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Abstract
Ductile materials such as aluminum alloys have been the primary material of choice for structural
components of aircraft such as fuselage, wing, etc. because of their light weight, ease of forming
and resistance to failure under shock loads. There are two primary types of aluminum alloys used
in aircraft: cast alloys and wrought alloys. Majority of the traditionally used cast aluminum alloys
in aircraft manufacturing are the Al-Cu or Al-Si-Mg alloys including A214, A355, A356 and E 357.
Aluminum castings are typically produced using green sand, permanent mold casting or die
casting. However, aluminum castings are susceptible to porosity defects. Porosity is a microscopic
void or hole found in a casting. To eliminate micro-porosity defects in aluminum castings, multiple
heat treatments can be used.

In particular hot isostatic pressing (HIP) can be used to effectively to remove sub-surface porosity
in complex shaped castings. HIPing process includes the use of elevated temperature and the
application of a hydrostatic pressure via pressurized gas. Previous work has demonstrated that
widely used aluminum casting alloys such as A356, A204, A206 have shown considerable
improvement in mechanical properties when HIPed. However, no study has been done on
aluminum casting alloy E357. The E357 alloy combines excellent casting characteristics with
improved strength compared to the widely use A356 alloy. Silicon combines with the magnesium
in these alloys to form Mg2Si which strengthens the alloys during final precipitation heat
treatments.

To understand the effects of hot isostatic pressing on the performance of casting Aluminum E 357
alloy tensile testing and charpy impact testing were carried out on cast E357 test specimens which
iii

were divided into three groups- HIPed and T6 heat treated specimens, Homogenized and T6 heat
treated specimens and Non HIPed and T6 heat treated specimens. Samples were evaluated to
understand the effects of processing cycles on the resultant mechanical properties and
microstructure with respect to microporosity and size of silicon particles.

This study was conducted as an effort to characterize impact of Hot Isostaic Pressing on aluminum
E357 casting for Sikorsky Aircraft Corporation. It was observed that, HIPing process helped in
reducing %porosity by 37.83% and increased size of silicon particle has by 18.08%. Significant
increase in %elongation was also observed in HIPed samples as compared to non HIPed samples.
Overall HIPing process and subsequent heat treatment helps to improve % elongation significantly
although the improvements in ultimate tensile strength and yield strength is not significant.
Microstructure analysis reveals that HIPing results in a noticeable reduction in % porosity which
tends to increase mechanical properties and reduce property variation.
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Chapter 1
1 INTRODUCTION
1.1 Background
HOT ISOSTATIC PRESSING, often referred to by its acronym, HIP, is a process that can be used to
eliminate internal porosity in castings. HIP is carried out by surrounding the castings with a
pressurized fluid, usually argon gas, and simultaneously heating the castings to a temperature
that is below the solidus temperature but high enough to maximize plastic flow and enhance atom
or vacancy diffusion within the material. This simultaneous influence of hydrostatic pressure and
elevated temperature, results in localized plastic flow. This plastic flow along with the diffusional
mechanisms helps to collapse and shrink internal pores.

1.2 Problem Statement
Porosity and micro porosity in aluminum castings result in excessive scrap generation and reduced
mechanical properties such as reduced tensile elongation. Although proper casting design and
risering practices used in the foundry can effectively remove macroporosity, risers are not
typically effective in eliminating microporosity in aluminum castings. In order to reduce this
microporosity, different post casting processes can be used. These processes include processes
such as conventional unidirectional pressing followed by sintering (PS), cold isostatic pressing
(CIP) followed by sintering, or hot isostatic pressing (HIP). The complex geometries of most
castings prevent the use of unidirectional pressing. Cold isostatic pressing requires extremely
high pressures to close microporosity. HIP provides the solution to these problems. Past studies
have shown that there is significant improvement in mechanical properties when HIPing cycles
are used prior to final heat treatment for common aluminum alloys such as A356. However, no
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specific research has been done on analyzing impact of HIPing on E357. On a much broader
perspective, in the aerospace industry, using HIPed cast aluminum components offers the
opportunity to reduce or eliminate the ‘Casting Factor’ which is used to discount the properties
of conventional cast aluminum alloys at the design stage. Eliminating or reducing aluminum
Casting Factor will reduce the need of overdesign and will reduce the penalty being imposed on
the use of cast aluminum components.
Hence the goal of this study is to analyze the impact of HIPing on mechanical properties and
microstructure of E357.
1.3 Thesis Goals and Objectives
This work will achieve following objectives:
1. Investigate the effect of HIPing on the tensile properties of E357 Cast Aluminum alloy
samples after T6 heat treatments.
2. Investigate the effect of Homogenization (‘HIP mimic’ cycles with no HIP pressure) on the
tensile strength of E357 Cast Aluminum alloy samples after T6 heat treatments.
3. Compare the mechanical properties of conventionally cast and heat treated E357 alloys to
the mechanical properties of HIP and Homogenized E357 alloys post heat treatments.
4. Compare the microstructure to understand the role of HIP and Homogenization cycles on
casting performance.
5. Quantify microstructure image analysis to determine average size of silica particles and %
count of microporosity.

2

1.4 Research Impact
The underlying goal is to provide an overall recommendation to Sikorsky Aircraft Corporation on
use of HIPed E357 aluminum casting alloys in aircraft manufacturing. The findings presented in
this work will offer insight into the expected benefits of HIPed parts as compared to ‘Non HIP’
parts. Even though this study is focused on application of HIPing for aircraft manufacturing
industry, the results of this study are not limited to this industry sector.

1.5 Thesis Overview
Chapter 2 gives a background and brief history of HIPing and a summary of the use and
specification of the 357 aluminum casting alloys including E357. It introduces the concept of
‘Casting Factor’ used in aircraft manufacturing industry. Chapter 3 reviews the literature on
studies conducted in past regarding impact of hot isostatic pressing on mechanical properties of
aluminum casting alloys. It also discusses different pore closure mechanisms. Different heat
treatments are used in this study. Brief introduction to these heat treatments is also provided in
chapter 3. Chapter 4 provides a summary of the research methodology, testing environment,
resources and apparatus. Chapters 5 has details related to HIP and Homogenization experiments
and their results. A detailed analysis of microstructure and image quantification analysis is
discussed in chapter 6. A summary of the key findings and future research scope are discussed in
chapter 7.

