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Abstract
Small diameter thin-walled pipes, typically with a diameter less than 20mm and a ratio of outer diameter to wall thickness is 20 or
above, have increasingly become a key value adding factor for a number of industries including medical applications, electronics
and chemical industries. In high-energy physics experiments, thin-walled pipes are needed in tracking detector cooling systems
where the mass of all components needs to beminimised for physics measurement reasons. The pipeworkmust reliably withstand
the cooling fluid operation pressures (of up to 100 bar), but must also be able to be reliably and easily joined within the cooling
system. Suitable standard and/or commercial solutions combining the needed low mass and reliable high-pressure operation are
poorly available. The following review of literature compares the various techniques that exist for the manufacture and joining of
thin-walled pipes, both well-established techniques and novel methods which have potential to increase the use of thin-walled
pipes within industrial cooling systems. Gaps in knowledge have been identified, along with further research directions.
Operational challenges and key considerations which have to be identified when designing a system which uses thin-walled
pipes are also discussed.
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1 Introduction

The use of small diameter, thin-walled pipes has increased
dramatically over recent years. As manufacturing processes
for the production ofminiature components has improved, this
has facilitated the production of components with tighter tol-
erances and smaller dimensions. In particular, thin-walled me-
tallic pipes have allowed for greater innovation in the design
of components for a number of industries including particle
physics, nuclear, medical and communications. As such, they
have become a crucial value adding factor, and an area of
increasing interest for further research into novel

manufacturing techniques and the miniaturisation of
well-established pipe forming processes as highlighted by [1].

Commonly, thin-walled pipes are defined when the ratio of
the outer diameter to minimum wall thickness is greater than
20 (do/tmin > 20) [2]. This is when the differences in the hoop
stresses at the inner and outer pipe surfaces become negligible
are often ignored.When discussing thin-walled pipes, the term
pipe and tube are often used interchangeably; however, there
is a subtle difference between the two terms defined by pipe
manufacturers. A pipe is defined in terms of its inner diameter
whereas a tube is defined by its outer diameter. Thin-walled
pipes are generally described by their outer diameter (do) and
wall thickness (tw) and therefore conventionally the term tube
would in fact be more appropriate.

Hartl [1] neatly summarises the typical industries and ap-
plications where thin-walled pipes are commonly used as de-
tailed in Table 1.

This paper investigates state-of-the-art technologies for the
manufacture and joining of metallic thin-walled pipes within
the literature. The use of such pipes in high-performance
cooling systems has been chosen as a particular area of interest
as this is a significant area of growth for thin-walled pipes.
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2 High pressure cooling systems

A good example of where thin-walled pipes are vital is
in the use of high pressure refrigeration systems, such
as two-phase CO2 cooling. CO2 is a particularly attrac-
tive refrigerant as it is a non-toxic, non-flammable gas
that does not contribute to ozone depletion [3] and is
significantly cheaper than fluorocarbons. Two-phase
CO2 cooling exploits the latent heat change of the liq-
uid to gas transition in order to generate a cooling ef-
fect. CO2 has other advantages over fluorocarbons such
as a high latent heat of evaporation, lower viscosity and
a higher heat transfer coefficient [4]. However, in com-
parison with fluorinated systems, two-phase CO2

cooling requires the use of high-pressure tubes and
compressors (up to 130 bar design pressure) [5]. To
facilitate these pressures, very small diameter pipes are
favoured in such systems.

These advantages, in addition to small diameter
pipes, make two-phase CO2 cooling a very attractive
candidate for particle physics detector cooling. The use
of small diameter, thin-walled pipes minimises the inter-
action with tracked particles and therefore increases the
resolution of the detector. Pipes with 0.5 to 3.0mm in-
ner diameter and 0.10 to 0.25mm wall thicknesses are
common. Example systems include the two-phase
accumulator-controlled loop (2PACL) system used to
cool the AMS-tracker and LHCb-Velo detectors [6, 7].
Future systems which are likely to benefit from this
type of cooling include detectors for the high luminosity
LHC [8], the future circular collider [9] and the CLIC
[10], at CERN. In the USA, the PIP-II [11] and LBNF/
DUNE [12] projects at Fermilab will also make use of
CO2 cooling. This review is therefore very timely for
the experimental particle physics community.

3 Manufacturing

The high pressures present in CO2 cooling systems mean that
the pipes and connections used in their production need to be
of a high strength and must be exceptionally reliable. For
example, a leakage would cause the CO2 to escape as gas,
which could lead to temperature rises in critical systems due
to reduced cooling flow and the potential for asphyxiation.
Many of these cooling systems are fully integrated into the
design of detectors, and therefore, access is highly restricted or
even impossible. For example, the CMS upgrade tracker is
being designed for a 10-year operational life with no planned
maintenance interventions as highlighted by designs put for-
ward by [13, 14].

