR treatment condition were characterized by sparsely distributed 

precipitates, between 300 and 500 nm in length within the aluminum

ght field TEM image in Figure 45(a). The corresponding selected area 

diffraction pattern is shown in Figure 45(b). Energy dispersive X-ray spectroscopy

particles that were partially removed from the matrix, show
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where EDX analysis was performed on the rod precipitates, (d) corresponding EDX spectrum for the 
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EDX, shown in Figure 45 (d), confirmed that these precipitates were 
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Al-Mg-Si-Cu 

(d) 

(b) 

Zone Axis: [114]

characterized by sparsely distributed    

aluminum dendrites, as 

The corresponding selected area 

ray spectroscopy (EDX) was 

particles that were partially removed from the matrix, shown by the 

 

 

elected area diffraction 

showing the location 

responding EDX spectrum for the        

(d), confirmed that these precipitates were 

Cu type precipitates. Therefore, the results suggest that the thermal sand reclamation 

aluminum dendrites 

Cu type precipitates during cooling to 

Zone Axis: [114] 



69 
 

Similarly, TEM analysis was performed on the T7 heat treated and service tested engine blocks. 

The results obtained during the analysis of the T7 heat treated engine blocks are shown in the 

bright field TEM image in Figure 46 (a). The analysis of the T7 heat treated engine blocks 

suggests that in addition to the Al-Mg-Si-Cu precipitates observed in the TSR condition, aging to 

a T7 temper resulted in the precipitation of particles amenable to aging. These precipitates 

appear in the platelet morphology and are approximately 200 nm long. In addition, EDX analysis 

in TEM indicates that these precipitates contain mainly aluminum and copper, as shown in 

Figure 46 (b). This suggests that these precipitates were likely Al2Cu. The formation of age 

hardening precipitates likely occurred due to a redistribution of alloying elements already present 

within the aluminum dendrites. This is likely the case since the solute necessary for the age 

hardening precipitates to form was not significantly supplied by the dissolution of equilibrium 

secondary phases. Moreover, the relatively small volume fraction of age hardening precipitates 

present within the aluminum dendrites relative to that observed by Hwang et al. [31] for a T6 

heat treated 319 aluminum alloy, further suggests that a limited amount of solute was present 

within the aluminum dendrites during aging.   

Transmission electron microscopy of the service tested engine block did not show a significant 

change in the morphology of the Al-Cu age hardening precipitates found in the T7 heat treated 

condition, as shown in Figure 46 (c). Since service testing caused the engine block to be heated 

to the approximate aging temperature of the 319 alloy, this suggests that the age hardening 

precipitates were effectively stabilized by the T7 treatment. Thus no additional aging was 

experienced when exposed to service conditions. It is also important to note that the 

microstructure within the aluminum dendrites was similar at the top and bottom of the cylinder. 

This confirms that the formation of precipitates within the aluminum dendrites was due to heat 

treatment rather than solidification since the large variation in cooling rate from top to bottom 

did not influence the morphology of the precipitates within the aluminum dendrites. 

The Al-Cu age hardening precipitates formed during aging were further analyzed utilizing the 

selected area diffraction patterns, as shown in Figure 47. The diffraction patterns were formed by 

placing the selected area aperture around an area encompassing the aluminum matrix and a 

single cluster of Al-Cu age hardening precipitates as shown in the insert in Figure 47 (a).  



 

Figure 46: Bright field TEM images of: (a) c

platelet precipitates. (c
 
 

 

Figure 47: Selected area diffraction patterns for an area encompasssing  the matrix and a single cluster of age 

hardening precipitates for cylinder (2
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Al-Cu 
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right field TEM images of: (a) cylinder (2-4) T7 top (11500x), (b) EDX spectrum for

platelet precipitates. (c) cylinder (2-4) Dyno bottom (11500x).  

   

Selected area diffraction patterns for an area encompasssing  the matrix and a single cluster of age 

for cylinder (2-4) T7 top. (a) [011] zone axis, (b) [011] zone axis with sample t

Al-Mg-Si-Cu 

Al-Mg-Si-Cu 

(b) 

Al-Cu 

 

(b) EDX spectrum for Al-Cu 

    

Selected area diffraction patterns for an area encompasssing  the matrix and a single cluster of age 

xis, (b) [011] zone axis with sample tilted. 



 

The selected area diffraction patterns in Figure 47

to the matrix planes as well as additional spots from the precipitates. Although both diffraction 

patterns were formed using the [011] zone axis, the sl

different spots to become visible. The objective aperture was then utilized to isolate the 

additional spots in the selected area diffraction patterns to form a dark field TEM image of the 

precipitate. The resulting dark 

precipitates surrounded by a dark matrix phase. Since this image was formed using the additional 

spots in the selected area diffraction patterns, the dark field image confirms

spots were caused by electron diffraction from the

 

Figure 48: Dark field TEM image

Further analysis of the selected area

the age hardening precipitates. For precipitates to be coherent with the matrix, the 

the matrix and the precipitates should approach zero.

which relates the interplanar (d) spacing of the matrix and the precipitates, was used to analyse 

the interface between the matrix and the

Equation 9. 

                                          

Analysis of the diffraction patterns

misfit in d-spacing between the aluminum
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iffraction patterns in Figure 47 were composed of bright spots corresponding 

to the matrix planes as well as additional spots from the precipitates. Although both diffraction 

patterns were formed using the [011] zone axis, the slight tilting of the specimen allowed 

different spots to become visible. The objective aperture was then utilized to isolate the 

additional spots in the selected area diffraction patterns to form a dark field TEM image of the 

 field image (Figure 48) shows bright platelet age hardening 

precipitates surrounded by a dark matrix phase. Since this image was formed using the additional 

spots in the selected area diffraction patterns, the dark field image confirms that these addition

caused by electron diffraction from the Al-Cu age hardening precipitates.

    

Dark field TEM image corresponding to additional spots outlined by circles in Figure 47

Further analysis of the selected area diffraction patterns was done to examine the coherency of 

the age hardening precipitates. For precipitates to be coherent with the matrix, the 

matrix and the precipitates should approach zero. Consequently, the misfit parameter (δ), 

ch relates the interplanar (d) spacing of the matrix and the precipitates, was used to analyse 

the interface between the matrix and the Al-Cu precipitates [60]. The relationship is shown in 
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of the diffraction patterns in conjunction with the use of Equation 9 
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different spots to become visible. The objective aperture was then utilized to isolate the 

additional spots in the selected area diffraction patterns to form a dark field TEM image of the 

shows bright platelet age hardening 

precipitates surrounded by a dark matrix phase. Since this image was formed using the additional 

that these additional 

age hardening precipitates. 

rcles in Figure 47. 

diffraction patterns was done to examine the coherency of 

the age hardening precipitates. For precipitates to be coherent with the matrix, the misfit between 

he misfit parameter (δ), 

ch relates the interplanar (d) spacing of the matrix and the precipitates, was used to analyse 

. The relationship is shown in    

                                     (9) 

in conjunction with the use of Equation 9 showed that the 

Al-Cu precipitates 
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was approximately 15%. This significant misfit between the {111} matrix planes and these 

precipitates indicated that the Al-Cu precipitates were incoherent with the aluminum matrix since 

only a limited misfit can be accommodated by elastic strain prior to the formation of an 

incoherent interface [60]. Furthermore, the presence of θ’ in the microstructure typically results 

in extra spots that appear like streaks between matrix spots in the selected area diffraction pattern 

[31, 61, 62]. However the diffraction patterns in Figure 47 do not show streaking between spots, 

rather there are additional spots present near the matrix planes. This result supports the 

observations of Tavitas-Medrano et al. [61] for the diffraction pattern of equilibrium θ-Al2Cu, 

which is incoherent with the aluminum matrix. Therefore, the T7 heat treatment schedule used 

on the engine blocks likely resulted in the precipitation of equilibrium θ-Al2Cu within the 

aluminum dendrites.  

Similar analysis was performed on the service tested engine block, which revealed that the age 

hardening precipitates within the aluminum dendrites were also incoherent due to a misfit 

between the matrix and particles approaching 15%. Based on these results, the Al-Cu age 

hardening precipitates were fully stabilized by overaging and thus no additional phase 

transformations are expected to occur during engine operation. For this reason, cylinder bore 

distortion was not likely caused by phase transformation induced changes in specific volume of 

the aluminum alloy even though the engine operating temperature approaches the aging 

temperature of the 319 alloy. 

4.2.3 Microstructure in the Gray Iron Cylinder Liners 

Microstructural characterization was also performed along the gray cast iron cylinder liners. The 

microstructure at the top and bottom of the gray iron cylinder liners is shown in Figure 49. The 

microstructure of the gray iron liners is composed of graphite flakes embedded in an iron matrix. 

Furthermore, optical micrographs in Figure 49 show no significant change in microstructure of 

the gray iron liners at the top and bottom of the cylinder. The relative uniformity in 

microstructure was expected as unlike in the case for the aluminum, the gray iron liners were 

pre-manufactured and placed in the sand mould prior to pouring of the molten aluminum alloy. 

Furthermore, heat treatment did not result in any significant change in microstructure of the gray 

iron liners since the temperatures used were insufficient to result in any significant changes in 

microstructure. 



 

 

Figure 49: Optical micrographs of: (a) t

 

Section Summary 

Analysis of the microstructure along the cylinder bridge revealed a variation in microstructure 

from top to bottom of the cylinder, which was likely caused by

the cylinder during solidification. The top

primary aluminum dendrites along with coarse and clustered Al

eutectic silicon secondary phases. Conversely, the bottom of the cylinder contained finer 

aluminum dendrites and secondary phase particles.

The microstructural analysis of 

solution heat treatment did not cause a significant change in the amount of secondary phases 

present in interdendritic regions. 

dissolution of equilibrium secondary phases.

θ-Al2Cu platelets within the aluminum

copper solute atoms previously in solution with the 

equilibrium secondary phases did not occur to

θ-Al2Cu suggests that the T7 treatment effectively stabilized the microstructure. Thus, cylinder 

distortion was not likely caused by thermal growth.

(a) 
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cal micrographs of: (a) top section of the gray cast iron cylinder liner, (b) b

the gray cast iron cylinder liner 

Analysis of the microstructure along the cylinder bridge revealed a variation in microstructure 

nder, which was likely caused by a variation in cooling rate along 

the cylinder during solidification. The top of the cylinder was characterized by relatively coarse 

dendrites along with coarse and clustered Al2Cu, Al17Fe

secondary phases. Conversely, the bottom of the cylinder contained finer 

secondary phase particles. 

 heat treated and service tested engine blocks determined that 

n heat treatment did not cause a significant change in the amount of secondary phases 

 This indicated that solution heat treatment was ineffective in the 

dissolution of equilibrium secondary phases. Aging, however, resulted in the formation of fine   

aluminum dendrites. These precipitates were likely formed using 

solute atoms previously in solution with the aluminum matrix since dissolution of 

equilibrium secondary phases did not occur to a significant level. In addition, the presence of    

Cu suggests that the T7 treatment effectively stabilized the microstructure. Thus, cylinder 

distortion was not likely caused by thermal growth. 
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matrix since dissolution of 
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4.3 Mechanical Properties 

4.3.1 Hardness of Microstructural Constituents 

Nanoindentation was performed on the phases in the interdendritic regions as identified from 

SEM, EDX and XRD at the top and bottom sections of the cylinder for each treatment condition. 