3

Chapter 2
2 BACKGROUND
2.1 Aluminum castings in the Aerospace Industry
The use of castings in military aircraft for both primary and secondary structural components is
not a new concept. Al-Cu and Al-Si-Mg casting alloys have been in use for at least three to four
decades. The early F5 and T38 aircraft made extensive use of structural castings. Other examples
include the inlet duct on the F16, the Boeing bifurcation castings and primary structural
components of the Pave Tack pod used on the F111 and F4 [1]. An investment casted aluminum
alloy is used as the main support for the TADS/PNVS (Target Acquisition Designation Sight/Pilot
Night Vision Sensor) system in the APACHE Advanced Attack Helicopter. These are some examples
of structural aircraft castings that have been, and are being used [1][2].
Structural aircraft castings must be of premium quality with guaranteed minimum mechanical
properties. They are produced using several casting techniques. Sand castings offer high strength
and the largest sizes for aluminum castings and thickness, up to about 150 mm are feasible [1].
Aluminum investment castings, while not quite matching the higher strengths of the sand
castings, offer tighter tolerances, better surface finish and thinner walls.
2.2 Casting Factor
The ‘Casting Factor’ (CF) is a number usually ranging from 1.0-2.0 that is attached to a casting
based on its failure criticality. A casting factor of at least 1.25 must be used for design of critical
casings in accordance with appropriate requirements [3][10]. The use of a CF greater than 1.0
results in a penalty being imposed on the material. If the casting factor is assumed as ‘x’ then
𝑇

material allowable yield strength of ‘T’ MPa would have maximum design strength as ‘ 𝑥’. Hence

4

𝑇

the penalty being imposed on material is 𝑇 − 𝑥 (For example if the value of CF is 1.4 then the
material with allowable yield strength of 500 MPa would have a maximum design allowable
strength of 500/1.4 i.e. 357 MPa and penalty of 143 MPa). Such a high penalty slows down the
adoption of castings in the U.S. aircraft industry. If the CF were eliminated and castings were used
more extensively, cost (and weight) of producing aircraft could be significantly reduced. For
example, if 10% of the fuselage sections were to be cast, production costs could be cut by about
3%. Considering fuselages represent up to 4% of the overall structural costs, on a $200 million
aircraft, the substantial savings occur.
Solution to this CF penalty for aluminum castings is the use of premium quality castings with
guaranteed minimum mechanical properties. This will ultimately result in reduction or elimination
of the CF and weight/cost penalty associated with the CF.
2.3 Aluminum alloys in aircraft:
During initial days aircraft structures were fabricated largely out of natural composite such as
wood, wire and fabric. In the 1930s, aluminum alloys took over their role [4]. Today although
polymer matrix composites are being used extensively in high-performance military aircraft and
are being more widely specified for some applications in modern commercial aircraft, aluminum
alloy still remain one of the primary choices of material for many structural components of aircraft
such as fuselage, wing, supporting structure of commercial airliners, military cargo and transport.
Some of the reasons why aluminum is preferred over polymer matrix composite in such parts are
well-established performance characteristics, known fabrication costs, design experience, and
established manufacturing methods and facilities [1].
There have been major advances in aluminum alloys over the decades that continue to keep them
in a competitive position. Early aluminum alloys were developed by trial and error, but over the
5

past thirty years there have been significant advances in our understanding of the relationships
among composition, processing, microstructural characteristics and properties. This knowledge
base has led to improvements in the performance of aluminum alloys that are important to
aircraft applications [1].
2.4 Hot Isostatic Pressing
Hot isostatic pressing (HIP) was developed in the mid1950s at Battelle Memorial Laboratories in
Columbus, Ohio, in response to a problem encountered by the United States’ nascent atomic
energy program. HIP combines the use of elevated temperature and the application of a
hydrostatic pressure via a pressurized gas. This results in solid state bonding and consolidation of
powder metal components through atomic diffusion [6] and can also be used for consolidation of
shaped components with internal porosity.

Figure 2.1 Schematic Diagram of the Hot Isostatic Pressing (HIP) Process
[Image source: Metal Powder Industries Federation (MPIF) [22]]
6

Figure 2.1 shows schematic diagram of Hot Isostatic Pressing process. HIP of castings is carried
out by surrounding the castings with a pressurized fluid, usually argon gas, and simultaneously
heating the castings to a temperature that is below the solidus temperature but high enough to
maximize plastic flow and enhance atom/vacancy diffusion within the material. This simultaneous
influence of hydrostatic pressure and elevated temperature, results in plastic flow. This plastic
flow along with the diffusional mechanisms helps to collapse and shrink internal pores [8].

7

Chapter 3
3 LITERATURE REVIEW
3.1 E357 Cast Aluminum alloy:
The American Foundry Society (AFS) recently performed extensive research on analyzing
the statistical properties of E357 Aluminum alloy [5]. This study developed statistical basis
A & B design allowable for sand cast E357 with various thickness (1 in, 1.5 in, 2 in and 2.5
in), to supplement statistically based allowable for investment castings available in the
MMPDS-05 Handbook. Some of the tensile properties of E357 Aluminum alloys obtained
by AFS in this study are mentioned in the appendix. Test castings were produced by various
foundries, from multiple heats of material to capture typical production variations. After
the E357 ingots were cast they were heat treated using a conventional T6 precipitation
hardening heat treatment and then tensile properties were evaluated. The microstructure
was characterized including comprehensive measurements of dendrite arm spacing (DAS).
However, this study was limited to ‘Non HIP’ E357 aluminum alloy and no testing of HIPed
E357 was evaluated. Remaining test plates from this completed AFS study were used in
our study to evaluate the effect of HIP treatment on properties of E357.
Mechanical properties and the microstructure are the two major criteria on which
efficiency of Hot Isostatic Pressing Process can be evaluated. Both tensile tests and Charpy
impact tests have been used in the literature for mechanical property characterization of
cast aluminum alloys [6][7]. Typically there can be challenges in attempting to measure
the Charpy impact toughness of aluminum alloys because the notched-toughness values
are extremely low (typically <5 ft-lbs).
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3.2 Sintering Process
The porosity in aluminum castings can be caused by gas formation, solidification
shrinkage, or non-metallic compound formation, when the molten metal is in liquid state.
Porosity results in reduced density and reduced mechanical properties in the casting, thus
resulting in necessity for use of high casting factor in critical applications. One of the
methods to eliminate such porosity is sintering. During the sintering process heat is
applied to the casting containing pores. The driving force for sintering is the reduction in
the surface area associated with pores. Even though pore closure can be achieved by
temperature alone, this temperature and time required in sintering to eliminate
micropores is much higher compared to that in HIPing. These higher temperatures used
during sintering can have an adverse effect on the microstructure of the material. For
instance, higher temperature can result in issues such as unacceptable grain growth [5].
Such unacceptable grain growth can adversely impact mechanical properties of the
castings. One possible solution to this problem is hot isostatic pressing process.