Generally, pipes used in cooling systems can be classified
as seamed or seamless. Seamed pipes are formed from a flat
piece of metal and welded or joined in some way along a
seam. In contrast, seamless pipes are formed from the bulk
material into a tubular shape without welding or joining along
the axis. Seamed pipes are prone to failure at the joining line
due to the heat affected zone (HAZ), residual stresses and
microstructural changes during joining processes. Seamless
tubes typically have a strength and microstructure that are
more homogeneous according to simulations by [15] which
indicates that they have an expected lifetime significantly lon-
ger than the equivalent seamed tube. Given that CO2 cooling
operates at high pressures which require consistent high
strength and in environments with minimal intervention,
seamless pipes are the preferred choice.

As in any engineering system, the manufacturing method
used to produce a pipe plays a critical role in the performance
of the final product. There are many methods currently used
for manufacturing thin-walled pipes depending on the materi-
al choice, pipe dimensions and performance requirements. In
general, seamless pipes are manufactured using a cold

Table 1 Summary of thin-walled
pipe industrial uses and applica-
tions [1]

Industries which utilise thin-walled pipes Typical products Materials used in products

Medical applications Injection needles

Catheters

Stents

Stainless steel

Titanium alloys

Magnesium alloys

Electronic and electrical engineering Contact probes

Electrode tubes for EDM

Nickel alloys

Copper alloys

Optoelectronics Optical fibres

Laser accelerators

Nickel alloys

Kovar

Chemical processing technologies Micro-reactors

Micro-nozzles

Stainless steel

Titanium alloys

Sensing technologies Differential gas pressure detector

Micro-quantitative analysis device

Platinum alloys

Tungsten alloys

Heat transfer applications Micro-heat exchangers Titanium alloys

Aluminium alloys

668 Int J Adv Manuf Technol (2022) 118:667–681



working process followed by heat treatment to allow good
mechanical properties as well as dimensional accuracy [16].
Cold working methods include cold drawing and cold
pilgering.

3.1 Cold drawing

Cold drawing is the process of extruding a hollow tube by
pulling a workpiece through a die, during which the outer
diameter of the pipe is dictated by the die dimensions after
drawing [17]. The workpiece is generally prepared from an
ingot in a hydraulic press. For smaller diameter pipes, this
ingot typically starts with a diameter of 40–60 mm and a wall
thickness of 3.5–6 mm [18]. To reduce the diameter and wall
thicknesses as required, multiple drawing cycles are per-
formed as the tube reduction ratio is limited to between 2.0
and 2.5 per cycle [18]. This reduction ratio has been shown to
prevent damage [19]. The cyclic nature of cold drawingmakes
it quite a costly process. There is also the potential for numer-
ous intermediate heat treatments or degreasing stages, which
also increase the price of the final product [18]. In addition, the
flow of material during these processes can lead to the devel-
opment of preferred orientation within the grains of the
metal and anisotropic mechanical properties in the final
product [15, 20]. As such, there is a trade-off between
reducing costs by minimising the number of cycles
while preventing damage and promoting desirable mi-
crostructures of the final product [21].

Toribio and Ovejero [21] studied the effect of cold drawing
on high strength steel wire, takingmicrographs of the structure
before drawing and after each pass, with 6 passes in total
reducing the diameter from 12 to 7mm. Selected micrographs
from longitudinal sections can be seen in Figure 1, clearly
showing the flow of material during the drawing process.

3.2 Cold pilgering

In contrast to cold drawing, cold pilgering uses a pair of ro-
tating dies and a reciprocating mandrel which is located inside
the pipe to be extruded and is tapered in the rolling direction as
shown in Figure 2. Abe and Furugen [16] indicate that cold

pilgering is suitable for metals that are difficult to deform as
the strain rates during the process are smaller than in cold
drawing and can be more carefully controlled.

After each forward/backward movement of the dies, the
pipe is turned and moved forward for the next step.
Typically, around 100 of these steps are necessary to produce
the final product [22]. It should be noted that a larger reduction
in cross section is possible using cold pilgering compared to
cold drawing [23]. The main parameters affecting the defor-
mation are the die rolling rate, the movement of pipe after each
step and the geometry of the tools. However, due to the nature
of cold pilgering, there are greater stresses generated on the
inner wall of the pipe than the outer surfaces during rolling
[24] which can cause flattening of the pipe and fissures on the
inner surface as indicated by experiments by [16] and other
authors. Typically, the grain size resulting from cold drawing
and cold pilgering is similar after working, with this variable
being primarily dependent upon the subsequent annealing
processes [25]

3.3 Novel processes

In recent years other, more novel processes have been devel-
oped to create thin-walled seamless pipes. Maier et al. [20]
demonstrated a cold spray forming process, where stainless
steel powder was sprayed onto a rotating aluminium tube to

Figure 1 Micrographs of structure of steel wire after being subjected to various passes of cold drawing [21]

Figure 2 Schematic of a cold pilgering extrusion process [16]
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create a 1-mm-thick layer of material. The aluminium tube
was then dissolved to leave behind a thin-walled
stainless-steel pipe. The purpose of this work was to demon-
strate a process in which the properties of the resulting pipe
could be tailored by altering the phase and composition of
powders used as a function of position. This is a promising
advancement which can potentially be expanded to other ad-
ditive manufacture processes aside from cold spray forming.
For example, [26] studied pipes created from laser sintered
powders. A major advantage of this approach was that com-
plex connections, such as slits or petals, could be directly built
onto the end of the pipes using this approach. Despite this, the
samples used in this study were relatively short (106.5 mm)
and therefore significant amounts of development are still re-
quired to assess the suitability of creating lengths of the order
of a few metres required for cooling systems.