Based on preliminary experiments, it was determined that the indention size, measured as the 

distance between the tip and the base of the triangular indent, was less than 1.5µm when 

indenting the secondary phases. Therefore, hardness measurements were performed on particles 

larger than 5 µm to ensure no matrix influence. However, the hardness of the Al-Mg-Si-Cu phase 

could not be accurately determined because of its small particle size and volume fraction. The 

hardness of each analyzed phase in the microstructure was obtained from a load-displacement 

curve plotted during indentation. A representative load-displacement curve for each phase 

analyzed is shown in Figure 50. 

The load-displacement curves in Figure 50 illustrate the relative hardness of each analyzed phase 

in the microstructure. The largest displacement was recorded for the indentation of the aluminum 

dendrites due to the relative softness of this phase. Furthermore, eutectic silicon and 

Al17Fe3.2Mn0.8Si2 had very similar load-displacement curves, while Al2Cu had a displacement in 

between that of the aluminum dendrites and the other secondary phases. The decreasing indenter 

displacement for the secondary phases compared to the aluminum-matrix was due to a higher 

resistance to the applied load indicating higher hardness. 

 

 
 

Figure 50: Load-displacement curves for each analyzed phase. 
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The average hardness of each phase at the top and bottom sections of the cylinder bridge for each 

treatment condition is shown in Figure 51. The error bars represent the 95% confidence limits of 

the population mean for the hardness of each phase in the microstructure. 
 

 

Figure 51: Hardness of each phase for the top and bottom of cylinder (2-4) bridge in each treatment 

condition.  

From the observations of the load-displacement curves, the aluminum dendrites were determined 

to be the softest phase in the microstructure, followed by Al2Cu, Al17Fe3.2Mn0.8Si2 and eutectic 

silicon, although the latter two phases essentially had the same hardness. The hardness of each 

phase observed in this study corresponds reasonably well with the results of Chen et al. [63]. In 

addition, the hardness of the aluminum dendrites within the 100 µm band near the Al-Fe liner 

interface did not have an appreciable change in hardness compared to that of the matrix in the 

centre of the section. This indicates that despite a segregation of alloying elements to the         

Al-Fe liner interface, as discussed in Section 4.2.2.3, the increased concentration of alloying 

elements at the Al-Fe liner interface resulted in a large volume fraction of coarse secondary 

phases, such as Al2Cu, rather than increased concentration of alloying elements in solid solution 

with the aluminum dendrites. 

The results from nanoindentation, along with ANOVA analysis (Appendices B7-B10) did not 

show significant changes in hardness for each phase when comparing the top of the cylinder to 

the bottom. Although the faster cooling rate at the bottom led to a morphological modification of 

the secondary phases, the results from EDX, XRD and nanoindentation indicate that similar 
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secondary phases are present from top to bottom of the cylinder bridge

analyzed phase also did not change significantly due to heat treatment and service testing. This 

confirms the observations made from the backs

heat treatment and service testing does not result in significant

in the TSR condition or the precipitation of new secondary phases. 

significant change in hardness of the aluminum 

that the Al-Cu age hardening precipitates within the aluminum 

with the aluminum matrix due to overaging.

4.3.1.1 Hardness at the Particle

The interface between the particle and the matrix is an important consideration regarding the 

influence of second phase particles on 

strong bonding with the primary dendritic phase

weak bonding with the primary dendrites

strength and ductility of the alloy. Using nanoindentation, a hardness distribution

by indenting points along a line fro

The results, along with atomic force microscopy (AFM) image

indentations are shown in Figure 52
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from top to bottom of the cylinder bridge. The hardness of each 

phase also did not change significantly due to heat treatment and service testing. This 

tions made from the backscattered electron images and EDX

e testing does not result in significant dissolution of the phases present 

in the TSR condition or the precipitation of new secondary phases. Furthermore,

change in hardness of the aluminum dendrites after heat treatment further suggests 

ning precipitates within the aluminum dendrites have become incoherent 

matrix due to overaging. 

t the Particle-Aluminum Dendrite Interface 

The interface between the particle and the matrix is an important consideration regarding the 

influence of second phase particles on the mechanical properties of an alloy. Particles that hav

the primary dendritic phase can greatly improve strength and ductility, wh

weak bonding with the primary dendrites can lead to cracks at the interface, thus reducing the 

strength and ductility of the alloy. Using nanoindentation, a hardness distribution

by indenting points along a line from the aluminum dendrite phase to the second phase

atomic force microscopy (AFM) images showing the

are shown in Figure 52.  
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The hardness at the particle-aluminum dendrite interface was higher compared to the hardness of 

the aluminum dendrites (Figure 52). Further, the hardness distribution for silicon and 

Al17Fe3.2Mn0.8Si2 indicate that the bonding with the aluminum dendrites was weak for these 

phases, since there was a large difference in hardness between the particle and the            

particle-aluminum dendrite interface. However, the results also indicate that bonding between 

the particles and the aluminum dendrites was stronger for Al17Fe3.2Mn0.8Si2 than that of silicon, 

as the hardness at the particle-matrix interface was higher for Al17Fe3.2Mn0.8Si2 despite similar 

particle hardness.  

Another important observation is that while the Al2Cu particles (~6 GPa) had a significantly 

lower hardness than silicon (~10 GPa) and Al17Fe3.2Mn0.8Si2 (~10.5 GPa), the hardness at the    

particle-aluminum dendrite interface for Al2Cu (~3 GPa) was determined to be higher than that 

of silicon (~2 GPa) and approximately equal to that of Al17Fe3.2Mn0.8Si2. This indicates that the 

interfacial bond between Al2Cu and the aluminum dendrites may be stronger than the bond 

between the matrix and the other phases in the microstructure. Geometric effects, such as particle 

size and shape, may have influenced the hardness at the interface. However, the nanoindentation 

hardness at interfaces similar to those shown in the AFM images in Figure 52 for many particles 

of each phase yielded identical confirmatory results. Therefore, due to the higher interfacial 

strength with the aluminum dendrites, Al2Cu is likely a more effective strengthening phase than 

silicon or the iron bearing phases. This is in agreement with literature as it has been documented 

that silicon and the iron bearing phases are detrimental to the tensile properties of aluminum 

alloys [12, 14]. 

4.3.2 Macrohardness of the Aluminum Cylinder Bridge Region 

Macrohardness (HRE) was used to relate hardness to tensile strength (Figure 53). The error bars 

represent the 95% confidence limits of the population mean for the Rockwell hardness of the 

cylinder bridge. The Rockwell hardness measurements show a small increase in hardness at the 

bottom of the cylinder relative to the top. Although the change in hardness was small, ANOVA 

analysis (Appendix B11) confirmed that the hardness increase at the bottom of the cylinder was 

statistically significant with a 99.9% confidence level. The increase in Rockwell hardness at the 

bottom of the cylinder bridge was likely caused by the refinement of the primary aluminum 

dendrites and the secondary phases. Finer and more evenly distributed intermetallics increase 
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alloy hardness due to dispersion strengthening, in which second phase particles restrict 

dislocation motion [37]. Since there was no appreciable difference in the hardness of the 

aluminum dendrites, it can be deduced that the small increase in Rockwell hardness was 

attributed solely to the refinement and increased uniformity of the primary aluminum dendrites 

and secondary phases. 

 

Figure 53: Rockwell hardness for cylinder (2-4) and (4-6) bridge in each treatment condition.  

Hardness did not change significantly after heat treatment and service testing. This was expected 

since there were no appreciable changes in the morphology of secondary phase in interdendritic 

regions between the TSR, T7 heat treated and service tested engine blocks. Furthermore, the age 

hardening precipitates observed within the aluminum dendrites in Figure 46 were not coherent 

with the matrix which likely eliminated any significant hardening effect. 

4.3.3 Tensile Testing 

Tensile testing was carried out at the cylinder bridge of engine blocks in the TSR, T7 and service 

tested conditions at ambient temperature. The results are shown in Figure 54, where the error 

bars represent the 95% confidence limits of the population mean for yield and ultimate tensile 

strength. The tensile samples were taken at a depth within the cylinder bridge corresponding to 

the middle of the cylinder bridge. This was done since it was not possible to obtain samples at 

the top and bottom sections of the cylinder bridge.  
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Figure 54: Cylinder bridge tensile strength.  

 
The yield strength (YS) and the ultimate tensile strength (UTS) were found to be approximately 

195 and 205 MPa, respectively at the cylinder bridge in the TSR condition. Heat treatment to a 

T7 temper resulted in a small increase in both the YS and UTS to values of approximately 220 

and 240 MPa, respectively, indicative mainly of precipitation and dispersion hardening. Analysis 

of Variance (Appendices B12 and B13) confirmed that the increases in YS and UTS with heat 

treatment were statistically significant with a 99.9% confidence level. Finally, service testing did 

not result in a significant change in strength compared to the T7 heat treated engine blocks. 

Analysis of the tensile data also revealed a small difference between the YS and UTS, indicating 

that the alloy was highly brittle. Elongation at fracture was measured in order to quantify the 

alloy ductility (Figure 55). The error bars in Figure 55 represent the 95% confidence limits of the 

population mean for yield and ultimate tensile strength. The results reveal that the elongation at 

fracture was between 0.7 and 0.8% for all of the examined treatment conditions, confirming the 

highly brittle nature of the alloy. The alloy brittleness was likely caused by the large volume 

fraction of eutectic silicon and Al17Fe3.2Mn0.8Si2 present in the microstructure. These phases are 

hard, brittle and have poor bonding with the aluminum matrix, as demonstrated by the results 

from nanoindentation (Figures 50 and 51). 
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Figure 55: Cylinder bridge fracture elongation.  

The increase in YS and UTS in the T7 heat treated condition compared to the TSR condition 

may be attributed to the formation of fine θ-Al2Cu precipitates within the aluminum dendrites. 

Analysis using selected area diffraction patterns in TEM showed that the precipitates present in 

the aluminum dendrites were not coherent with the aluminum matrix due to a mismatch in d-

spacing between the matrix and precipitates approaching 15%. This nullified strengthening due 

to coherency strains. However, the precipitates in the T7 engine block are finer and more densely 

distributed as compared to the TSR engine block. Therefore, the reduction in the interparticle 

spacing within the dendrites of the T7 heat treated engine block likely increased strength by 

increasing the resistance to dislocation motion. Furthermore, the tensile properties in the service 

tested engine blocks did not change significantly compared to the T7 heat treated blocks, which 

is due to the unappreciable changes in microstructure between these two treatment conditions. 