3.3 Fundamentals of Hot isostatic Pressing
Hot isostatic pressing (HIP or HIPing) has been used extensively in the aerospace industry
for improving the performance of castings, through the elimination of microporosity. It
involves the simultaneous application of high pressure and elevated temperature in a
specially constructed HIP vessel. The pressure is applied with an inert gas and from all the
sides. Under these conditions of heat and pressure, internal pores or defects within a solid
body collapse. This results in a densification of cast components to give improved
mechanical properties and reduces the variability of properties. It is critical that pressure
should be applied isostatically. If the pressure is applied uniaxially (as during conventional
9

powder metal processing) instead of isostatically then complete uniform compaction will
not occur.

Isostatic Pressing

Uniaxial pressing

Figure 3.1 Pore Closure during Isostatic Pressing and Uniaxial Pressing
[Image source: Metal Powder Industries Federation- HIP Council (MPIF) [12]]

As shown in Figure 3.1, there is significant difference in isostatic pressing and conventional
unidirectional pressing. In conventional unidirectional pressing, the pressure is applied
along a single axis by a ram in unidirectional pressing, and the component is contained in
a die as shown. There is no fluid in the unidirectional pressing to transmit the pressure;
rather, it is transmitted by contact between the solid surfaces of the ram and the die and
the component under pressure. However, due to friction between the object and the die
walls, this pressure is not uniform and varies with position in the compact and, hence, can
result in non-uniform densification. On the other hand, in isostatic pressing there are no
rams and dies, thus there is no external frictional force that can interfere with equilibrium
of the system. Hence the pressure remains uniform in the isostatic pressing [4][12].
10

The temperatures for HIPing are usually greater than 0.7 Tm℃ where Tm is the melting
point in ℃ . For 357 Aluminum alloy melting point ranges from 1000 - 1150 °F (537-621℃),
hence a HIPing temperature of 960°F (516℃) is commonly used [13][15].

3.4 Application of HIPing
HIPed castings find application in structural gas turbine components, aerospace structural
and engine parts, medical devices; automotive engine components, valve bodies and
other petrochemical processing equipment, tooling, die and general engineering parts etc.
Components which are typically HIPed are components where small amounts of porosity
have a large negative impact on mechanical properties. Some of the other benefits of
HIPing of castings are as follows [8][11][14]:
a) Scrap reduction: Variation in casting process due to external or internal factors can
result in unacceptable amount of porosity in the casting. Parts can fail quality
assurance checks if microporosity limits are tight and thus get rejected. However, if
such parts are HIPed then porosity in the castings can be reduced to acceptably small
levels.
b)

Improved Surface Finish to mechanical surfaces: During finishing operations
subsurface porosity gets exposed to the surface and diminishes the surface finish.
Reducing such subsurface porosity by HIPing improves aesthetic value of finished part.

c) Reduced tool wear and improved machinability: All near net shape castings need to
be machined. If there is any porosity in the casting, cutting tools experience
interrupted cuts that can result in excessive tool wear and tool deflection. HIPing
eliminates possibility of such issues.
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d) Improved seals: Castings which are used as vacuum tight seals, should be free of any
surface and subsurface porosity, because even small amounts of porosity can be
detrimental in order to retain vacuum level. Such components are HIPed in order to
maintain appropriate vacuum level.

3.5 Pore Closure Mechanisms during HIP
There are mainly four pore closure mechanism can be found in literature.
1) Plastic flow
The flow stress is the stress that must be applied to cause a material to deform at a
constant strain rate in its plastic range. The bulk flow stress of a porous material varies as
a function of pore fraction. As the flow stress increases the pore fraction decreases. Pore
shrinkage occurs when an external pressure is applied to material with porosity. When a
hydrostatic pressure greater than the bulk flow stress of a material is applied to a material
having isolated internal porosity, pores shrink until the bulk flow stress of the material
matches that of the applied pressure. Once both of these pressure matches then the pore
shrinkage ceases. The flow stress of a metal is strongly influenced by temperature, hence
the pore shrinkage via plastic flow is the dominant mechanism [6] [7].
2) Power law creep
Another mechanism which results in pore closure is Power Law Creep mechanism. At high
temperatures, materials show rate dependent plasticity, or creep. In this mechanism, the
movement of some dislocations through the crystalline lattice may be hindered by
precipitates or other small microstructural obstacles. Diffusion of atoms and vacancies to
and from a pinned dislocation will allow it to climb around the obstacle and continue on
its course through the lattice. The amount of diffusion needed for this to take place is
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relatively small and pore shrinkage can still be assumed to occur at a relatively rapid rate
[6] [7].
3) Coble (grain-boundary) creep
This is a mechanism for diffusion densification. In Coble creep, diffusion occurs through
the grain boundaries. Coble creep occurs through the diffusion of atoms in a material along
the grain boundaries, which produces a net flow of material and a sliding of the grain
boundaries. Coble creep has low activation energy than Nabarro-Herring creep, thus it
dominates at low stresses and temperatures [6] [7].
4) Nabarro-Herring (lattice) creep
Another mechanism in the category of diffusion densification is Nabarro Herring Creep.
During N-H Creep diffusion occurs through the main body of the grains. Rate of creep is
inversely proportional to grain size. So as the grain size increases the creep rate decreases.
Of the four mechanisms, densification via diffusion takes place at the slowest rate. Hence,
Coble creep and Nabarro Herring creep mechanism dominates densification via plastic
flow after power law creep has ceased [6] [7].

3.6 HIP Studies
Manufacturers have traditionally hesitated to use castings in fatigue-critical applications
because of inconsistent mechanical properties and quality. One of the factors that govern
the quality of cast aluminum is the volume fraction, morphology, and distribution of
porosity, which degrades properties like fracture toughness, fatigue resistance, and tensile
strength [9]. As discussed earlier, primary causes for formation of microporosity during
the casting process are alloy shrinkage and gas evolution during solidification. Therefore,
fatigue-critical cast parts must be densified via hot isostatic pressing (HIPing) in order to
13

heal voids in the material. Lei et al, studied the effect of HIPing on the mechanical
properties of A356 cast aluminum alloys [9]. Specimens were tested in the Non HIPed,
HIPed, and after ‘densal’ processing conditions. Densal process is a HIPing process that
employs reduced temperature, pressure, and hold time as compared to the conventional
HIPing process conditions. They observed that, the porosity content of HIPed specimens
was much less than that of Non HIP specimens. More than 95 percent of porosities were
closed by HIPing. It was observed that HIPing enhanced the fatigue resistance. They also
analyzed the yield strength and ultimate tensile strength, and concluded that, HIPing did
not significantly improve material’s yield and ultimate tensile strength [9].