While the methods described above are known to be suit-
able for the production of thin-walled pipes, other manufactur-
ing methods can also produce larger diameter seamless pipes;
for example, deep hole drilling. This is a well-established
single-step process where a central bore is drilled out along
a solid cylindrical part to create a pipe.

Maderbacher et al. completed a study on a large amount
(1800) of pipes produced by deep hole drilling and concluded
that while it can be used to create very long pipes (up to 21m),
there will always be an uneven distribution of wall thickness
around the pipe circumference, due to difficulties in keeping
the drill hole central over this length [27]. These issues are
particularly prevalent for pipes of small diameters and wall
thickness. However, a single-step process has a clear advan-
tage from the cyclic nature of cold drawing and pilgering
processes, and a scaled down version would be particularly
promising if it could be achieved.

3.4 Manufacturing summary

The techniques employed in the manufacture of thin-walled
pipes can be categorised as either methods well established for
larger diameter pipes which have been scaled down (such as
cold drawing or pilgering) or novel processes specially de-
signed for thin-walled pipes (such as cold spray forming).
When designing a manufacturing method for thin-walled
pipes, there are unique challenges such as size effects on ma-
terial behaviour, and how feasibly tools used in manufacture
can be scaled down.

A summary of the ratio of the wall thickness (tw) to the
outer diameter (do) for the different manufacturing methods
for steel pipes in the literature is presented in Figure 3.
As can be seen, cold pilgering is the technique that is
most often used in the production of thin-walled steel
pipes, although it is well known that this approach can
be scaled up to larger ratios if necessary.

4 Joining methods for thin-walled pipes

In addition to the pipe material, design and manufacturing
method, the technique chosen to join pipes to each other or
to other components is critical to the success of a cooling
system as a whole. Several joining methods have been suc-
cessfully used in thin-walled piping systems. In general, these
fall into 3 categories:

& Fusion welding, where external heat is added generally
with a filler material to promote a bond between two parts

& Solid-state welding, where frictional forces are used to
generate heat and plasticise the material to form a joint

& Adhesive bonding where an adhesive is added between
two parts and allowed to cure to form a joint

Mechanical joining, such as with bolts or other external
fixtures, is not generally used in high pressure piping systems
due to a lack of leak-tightness.

4.1 Fusion welding

Fusion welding processes are very common with thin-walled
pipe connections and the most widely used joint is the
soldered/brazed connection [28]. Soldering is based on
heating and melting a filler material, which solidifies and
forms a permanent connection between the two parts.
Brazing is very similar to soldering; however, the melting
point of the filler is over 450°C [29]. In both techniques, the
filler material is often melted using a localised non-contact
heat source such as a laser or an induction coil, which allow
for fast ramp up rates of temperature and cooling rates after
joining [30]. This is particularly advantageous as an increase
in welding heat input can result in a HAZ as well as an in-
crease in residual stresses in the weld area. The strength of a
soldered joint is dependent on the relevant surface preparation,
with rougher surfaces promoting penetration of molten solder
and intensifying the diffusion [29, 31]. The joint is also highly
dependent upon the joint clearance or distance between parts;
the optimal distance depends on the filler material and joint
design. If properly designed and executed, soldered joints can
be very effective; however, they are known to be particularly
dependent on the skill of the operator.

Orbital tungsten inert gas (TIG) welding is another exam-
ple of a popular technique for joining moderately thin-walled
pipes. This method is now automated and produces reliable,
leak tight welds 360° around the pipe. The twomost important
factors to ensure a good joint are the control of the weld
current and the travel speed of the electrode [32]. The auto-
mated nature of the process ensures that it is suitable for use in
applications where reliability and leak tightness are critical,
such as orbital plumb lines for satellites [33]. However,
TIG-welded samples show low elongation in experimental
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tests compared to the base metal and tend to fail in the HAZ.
This failure mode is typically a demonstration of the heat
affected zone around the weld which changes the microstruc-
ture and leads to residual stresses along the TIG fusion bound-
ary. As a result, the design and welding parameters of a TIG
joint need to be carefully considered. Additionally, TIG
welding requires good access around the weld, which is often
not possible in congested detector cooling systems.

Laser welding is an example of a fusion welding process
which does not use a filler material. In heat conduction laser
welding, the laser beam is applied to the surface of the material
causing it to melt. However, this method is not suited to
thin-walled pipes as it can damage the walls [34]. The other
type of laser welding is deep penetration welding which is
more commonly used for thin-walled pipes. This approach is
based on using a laser to heat a material above its evaporation
point, in order to produce a keyhole in which the laser beam is
reflected many times to heat the material. This enables faster
welding and deeper penetration than other welding methods
for tubes [35]; however, there is a higher risk of defects such
as porosity, where evaporated gases in the keyhole degas upon
cooling [34]. A recent study by Zhang et al. [36] has highlight-
ed that this type of porosity is currently the major barrier which
needs to be overcome to increase use of this approach in joining
thin-walled pipes. Enhanced characterisation through comput-
ed tomography and electron microscopy has significant poten-
tial to improve understanding of the location, size, distribution
and shape of the porosity formed. Such insights would facilitate
optimisation of the laser power and welding speed through
enhanced simulation of the build process.