Section Summary 

Mechanical testing revealed that the refinement in microstructure at the bottom of the cylinder 

bridge resulted in increased hardness at the bottom relative to the top. Furthermore, while the 

formation of θ-Al2Cu precipitates did not increase the hardness of the aluminum dendrites, the 

yield strength and ultimate tensile strength increased by a small amount following heat treatment. 

This was attributed to a more uniform distribution of particles within the aluminum dendrites 

following heat treatment which decreased the interparticle spacing and may have increased the 

resistance to dislocation motion. 
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4.4 Residual Strain and Stress Mapping 

4.4.1 Residual Strain Mapping 

Residual strain mapping was carried out at the cylinder bridge region of the engine block for the 

aluminum cylinder bridge as well as the gray cast iron cylinder liners. Neutron diffraction was 

used to measure strain along the cylinder bridge in the hoop, axial and radial orientations for the 

TSR, T7 heat treated and service tested conditions.  

4.4.1.1 Aluminum Cylinder Bridge 

The strain profiles along the aluminum cylinder bridge for the engine block in the TSR condition 

are shown in Figure 56. The error bars represent the uncertainty which arise from the uncertainty 

of the diffraction angle, obtained using a Gaussian fit of the neutron diffraction data. However, 

for the engine block in the TSR condition, the uncertainty was negligible relative to the stress 

magnitude, and therefore no error bars were generated for this condition. 

 

Figure 56: Residual strain profiles along the aluminum cylinder bridge in the TSR condition. 

The strain profiles in Figure 56 indicate that the hoop strain is tensile with a slightly increasing 

magnitude along the cylinder bridge from approximately 1300 to 1500 x 10-6. Similarly, the axial 

strain was also found to be tensile with an approximately constant magnitude of 1000 x 10-6 

along the cylinder bridge. Conversely, the radial strain component was compressive with 
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increasing magnitude from approximately 100 x 10-6 near the top of the cylinder bridge to        

300 x 10-6 at a depth of approximately 80 mm within the cylinder. Strain profiles could not be 

plotted for the entire cylinder depth in the TSR condition, however, due to inability to 

accommodate the component in the equipment. 

In order to observe the influence of heat treatment on residual strain, strain measurements were 

also carried out along the cylinder bridge of a T7 heat treated engine block. The resulting strain 

profiles are shown in Figure 57. 

 

Figure 57: Residual strain profiles along the aluminum cylinder bridge in the T7 condition. 

The results in Figure 57 suggest that the hoop strain was tensile with an increasing magnitude 

from approximately 500 x 10-6 near the top of the cylinder to 1800 x 10-6 near the bottom. The 

radial strain on the other hand was compressive with a relatively constant 500 x 10-6 along the 

cylinder. Finally, the axial strain component was slightly tensile at the top of the cylinder and 

increased to approximately 600 x 10-6 at a cylinder depth of approximately 70 mm. The axial 

strain subsequently decreased to approximately 400 x 10-6 near the bottom of the cylinder.  

Following the analysis of the T7 heat treated engine block, strain measurements were performed 

on a service tested engine block to observe the evolution of the residual stress when exposed to 

the engine operating conditions. The resulting strain profiles along the cylinder bridge of a 

service tested engine block are shown in Figure 58.  
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The strain profiles for the service tested engine block suggest that the hoop strain remained 

tensile along the cylinder following service testing with a magnitude of approximately             

100 x 10-6 at the top of the cylinder and 1800 x 10-6 at the bottom. The radial strain, on the other 

hand, was tensile at the top with a magnitude approaching 300 x 10-6 and gradually became 

compressive with increasing cylinder depth, reaching a magnitude of approximately                          

800 x 10-6 at the bottom of the cylinder. The axial component was tensile at the top of the 

cylinder with a magnitude of 400 x 10-6, which increased to approximately 700 x 10-6 at a 

cylinder depth of approximately 70 mm. The axial strain subsequently decreased to 

approximately 500 x 10-6 as the bottom of the cylinder was approached.  

 
 

Figure 58: Residual strain profiles along the aluminum cylinder bridge in the service tested condition. 

Analysis of the strain profiles for the TSR, T7 heat treated and service tested engine blocks 

revealed a relatively large difference in strain magnitude between the hoop, radial and axial 

components. This indicates that the hoop orientation was largely affected by the gray cast iron 

liners acting as constraints to the free contraction of aluminum during solidification and 

quenching (after heat treatment). Furthermore, the large tensile strain in the axial component also 

indicates restriction to free contraction during solidification. This restriction was likely caused by 

the aluminum solidifying around the iron liner in the axial cylinder direction. The other possible 

cause of the large tensile axial strain was the non-uniform cooling rate which resulted in the 

bottom of the cylinder solidifying faster than the top. The solid section at the bottom of the 

cylinder may have contributed to the restriction to free contraction of the remaining liquid 
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aluminum in the cylinder. Conversely, the radial component was influenced to a lesser extent by 

the liners as evidenced by the smaller strain magnitudes along the cylinder bridge for all 

treatment conditions. 

The direct comparison between the strain profiles in the TSR and T7 heat treated engine blocks 

suggested that heat treatment relieved residual hoop strain more effectively near the top of the 

interbore region. Although comparisons could only be made up to a cylinder depth of 80 mm, the 

hoop strain profiles for both the TSR and T7 conditions appear to become approximately equal 

as the bottom of the cylinder is approached. The radial orientation, on the other hand, had a 

slightly more compressive strain magnitude following heat treatment while the axial strain was 

reduced by approximately 50% compared to that observed in the TSR engine block with the top 

of the cylinder experiencing the most significant strain relief.  

Analysis of the service tested engine block gave similar strain profiles compared to the T7 heat 

treated engine block. For the hoop orientation, the strain profiles for both the T7 heat treated and 

service tested conditions showed a region of low tensile strain near the top of the cylinder, which 

increased gradually towards the bottom of the cylinder. Service testing, however, resulted in an 

approximately 300 x 10-6 strain relief at the top of the cylinder, as compared to the T7 heat 

treated engine block, while the strain level approaching the bottom of the cylinder was 

approximately equal to that observed in the TSR and T7 conditions. Similarly, strain relief in the 

radial orientation also occurred near the top of the cylinder with the bottom of the cylinder 

having a strain level approximately equal to that of the TSR and T7 heat treated engine blocks. 

The axial component, on the other hand did not change significantly in the service tested 

condition compared to the T7 heat treated condition.  

Comparison of the strain profiles for the aluminum interbore regions in the three analyzed 

conditions illustrate that relief of strain generally occurs more readily near the top of the cylinder 

during elevated temperature exposure, such as heat treatment and service testing. The top of the 

cylinder corresponds to the region of coarse microstructure within the cylinder as was discussed 

in Sections 4.2.1 and 4.2.2. Therefore, the results indicate that microstructural refinement 

reduces the susceptibility of strain relief at elevated temperature. The reasons for these trends are 

discussed further in Section 4.3.2.  
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4.4.1.2 Gray Cast Iron Cylinder Liners 

In order to fully assess the state of strain in the interbore regions of the engine block, neutron 

diffraction was also carried out to measure the strain in the gray cast iron cylinder liners. The 

strain profiles along the gray iron liner in cylinder 6 for the engine block in the TSR condition 

are shown in Figure 59. Although strain mapping was completed for the axial and radial 

orientations, time constraints prevented detailed strain mapping in the hoop orientation of the 

cylinder liners in the TSR condition. 

The strain profiles for the gray iron liners in the TSR condition suggest high tensile strains in the 

radial direction with magnitudes ranging between 1200 and 1300 x 10-6. The axial strain was also 

found to be tensile with a decreasing magnitude from approximately 450 x 10-6 at the top of the 

cylinder to 250 x 10-6 at a cylinder depth of 80 mm. Finally, the hoop strain, measured only at the 

top of the cylinder, was tensile with a magnitude of approximately 650 x 10-6.  

 

Figure 59: Residual strain profiles along the gray iron cylinder liners in the TSR condition. 
 

Strain profiles were also generated along the gray iron cylinder liners for the T7 heat treated 

engine block (Figure 60). In contrast to the aluminum section of the cylinder bridge for the T7 

condition, the hoop strain in the iron liners was slightly tensile at the top of the cylinder and 

gradually became compressive at the bottom.  The radial strain component in the iron liners also 

had a strain profile that was opposite to that observed in the aluminum interbore region with a 

tensile strain magnitude of approximately 300 x 10-6. Finally, the axial component of the strain 
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had the largest tensile strain magnitude in the cast iron liners for the T7 engine condition. This 

strain also decreased in magnitude from approximately 800 x 10-6 at the top of the cylinder to 

600 x 10-6 at the bottom.  

 

 

Figure 60: Residual strain profiles along the gray iron cylinder liners in the T7 condition. 
 

Finally, strain profiles were generated for the gray iron cylinder liners for the service tested 

engine block. The resulting strain profiles are shown in Figure 61. Strain measurements along the 

gray iron cylinder liners in the hoop, radial and axial orientations for the service tested engine 

block revealed that the strains were compressive in all orientations. The hoop strain component 

was compressive at the top of the cylinder with a magnitude of approximately 800 x 10-6, which 

subsequently decreased to 150 x 10-6 at the bottom. The radial strain component had a magnitude 

of approximately zero at the top of the cylinder and gradually became compressive, up to a 

maximum compressive strain magnitude of 250 x 10-6 at the bottom. Finally, the axial strain 

component was compressive throughout the cylinder length with strain magnitudes ranging 

between 800 and 1000 x 10-6. 

The comparison of the strain along the gray iron liners in the TSR and T7 conditions revealed 

that the strain magnitude in the radial direction was reduced significantly following T7 heat 

treatment, while the axial strain slightly increased. Service testing and machining of the cylinder 

bores to service specifications also caused a significant relief of the tensile strains in the cylinder 
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liners, resulting in compressive strain profiles in each orientation. An important observation was 

that the top of the cylinder liner relieved tensile strain more readily in the hoop orientation 

following machining and service testing, which corresponds to the trends observed for the 

aluminum cylinder bridge. This was indicated by the large difference in hoop strain magnitude 

between the T7 heat treated and service tested engine blocks at the top of the cylinder and the 

approximately equal strain at the bottom. Conversely, the radial and axial strain components 

showed a more uniform relief of tensile residual strain following machining and service testing.  

 

Figure 61: Residual strain profiles along the gray iron cylinder liners in the service tested condition. 
 

Although machining of the cylinder bores prior to service testing likely relieved most of the 

strain causing compressive residual strain profiles in the cylinder liners, the non-uniform strain 

profile was likely not caused by machining. Unlike aluminum, the gray iron liners have a 

relatively uniform microstructure from top to bottom of the cylinder, which should result in 

constant strain relief along the cylinder. Therefore, the interaction with the aluminum interbore 

region likely caused the strain to be relieved more readily at the top of the cylinder liner in the 

service tested engine block to accommodate and partially equilibrate the residual strain in the 

neighbouring aluminum cylinder bridge.   