Nayhumwa et al in their research paper ‘Influence of casting technique and hot isostatic
pressing on the fatigue of an Al-7Si-Mg alloy’ describes the influence of the casting filling
techniques and hot isostatic pressing on fatigue-life [16]. They concluded that, there is
significant improvement in fatigue life after hipping and is due to the deactivation of
entrained double oxide-film defects as fatigue-crack initiators [16].

In another study namely ‘effect of hot isostatic pressing on the fatigue life of A206-T71
aluminum castings’ by Staley Jr. et al, the effects of hot isostatic pressing (HIP) on fatigue
properties of A206-T71 castings were studied. They studied the castings in the HIPed and
Non-HIPed conditions. Castings were segregated in three parts and were HIPed at three
different temperatures. One set of castings were HIPed at a typical HIPing temperature of
516◦ C and 103 MPa for 4 hours , second set of castings were HIPed at solution heat treat
temperature of 529◦ C and 103 MPa for 4 hours, and third set of castings were HIPed at
eutectic temperature of 543◦ C and 103 MPa for 2 hours. All HIP conditions were found to
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increase average and maximum fatigue life but increasing HIP temperature had no effect
on the threshold fatigue life [17].

Zulfia et al. conducted a study in which effect of Hot Isostatic Pressing (HIPing) treatments
on the porosity of aluminum casting alloy A357 and stir-cast A357/15 vol% SiC particulate
Metal Matrix Composite were investigated. Two different HIPing temperatures - below
solidus temperature, and between the solidus and the liquidus temperature – were used.
Mechanical testing was carried out by single notch four point bending. They concluded
that the bend strength was increased after HIPing compared to as-received samples [18].

C.C. Chama conducted a research on elimination of porosity from Aluminum-Silicon
castings by hot isostatic pressing. Chama classified the porosity into microporosity and
macroporosity [19]. Any pore less than about 100 µm in diameter or cross section was
designated as a micropore and that larger than 100 µm as a macropore. Before HIPing,
there was a large difference in the volume fraction of macroporosity for the two castings.
Specimens from one casting had a maximum volume fraction of macroporosity of 0.060,
while specimens from other casting had maximum volume of macroporosity was 0.100.
Chama concluded that Extensive elimination of macroporosity and microporosity occurred
in both castings when HIPed at 500 to 560 °C at 68.95 MPa. It was also concluded that
significant densification of castings occurs in particular in the early stages of a HIPing cycle.
Rich et al, conducted an research to study effect of hot isostatic pressing on crack
initiation, fatigue, and mechanical properties of two cast aluminum alloys, AMS 4220 and
4225 [20]. HIP treatment was performed at a pressure of 103 MPa and 521◦C temperature,
for 2 hours. The two alloys were then solution hardened, quenched and precipitation
15

hardened. They observed that, the HIP treatment increased the ultimate strength and
ductility in both alloys at room temperature. However, at elevated temperatures, the HIP
treatment appears to have little effect on the ultimate strength of either alloy. HIP
treatment significantly increased ductility in both alloys at all test temperatures. The AMS
4220 alloy showed significantly higher energies, at all test temperatures with and without
the HIP treatment, than the AMS 4225 alloy.

3.7 Heat Treatment
Heat treatment is a controlled heating and cooling operations used to bring about a
desired change in the physical properties of a metal. The objective of heat treatment is to
improve the structural and physical properties of a metal for particular application. These
heat treating processes are precision processes, and are carried out in properly designed
furnaces and built to provide the thermal conditions required, and adequately equipped
with control instruments to insure the desired continuity and uniformity of temperaturetime cycles. The general types of heat treatments for cast aluminum alloys are annealing
and solution heat treatment.
1) Annealing: The annealing process consists of three major steps A) Heating the metal
to a specific temperature, B) Soaking, and C) Cooling to room temperature. The
temperature and method of cooling depend on the type of metal. Annealing is used
to improve machinability.
2) Solution heat treatment: The tensile strength of aluminum alloys can be increased by
solution heat treatment process. In this process, second phase precipitates within the
alloy to go into a solid solution and then controlling the rate and extent of return to
an altered mechanical mixture. This operation is called solution heat treatment. After
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an alloy has been heated to a specified temperature, it is cooled rapidly called as
‘quenching’, which traps the solute in the solid solution attained during the heating
process. Quenching is followed by a process of aging or precipitation hardening to
form strengthened nano scale particles.

Sjölander et al, in a research review on the heat treatment of Al–Si–Cu–Mg casting alloys,
conclude that the diffusion of Si atoms from the matrix to the eutectic Si particles results
in high quench sensitivity of cast Al–Si alloys [23]. They also conclude that strength after
ageing increases with increasing quench rate, but only a small increase in strength is
obtained when the quench rate exceeds about 4 °C/s. They observed that artificial ageing
of Al–Si–Mg alloys anywhere in the temperature range 170–210 °C gives the peak yield
strength.

In sum, this literature review suggests that, significant improvement in the properties for
aluminum E357 can be expected using HIPing.

17

Chapter 4
METHODOLOGY
4.1 Methodology
One of the primary interests is to study how HIPing process with its pressure and
temperature cycles influences the mechanical properties of E357 aluminum casting alloys.
The experimental work was broadly divided into three categories. A first set of samples
underwent HIPing process followed by heat treatment. Second set of samples underwent
Homogenization followed by heat treatment and third set of samples underwent heat
treatment only. A total of eighteen E357 test samples, six in each category, were
evaluated.
4.1.1 Homogenizing Process
The homogenizing process is a process with a high temperature ‘solutionizing’ heat
treatment that mimicked the time-temperature cycle of HIP process in a standard heat
treatment furnace. In homogenizing process, no external pressure was applied.
4.1.2 Overview
E357 test plates, cast previously as part of a comprehensive mechanical property study
directed by the American Foundry Society to establish design allowables of E357 (without
HIP) were used in this study [5]. The test plates were cast in different foundries. Initial
pedigree of the plates were preserved. Plates retained a ‘HEAT’ and ‘LOT’ identification
mark from the initial AFS study. The common final -T6 heat treatment that all test samples
received in this study included a solution heat treatment, followed by quenching and
aging. The -T6 heat treatment condition used were identical to the –T6 heat treatment
cycle used in the previous AFS study [5]. After final heat treatment tensile and impact test
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specimens were machined and tested and the microstructure was examined
metallographially.
4.2 Test resources and Apparatus:
4.2.1 Samples
4.2.1.1 Composition of Samples
A total of eighteen E357 test samples were used for this study. These samples were
provided by the American Foundry Society, and were within the acceptable range of
chemical composition of E357 cast samples as shown in table 4.1 [5].
Table 4.1 Chemical composition range for E357 cast samples