Finally, a more novel fusion technique used to join
thin-walled pipes is microwave hybrid heating, as dem-
onstrated by [37]. This is where a metallic powder is

placed in between two pipes to be joined, and micro-
wave radiation is used to melt the powder and thereby
forms a joint. The metal powder is chosen such that the
particle size is nearly equal to the penetration depth of
the microwaves, to ensure that the energy does not just
simply reflect back [38]. Figure 4 shows a schematic of
the different stages of microwave hybrid heating.

Microwave hybrid heating is a unique process as
using this type of radiation allows the heat to be gen-
erated internally in the powder molecules, before being
transmitted outwards, and was pioneered by [37]. This
ensures faster heating (and a smaller heat affected zone)
than traditional methods, as demonstrated by [39] but
also produces lower porosity joints due to the uniform
heating of microwaves [40]. The approach can be used
to join dissimilar materials and is particularly useful for
joining copper as this material is difficult to join with
other fusion techniques due to its high thermal conduc-
tivity [37]. One of the main challenges of the approach
is the design of susceptor as shown in Figure 4. This
device acts as the primary heat source and needs to be
placed in the joint zone for localised heating.

In terms of limitations, microwave heating cannot typically
be used for pipe end-to-end joining [38], and at present, only a
limited number of materials have been joined using this ap-
proach [41]. Further investigations to assess the suitability of
joining a broader range of conventional pipe materials using
this approach would address this research gap and facilitate
increased usage of this promising method. Dedicated analysis
into the impact of production parameters on the joint charac-
teristics and mechanical properties would also enhance under-
standing and modelling capability to facilitate joint perfor-
mance optimisation.

Figure 3 Schematic of tw/do of
steel pipes manufactured by
various methods with nominal
outer diameters highlighted
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4.2 Solid-state joining

The most common type of solid-state welding used in
thin-walled pipes is end-to-end friction welding, where one
pipe is continuously rotated and pushed onto a stationary pipe.
This results in friction at the interface, which generates heat
and thereby plasticises the two surfaces in order to form a
bond. Kimura et al. [42] demonstrated that this technique
can be used to successfully join steel pipes of 0.5-mm wall
thickness, although it was noted that low friction pressures are
required for thin-walled pipes to prevent deformation.
Variations in torque during the welding cycle are also impor-
tant for reliable joint strength as demonstrated by an optimi-
sation study by [43]. The time under friction is also important,
with longer times (seconds to minutes) typically required for
thin-walled pipes to allow in order to overcome the lower
frictional pressures also noted by [43]. Friction welding is
characterised by various advantages over fusion welding, in-
cluding a high energy efficiency and a smaller heat affected
zone (HAZ) as the heat generated during welding does not
melt the material. Additionally, friction-welded joints are typ-
ically much more cost-effective than other joining methods.

Despite these benefits, a friction-welded joint often has
limited tensile ductility in comparison to neighbouring bulk
regions due to micro defects in the weld and/or regions of
reduced hardness, as highlighted by [44]. Zhao et al. [45] have
recently successfully demonstrated the joining of dissimilar
copper and steel tubes using friction welding; however, it
was highlighted that the weld zones can be brittle due to un-
even and asymmetric diffusion of elements across the weld. It
should be noted that the distribution and production of brittle
phases induced by friction welding is poorly understood in
thin-walled systems. This effect has the potential to signifi-
cantly limit the applicability of this type of joint, in particular
for high pressure of cyclically loaded applications. Further
analysis through elemental characterisation methods such as
energy dispersive spectroscopy and/or microscale testing such
as nanoindentation would offer enhanced insight into the

impact of production parameters and substrate materials.
Similar studies have been used at larger length scales to opti-
mise models of the joining procedure and thereby facilitate
optimisation of joint performance [46]. Therefore, there is
confidence that enhanced reliability can be achieved through
replication of these types of study at the reduced length scales
associated with thin-walled pipes.

Another common solid-state joining process for materials
is adhesive bonding, although this method has seen a relative-
ly low uptake within literature for thin-walled pipe joining.
The small number of papers that was found in this review
was based around pipe butt joints, where adhesives were ei-
ther placed in between two pipe end surfaces [47] or where
another material was impregnated with the adhesive and
wound around the joint [48]. Adhesives are commonly used
where there are dissimilar materials or materials are not suit-
able for fusion welding due to differences in melting point or
thermal expansion. However, for high pressure thin-walled
pipes for physics applications, this approach is not particularly
useful for several reasons. Firstly, adhesive joints exhibit
much lower strengths than their welded counterparts as dem-
onstrated by a direct comparison study by [48]. Secondly,
adhesives take a long time to cure, during which the pipes
need to be rigidly clamped to ensure alignment [48], which
may be challenging in the small spaces typically present with-
in detector systems.