It is important to note that although there are somewhat contrasting trends between the strain 

profiles of the aluminum cylinder bridge and the cylinder liners, the strain magnitudes observed 
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in aluminum and the gray iron liners do not balance, specifically for the TSR and T7 heat treated 

engine blocks. This is likely because of the complex geometry of the engine block, which caused 

equilibration of strain to be accomplished by compressive strains in regions adjacent to the 

interbore region of the engine block. Conversely, in the service tested engine block, the highly 

compressive strain profiles along the cylinder liners suggest that equilibration occurred to a 

greater extent between the aluminum cylinder bridge and the neighbouring gray iron liners.  

4.4.2 Residual Stress Mapping in the Aluminum Cylinder Bridge 

Residual stress profiles were generated along the aluminum cylinder bridge for each analyzed 

condition by applying generalized Hooke’s law to the strain profiles discussed in Section 4.4.1.1. 

The residual stress profiles in the hoop, radial and axial orientations for the engine block in the 

TSR condition are shown in Figure 62.  

 

Figure 62: Residual stress profiles along the aluminum cylinder bridge in the TSR condition. 
 

The resulting residual stress profiles indicate that the stress in the hoop, radial and axial 

orientations were tensile with an approximately constant magnitude of approximately 180, 100 

and 160 MPa, respectively. Similarly to the strain profiles for the aluminum cylinder bridge, the 

large tensile residual stresses in the hoop orientation suggest that the presence of the iron 

cylinder liner caused the largest constraint to the free contraction of the aluminum alloy during 
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solidification to be in the hoop direction. Residual stress maps were also generated along the 

aluminum cylinder bridge for the T7 heat treated engine block (Figure 63). 

 

Figure 63: Residual stress profiles along the aluminum cylinder bridge in the T7 condition. 
 

The residual stress profiles for the hoop, radial and axial components were tensile along the 

aluminum interbore. Similar to the residual strain profiles in aluminum, the hoop stress had the 

highest magnitude which increased from approximately 40 MPa at the top of the cylinder to 

approximately 170 MPa at the bottom. The axial component had a similar stress profile to the 

hoop component with the stress increasing from approximately 5 MPa at the top of the cylinder 

to 130 MPa at the bottom. The radial stress component had a stress magnitude increasing from 

approximately 40 MPa at the top of the cylinder to 50 MPa at the bottom. By comparing the 

stress and strain profiles, it can be stated that stress profiles for the radial and axial stress 

components were largly influenced by the hoop component since the tensile strain was 

significantly larger in the hoop direction and the calculation of stress with Hooke’s Law involves 

the use of all measured strain components. 

Similar to the TSR and T7 heat treated conditions, residual stress profiles were also generated at 

the cylinder bridge for a service (dyno) tested engine block. The resulting stress maps are shown 

in Figure 64. 
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Figure 64: Residual stress profiles along the aluminum cylinder bridge for the engine block in the service 

tested condition. 

The residual stress profiles obtained for the service tested engine block showed similar trends to 

the T7 heat treated engine block. The hoop stress component was again tensile with a magnitude 

of 50 MPa at the top of the cylinder, which increased gradually to 170 MPa as the bottom of the 

cylinder was approached. The axial stress component was also tensile with the stress increasing 

from 50 MPa at the top of the cylinder to approximately 125 MPa at a depth of 60 mm within 

cylinder. This residual stress subsequently decreased to 110 MPa at the bottom of the cylinder 

bridge. Finally, the radial stress component was tensile with a gradually decreasing stress value 

from 60 MPa at the top of the cylinder to 40 MPa at the bottom. 

The residual stress profiles for the TSR, T7 heat treated and service tested engine blocks were 

compared in order to determine the influence of heat treatment and exposure to service 

conditions on residual stress level. The results suggest that T7 heat treatment led to a 50% 

reduction in residual stress in the radial orientation for all locations along the interbore region, 

compared to the TSR condition. Similarly, T7 heat treatment also significantly reduced the axial 

stress. However, the stress reduction was more pronounced at the top of the cylinder rather than 

at the bottom. In the hoop orientation, heat treatment caused a large reduction in residual stress at 

the top of the cylinder, but did not affect the residual stress magnitude near the bottom of the 

cylinder.  
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Service testing, however, did not significantly influence the residual stress levels in the hoop and 

axial components while the radial stress increased slightly near the top of the cylinder. This 

result contrasts the strain profiles since there was a small strain relief in the hoop and radial 

orientations at the top of the cylinder bridge following service testing. However, the radial strain 

component was compressive in the TSR and T7 conditions and relief of this strain during service 

testing caused the strain to become approximately zero at the top. This increased the calculated 

radial stress at this cylinder location. Furthermore, the small relief in tensile hoop strain was 

counteracted by the relief of compressive radial strain, thus causing the calculated hoop stress at 

the top of the cylinder to be approximately equal to that in the T7 heat treated engine block.  

Relief of residual strain and stress has been found to occur when the residual stress magnitude 

exceeds the yield strength of the material [49, 50, 64]. In this study, the yield strength at ambient 

temperature in the cylinder bridge was determined as approximately 195 MPa in the TSR 

condition and between 215 and 220 MPa in the heat treated and service tested conditions. 

Although the yield strength appears to be higher than the residual stress level, the engine blocks 

were exposed to elevated temperature during heat treatment and service testing, causing a 

significant reduction in the yield strength. The significant relief of residual stress, therefore, 

indicates that the yield strength drops below the residual stress level when exposed to elevated 

temperatures [49].  

In addition, the varying levels of stress relief along the cylinder bridge suggests a variation in 

alloy yield strength along the cylinder. This was likely due to the top of the cylinder being 

comprised of a coarse dendritic structure with large  and clustered secondary phase particles. In 

contrast, the bottom of the cylinder had a significantly finer and more evenly distributed 

microstructure. This likely resulted in the bottom of the cylinder having increased YS and UTS, 

compared to the top. Increased strength at the bottom of the cylinder relative to the top was also 

indicated by a higher Rockwell hardnesss at the bottom of the cylinder relative to the top. The 

increased strength at the bottom of the cylinder may have prevented significant stress relief, 

since in this section the residual stress likely did not exceed the yield strength by a significant 

amount compared to the top of the cylinder.  For this reason, the results indicate that sections of 

finer microstructure are less susceptible to rapid residual stress relief at elevated temperature.  
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Relief of residual stress has been documented to result in plastic deformation [49, 50]. Therefore, 

cylinder bore distortion may have occurred due to the relief of tensile residual stress at the 

cylinder bore region. The small change in residual stress in the service tested condition, as 

compared to the T7 heat treated condition, correlates well with the small measured distortion 

(maximum roundness of approximately 45 µm) observed in Section 4.1. Furthermore, although 

CMM measurements were not performed at the bottom of the cylinder, the negligible change in 

residual stress at this section following heat treatment and service testing suggests that distortion 

does not occur at the bottom of the cylinder. Therefore, based on the evolution of the residual 

stress profiles, the large relief of residual stress following T7 heat treatment and service testing 

suggests that the top of the cylinder was most susceptible to permanent dimensional distortion 

when exposed to operating conditions. 

Section Summary 

Residual strain measurements and subsequent stress calculations showed that large tensile 

residual stresses formed during solidification with the hoop orientation having a stress magnitude 

approaching the ambient temperature yield strength of the 319 aluminum alloy. Similar strain 

measurements in the T7 heat treated and service tested engine blocks revealed that a significant 

strain relief occurred near the top of the aluminum cylinder bridge. The top of the aluminum 

cylinder bridge corresponds to a region of coarser microstructure, indicating that stress relief and 

therefore cylinder distortion likely occurs more readily in regions of coarse microstructure.  

The gray cast iron cylinder liners also experienced a significant relief of tensile residual strains in 

the hoop, radial and axial components following heat treatment and service testing. Moreover, 

the strains in the gray iron liners for the service tested engine block were compressive in all 

orientations, which was likely due to the machining of the cylinder bores to service 

specifications prior to dyno testing. However, the tensile hoop strain at the top of the cylinder 

liner was relieved more readily than the rest of the cylinder as indicated by a larger compressive 

strain than at the bottom of the cylinder. This result suggests that the interaction between the 

aluminum cylinder bridge and the iron liners likely led to non-uniform stress relief in the liners. 
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Chapter 5: Conclusions 

This research was conducted with a view to relating the microstructure, mechanical properties 

and measured residual stress level, thus determine the cause of permanent cylinder bore 

distortion. The following are the conclusions from this study: 

Cylinder Distortion 

1. Measurement of the cylinder profiles for each cylinder in the service tested engine block 

revealed that the maximum radial deviation from the nominal diameter was between       

35 and 45 µm. Leakage of the combustion chamber was found to occur for a minimum 

distortion of approximately 40 µm. Therefore, the analyzed service tested engine block is 

susceptible to loss of engine operating efficiency.   

Microstructure 

1. The bottom section of the aluminum cylinder bridge had finer dendrites and a smaller 

SDAS than the top, due to a variation in cooling rate from top to bottom during 

solidification. The faster cooling rates at the bottom of the cylinder also caused a 

refinement and modification in morphology of the Al2Cu, Al17Fe3.2Mn0.8Si2 and eutectic 

silicon secondary phase particles.  
 

2. Microstructural analysis of the gray cast iron cylinder liners determined that the 

microstructure did not change from top to bottom of the cylinder since the liners were 

pre-manufactured and subsequently placed in the mould prior to pouring of molten 

aluminum alloy.   
 

3. Solution heat treatment did not cause significant dissolution of secondary phases, 

although subsequent aging led to the precipitation of fine θ-Al2Cu platelets within the 

aluminum dendrites. 
 

4. The stable θ-Al2Cu precipitates were observed in the aluminum dendrites. Thus, the θ”   

or θ’ phases did not precipitate in the dendrites. This suggests that cylinder bore 

distortion was not caused by the thermal growth mechanism. 
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Mechanical Properties 

1. Hardness of the aluminum dendrites and the secondary phase particles did not change 

significantly from top to bottom and after heat treatment and service testing. 
 

2. Rockwell hardness was found to increase at the bottom of the cylinder relative to the top 

which was attributed to the finer and more uniform microstructure at the bottom of the 

cylinder (matrix grains and intermetallics). 

 

3. Tensile testing at the cylinder bridge revealed that the yield and ultimate tensile strength 

increased following heat treatment. Service testing did not cause any further 

strengthening effect. The increased strength was attributed to the formation of fine         

θ-Al2Cu within the aluminum dendrites following aging. 