Element
Silicon
Iron
Manganese
Magnesium
Titanium
Beryllium
Aluminum

Weight
6.7 – 7.3
0.08 max
0.10 max
0.58 – 0.60
0.10 – 0.15*
0.002 max
Remainder

All the samples were provided as rectangular bars approximately 20 mm X 25 mm X 142
mm in size cut out of test plate of 1.5 inches (38 mm) thick. These casting plates were
produced in different foundries with different heats. The sample identifications of the test
specimens are shown in Table 4.2.
Table 4.2 Sample identifications of the test specimens

No. Sample identification #

Foundry

Heat Id

Casting No. in Heat

1
2
3
4

D
[?]
D
D
D

K
K
K
K

1
1
1
1

DK1AE1-CT6C-T-3
DK1AE1-CT6C-T-4
DK1AE1-CT6C-T-5
DK1AE1-CT6C-T-6
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5
6
7
8
9
10
11
12
13
14
15
16
17

DK1AE1-CT6C-T-5DK1AE1-CT6C-T-6Bottom
BE4AC1-CT6A-T-3
Bottom
BE4AC1-CT6A-T-4
BE4AC1-CT6A-T-5
BE4AC1-CT6A-T-6
BE4AC1-CT6A-T-5BE4AC1-CT6A-T-6Bottom
BG3AC1-CT6B-T-3
Bottom
BG3AC1-CT6B-T-4
BG3AC1-CT6B-T-5
BG3AC1-CT6B-T-6
BG3AC1-CT6B-T-5-

D
D
B
B
B
B
B
B
B
B
B
B
B

K
K
E
E
E
E
E
E
G
G
G
G
G

1
1
4
4
4
4
4
4
3
3
3
3
3
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BG3AC1-CT6B-T-6Bottom

B

G

3

Bottom
Figure 4.1 shows as received test samples from AFS.

Figure 4.1 ‘E357’ as received test samples

4.2.1.2 Initial Heat Treatment
All of these E357 test bars were given initial T6 heat treatment by the AFS. This initial heat
treatment is expected to have little or no effect on properties after HIP and
Homogenization heat treatment but effectively doubles the solutionizing time of the nonHIPed test samples in terms of its coarsening of eutectic silicon particles. These samples
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were then further divided into three groups- ‘Non HIP’, ‘HIP’ and ‘Homogenizing’. Samples
which were categorized into HIP and Homogenized groups, underwent HIPing and
Homogenization processes respectively. These processes are detailed in subsequent
sections. At the end, all samples were again given final heat treatment as described in
section 4.4.

4.3 HIP process
All the samples were HIPed by Bodycoat Inc., Andover MA as part of a commercial HIPing
cycle used for aluminum casting alloys. HIPing was performed at 960°F +15/-10°F and the
pressure was 14750 psi +/-250 psi. The HIP furnace had three temperature zones and all
the samples were placed in the first (bottom) zone as shown in Figure 4.2.
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Figure 4.2 Load Diagram for HIP process

The temperature was ramped up from room temperature 80◦F to 960◦F, in 120 minutes,
then was held at 960◦F for 125 minutes, and finally was ramped down until it reached 380◦F
in 2 hours and finally furnace was cooled from 380◦F to room temperature. Figure 4.3
shows the temperature v/s time graph for the HIP thermal cycle.

Temerature v/s Time
1200

Temerature (◦F)

1000
800
600
400
200
0
0

100

200

300

400

500

600

Time (minute)

Figure 4.3 HIP thermal cycle

The HIP pressure was ramped up from one atmosphere to 14750 psi in 120 minutes,
maintained at this pressure for 125 minutes, and then was ramped down to one
atmosphere pressure in 150 minutes. Figure 4.4 shows the pressure v/s time graph for the
HIP pressure cycle.
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Figure 4.4 HIP pressure cycle

4.4 Homogenizing Process
For the Homogenizing process the temperature ramp-up and ramp-down cycle was same
as that of HIP thermal cycle. This was achieved using the Lindberg/Blue M™ LGO Box
Furnace. The furnace uniformity was verified with test thermocouples inserted into the
furnace at various positions.
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Figure 4.5 Lindberg/Blue M™ LGO Box Furnace

Furnace was then programmed for a temperature ramp-up-down cycle that mimicked the
temperature cycle used during HIPing. Temperature ramp-up-down details are provided
in table 4.3
Table 4.3 Temperature ramp-up-down cycle for Homogenization process

Temperature
◦

◦

80 F - 960 F
◦

960 F

155 min
120 min

960◦F- 380◦F
◦

Time

◦

380 F-80 F

120 min
Furnace cooled
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Figure 4.6 graphically shows the Thermal cycle for homogenizing process.
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Figure 4.6 Thermal cycle for Homogenization process

4.5 Final Heat Treatment
All of the samples (HIP, Homogenizing and non- HIP) were given a final heat treatment.
This final heat treatment consisted of four stages 1) Solution Heat treatment, 2) Quench
and 3) Natural Aging 4)Artificial Aging. The heat treating parameters are listed below.
1) Solution Heat treatment
Temperature: 1010 ℉ (543℃)
Time at Temperature: 12 hours
2) Quench
Quench Media: Water
Quench Media Temperature: 68℉ (20℃)
Max Quench Media temperature Rise: 25℉
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3) Natural Aging:
Temperature: Room Temperature
Time: 12-24 hours
4) Artificial Aging:
Temperature: 325F (163C)
Time: 12 hours
All the heat treatments were carried out in air using Lindberg/Blue M™ LGO Box Furnace.
4.6 Mechanical Testing

After all final heat treatment, samples were analyzed for mechanical properties. Two tests
namely tensile test and charpy impact test were carried out in order to access mechanical
properties of the samples.
Tensile Test:
This test is used for testing the tension of metallic materials in any form at room
temperature. Specifically this test is used for determination of yield strength, yield point
elongation, tensile strength, elongation, and reduction of area according to ASTM E8
standards. All the tests were carried out at room temperature 20 ◦C. The standard
specimen is shown in figure 4.7.
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Figure 4.7 Tensile Test bar

Table 4.4 Geometry of tensile test specimen

Nomenclature
W—Width of narrow section

mm (inches)
6.35 (0.25)

L—Length of narrow section

31.75 (1.25)

WO—Width overall

9.525 (0.375)

LO—Length overall
G- Gage Length

75.692 (2.98)
25.4 (1)

D—Distance between grips

40.1312 (1.58)

R—Radius of fillet

6.35 (0.25)

Charpy impact test:
This test is used for impact testing. It relates specifically to the behavior of metal when
subjected to a single application of a force resulting in multi-axial stresses associated with
a notch, coupled with high rates of loading and in some cases with high or low
temperatures. All the Charpy impact tests were carried out at around 20 ◦C. Figure 4.6
shows the geometry of the impact toughness test specimen.
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Figure 4.8 Impact toughness test specimen design

