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Abstract

Hot Isostatic Pressing (HIP) has been used to remove shrinkage porosity and internal defects in cast products
for many years, predominantly to improve mechanical properties and fatigue resistance. Of late, focus has
moved to further improve thermal processing routes through innovative use of the heat and pressure developed
during densification. Studies have demonstrated significant benefits for production processes such as Additive
Manufacturing (AM), casting and metal injection moulding (MIM) where demands on quality are significant and
where internal defects and porosity are of concern.

Recent developments in the use of in-process heat treatment directly after the densification of materials (High
Pressure Heat Treatment) have shown further improvements in material properties such as strength and fatigue
resistance, facilitating weight savings and optimal performance. Combined post processing using HIP including
Solution Heat Treatment (SHT) and Aging leads to the opportunities to automate production and improve
digitalised quality improvement methodologies.

In this presentation, solutions for various aerospace alloys as well as recent results from trials and studies will
be discussed.

Keywords: Additive Manufacturing, Hot Isostatic Pressing, Mechanical Properties, Combined HIP and Heat
Treatment

1. HIP, a well-known go-to technology for aerospace components

Hot Isostatic Pressing (HIP) has been used to remove shrinkage porosity and internal defects in cast
products for many years, to improve mechanical properties and fatigue resistance. Of late, focus has
moved to further improve thermal processing routes through innovative use of the heat and the inert
gas pressure from the densification process. Studies have demonstrated significant benefits for
production processes such as Additive Manufacturing (AM), casting and metal injection molding
(MIM) where demands on quality are significant and where internal defects are an area of concern.
Recent developments in the use of in-process heat treatment directly after the densification of
materials (High Pressure Heat Treatment) have shown improvements in material properties such as
strength and fatigue resistance, facilitating weight savings and optimal performance. Combined post
processing using HIP including Solution Heat Treatment (SHT) and Aging leads to the opportunity
to automate production and improve digitalized quality improvement methodologies.
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Figure 1 — Saving weight is necessary to reduce carbon emissions for commercial aircraft

2. Challenges

The corner stones of the aerospace industry are:

. Passenger safety and risk mitigation

. New fuels and propulsion solutions

. Lighter structures and the need for new material solutions

2.1 Passenger Safety and Risk Mitigation

Structural integrity is in focus for every single component involved in the aerospace industry, with

exacting demands on quality and function as material failure is not an option. Component and

process qualification are focus areas leading to predictable properties that can be used in definition

of design limits to guarantee safe operation.

Qualification of products is a tightly controlled process for each component including all steps in the

production chain as well as inspection and quality control. For the aerospace industry HIP helps to

guarantee performance.
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Figure 2 — lllustration of how major OEMs (Original Equipment Manufacturers) classify qualification
of components and processes. The central ring shows the status for additively manufactured parts

Once processes are qualified for a specific production route, these remain locked for the duration of
the program. It is therefore extremely important to ensure optimization steps are taken prior to
finalization of new production route.
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Hot isostatic pressing is a critical process in the post processing chain for aerospace components
which is seen as essential in combination with part and process qualification as well as non-
destructive testing.

2.2 New fuels and propulsion solutions

The aerospace industry is rapidly moving towards greener solutions, with a combination of improved
fuel efficiency, new engine designs and the development of new Sustainable Aviation Fuels (SAVS).
Below is a summary of some of the current focus areas.

Fuel Sources MPIE] Challenges ™

SAV additives for blending | Hydro-processing of fatty Carbon based additive

with aviation kerosene acids, alcohols, synthetic gas Significant processing chain
or biocrude

Hydrogen Gas separation, Storage vessels 4x compared

thermochemical cycles, water | to aviation kerosene [2]
electrolysis, photocatalysis

Battery solutions Li-ion batteries Safety for liquid electrolytes [4]
Solid State batteries Battery weight
Efficiency

Table 1: Future propulsion solutions

The new fuels give rise to a variety of problems which need to be solved. These include fuel storage,
containment in the airframe structure and safety aspects tied to the different media.

2.3 Lighter structures and the need for new material solutions

Weight plays a key role in the amount of fuel burn, especially during take-off. Up to 10% of the fuel
burn (% is dependent on flight distance and aircraft model) is seen during climb to cruising altitude.
Fuel containment solutions and the resulting airframe design can play a greater role for future
propulsion technologies.[2]

An aircraft weight reduction of 1 kg results in a fuel saving 20-30 grams of fuel per 1000 Km which
is significant for larger aircraft. The cost per available seat kilometer (CASK) varies typically between
0.04 to 0.10 Euros for commercial aviation, and a 1 %o reduction of a typical CASK of 0.06 Euro
would require reductions in the region of 300 kg to 1000 Kg for typical airliners. [1]

Reduction of weight requires new and innovative material solutions, and here HIP plays a vital role.