  Residual Stress/Strain Mapping 

1. Strain measurements and subsequent residual stress calculations in the aluminum 

interbore region, revealed that the hoop, radial and axial stress components were tensile 

in the TSR condition with residual stress reaching 180, 100 and 160 MPa, respectively 

 

2. Heat treatment to a T7 temper resulted in a significant relief in hoop and axial stress at 

the top of the aluminum cylinder bridge with residual stress decreasing to 40 and 5 MPa, 

respectively. Service testing did not significantly change the magnitude of the residual 

stresses. However, strain measurements confirmed that there was a small relief in tensile 

hoop strain and compressive radial strain at the top of the cylinder. The small change in 

residual stress following service testing is in agreement with the small amount of 

distortion observed using the co-ordinate measuring machine. 
 

3. Hoop, radial and axial stress components changed by a significantly smaller amount at 

the bottom of the aluminum cylinder bridge compared to the top following heat treatment 

and service testing.  
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4. Residual stress measurements along the gray cast iron liners revealed a large relief of 

tensile residual stress following service testing. The resulting compressive stresses were 

likely caused by machining of the cylinder bores. However, the larger compressive strain 

in the hoop direction at the top of the cylinder indicates that the top of the cylinder 

relieved stress more readily in the iron liners due to the interaction with the aluminum 

cylinder bridge.   
 

5. The large relief in residual stress at the top of the aluminum cylinder bridge indicated that 

regions of coarser microstructure relieve stress more readily and as such were more prone 

permanent dimensional distortion. Moreover, the larger relief in hoop stress at the top of 

the gray iron cylinder liners further indicated that the top of the cylinder was prone to 

distortion due to the relief of hoop stress. 
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Chapter 6: Recommendations for Future Work 

1. Microstructural analysis and residual stress measurements of as-cast (pre-TSR) engine 

blocks. 

2. Microstructural analysis and measurement of residual stress of a service tested engine 

block with heavily distorted cylinder bores. 

3. Variation of quench rate following solution heat treatment (20, 45, 75, 100 °C/min) to 

observe the influence of quench rate on microstructure and residual stress. 

4. Variation of solution heat treatment temperature between 480 °C to 540 °C to optimize 

the dissolution of equilibrium secondary phases, which thereby increases strength 

following aging. 

5. Variation of aging treatment schedule resulting in θ’ rather than θ in the T7 condition to 

increase the yield strength which would reduce distortion susceptibility from relief of 

residual stress.  

6. Model externally applied stress on the cylinder bores due to the expansion of the air/fuel 

mixture during combustion. Relate externally applied stress and measured residual stress 

to the tensile properties of 319 aluminum alloy at the engine operating temperature. 

7. Modelling of various solution heat treatment schedules as well as cooling rates with a 

view on the impact on microstructure and mechanical properties.  

8. Tensile testing at the engine operating temperature (~180 °C) to relate residual stress 

level to the yield strength of the 319 aluminum alloy in operating conditions. 
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Back Matter 

Appendix A:  Calculations Pertaining to Confidence Limits of Estimated Mean 

Values 

Experiments of evaluation were used to estimate the population mean (µ) pertaining to size and 

amount of microstructural constituents as well as the mechanical properties of the engine blocks 

in each treatment condition. In order to observe if heat treatment and service testing significantly 

influenced the microstructure and mechanical properties of the engine blocks, the 95% upper and 

lower confidence limits of the population mean were determined. Since the population standard 

deviation (σ) was unknown during experimentation and the sample size was relatively small 

(< ~30), the confidence limits were determined using the relationships shown in Equations A1 

and A2. 

     <�=>?@ � AB � �CDE �� FG
H2 �                                        (A1) 

               <IJJ?@ � AB ' �CDE �� FG
H2 �                                        (A2) 

 

Where, 

N= Sample size  

AB � Sample mean 

S = Sample standard deviation 

KL �� F% � Student “t” distribution with significance level, α, and ν = N-1 degrees of freedom 

 

Select results from the calculations of the confidence limits for each measured quantity in this 

study are shown in Tables A1 through A11. 
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Table A1: Calculated 95% confidence intervals for SDAS measurements in cylinder (2-4) bridge. 

Calculations performed with N=25.  

 

Description of Sample 
SDAS Sample Mean 

(µm) 

SDAS Sample Standard 

Deviation (µm) 

95% Confidence Limits 

(µm) 

Cylinder (2-4) TSR Top 37.7 6.4 Upper: 40.3 
Lower: 35.0 

Cylinder (2-4) T7 Top 34.4 5.9 Upper: 36.8 
Lower: 32.0 

Cylinder (2-4) Dyno Top 36.1 6.6 Upper: 38.9 
Lower: 33.4 

Cylinder (2-4) TSR Upper 
Middle 25.9 3.4 Upper: 27.3 

Lower: 24.5 
Cylinder (2-4) T7 Upper 

Middle 25.0 4.1 Upper: 26.7 
Lower: 23.3 

Cylinder (2-4) Dyno 
Upper Middle 26.2 5.4 Upper: 28.4 

Lower: 24.0 
Cylinder (2-4) TSR Lower 

Middle 19.0 3.2 Upper: 20.4 
Lower: 17.7 

Cylinder (2-4) T7 Lower 
Middle 19.1 3.1 Upper: 20.4 

Lower: 17.8 
Cylinder (2-4) Dyno 

Lower Middle 20.2 3.2 Upper: 21.6 
Lower: 18.9 

Cylinder (2-4) TSR 
Bottom 19.7 3.1 Upper: 21.0 

Lower: 19.3 

Cylinder (2-4) T7 Bottom 18.0 2.8 Upper: 19.1 
Lower: 16.8 

Cylinder (2-4) Dyno 
Bottom 19.0 3.2 Upper: 20.3 

Lower: 17.7 

 

 

 
Table A2: Calculated 95% confidence intervals for Al2Cu volume fraction measurements in cylinder (2-4) 

bridge. Calculations performed with N=17 for the top of the cylinder and N=25 for the bottom  

 

Description of Sample 
Al2Cu Volume Fraction 

Sample Mean (%) 

Al2Cu Volume Fraction 

Sample Standard Deviation 

(%) 

95% Confidence 

Limits (%) 

Cylinder (2-4) TSR Top 1.1 0.9 
Upper: 1.58 
Lower: 0.62 

Cylinder (2-4) T7 Top 1.0 0.6 
Upper: 1.28 
Lower: 0.63 

Cylinder (2-4) Dyno Top 1.2 1.1 
Upper: 1.78 
Lower: 0.57 

Cylinder (2-4) TSR 
Bottom 

0.3 0.2 
Upper: 0.4 

Lower: 0.19 

Cylinder (2-4) T7 Bottom 0.3 0.2 
Upper: 0.32 
Lower: 0.18 

Cylinder (2-4) Dyno 
Bottom 

0.3 0.2 
Upper: 0.38 
Lower: 0.25 
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Table A3: Calculated 95% confidence intervals for Al17Fe3.2Mn0.8Si2 volume fraction measurements in 

cylinder (2-4) bridge. Calculations performed with N=16 for the top of the cylinder and N=25 for the bottom. 

 

Description of Sample 
Al17Fe3.2Mn0.8Si2 Volume 

Fraction Sample Mean (%) 

Al17Fe3.2Mn0.8Si2 Volume 

Fraction Sample Standard 

Deviation (%) 

95% Confidence Limits 

(%) 

Cylinder (2-4) TSR Top 3.0 1.6 
Upper: 3.8 
Lower: 2.2 

Cylinder (2-4) T7 Top 2.4 1.3 
Upper: 3.1 
Lower: 1.7 

Cylinder (2-4) Dyno Top 1.8 0.9 
Upper: 2.2 
Lower: 1.3 

Cylinder (2-4) TSR Bottom 1.8 0.4 
Upper: 1.9 
Lower: 1.6 

Cylinder (2-4) T7 Bottom 2.0 0.3 
Upper: 2.1 
Lower: 1.8 

Cylinder (2-4) Dyno Bottom 2.1 0.3 
Upper: 2.2 
Lower: 2.0 

 

 

Table A4: Calculated 95% confidence intervals for eutectic silicon volume fraction measurements in cylinder    

(2-4) bridge. Calculations performed with N=21. 

 

Description of Sample 

Eutectic Si Volume 

Fraction Sample Mean 

(%) 

Eutectic Si Volume Fraction 

Sample Standard Deviation 

(%) 

95% Confidence 

Limits (%) 

Cylinder (2-4) TSR Top 9.5 2.0 
Upper: 10.4 
Lower: 8.6 

Cylinder (2-4) T7 Top 9.0 1.1 
Upper: 9.5 
Lower: 8.5 

Cylinder (2-4) Dyno Top 8.9 0.9 
Upper: 9.3 
Lower: 8.5 

Cylinder (2-4) TSR 
Bottom 

9.1 0.5 
Upper: 9.3 
Lower: 8.8 

Cylinder (2-4) T7 Bottom 8.9 0.6 
Upper: 9.2 
Lower: 8.6 

Cylinder (2-4) Dyno 
Bottom 

8.8 0.4 
Upper: 8.9 
Lower: 8.6 
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Table A5: Calculated 95% confidence intervals for composition of the aluminum dendrites for cylinder (2-4) 

bridge. Calculations performed with N=10.  

 

Description of 

Sample 
Element 

Concentration 

Sample Mean 

(wt.%) 

Concentration 

Sample Standard 

Deviation (wt.%) 

95% Confidence 

Limits (wt.%) 

Cylinder (2-4) TSR 
Top 

Si 1.6 0.1 
Upper: 1.7 
Lower: 1.6 

Cu 2.5 0.5 
Upper: 2.8 
Lower: 2.1 

Mg 0.7 0.04 
Upper: 0.71 
Lower: 0.65 

Cylinder (2-4) T7 Top 

Si 1.6  0.06 
Upper: 1.66 
Lower: 1.57 

Cu 2.6 0.6 
Upper: 3.04 
Lower: 2.14 

Mg 0.6 0.1 
Upper: 0.7 
Lower: 0.6 

Cylinder (2-4) Dyno 
Top 

Si 1.8 0.2 
Upper: 1.9 
Lower: 1.6 

Cu 2.5 0.6 
Upper: 2.9 
Lower: 2.1 

Mg 0.6 0.1 
Upper: 0.7 
Lower: 0.6 

Cylinder (2-4) TSR 
Bottom 

Si 1.6 0.4 
Upper: 2.0 
Lower: 1.3 

Cu 2.9 0.2 
Upper: 3.0 
Lower: 2.7  

Mg 0.7 0.01 
Upper: 0.8 
Lower: 0.7 

Cylinder (2-4) T7 
Bottom 

Si 1.7 0.4 
Upper: 2.0 
Lower: 1.4 

Cu 3.0 0.2 
Upper: 3.2 
Lower: 2.8 

Mg 0.7 0.02 
Upper: 0.8 
Lower: 0.7 

Cylinder (2-4) Dyno 
Bottom 

Si 1.5 0.2 
Upper: 1.7 
Lower: 1.4 

Cu 3.1 0.2 
Upper: 3.2 
Lower: 3.0 

Mg 0.7 0.2 
Upper: 0.71 
Lower: 0.68 
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Table A6: Calculated 95% confidence intervals for Al2Cu volume fraction measurements at the Al-Fe liner 

interface for the bottom of cylinder (2-4) and (4-6) bridge. Calculations performed with N=9. 