Table 4.5 provides detail specifications on geometry of impact toughness test specimen.
Table 4.5 Geometry of Impact toughness Test specimen

Perpendicularity of notch axis

±2°

Adjacent (90°) sides shall be at
Cross-section dimensions

± 10 min
± 0.075 mm

Length of specimen (L)

+0, −2.5 mm

Centering of notch (L/2)

± 1 mm

Angle of notch
Radius of notch
Ligament Length:
Type A specimen

±1°
±0.025 mm
±0.025 mm
±0.025 mm

Type B and C specimen

±0.075 mm

Finish requirements

Ra ≤ 2 μm on notched surface and opposite face
Ra ≤ 4 μm on other two surfaces

Both tensile and charpy impact test were carried out by Westmoreland Mechanical Testing
and Research (WMT&R), PA laboratory.
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Chapter 5
5 RESULTS AND DISCUSSION
5.1 Outline of HIPing Experiment
There were three major steps involved in determining mechanical properties of HIPed samples.
In the first stage, E357 as cast and initial heat treated samples were HIPed at a pressure of 14750
psi +/-250 psi and at temperature of 960°F +15/-10°F with appropriate HIPing cycle discussed
previously. This HIPing treatment was carried out by Bodycoat Inc., Andover, MA. Post HIPing
samples were heat treated using heat treatment described in section 3.7. Finally all the samples
were machined and were tested to determine tensile strength and impact toughness. Tensile test
and Charpy V notch test were carried out by Westmoreland Mechanical Testing and Research,
Inc., PA.
5.2 Results of HIPing Experiment
Total six samples were tested. Tensile test results and Charpy impact test results for these samples
are shown in table 5.1 and in table 5.2 respectively.
Table 5.1 Tensile Test results post HIPing

Process

Sample

UTS

0.2% YS

Total Elong

RA

Modulus

ID

MPa (ksi)

MPa (ksi)

at Failure %

%

Msi

HIP

DKAE1-CT6C-T-3

326.8 (47.4)

268.9 (39)

9.42

13

11.2

HIP

BE4AC1-CT6A-T-3

314.4 (45.6)

255.8 (37.1)

8.01

8

11

HIP

BG3AC1-CT6B-T-3

315.8 (45.8)

248.2 (36)

8.48

12

10.9

HIP

DKAE1-CT6C-T-4

324 (47)

263.4 (38.2)

8.75

11

11.2
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Table 5.2 Charpy Impact Test results post HIPing

Sample
ID
BE4AC1-CT6A-T-4
BG3AC1-CT6B-T-4

Sample Size Temp (°F) Energy (ft-lbs) %Shear Fracture
Standard
Standard

72
72

3
4

0
0

These results are discussed in section 5.5.
5.3 Outline of Homogenization Experiment:

There were three major steps involved in determining mechanical properties of Homogenized
samples. In the first stage, E357 as cast and initial heat treated samples were heated at a
temperature of 960°F +15/-10°F with appropriate Homogenization-temperature-time cycle
(discussed previously). Post this Homogenization treatment, samples were heat treated using
heat treatment described in section 3.7. Lastly, all the samples were machined and were tested
to determine tensile strength and impact toughness. Tensile test and Charpy V notch test were
carried out by Westmoreland Mechanical Testing and Research, Inc., PA.
5.4 Results of Homogenization Experiment
Total six samples were tested. Tensile tests results and charpy impact test results for these
samples are shown in table 5.3 and 5.4 respectively.
Table 5.3 Tensile Test results post Homogenization
Process

Sample

UTS

ID

MPa (ksi)

0.2% YS
MPa (ksi)

Total Elong

RA

Modulus

at Failure %

%

Msi

Homogenization

DKAE1-CT6C-T-5-Top

331 (48)

269.6 (39.1)

9.03

14

12.6

Homogenization

BE4AC1-CT6A-T-5-Top

305.4 (44.3)

240.6 (34.9)

8.07

12

12.8

Homogenization

BG3AC1-CT6B-T-5-Top

324 (47)

260.6 (37.8)

9.06

8.5

11.2

Homogenization

DKAE1-CT6C-T-6-Top

310.2 (45)

262.7 (38.1)

5.21

7.5

11.5
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Note: Sample ID DKAE1-CT6C-T-6-Top was considered as outlier due to its very low value of %
elongation and was not considered while calculating average and standard deviation later.
Table 5.4 Charpy Impact Test results post Homogenization

Sample
ID
BE4AC1-CT6A-T-6-Top
BG3AC1-CT6B-T-6-top

Sample Size Temp (°F) Energy (ft-lbs) %Shear Fracture
Standard
Standard

72
72

4
3

0
0

These results are discussed in next section.
5.5 Impact of HIP and Homogenizing on mechanical properties
In order to determine impact of HIP and Homogenization on mechanical properties, tensile
properties and fatigue properties of HIP and Homogenized samples were compared with tensile
and fatigue properties of Non HIP samples.

5.5.1 Properties of ‘Non HIP + Heat Treated’ samples

Table 5.5 and 5.6 show the tensile properties and charpy impact properties of Non HIP and heat
treated samples.
Table 5.5 Tensile Test results for Non HIP + Heat treated samples
Process

Sample

UTS

0.2% YS

Total Elong

RA

Modulus

ID

MPa (ksi)

MPa (ksi)

at Failure %

%

Msi

Non-HIP

DKAE1-CT6C-T-5-Bottom

314.4(45.6)

244 (35.4)

8.91

13

10.8

Non-HIP

BE4AC1-CT6A-T-5-Bottom

313 (45.4)

244 (35.4)

9.75

15

13.3

Non-HIP

BG3AC1-CT6B-T-5-Bottom

312.3 (45.3)

247.5 (35.9)

7.61

11

11.9

Non-HIP

DKAE1-CT6C-T-6-Bottom

315.8 (45.8)

245.5 (35.6)

9.32

12

10.2
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Table 5.6 Charpy Impact Test results for Non HIP + Heat treated samples

Sample
Sample Size Temp (°F) Energy (ft-lbs) %Shear Fracture
ID
BE4AC1-CT6A-T-6-Bottom Standard
72
3
0
BG3AC1-CT6B-T-6-Bottom Standard
72
4
0

5.5.2 Summary and Conclusion

Table 5.7 provides snapshot of average tensile properties of samples from three different
categories.
Table 5.7 Summary of average tensile properties

Average
Processes

UTS
(ksi)

0.2% YS (ksi)