There are many challenges in an aerospace environment, such as vibration and fatigue loading,
thermal expansion/contraction, and corrosion. Performance of the components is critical, and saving
weight therefore requires increased strength and/or further enhanced properties to negate the
challenges. Traditional use of HIP ensures removal of porosity and improved fatigue life, and now
further technology advancements allow improvement of design limits facilitating lighter weight
structures.

adjacent text as indicated in this template. The equations, where they are referred to in the text,
should be numbered sequentially and their identifier enclosed in parenthesis, right justified. The
symbols, where referred to in the text, should be italicized.

3. Critical technology to ensure safety
3.1 Background to Hot Isostatic Pressing (HIP)

Hot isostatic pressing is a process that has been used since the 1960s to remove porosity in
materials in order to improve their integrity. The HIP equipment itself consists of a pressure vessel,
which can contain incredible pressure, usually up to 207MPa (30000 psi) in which the payload is
heated in an inert atmosphere. Argon gas is normally used as the inert pressure medium, but
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nitrogen is also common for HIP of some materials. Whilst under pressure, heaters are used to soften
material at temperatures typically 80-90% of their melting point, utilizing a molybdenum furnace.
Graphite furnaces are used for materials requiring temperatures in excess of 1400°C (2552°F), such
as ceramics. Temperatures, pressures, and dwell times depend on the payload material. In this
extreme environment, mechanical deformation and creep of the material closes porosity and micro
cracks allowing diffusion to heal the surfaces resulting in a homogenous microstructure. The
resultant material shows dramatically reduced scatter in mechanical properties including fatigue
resistance, ductility, and fracture toughness. Predictable properties then allow improved designs and
increased levels of safety.

Removal of porosity and defects is key to improving fatigue resistance of materials to prevent
premature failure in critical environments.

3.2 Combined HIP and Heat Treatment Cycles, High Pressure Heat Treatment

There have been two significant trends in recent years. Larger and larger HIP units are being
introduced, to cope with larger volumes of product, and also larger sizes of component. A more
significant development has been development of controllable high-speed cooling (Uniform Rapid
Cooling, URC®) and in-HIP quenching (Uniform Rapid Quenching, URQ®) have been developed by
Quintus Technologies. These breakthrough technologies enable full heat treatment of parts following
the densification step of the HIP cycle. This is known in the industry as High Pressure Heat
Treatment, HPHT. Tailored heating and cooling steps can be used to repetitively achieve improved
material properties, often combined with adjusted temperatures, pressures and hold times to
optimize the microstructure, adding industrial robustness to production processes. Figure 3 below,
illustrates typical thermal processes used for a laser powder bed fusion additively manufactured
product.
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Figure 3 - Typical thermal processes for additively manufactured parts. ©Quintus Technologies
HIP

Aging

SHT T
1
\
Stress  ——/

Relief

Temperature

Time

Figure 4 - High Pressure Heat Treatment (HPHT) process for the same parts, using an integrated
heat treatment approach with possibilities to shorten aging time and overall cycle time. ©Quintus
Technologies

Figure 4 shows how heat treatment processes can be combined using HPHT™ to not only shorten
processing time, but also to provide improved and repeatable material properties, whilst reducing
the need to reheat material several times This approach has been proven in many studies in recent
years [5][6][7][8][9][10].

Recent work carried out on both titanium and aluminium alloys, including Ti-6Al-4V, F357 and
AlSi1lOMg shows the opportunity to utilize in-HIP quenching of parts using the Uniform Rapid
Quenching, URQ® technology specifically. Publication of these studies is expected during 2022
although some studies have already been published. [8],[9], [21], [22]
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3.3 Modern HIP equipment from Quintus Technologies
Key technology drivers identified by Quintus, include several essential heat treatment parameters:
. Heating rate

. Temperature uniformity
. Cooling rate

. Pressure control

. HIP atmosphere

. Payload condition

The pressure used during the HIP process has a direct correlation with the heat transfer between
the load and the furnace atmosphere. Quintus knowledge in this area enables simulation of heating
and cooling during the HPHT cycle, which can then be verified through trials. This gives performance
enhancing control over the microstructure expectations and quality in the production cycles.

The example below shows modelling of Ni-base turbine blades at two different pressures (Figure 5),

clearly showing the difference of cooling rate depending on the HIP pressure after 200 seconds
during the Uniform Rapid Cooling, URC® cooling cycle.[12]

Figure 5: Finite element modelling of Uniform Rapid Cooling, URC® of a nickel base super alloy
material at different pressures.

Control of temperature and pressure over time are key performance areas for Quintus hot isostatic
presses. They enable steering of tailor-made cycles which ensure repeatable, robust, and pre-
qualified microstructures.

This is made possible through technical developments in the equipment over recent years as can
be seen in the temperature log below (Figure 6), from an installation verification cycle for a fully
loaded QIH 60 HIP, equipped with HPHT capability. This is a typical HIP used for investment
castings and additively manufactured parts.