 

Description of Sample 
Al2Cu Volume Fraction 

Sample Mean (%) 

Al2Cu Volume Fraction 

Sample Standard Deviation 

(%) 

95% Confidence 

Limits (%) 

Cylinder (2-4) TSR  5.8 1.8 
Upper: 7.2 
Lower: 4.3 

Cylinder (2-4) T7  8.3 2.0 
Upper: 10.0 
Lower: 6.7 

Cylinder (2-4) Dyno 6.1 1.1 
Upper: 7.0 
Lower: 5.2 

Cylinder (4-6) TSR 5.8 1.5 
Upper: 7.0 
Lower: 4.6 

Cylinder (4-6) T7  5.6 1.7 
Upper: 7.0 
Lower: 4.2 

Cylinder (4-6) Dyno 5.7 1.9 
Upper: 7.3 
Lower: 4.1 

 

Table A7: Calculated 95% confidence intervals for Rockwell hardness measurements of cylinder (2-4) bridge. 

Calculations performed with N=5. 

 

Description of Sample 
Rockwell Hardness 

Sample Mean (HRE) 

Rockwell Hardness Sample 

Standard Deviation (HRE) 

95% Confidence 

Limits (HRE) 

Cylinder (2-4) TSR Top  86.0 0.78 
Upper: 86.9 
Lower: 85.0 

Cylinder (2-4) T7 Top 85.1 1.6 
Upper: 87.0 
Lower: 83.1 

Cylinder (2-4) Dyno Top 86.0 2.0 
Upper: 88.1 
Lower: 84.0 

Cylinder (2-4) TSR 
Bottom 

89.0 1.1 
Upper: 90.4 
Lower: 87.7 

Cylinder (2-4) T7 Bottom  88.4 0.9 
Upper: 89.5 
Lower: 87.3 

Cylinder (2-4) Dyno 
Bottom 

89.7 0.5 
Upper: 90.3 
Lower: 89.0 
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Table A8: Calculated 95% confidence intervals for hardness of microstructural constituents in cylinder (2-4) 

bridge. Calculations performed with N=7. 

 

Description of 

Sample 
Phase 

Hardness Sample 

Mean (GPa) 

Hardness Sample 

Standard Deviation 

(GPa) 

95% Confidence 

Limits (GPa) 

Cylinder (2-4) TSR 
Top 

Al-Dendrites 1.5 0.1 
Upper: 1.6 
Lower: 1.4 

Al2Cu 5.7 0.6 
Upper: 6.3 
Lower: 5.1 

Si 10.3 0.7 
Upper: 11.0 
Lower: 9.5 

Al17Fe3.2Mn0.8Si2 10.8 0.8 
Upper: 11.6 
Lower: 10.0 

Cylinder (2-4) Dyno 
Top 

Al-Dendrites 1.4 0.1 
Upper: 1.5 
Lower: 1.3 

Al2Cu 5.9 0.5 
Upper: 6.4 
Lower: 5.4 

Si 10.1 0.3 
Upper: 10.4 
Lower: 9.9 

Al17Fe3.2Mn0.8Si2 10.6 0.9 
Upper: 11.4 
Lower: 9.7 

Cylinder (2-4) TSR 
Bottom 

Al-Dendrites 1.4 0.1 
Upper: 1.5 
Lower: 1.4 

Al2Cu 5.4 0.6 
Upper: 6.0 
Lower: 4.9 

Si 10.0 0.7 
Upper: 10.5 
Lower: 9.4 

Al17Fe3.2Mn0.8Si2 10.4 0.8 
Upper: 11.1 
Lower: 9.7 

Cylinder (2-4) Dyno 
Bottom 

Al-Dendrites 1.3 0.1 
Upper: 1.4 
Lower: 1.3 

Al2Cu 5.7 0.4 
Upper: 6.1 
Lower: 5.3 

Si 10.0 0.3 
Upper: 10.3 
Lower: 9.8 

Al17Fe3.2Mn0.8Si2 10.4 1.1 
Upper: 11.4 
Lower: 9.4 
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Table A9: Calculated 95% confidence intervals for the yield strength in each treatment condition. 

Calculations performed with NTSR=10, NT7 = 13, Ndyno = 8. 

 
 

Description of Sample 
Yield Strength Sample 

Mean (MPa) 

Yield Strength Sample 

Standard Deviation (MPa) 

95% Confidence 

Limits (MPa) 

Cylinder  Bridge TSR  195.2 6.0 
Upper: 199.5 
Lower: 190.9 

Cylinder  Bridge T7  220.9 9.3 
Upper: 226.6 
Lower: 215.2 

Cylinder Bridge Dyno 212.6 11.8 
Upper: 222.5 
Lower: 202.7 

 

 

Table A10: Calculated 95% confidence intervals for the ultimate tensile strength in each treatment condition. 

Calculations performed with NTSR=10, NT7 = 13, Ndyno = 8. 

 
 

Description of Sample 

Ultimate Tensile 

Strength Sample Mean 

(MPa) 

Ultimate Tensile Strength 

Sample Standard Deviation 

(MPa) 

95% Confidence 

Limits (MPa) 

Cylinder  Bridge TSR  205.1 6.0 
Upper: 209.7 
Lower: 200.5 

Cylinder  Bridge T7  241.9 14.2 
Upper: 250.5 
Lower: 233.4 

Cylinder Bridge Dyno 228.1 16.0 
Upper: 241.5 
Lower: 214.7 

 

 

Table A11: Calculated 95% confidence intervals for the fracture elongation in each treatment condition. 

Calculations performed with NTSR=5, NT7 = 10, Ndyno = 5. 

 

Description of Sample 
Fracture Elongation 

Sample Mean (%)  

Fracture Elongation Sample 

Standard Deviation (%) 

95% Confidence 

Limits (%) 

Cylinder  Bridge TSR  0.7 0.2 
Upper: 1.0 
Lower: 0.4 

Cylinder  Bridge T7  0.9 0.2 
Upper: 1.0 
Lower: 0.7 

Cylinder Bridge Dyno 0.7 0.2 
Upper: 0.9 
Lower: 0.5 
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Appendix B:  Analysis of Variance 

B.1 Secondary Dendrite Arm Spacing 
 

To determine if the secondary dendrite arm spacing (SDAS) changes significantly along the 

cylinder bridge for each treatment condition, 2-factor ANOVA analysis was applied with the 

following 3 Null Hypotheses: 

H0
(1)

: There is no change in SDAS with depth along the cylinder bridge.                                      

H0
(2)

: There is no change in SDAS due to heat treatment and service testing.                                

H0
(3)

: There is no interaction effect between cylinder location and treatment condition on 

SDAS. 

The results from ANOVA analysis are summarized in a 2-factor ANOVA table in Table B1. 

Table B1: Results from 2-Factor ANOVA analysis of the SDAS at the cylinder bridge. 

 

Source of Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean Square 

Value F (ν1, ν2) 

Depth Along Cylinder (A) 14276.475 3 4758.875 246.309 
Treatment Condition (B) 106.672 2 53.336 2.761 

Interaction (I) 59.318 6 9.886 0.512 
Residual (R) 5564.315 288 19.321 

Total 20006.780 299 
 

With respect to H0
(3), set MN � M%OF%PFLQ to determine Pαmax. From the F-distribution,   

�MRF�SSF96�T � 7644, which is significantly greater than FI. Therefore Pαmax < 75%. Since       

Pαmax < 85%, accept H0
(3)

. Therefore, there is no interaction effect between cylinder location 

and treatment condition on SDAS. 

With respect to H0
(1), set M� � M%UF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, 

M:F�SSF9699� � V6W�, which is significantly less than FA. Therefore, Pαmax > 99.9%. Since 

Pαmax> 95%, reject H0
(1)

. Therefore, the SDAS changes significantly along the cylinder bridge. 

With respect to H0
(2), set MX � M%YF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

proper interpolation, Pαmax = 93.17%. Since 85% ≤ Pαmax ≤ 95%, no decision possible. 

Therefore, although a rational and objective decision cannot be made, the data indicates that heat 

treatment has a significantly lower influence on SDAS than the location within the cylinder 

bridge. 
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B.2 Volume Fraction of Al2Cu 
 

To determine if the volume fraction of Al2Cu changed significantly along the cylinder bridge for 

each treatment condition, 2-factor ANOVA analysis was applied with the following 3 Null 

Hypotheses: 

H0
(1)

: There is no change in Al2Cu volume fraction with depth along the cylinder bridge.                                      

H0
(2)

: There is no change in Al2Cu volume fraction due to heat treatment and service 

testing.                                                                                                                                                 

H0
(3)

: There is no interaction effect between cylinder location and treatment condition on 

volume fraction of Al2Cu. 

The results from ANOVA analysis are summarized in a 2-factor ANOVA table in Table B2. 

Table B2: Results from 2-Factor ANOVA analysis of the Al2Cu volume fraction at the cylinder bridge. 

 

 

With respect to H0
(3), set MN � M%OF%PFLQ to determine Pαmax. From the F-distribution with 

appropriate interpolation, M�F�9�F96�T � 76WZ5, which is significantly greater than FI. Therefore 

Pαmax < 75%. Since Pαmax < 85%, accept H0
(3)

. Therefore, there is no interaction effect between 

cylinder location and treatment condition on Al2Cu volume fraction. 

With respect to H0
(1), set M� � M%UF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation, M�F�9�F9699� � 776VV[, which is significantly less than FA. Therefore 

Pαmax > 99.9%. Since Pαmax > 95%, reject H0
(1)

. Therefore, the Al2Cu volume fraction changes 

significantly along the cylinder bridge. 

With respect to H0
(2), set MX � M%YF%PFLQ to determine Pαmax. From the F-distribution with 

appropriate interpolation, M�F�9�F96�T � 764W4, which is significantly greater than FB. Therefore 

Pαmax < 75%. Since Pαmax < 85%, accept H0
(2)

. Therefore, heat treatment has no significant 

effect on Al2Cu volume fraction. 