% Elongation

HIPed + heat treatment
Homogenization + heat treatment
Non HIP + Heat treatment

46.45
46.08
45.53

37.58
37.48
35.58

8.75
8.67
8.5

5.5.2.1 Tensile properties

It was observed that, there is 2.03% increase in ultimate tensile strength and 2.94% increase in
%elongation as compared to ‘Non HIP’ specimen due to hot isostatic pressing process.
Homogenized samples also showed 1.2% increase in ultimate tensile strength and 2 % increase in
%elongation as compared to ‘Non HIP’ specimen.
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Table 5.8 Standard and Average deviation in values of UTS

Average
UTS (ksi)
HIPed + heat treatment
46.45
HIP Mimic + heat treatment
46.075
As Cast + Heat treatment
45.525

Standard Deviation Average Deviation
UTS (ksi)
UTS (ksi)
0.89
0.75
1.72
1.43
0.22
0.18

60

50
46.45

46.08

45.53

40

37.58

37.48
35.58

30

20

8.75

10

8.67

8.5

0
UTS (ksi)

0.2% YS (ksi)

HIP

Homogenization

Elong%

Non HIP

Figure 5.1 Graphical representation of average UTS, YS and % Elongation of three samples with
standard deviation
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Figure 5.1, shows comparison of average mechanical properties of HIP, Homogenization and Non
HIP samples. Error bar represents one standard deviation. Sections 5.5.2.1.1 and 5.5.2.1.2 further
provides explanation on the figure 5.1.

5.5.2.1.1 Percent Elongation

On statistical analysis it can be observed that, HIPed samples have shown 3% increase in %
elongation as compared to Non HIP samples. Homogenized test samples have shown 2% increase
in % elongation as compared to Non HIP samples. Standard deviation (spread in values) is less for
HIPing process as compared to Non HIP process. Thus it can be concluded that HIPing process
helps in reducing spread in values for % elongation significantly.

5.5.2.1.2 Ultimate Tensile Strength and % Yield strength

There is small increase (2%) in ultimate tensile strength and small increase (5.6%) in 0.2% YS due
to HIPing. Even though Homogenization process has resulted in increased tensile properties, there
is also an increase in standard deviation and average deviation (i.e. spread is more) as indicated
in by table 5.8. Tensile strength values obtained were more scattered in Homogenization process
than that in HIP treatment. In other words, HIPing process resulted in reduction in standard
deviation (by 48%) and in average deviation (by 47%) as compared to Homogenization process.

5.5.2.2 Impact properties
Table 5.9 shows average charpy impact test values for all samples.
Table 5.9 Average Charpy Impact values
Sample Id
HIP + Heat Treatment
Homogenization + Heat Treatment
Non HIP + Heat Treatment

Sample
Size
Standard
Standard
Standard
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Temp
(°F)
72
72
72

Average Energy (ft-lbs)
3.5
3.5
3.5

From table 5.9, it can be seen that, there is no significant change in impact properties for samples
due to HIP or Homogenization processing. Average amount of energy absorbed during the test
was 3.5 ft-lbs in all three categories. Thus, it can be concluded that HIPing does not cause any
significant change in the impact toughness of the material.
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Chapter 6
6. ANALYSIS OF MICROSTRUCTURE
6.1 Overview

E357 samples underwent grinding and polishing process using guidelines prescribed by Struers
Inc. Polished samples were observed optically at different magnifications. Multiple images of
same sample were taken, and images with 50X and 200X magnification were chosen for analysis.
Images were analyzed to determine the % microporosity and the average size of silicon particles.
6.2 Overview of Image Analysis

Image with 50X magnification was used to determine size of silicon particles and image with 200X
magnification was used to count microporosity. The analysis was done using imageJ and Olympus
GX 51 microscope with image analysis software.
6.3 Microstructure of E357

6.3.1 Microstructure

Figure 6.1 shows the typical microstructure of ‘Non HIP +Heat treated ‘sample. The black looking
areas are microporosities and the grey particles are silicon particles. Figure 6.2 and 6.3 represent
microstructure of Homogenizing + Heat treated and HIP + Heat treated samples respectively.
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Figure 6.1 Microstructure
of Non HIP and Heat
Treated sample

Figure 6.2 Microstructure
of Homogenized and Heat
Treated sample

Figure 6.3 Microstructure
of HIP and Heat Treated
sample
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6.3.2 Quantification of Microstructure - Image Analysis
6.3.2.1 Microporosity
In order to quantify microporosity, 50X magnified images were analyzed. Figure 6.4 to 6.6
show the 50X magnified images of three samples.

Figure 6.4 50X magnified image of Non HIP and Heat Treated samples

Figure 6.5 50X magnified image of Homogenized and Heat Treated samples

Figure 6.6 50X magnified images of HIP and Heat Treated samples
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From figures 6.4 to 6.6, it can be seen that, HIPed sample (figure 6.6) has very less porosity
compared to first sample i.e. Non HIP sample. Homogenized sample (figure 6.5) still has
noticeable amount of microporosity. Olympus GX 51 microscope image analysis software
was used to quantify the % porosity in sample. Multiple images were taken and %
microporosity was calculated. This process was repeated four times and average was
taken to calculate total % microporosity.
Table 6.1 Microporosity in Non HIP+ Heat Treated samples
Field

Porosity:
Area µm²

%

1.00

3398.04

0.26

2.00

5210.11

0.41

3.00

12409.65

0.97

4.00

8495.51

0.66

Average

7378.33

0.58

Table 6.2 Microporosity in Homogenized + Heat Treated samples

Field

Porosity:
Area µm²

%

1.00

1042.02

0.32

2.00

699.70

0.22

3.00

1753.50

0.55

4.00

2428.42

0.76

Average

1480.91

0.46
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Table 6.3 Microporosity in HIPed + Heat Treated samples

Field

Porosity:
Area µm²

%

1

1464.52

0.46

2

702.05

0.22

3

3455.80

0.27

4

61.08

0.48

Average

1588.85

0.36

It can thus be seen that, % microporosity in Non HIP, Homogenized and HIP samples are
0.58%, 0.46% and 0.36% respectively. HIPing process has reduced porosity by 37.83%
while homogenization process has reduced porosity by 19.57%.
6.3.2.2 Size of Silicon Particles

In order to quantify size of silicon particles 200X magnified images were analyzed. Figure
6.4 to 6.6 show the 200X magnified images of three samples taken using Olympus GX 51
microscope with image analysis software.

40

Figure 6.5 200X magnified images of Non HIP + Heat treated sample

Figure 6.6 200X magnified images of Homogenized + Heat treated sample

Figure 6.7 200X magnified images of HIP + Heat treated sample
41

From the figures 6.4 to 6.7, it can be observed that, on an average size of silicon particle
has increased slightly in HIP and Homogenized samples as compared to ‘Non HIP’ samples.
To quantify this observation, six to eight readings were taken to determine size of silicon
particles and average size was calculated. Silicon particle size analysis is as shown in table
6.4.
Table 6.4 Size of silicon particles of Non HIP + Heat Treated samples

Sr. No.