Modern, fan driven systems give rise to extremely good temperature uniformity on par with class 1
and class 2 furnaces in the pyrometry standard, AMS2750[11] (Figure 7). Temperature uniformity
during cooling is also critical to achieve a uniform microstructure and performance for all parts
within the hot zone.
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QIH 60 M URC, load 225 kg (incl. load basket), HPHT test cycle
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Figure 6: Installation verification cycle for a Quintus QIH 60 M URC with full payload

QIH 60 M URC, load 225 kg (incl. load basket), HPHT test cycle
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Figure 7: The final cooling segment from the verification cycle shown above in Figure 6, with cooling
rate >1700 K/min in temperature range 1200-650 °C. Three thermocouples show extremely good
temperature uniformity during cooling

Modern HIP machinery from Quintus Technologies offers excellent control of thermal cycles and
pressure adjustments, where latest developments have also led to the reduction of high-
temperature oxides on the surface of HIPed parts. This is of course interesting with respect to
improved fatigue and corrosion resistance as well as savings in finishing operations and the
potential environmental impact resulting from them.

A common phenomenon with titanium alloys, is the ingress of oxygen below the material surface, to
form alpha-case. This is a brittle phase in the material this is most often removed electrochemically
or mechanically prior to use of the produced aerospace component to ensure mechanical
performance and reduce risk or fatigue cracks initiation.

Both surface and sub-surface oxides can be addressed in the clean HIP processing in modern
Quintus HIP units. This is achieved without the need to wrap or bag parts to shield surfaces from
the HIP atmosphere. This is a more sustainable and more efficient process requiring fewer
resources and with lower environmental impact. Below are some Alloy 718 images after HIP
demonstrating typical HIP processing and recent advances in state-of-the-art Quintus technology
(Figure 8).
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Figure 8: Alloy 718 bars treated with traditional hot isostatic pressing (left) and modern Quintus processing
(right)

3.4 Essential Alloys and how they are fabricated

Flight critical components are processed using HIP to ensure integrity with significantly increased
fatigue life, in the range of 10 to 100 times [20]. Increased ductility and fracture toughness are also a
result of defect healing. This technique has been utilized for many years on cast and powder metallurgy
near-net-shape (PM NNS) materials and is becoming increasingly important for more recent production
methods such as metal additive manufacturing. Turbine blades are typical such components, as shown
in Figure 9, Figure 10.

Figure 9: An aero engine is a complex piece of equipment with high fatigue loads and temperature
variations

There are many materials used today in the aerospace industry, from titanium and aluminium alloys
to nickel base super alloys and ceramics. Some examples of material groups are,

e Light-weight alloys (e.g., titanium alloys, aluminium alloys, magnesium alloy
e Heat resistant alloys (e.g., nickel base super alloys, cobalt alloys)
e Ceramics (e.g., silicon nitride, alumina, zirconia)

¢ Composite materials (e.g., metal matrix composites)
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Figure 10: An aero engine must be able to cope with extreme environments and give maximum
thrust when called upon

The list of materials is of course extensive, and the application of innovative technologies is
growing. Operating environments and consequently, demands on the material properties are
specific for each of area of use, product, and processing technology. Table 2 shows how
applications, environments and desired properties are connected.

Application Environments Critical (predictable) properties
Airframe, Fatigue loading High fatigue resistance
landing gear Cryogenic service Ductility

Weldability
Low density / mass (Weight reduction)
Formability
Engine Fatigue loading Corrosion resistance

Elevated temperatures Wear resistance

Thermal cycling Weldability

Exposure to radiation Creep strength
Impact toughness / ductility
Weight

Table 2: Applications, environments, and desired material properties

4. At the forefront of innovation

Quintus Technologies has been actively involved in supporting research and development into new
products, processes, and materials for the aerospace industry for many years. Today there are
many ongoing programs where development of new and innovative HIP solutions play an active
role. Some examples of these are listed in the reference section. We encourage increased
cooperation regardless of technology readiness level (TRL).

5. Summary

HIP is an essential technology for the aerospace industry in light of high demands in the reduction
of environmental impact of aviation, requiring the highest performance possible from materials,
including repeatability and reliability of performance. The use of in-HIP heat treatment, High
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Pressure Heat Treatment, HPHT™ is a proven technology to achieve improved material
performance and strength, and this modern HIP equipment equipped with HPHT™ capability is now
widely available in the market. This technology is being specified for production applications based
on extensive research programs and trials.

About Quintus Technologies AB

Quintus Technologies is the global leader in high pressure technology. The company designs,
manufactures, installs, and supports high pressure systems for sheet metal forming and
densification of advanced materials. Quintus has delivered over 1,900 systems to customers within
industries such as aerospace, automotive, energy, and medical implants. The company is
headquartered in Vasteras, Sweden, with a presence in 45 countries worldwide.

For more information, visit https://quintustechnologies.com/

URC® is a registered trademark owned by Quintus Technologies AB

URQ® is a registered trademark owned by Quintus Technologies AB
HPHT™ (High Pressure Heat Treatment) is a trademark owned by Quintus Technologies AB
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