Source of Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean Square 

Value F (ν1, ν2) 

Depth Along Cylinder (A) 16.985 1 16.985 41.262 
Treatment Condition (B) 0.316 2 0.158 0.384 

Interaction (I) 0.223 2 0.111 0.270 
Residual (R) 41.988 102 0.412 

Total 59.512 107 
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B.3 Volume Fraction of Al17Fe3.2Mn0.8Si2 
 

To determine if the volume fraction of Al17Fe3.2Mn0.8Si2 changed significantly along the cylinder 

bridge for each treatment condition, 2-factor ANOVA analysis was applied with the following 3 

Null Hypotheses: 

H0
(1)

: There is no change in Al17Fe3.2Mn0.8Si2  volume fraction with depth along the cylinder 

bridge.                                                                                                                      

H0
(2)

: There is no change in Al17Fe3.2Mn0.8Si2   volume fraction due to heat treatment and 

service testing.                                                                                                             

H0
(3)

: There is no interaction effect between cylinder location and treatment condition on 

volume fraction of Al17Fe3.2Mn0.8Si2 

The results from ANOVA analysis are summarized in a 2-factor ANOVA table in Table B3. 

Table B3: Results from 2-Factor ANOVA analysis of the Al17Fe3.2Mn0.8Si2 volume fraction at the cylinder 

bridge. 

 

Source of Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean Square 

Value F (ν1, ν2) 

Depth Along Cylinder (A) 6.468 1 6.468 7.614 
Treatment Condition (B) 1.492 2 0.746 0.878 

Interaction (I) 5.153 2 2.576 3.033 
Residual (R) 86.643 102 0.849 

Total 99.755 107 
 

With respect to H0
(3), set MN � M%OF%PFLQ to determine Pαmax. From the F-distribution with 

appropriate interpolation, Pαmax = 94.6%. Since 85% ≤ Pαmax ≤  95%, no decision possible.  

With respect to H0
(1), set M� � M%UF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation Pαmax = 99.13%. Since Pαmax > 95%, reject H0
(1)

. Therefore, the 

Al17Fe3.2Mn0.8Si2 volume fraction changes along the depth of the cylinder bridge. 

With respect to H0
(2), set MX � M%YF%PFLQ to determine Pαmax. From the F-distribution with 

appropriate interpolation, M�F�9�F96�T � 76WZ5, which is significantly greater than FB. Therefore, 

Pαmax < 75%. Since Pαmax < 85%, accept H0
(2)

. Heat treatment and service testing has no 

significant influence on the Al17Fe3.2Mn0.8Si2 volume fraction. 
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B.4 Volume Fraction of Eutectic Silicon 
 

To determine if the volume fraction of eutectic silicon changed significantly along the cylinder 

bridge for each treatment condition, 2-factor ANOVA analysis was applied with the following 3 

Null Hypotheses: 

H0
(1)

: There is no change in eutectic silicon volume fraction with depth along the cylinder 

bridge.                                                                                                                                  

H0
(2)

: There is no change in eutectic silicon volume fraction due to heat treatment and 

service testing.                                                                                                                                           

H0
(3)

: There is no interaction effect between cylinder location and treatment condition on 

volume fraction of eutectic silicon. 

The results from ANOVA analysis are summarized in a 2-factor ANOVA table in Table B4. 

Table B4: Results from 2-Factor ANOVA analysis of the eutectic silicon volume fraction at the cylinder 

bridge. 

 

Source of Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean Square 

Value F (ν1, ν2) 

Depth Along Cylinder (A) 1.905 1 1.905 1.872 
Treatment Condition (B) 4.351 2 2.175 2.138 

Interaction (I) 0.334 2 0.167 0.164 
Residual (R) 122.106 120 1.018 

Total 128.696 125 
 

With respect to H0
(3), set MN � M%OF%PFLQ to determine Pαmax. From the F-distribution,    

M�F��9F96�T � 76WZ, which is significantly greater than FI. Therefore Pαmax < 75%. Since Pαmax < 

85%, accept H0
(3)

. Therefore, there is no interaction effect between cylinder location and 

treatment condition on the eutectic silicon volume fraction. 

With respect to H0
(1), set M� � M%UF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation, Pαmax = 80.66%. Since Pαmax < 85%, accept H0
(1)

. Therefore, cylinder 

location has no significant effect on the eutectic silicon volume fraction. 

With respect to H0
(2), set MX � M%YF%PFLQ to determine Pαmax. From the F-distribution with 

appropriate interpolation, Pαmax = 83.49%. Since Pαmax < 85%, accept H0
(2)

. Therefore, heat 

treatment and service tested do not significantly influence the eutectic silicon volume fraction. 
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B.5 Copper Content within the Aluminum Dendrites 
 

To determine if the copper content in the aluminum dendrites changed significantly along the 

cylinder bridge for each treatment condition, 2-factor ANOVA analysis was applied with the 

following 3 Null Hypotheses:  

H0
(1)

: There is no change in the amount of copper in the aluminum dendrites with depth 

along the cylinder bridge.                                                                                                   

H0
(2)

: There is no change in the amount of copper in the aluminum dendrites due to heat 

treatment and service testing.                                                                                               

H0
(3)

: There is no interaction effect between cylinder location and treatment condition on 

the amount of copper in the aluminum dendrites. 

The results from ANOVA analysis are summarized in a 2-factor ANOVA table in Table B5. 

Table B5: Results from 2-Factor ANOVA analysis of the copper content within the aluminum dendrites. 

 

Source of Variation Sum of Squares 

Degrees of 

Freedom 

Mean Square 

Value F(ν1, ν2) 

Depth Along Cylinder (A) 1.473 1 1.473 12.119 
Treatment Condition (B) 0.491 2 0.245 2.019 

Interaction (I) 0.360 2 0.180 1.481 
Residual (R) 6.564 54 0.122 

Total 8.888 59 
 

With respect to H0
(3), set MN � M%OF%PFLQ to determine Pαmax. From the F-distribution with 

appropriate interpolation, Pαmax = 75.85%. Since Pαmax < 85%, accept H0
(3)

. Therefore, there is 

no interaction effect between cylinder location and treatment condition on amount of copper 

within the aluminum dendrites. 

With respect to H0
(1), set M� � M%UF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation, Pαmax = 99.89%. Since Pαmax > 95%, reject H0
(1)

. Therefore, the 

amount of copper within the aluminum dendrites changes with depth along the cylinder bridge. 

With respect to H0
(2), set MX � M%YF%PFLQ to determine Pαmax. From the F-distribution with 

appropriate interpolation, Pαmax = 84.08%. Since Pαmax < 85%, accept H0
(2)

. Therefore, heat 

treatment and service tested do not significantly influence the amount of copper within the 

aluminum dendrites. 
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B.6 Magnesium Content within the Aluminum Dendrites 
 

To determine if the magnesium content in the aluminum dendrites changed significantly along 

the cylinder bridge for each treatment condition, 2-factor ANOVA analysis was applied with the 

following 3 Null Hypotheses:  

H0
(1)

: There is no change in the amount of magnesium in the aluminum dendrites with 

depth along the cylinder bridge.                                                                                             

H0
(2)

: There is no change in the amount of magnesium in the aluminum dendrites due to 

heat treatment and service testing.                                                                                          

H0
(3)

: There is no interaction effect between cylinder location and treatment condition on 

the amount of magnesium in the aluminum dendrites. 

The results from ANOVA analysis are summarized in a 2-factor ANOVA table in Table B6. 

Table B6: Results from 2-Factor ANOVA analysis of the magnesium content within the aluminum dendrites. 

 

Source of Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean Square 

Value F(ν1, ν2) 

Depth Along Cylinder (A) 0.098 1 0.098 65.194 
Treatment Condition (B) 0.016 2 0.008 5.381 

Interaction (I) 0.008 2 0.004 2.830 
Residual (R) 0.081 54 0.002 

Total 0.204 59 
 

With respect to H0
(3), set MN � M%OF%PFLQ to determine Pαmax. From the F-distribution with 

appropriate interpolation, Pαmax = 92.76%. Since 85% ≤ Pαmax ≤ 95%, no decision possible. 

With respect to H0
(1), set M� � M%UF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation M�FT;F9699� � 7�675�, which is significantly less than FA. Therefore, 

Pαmax> 99.9%. Since Pαmax>95%, reject H0
(1)

. The amount of magnesium within the aluminum 

dendrites changes with depth along the cylinder bridge. 

With respect to H0
(2), set M� � M%UF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation, Pαmax = 99.04%. Since Pαmax>95%, reject H0
(2)

. The amount of 

magnesium within the aluminum dendrites changes due to heat treatment and service testing. 
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B.7 Hardness of the Aluminum Dendrites 
 

To determine if the hardness of the aluminum dendrites changed significantly along the cylinder 

bridge for each treatment condition, 2-factor ANOVA analysis was applied with the following 3 

Null Hypotheses:  

H0
(1)

: There is no change in the hardness of the aluminum dendrites with depth along the 

cylinder bridge.                                                                                                             

H0
(2)

: There is no change in hardness of the aluminum dendrites due to heat treatment and 

service testing.                                                                                                             

H0
(3)

: There is no interaction effect between cylinder location and treatment condition on 

the hardness of the aluminum dendrites. 

The results from ANOVA analysis are summarized in a 2-factor ANOVA table in Table B7. 

Table B7: Results from 2-Factor ANOVA analysis of the hardness of the aluminum dendrites. 

 

Source of Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean Square 

Value F(ν1, ν2) 

Depth Along Cylinder (A) 0.012 1 0.012 1.255 
Treatment Condition (B) 0.054 2 0.026 2.736 

Interaction (I) 0.001 2 0.001 0.066 
Residual (R) 0.354 36 0.010 

Total 0.421 41 
 

With respect to H0
(3), set MN � M%OF%PFLQ to determine Pαmax. From the F-distribution with 

appropriate interpolation, M�F:RF96�T � 76WWW, which is significantly greater than FI. Therefore, 

Pαmax< 75%. Since Pαmax< 85%, accept H0
(3)

. There is no interaction effect between cylinder 

location and treatment condition on hardness of the aluminum dendrites. 

With respect to H0
(1), set M� � M%UF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation M�F:RF96�T � 7645\, which is greater than FA. Therefore, Pαmax< 75%. 

Since Pαmax< 85%, accept H0
(1)

. The hardness of the aluminum dendrites does not change 

significantly with depth along the cylinder bridge. 

With respect to H0
(2), set M� � M%UF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation, Pαmax = 91.71%. Since 85% ≤ Pαmax ≤ 95%, no decision possible. 
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B.8 Hardness of Al2Cu 
 

To determine if the hardness of Al2Cu changed significantly along the cylinder bridge for each 

treatment condition, 2-factor ANOVA analysis was applied with the following 3 Null 

Hypotheses:  

H0
(1)

: There is no change in the hardness of Al2Cu with depth along the cylinder bridge.                                         

H0
(2)

: There is no change in hardness of Al2Cu due to heat treatment and service testing.                                                                 

H0
(3)

: There is no interaction effect between cylinder location and treatment condition on 

the hardness of Al2Cu. 

The results from ANOVA analysis are summarized in a 2-factor ANOVA table in Table B8. 

Table B8: Results from 2-Factor ANOVA analysis of the hardness of Al2Cu. 