Finally, a more novel solid-state joining technique which
has been demonstrated as suitable for thin-walled pipes is the
magnetic pulse welding (MPW) [49]. This is a collision
welding process which creates joints without the addition of
heat, and instead uses Lorentz force to collide two parts at high
velocities and pressures. Figure 5 shows a typical MPW set
up, where the pipes are slightly overlapped with the inner pipe
denoted the ‘parent’ and the outer pipe the ‘flyer’. MPW has a
short process time and a minimal temperature rise which leads
to little to zero formation of intermetallics at the joint [51].
Shanthala and Sreenivasa [52] demonstrated that this tech-
nique is easily automated and the final product is consistent

Figure 4 Schematic of the principles of microwave joining of metallic pipes at different stages [37]
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with exceptional tolerance and few surface defects. This ap-
proach has been used in aerospace push/pull rods for many
years, as it produces tight, 360° joints that can withstand many
cyclic loads [53].

One of the main challenges of MPW is associated with the
high velocities experienced by the parts, which can lead to
unwanted distortions. In order to overcome this, inserts can
be used within the parent pipe. These inserts are typically
made from polyurethane to allow easy removal. Despite this,
[49] demonstrated that thin-walled copper and steel pipes of
between 1.5 and 2 mmwall thickness could be joined without
the need of a supporting insert in the case where the wall
thickness of the flyer was smaller than the parent.

In summary, MPW has significant potential for use in CO2

cooling systems. The authors feel that this area deserves sig-
nificant future investigation for thin-walled pipes, particularly
in the joining of glands to pipe ends where different materials
are used. One of the main research gaps associated with this
technique is the generation of residual stresses generated by
MPW and the associated impact on the mechanical properties
of the joint. However, preliminary studies of dissimilar mate-
rial MPW using neutron diffraction have begun to reveal that
residual stress distributions are dependent upon the differing
material yield strengths and strain rates induced during the
welding process [54]. In order to better understand these var-
iables, along with other crucial parameters, further analysis is
required to obtain characterise general trends. These insights
can then be used to enhance numerical models for the stresses
induced in the MPW process, which are already beginning to
show promising results [55].

4.3 Effect of materials on joining methods

As outlined in Sections 4.1 and 4.2, the base material of the
pipe heavily influences the choice of joining method which
can be undertaken. This can be due to the melting tempera-
tures of the substrate material, the wettability of solder on the
material surface or the ductility/strength and ability to

withstand joining techniques which require the addition of
external forces to form the joint.

However, it is important to note that the choice of pipe
material can strongly influence the strength and deformation
behaviour of any joint, even when the joining technique stays
the same.

Work is currently ongoing to investigate the effect of pipe
materials and coatings on the performance of thin-walled
pipes. In the study presented below, 316L stainless steel
thin-walled pipes, with an outer diameter of 2.2mm, were
soldered onto brass connectors. Each soldered connection
was subjected to a tension test to destruction, with a strain rate
of 1mm/min. In order to increase the diffusion of the solder
flux, the pipes were coated with a thin layer of nickel, and then
a further layer of either copper or gold. The copper coating
was approximately 10 μm and the gold was approximately 5
μm; however, it can clearly be seen from Figure 6 that the
choice of coating severely affects the performance of the
connections.

Figure 6 demonstrates that the force/displacement curves
for the two sets of samples are very different, both in terms of
maximum load achieved, and the behaviour of the joints dur-
ing loading. The gold-coated samples achieved consistently
lower strengths than the copper, with a much lower displace-
ment to failure.

These results form part of a continuing piece of work, but
the authors want to draw attention to the fact that material
choices for the pipe and coating are critical for the success
of a thin-walled pipe connection.

4.4 Joining summary

In order to summarise the current state of the literature,
Figure 7 has been produced to show the ultimate tensile
strengths (UTS) of steel pipes as a function of varying pipe
wall thickness/outer diameter ratio. As demonstrated in the
figure, the most commonwelding process for thin-walled steel
pipes is fusion welding. It can also be seen that there is a wide

Figure 5 Schematic of MPW
process [50]
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range of strengths within this category, depending on the fu-
sion method applied. Friction welding is less common within
literature, however, has consistently high strengths as opposed
to adhesive bonding which consistently demonstrates low
strengths. Interestingly, increasing the wall thickness/outer di-
ameter ratio does not always increase the strength of the joint.
This suggests that careful design can result in very high
strengths for even a low tw/do ratio pipe system.

Table 2 presents a summary of all the joining techniques
mentioned in this section. Their potential uses and key con-
siderations are summarised as follows:

5 Operational challenges

As stated previously, applications which utilise thin-walled
pipes generally operate at high pressures which creates signif-
icant challenges that must be considered in the design and
selection of thin-walled pipes as demonstrated by [56, 57].
The stress analysis performed by (Keith, 2006) highlighted

that the principal stresses which must be considered when
designing a piping system are those that are sustained, cause
expansion or are occasionally observed (for example during
installation or an undesirable loading event).