Area (µm²)

Perimeter (µm)

1

53.28

36.98

2

32.8

23.97

3

45.76

28.73

4

18.09

18.59

5

28.28

26.36

6

21.38

19.02

7

47.02

31.36

Average 35.23

26.43

Table 6.5 Size of silicon particles of Non HIP + Heat Treated samples

Sr. No.

Area (µm²)

Perimeter (µm)

1

27.75

21.57

2

45.4

30.67

3

20.09

17.07

4

5.24

10.61

5

87.34

47.03

6

50.04

34.92

Average 39.31

26.98
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Table 6.6 Size of silicon particles of HIP + Heat Treated samples

Sr. No.
1

Area (µm²)

Perimeter (µm)

101.43

51.66

2

31.15

24.28

3

21.56

21.18

4

17.83

15.99

5

25.69

22.32

6

39.71

24.58

7

133.23

70.41

8

22.74

19.53

Average

49.17

31.24

From table 6.4 to 6.6 it can be concluded that, size of silicon particle has increased by 11.6
% in Homogenization process, and by 39.6 % in HIPing process. It can be seen that, on an
average size of silicon particle has increased in HIP samples as compared to ‘Non HIP’
samples. This phenomenon can be attributed to diffusion mechanism.
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Chapter 7
7. SUMMARY AND FUTURE WORK
7.1 Summary
This thesis presents an investigation of impact of Hot Isostatic Pressing on mechanical
properties and microstructure of Aluminum alloy E357. From a macroscopic point of view,
this work provides a detailed picture of change in the mechanical properties due to HIPing
and Homogenization. There are some important conclusions which can be made from this
study.
E357 alloy does not behave significantly different from other casting alloys of Al-Si-Mg
series. The property changes observed for cast E357 are similar to that of other cast alloys
studied in past such as A356 alloy. For instance, Choong Do Lee has reported the effects
of porosity on mechanical properties of A356. His study shows that there is only a slight
dependence of the tensile properties of A356 alloy on % porosity. Figure 7.1 depicts the
effect of porosity on tensile properties of A356. Study shows that both UTS and %
elongation increases, as the % porosity decreases. However, yield strength is relatively
insensitive to the variations in porosity [21].
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Figure 7.1 Effect of porosity on A356

Similar analysis was carried out to determine the effect of porosity on E357. Figure 7.2
shows the effect of porosity on E357. Data is plotted at three different values of porosity,
0.36%, 0.46% and 0.58%. Each data point represents average of respective mechanical
property for all samples at that %porosity. Error bar represents standard deviation from
the average value. In our study it was observed that, even E357 showed small increase
UTS and % elongation as the % porosity decreases.
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Figure 7.2 Effect of porosity on E357

The relative increase in UTS and % elongation was less compared to increase observed in
the past study of A356, carried out by Lee. However, this is because as received E357 test
samples in this study had very less porosity (0.56%) to begin with compared to amount of
porosity (0.95%) in A356 samples used in the Lee’s study. As observed in Lee’s study,
similar to that of A356, yield strength E357 also did not show any significant dependency
on the % porosity.

Appendix shows detailed tensile test results for E357 ‘Non HIP’ samples used in study for
the development of sand cast E357 design allowables. This comprehensive study shows
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that, average % elongation (tensile elongation at failure) for these samples is 4.9%. Our
study used the similar samples but these samples were given additional heat treatment as
described in section 4.5. The result shows that average % elongation post heat treatment
is 8.5% for Non HIP samples, and is 8.67% and 8.75% for homogenized and HIPed samples
respectively. This indicates that, even though HIPing process provides maximum
improvement (8.75%) in % elongation, even simple more economical reheat treatment
can provide an opportunity to improve % elongation significantly. This suggests that the
eutectic particle coarsening during high temperature thermal cycles can more strongly
influence properties than small amounts of microporosities.
Even if key parameters in any manufacturing process are controlled within strict limits, a
variation remains in the resultant materials due to uncontrolled variations during
fabrication that causes non-homogenous composition, structure, etc. This results in
variability in the mechanical properties. HIPing can reduce the variability in mechanical
properties in particular % elongation.
Overall HIPing process and subsequent heat treatments help to improve % elongation
significantly although the improvements in ultimate tensile strength and yield strength are
not significant. Microstructure analysis reveals that HIPing results in a noticeable
reduction in % porosity which tends to increase mechanical properties and reduce
property variation.

47

7.2 Future Work
This study is an initial representation of the of impact of hot isostatic pressing on
mechanical properties of E357 aluminum alloy, but there are certain factors which need
further research and experimentation.
Samples which were used in this study had very small amount of initial porosity in them.
Even though a significant reduction in pore closure and an increases in tensile properties
were observed due to HIPing process, it is expected that, complex castings with higher
amount of micro and macro porosity will show a higher increase in tensile properties due
to HIP. Future work should be done to analyze impact of HIPing process on mechanical
properties of complex shaped castings.
In this study, all of the E357 samples used were cut from single plate of thickness of 1.5 in
(38 mm) which was obtained from AFS. In the future HIPing should be carried out on
samples with varying cross-section, to validate improvement in mechanical properties of
samples due to HIP for a comprehensive range of casting sections sizes.
HIP processing benefits can particularly be expected for difficult to cast aluminum alloys.
While freezing range alloys such as A201 offer even higher strength levels than E357, but
have limited castability, HIP processing of A201 can be expected to overcome some of the
castability issues allowing designers to use higher strength casting alloys.
In order to fully establish expected property changes, statistically validation of design
allowable properties for HIP processed cast aluminum alloy E357 is recommended. Study
should be done to develop statistical basis A & B design allowables for sand cast E357 hot
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isostatically processed (HIPed) test bars of different thicknesses for inclusion in the
Metallic Materials Properties Development and Standardization (MMPDS) Handbook.
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Appendix
American Foundry Society (AFS) in its study for of Sand Cast E357 Design allowable for
Incorporation into Metallic Materials Properties Development and Standardization
(MMPDS) conducted experiments on four sets of castings with varied thickness (1 in, 1.5
in, 2 in and 2.5 in).

1. Four sets of castings used by AFS
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2. Tensile test results for E357 ‘as cast’ samples by American Foundry Society
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3. E357 Mean Ultimate Tensile Strength and Yield Stress for all four sets of castings

4. E357 Aluminum Tensile Elongation, mean with Standard Deviation and High- Low
values for all four sets of castings.
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