 

Source of Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean Square 

Value F(ν1, ν2) 

Depth Along Cylinder (A) 0.035 1 0.035 0.110 
Treatment Condition (B) 0.856 2 0.428 1.333 

Interaction (I) 0.818 2 0.409 1.274 
Residual (R) 11.561 36 0.321 

Total 13.271 41 
 

With respect to H0
(3), set MN � M%OF%PFLQ to determine Pαmax. From the F-distribution with 

appropriate interpolation, M�F:RF96�T � 76WWW, which is significantly greater than FI. Therefore, 

Pαmax< 75%. Since Pαmax< 85%, accept H0
(3)

. There is no interaction effect between cylinder 

location and treatment condition on hardness of Al2Cu. 

With respect to H0
(1), set M� � M%UF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation M�F:RF96�T � 7645\, which is greater than FA. Therefore, Pαmax< 75%. 

Since Pαmax< 85%, accept H0
(1)

. The hardness of Al2Cu does not change significantly with depth 

along the cylinder bridge. 

With respect to H0
(2), set MX � M%YF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation M�F:RF96�T � 76WWW, which is greater than FB. Therefore, Pαmax< 75%. 

Since Pαmax< 85%, accept H0
(2)

. The hardness of Al2Cu does not change significantly due to 

heat treatment and service testing. 
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B.9 Hardness of Al17Fe3.2Mn0.8Si2 

To determine if the hardness of Al17Fe3.2Mn0.8Si2 changed significantly along the cylinder bridge 

for each treatment condition, 2-factor ANOVA analysis was applied with the following 3 Null 

Hypotheses:  

H0
(1)

: There is no change in the hardness of Al17Fe3.2Mn0.8Si2 with depth along the cylinder 

bridge.                                                                                                                                               

H0
(2)

: There is no change in hardness of Al17Fe3.2Mn0.8Si2 due to heat treatment and service 

testing.                                                                                                                                                 

H0
(3)

: There is no interaction effect between cylinder location and treatment condition on 

the hardness of Al17Fe3.2Mn0.8Si2. 

The results from ANOVA analysis are summarized in a 2-factor ANOVA table in Table B9. 

Table B9: Results from 2-Factor ANOVA analysis of the hardness of Al17Fe3.2Mn0.8Si2. 

 

Source of Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean Square 

Value F(ν1, ν2) 

Depth Along Cylinder (A) 0.133 1 0.133 0.164 
Treatment Condition (B) 0.230 2 0.115 0.143 

Interaction (I) 0.206 2 0.103 0.127 
Residual (R) 29.090 36 0.808 

Total 29.659 41 
 

With respect to H0
(3), set MN � M%OF%PFLQ to determine Pαmax. From the F-distribution with 

appropriate interpolation, M�F:RF96�T � 76WWW, which is significantly greater than FI. Therefore, 

Pαmax< 75%. Since Pαmax< 85%, accept H0
(3)

. There is no interaction effect between cylinder 

location and treatment condition on hardness of Al17Fe3.2Mn0.8Si2. 

With respect to H0
(1), set M� � M%UF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation M�F:RF96�T � 7645\, which is greater than FA. Therefore, Pαmax< 75%. 

Since Pαmax< 85%, accept H0
(1)

. The hardness of Al17Fe3.2Mn0.8Si2 does not change significantly 

with depth along the cylinder bridge. 

With respect to H0
(2), set MX � M%YF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation M�F:RF96�T � 76WWW, which is greater than FB. Therefore, Pαmax< 75%. 

Since Pαmax< 85%, accept H0
(2)

. The hardness of Al17Fe3.2Mn0.8Si2 does not change significantly 

due to heat treatment and service testing. 
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B.10 Hardness of Eutectic Silicon 
 

To determine if the hardness of eutectic silicon changed significantly along the cylinder bridge 

for each treatment condition, 2-factor ANOVA analysis was applied with the following 3 Null 

Hypotheses:  

H0
(1)

: There is no change in the hardness of eutectic silicon with depth along the cylinder 

bridge.                                                                                                                      

H0
(2)

: There is no change in hardness of eutectic silicon due to heat treatment and service 

testing.                                                                                                                     

H0
(3)

: There is no interaction effect between cylinder location and treatment condition on 

the hardness of eutectic silicon. 

The results from ANOVA analysis are summarized in a 2-factor ANOVA table in Table B10. 

Table B10: Results from 2-Factor ANOVA analysis of the hardness of eutectic silicon. 

 

Source of Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean Square 

Value F(ν1, ν2) 

Depth Along Cylinder (A) 0.073 1 0.073 0.241 
Treatment Condition (B) 0.122 2 0.061 0.202 

Interaction (I) 0.030 2 0.015 0.050 
Residual (R) 10.901 36 0.303 

Total 11.126 41 
 

With respect to H0
(3), set MN � M%OF%PFLQ to determine Pαmax. From the F-distribution with 

appropriate interpolation, M�F:RF96�T � 76WWW, which is significantly greater than FI. Therefore, 

Pαmax< 75%. Since Pαmax< 85%, accept H0
(3)

. There is no interaction effect between cylinder 

location and treatment condition on hardness of eutectic silicon. 

With respect to H0
(1), set M� � M%UF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation M�F:RF96�T � 7645\, which is greater than FA. Therefore, Pαmax< 75%. 

Since Pαmax< 85%, accept H0
(1)

. The hardness of eutectic silicon does not change significantly 

with depth along the cylinder bridge. 

With respect to H0
(2), set MX � M%YF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation M�F:RF96�T � 76WWW, which is greater than FB. Therefore, Pαmax< 75%. 

Since Pαmax< 85%, accept H0
(2)

. The hardness of eutectic silicon does not change significantly 

due to heat treatment and service testing. 
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B.11 Rockwell Hardness  
 

To determine if the Rockwell hardness changed significantly along the cylinder bridge for each 

treatment condition, 2-factor ANOVA analysis was applied with the following 3 Null 

Hypotheses:  

H0
(1)

: There is no change in Rockwell hardness with depth along the cylinder bridge.                                                                                        

H0
(2)

: There is no change Rockwell hardness due to heat treatment and service testing.                                                                                   

H0
(3)

: There is no interaction effect between cylinder location and treatment condition on 

Rockwell hardness. 

The results from ANOVA analysis are summarized in a 2-factor ANOVA table in Table B11. 

Table B11: Results from 2-Factor ANOVA analysis of Rockwell hardness. 

 

Source of Variation Sum of Squares 

Degrees of 

Freedom 

Mean Square 

Value F(ν1, ν2) 

Depth Along Cylinder (A) 168.003 1 168.003 110.144 
Treatment Condition (B) 3.825 2 1.913 1.254 

Interaction (I) 4.185 2 2.093 1.372 
Residual (R) 82.366 54 1.525 

Total 258.379 59 
 

With respect to H0
(3), set MN � M%OF%PFLQ to determine Pαmax. From the F-distribution with 

appropriate interpolation, M�FT;F96�T � 76W�5, which is significantly greater than FI. Therefore, 

Pαmax< 75%. Since Pαmax< 85%, accept H0
(3)

. There is no interaction effect between cylinder 

location and treatment condition on Rockwell hardness. 

With respect to H0
(1), set M� � M%UF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation M�FT;F9699� � 7�675�, which is significantly less than FA. Therefore, 

Pαmax> 99.9%. Since Pαmax> 95%, reject H0
(1)

. The Rockwell hardness changes significantly 

with depth along the cylinder bridge. 

With respect to H0
(2), set MX � M%YF%PFLQ to determine Pαmax = 1-α*. From the F-distribution, with 

appropriate interpolation M�FT;F96�T � 76W�5, which is greater than FB. Therefore, Pαmax< 75%. 

Since Pαmax< 85%, accept H0
(2)

. The Rockwell hardness does not change significantly due to 

heat treatment and service testing. 
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B.12 Yield Strength  
 

To determine if the yield strength changed significantly due to heat treatment and service testing, 

1-factor ANOVA analysis was applied with the following Null Hypothesis:  

H0: There is no change in yield strength due to heat treatment and service testing.                                                                                                                            

The results from ANOVA analysis are summarized in a 1-factor ANOVA table in Table B12. 

Table B12: Results from 1-Factor ANOVA analysis on the yield strength. 

 

Source of Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean Square 

Value F(ν1, ν2) 

Treatment Condition (A) 3924.044 2 1962.022 25.014 
Residual (R) 2117.826 27 78.438 

Total 6041.870 29 
 

To determine Pαmax, set M� � M%UF%PFLQ. From the F-distribution M�F�]F9699� � ^6Z�, which is 

significantly less than FA. Therefore, Pαmax > 99.9%. Since Pαmax> 95%, reject H0. The yield 

strength changes significantly due to heat treatment. 

B.13 Ultimate Tensile Strength  
 

To determine if the ultimate tensile strength changes significantly due to heat treatment and 

service testing, 1-factor ANOVA analysis is applied with the following Null Hypothesis:  

H0: There is no change in ultimate tensile strength due to heat treatment and service 

testing. 

The results from ANOVA analysis are summarized in a 1-factor ANOVA table in Table B13. 

Table B13: Results from 1-Factor ANOVA analysis on the ultimate tensile strength. 

 

Source of Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean Square 

Value F(ν1, ν2) 

Treatment Condition (A) 8621.696 2 4310.848 33.212 
Residual (R) 3374.772 26 129.799 

Total 11996.47 28 
 

To determine Pαmax, set M� � M%UF%PFLQ. From the F-distribution M�F�RF9699� � ^67�, which is 

significantly less than FA. Therefore, Pαmax > 99.9%. Since Pαmax> 95%, reject H0. The ultimate 

tensile strength changes significantly due to heat treatment. 
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B.14 Elongation at Fracture  
 

To determine if the elongation at fracture changed significantly due to heat treatment and service 

testing, 1-factor ANOVA analysis was applied with the following Null Hypothesis:  

H0: There is no change in elongation at fracture due to heat treatment and service testing. 

The results from ANOVA analysis are summarized in a 1-factor ANOVA table in Table B14. 

Table B14: Results from 1-Factor ANOVA analysis on the elongation at fracture 

 

Source of Variation 

Sum of 

Squares 

Degrees of 

Freedom 

Mean Square 

Value F(ν1, ν2) 

Treatment Condition (A) 0.102 2 0.051 1.305 
Residual (R) 0.625 16 0.039 

Total 0.727 18 
 

To determine Pαmax, set M� � M%UF%PFLQ. From the F-distribution M�F�RF96�T � 76V7W, which is 

greater than FA. Therefore, Pαmax < 75%. Since Pαmax< 85%, accept H0. The elongation at 

fracture does not change significantly due to heat treatment. 
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Appendix C:  Phase Diagrams 

 

C.1 Aluminum-Silicon-Copper Ternary Phase Diagram  

 

Figure C1: Aluminum-silicon-copper ternary phase diagram [65]. 
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Silicon Binary Phase Diagram  

: Aluminum-silicon binary phase diagram [1]. 
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 Prize)  
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