As given in the standard [2], the hoop stress for a
thin-walled pipe can be calculated using:

Sh ¼ pdo
2tmin

ð1Þ

where p is the internal pressure (MPa); do is the internal
diameter of pipe (mm); tmin is the minimum wall thickness of
pipe (mm)

Figure 8 shows a typical thin-walled pipe cross section with
a nominal pressure of 100 bar (10MPa) that is representative
of many high-pressure cooing systems incorporating
thin-walled pipes.

Using Equation 1, Sh = 110MPa. For reference, the yield
strength of 316L stainless steel is 205MPa [58], which gives a
safety factor of less than 2 for this design. This does not take

Figure 6 Force/displacement
curve of coated stainless steel
soldered samples that were
tension tested to destruction

Figure 7 UTS against wall
thickness/outer diameter ratio for
experimentally tested steel pipes
within literature
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into account pressure tests before installation which are often
executed at pressures in the range of 143bar to 186bar depend-
ing on the system.

For high pressure two-phase CO2 in particular, other load-
ing requirements must be considered during the use of
thin-walled pipes. For example, evaporative cooling and
two-phase flow create complicated flow regimes, particularly
within small diameter pipes as macroscale flow patterns can-
not be generated, as demonstrated by [59]. In addition, the

change from one regime to another changes drastically as
the size of the channel becomes very small. There are four
primary flow regimes within a microchannel as shown in
Figure 9, with several transition regimes or mixes of these
primary regimes. These are the following:

& Bubbly flow—where the vapour is dispersed in the liquid
in bubbles much smaller than the diameter of the
pipe/channel

& Slug flow—where vapour is contained in elongated bub-
bles that approach the size of the pipe/channel

& Annular flow—liquid film at pipe walls with vapour core
& Mist flow—liquid dispersed in droplets along a vapour

phase

It is important to understand the flow regime the two-phase
CO2 will experience in a system, as it can have a significant
impact to the life, wear and operation of a cooling system. Guo
et al. [60] state that mass transfer performance of a two-phase
system is significantly affected by the flow distribution, and a
uniform flow distribution is beneficial.

However, due to the nature of evaporative cooling, the
liquid-vapour phase change generates random pressure

Table 2 Tabular overview of strengths and weaknesses of different thin-walled joining techniques

Key:

Figure 8 Cross section of typical thin-walled high pressure cooling pipe
showing dimensions and loading
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oscillations in the fluid, which affects the life and wear of the
microchannels. In particular, when the pressure of a liquid
flow is reduced to lower than the fluid saturation pressure,
cavitation begins. This generates bubbles in the fluid, which
then collapse and generate high energy density jets which
erode the inner surface of a pipe. Over a lifetime of a cooling
system, this can be very damaging and cause significant wear.
While cavitation in boiling CO2 cannot be totally avoided, it
needs to be understood in order to mitigate its effect on the
microchannels. Two-phase flow has been shown by [61] to
cause very different pitting and wear in heat injection/rejection
regions, with increased wear in rejection/condensation pipes.

Thome and Cioncolini [59] also note that as the size of the
channel decreases, surface effects such as roughness and wet-
tability become more important. The quality of the inner sur-
faces significantly affects the evaporation within the fluid and
performance of the cooling system as a whole. The places
where bubbles form is highly dependent on the surface rough-
ness of the pipe wall, and therefore, operational parameters
such as heat transfer coefficient are fundamentally linked to
surface quality. The origin of bubble formation in evaporative
cooling systems is a very large topic which is still the focus of
significant experimental investigation and simulation.
However, surface roughness cannot be ignored when design-
ing such a cooling system as it can have significant and
long-lasting impacts on performance and reliability.

6 Future directions and uses for thin-walled
pipes

Thin-walled pipes are increasingly finding use in
high-pressure CO2 cooling systems for high energy physics;
however, it is clear that a number of other industries will also
benefit from further research into the manufacture and joining
of thin-walled pipes. These include (but are not limited to) the
following:

1. Satellite propulsion systems. These systems often use
thin-walled pipes as plumb lines which have very similar
strength and loading requirements as those used in

two-phase CO2 cooling as highlighted by [32, 33]. As
the use of satellite communications increases, with rela-
tively low-cost Cube-Satellites now being offered bymany
different companies [62], it is clear that thin-walled pipes
have an important role to play in future designs. Any ad-
vances in thin-walled pipe manufacture can therefore con-
tribute a key value adding factor and a competitive advan-
tage. In particular, the inability to perform maintenance
and long expected lifetimes of these devices mirror the
requirements of accelerator physics detector cooling.

2. High performance electronic devices. The mobile elec-
tronic community regularly make use of copper alloy tub-
ing between 2 and 3mm outer diameter and wall thickness
between 0.35 and 0.60mm for certain applications [63].
However, as handheld electronics get more advancedwith
higher energy requirements, and a shift towards sophisti-
cated wearable technologies, the cooling requirements for
such devices will increase. As such, the use of
high-pressure, low-diameter tubing is on the rise and a
comprehensive understanding of effective connection
methods is crucial for widespread reliable use.

3. Refrigeration systems. Food refrigeration systems, both
for household use and for larger scale applications (such
as supermarkets and food-chain warehouses), are expect-
ed to increasingly move towards CO2 cooling systems in
the future. CO2 is an attractive refrigerant as it is non-tox-
ic, non-flammable and does not contribute to ozone de-
pletion. Furthermore, many countries have created legis-
lation to phase out fluorocarbons due to their negative
environmental impact. While CO2 has many advantages
over fluorocarbons (high latent heat of evaporation, lower
viscosity and a higher heat transfer coefficient), it requires
high pressure tubing (44–100 bar) [5]. These systems will
require the mass production of reliable smaller diameter
pipes, and the industry will benefit from further research
into the effects of CO2 on the wear and lifetime of such
pipes.

4. Medical uses. Themost common use of thin-walled, small
diameter pipes within medicine is undoubtedly the use of
hollow needles for localised drug delivery, tissue sample
removal and a large number of other procedures. Despite

Figure 9 Schematic of four
primary flow regimes of two-
phase liquid/vapour mix in
microchannels [50]
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significant advances in medical procedures in recent time,
the structure of medical needles has remained largely un-
changed [64]. Attention is now being given to alternative
needle design to increase accuracy, prevent deviation
from the intended path and reduce trauma to healthy tissue
[65]. Much of this focus is on alternative designs which
deviate from the common ‘straight’ needle, into more
curved shapes designed for a specific procedure. While
curved pipes are not the specific focus of this review, the
authors believe that any advances in the capabilities of
manufacturing of thin-walled metallic pipes will also be
of benefit to these designs

5. Nuclear power generation. The nuclear power industry
has long utilised thin-walled pipes as fuel cladding tubes,
with [66] and [67] both highlighting that cladding pipes
typically have diameters between 0.38 mm and 0.90 mm.
Nuclear systems are often exposed to extreme loading
conditions (stress, high temperatures, corrosion and radi-
ation), and reliable manufacturing techniques are vital to
ensure safety [68]. In particular, radiation effects can
cause hardening and embrittlement of metallic crystalline
structures [69] which slowly degrade their effectiveness
over time. Enhanced manufacturing techniques will facil-
itate improved control of the microstructure of thin-walled
cooling pipes, which is often a strength limiting factor in
these components. As such, the development of novel
techniques which can ensure precise microstructural con-
trol will be highly beneficial for this industry in future.

6. High precision scientific instruments. High quality pipes
and connections which are both reliable and leak-tight are
essential for a number of instruments suchmass spectrom-
eters, precise air-quality measurement devices and sys-
tems which allow detection of low volume gases pro-
duced from explosives or other illegal substances.
Reliable manufacturing methods for very small diameter,
thin-walled pipes and leak-tight joining methods will
therefore provide a key value-adding factor for the man-
ufacturers of such devices.

7 Thin-walled pipes—knowledge gaps

It is clear that with all this future potential for thin-walled
pipes and connections, further advancements are required to
optimise such designs, and to characterise the different
manufacturing routes and materials that can be used.
Throughout this review, several gaps in knowledge have been
highlighted, including the following:

1. Further studies on the miniaturisation of manufacturing
and joining methods that are well-established for larger

pipe diameters would likely increase the uptake of small
diameter, thin-walled pipes in industry. The major issue
with adapting existing technologies is that thin-walled
p ipe s a r e more l i ke ly to de fo rm unde r the
thermomechanical forces induced during manufacturing
and joining. As such, to successfully utilise such technol-
ogies, the authors believe that both an enhanced under-
standing of the microstructural changes induced under
such loading is required, in addition to the creation of
higher precision machinery. One promising route appears
to be the use of adaptive control combined with real time
sensors which has significant potential to help miniaturise
existing processes for the production andmanufacture and
joining of thin-walled pipes.

2. Solid-state joining techniques show great promise in the
joining of different pipe materials, particularly in the case
of MPW. In a physics accelerator context, this could be of
great use in joining pipes to glands which are of different
materials. However, the equipment used to produce these
joints is typically cumbersome; a coil needs to be formed
around the joint circumference to induce a current and
achieve a successful joint. The use of this type of device
is extremely difficult within an accelerator physics detec-
tor where spaces are tight and access is limited. For this
reason, further research into refining these techniques for
use in small spaces would be extremely beneficial in
expanding their capabilities and use cases.

3. An improved understanding of the impact of material se-
lection on thin-walled cooling pipe performance and con-
nections are required. Several materials such as stainless
steel and titanium are excellent candidates for the manu-
facture and design of thin-walled pipes; however, they can
be difficult to join, particularly with fusionmethods. Pipes
with an extremely thin coating of another metal which can
be more easily fusion welded have shown significant po-
tential and are a route which is increasingly gaining inter-
est. However, an enhanced understanding of the residual
stresses and the quality of the interface between the coat-
ing and substrate pipe are required to ensure long-term
reliability and success of this promising approach.

4. Another material effect which would benefit from further
research is the repeatability of manufacturing processes
and the detection of small faults/variations in materials.
The limited material volumes associated with thin-walled
pipes mean that very slight changes in material structure
and composition can have a significant effect on perfor-
mance. As such, specific studies into the use of
non-destructive testing methods for the detection of resid-
ual stresses, microcracks and other faults with thin-walled
pipes would benefit both the miniaturisation of
manufacturing techniques and joint quality. There are a
number of methods available for non-destructive testing
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on small length scales (Barkhausen effect, ultrasound,
neutron diffraction and eddy-current methods); however,
given the long aspect ratios of thin-walled pipes, further
investigations into the suitability of these techniques for
this application are warranted.

5. The effect of two-phase CO2 cooling on the performance
of thin-walled pipes over their lifetime needs to be better
understood. This includes specific attention to thermal fa-
tigue behaviour when highly pressurised pipes are used over
their service lifetime, and also the influence of wear and
contaminants in the flow. As described in this review,
two-phase CO2 can have a significant impact on the surface
quality of the inner surfaces of pipes, but this is not well
understood for the length scales present with such
small-diameter, thin-walled pipes. It should be noted that
the recent establishment of many CO2 cooling systems
means that this avenue of investigation is in its infancy.
However, the authors would like to highlight that the
decommissioning of many of these systems offers a partic-
ularly promising avenue to improve understanding and this
should be considered carefully by the wider community.

6. The types of systems described in this review, and the
industries which could utilise thin-walled pipes in the near
future, all require designs which are of high-strength and
also highly reliable. Currently, there are only a few material
choices which can meet these requirements, whilst simulta-
neously being able to be manufactured into the length scale
and volumes required.However, it iswidely known that faults
induced by the manufacturing process can be critical to
strength due to the small length scales of thin-walled pipes.
In recent years, a number of micromechanical testing tech-
niques have been developed which can be used to enhance
existing understanding of the impact of varying production
parameters on the failure of these types of systems. This can
include the use of synchrotron radiation, focused ion beam
(FIB) milling and nanoindentation, which can provide key
insights at the microscale. It is the opinion of the authors that
these techniques will prove critical in the understanding of
loading on thin-walled pipes, and will be critical in the wider
implementation of such designs.

7. Finally, the potential of novel seamless pipe manufactur-
ing techniques need to be further investigated. This paper
has described in detail the difficulties faces when using a
well-established manufacturing method to produce
small-diameter, thin-walled pipes. However, there is great
potential in manufacturing methods specially designed for
pipes of this scale, such as powder spraying or additive
processes. The authors feel that further research into such
novel techniques will increase the potential for optimised
pipe performance.

8. One of the major knowledge gaps which is seen consis-
tently across almost all of the thin-walled connection
methods outlined in this study is the limited degree of
experimental characterisation that has been performed.
This is particularly true of the new and novel methods,
but a review of the literature has revealed that even
well-established methods are somewhat limited in terms
of the number of investigations into the fundamental ori-
gins and impact of processing parameters on joint me-
chanical performance and tolerancing. The major reason
for this has been associated with the accessibility and
limited use of representative microscale testing, particu-
larly in mechanical property variation. However, the last
decade has seen widespread growth in terms of access to
the equipment required to prepare samples at the micro to
nano length scales required, such as focused ion
beam-scanning electron microscopes (FIB-SEMs), and
the microscale actuation/loading systems, such as
nanoindenters, required for this type of analysis. In addition,
improved access to high-resolution non-destructive methods
such as Raman spectroscopy, computed tomography and syn-
chrotron characterisation means that these approaches are be-
coming more mainstream. These enhanced capabilities will
facilitate future investigations into the underlying characteris-
tics of thin-walled cooling connections and impact of produc-
tion parameters on joint performance. Such insights are essen-
tial in establishing reliable and representative models to facil-
itate optimisation of joint manufacturing techniques. For ex-
ample, an improved understanding of the impact of pulse
duration, energy, and dwell time on the microscale variations
in residual stress generated byMPW are expected to lead to a
substantial increase in joint strength and fatigue life. This
methodology has significant potential to tackle the broad
range of limitations and challenges identified in this paper.
As a result, it is the authors’ opinion that substantial research
efforts and capital investment are required to ensure that the
next generation of thin-walled joining techniques can achieve
the demanding performance requirements expected in future.

8 Conclusions

In this work, the role of thin-walled metallic pipes and con-
nections has been outlined in relation to their use for high
pressure cooling systems. An extensive literature survey has
been undertaken to describe the manufacturing require-
ments and joining techniques which has revealed that
seamless tubes are the best choice for thin-walled pipes.
Currently, cold forming techniques appear to have the
most potential for the small diameters required in these
systems, although more novel techniques such as cold
spray forming could prove a viable alternative.
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Soldered/brazed connections are the most common
joining techniques for thin-walled pipes. However, it is
clear that further investigations are required to better un-
derstand the impact of material choice on joint strength.
Other joining techniques such as orbital TIG and friction
welding have also significant potential in the area of
two-phase CO2 cooling systems due to their high
strengths and leak tightness. The key parameters that af-
fect the operation and reliability of thin-walled pipes
when used for two-phase CO2 cooling are the pressure
of the CO2 fluid within the pipes, the temperature at
which the cooling system operates and finally the surface
quality and roughness of the inner pipe surface.
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