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Cold Welding in Space: Limitations and Opportunities
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Cold welding is a solid-state joining process where two clean metal surfaces can bond through contact, without melting or exter-
nal heat. Although this process has advantages over traditional fusion-based methods, it is still rarely used in aerospace because
unintended adhesion can lock moving parts, and true cold welding is difficult to reproduce on Earth due to rapid oxidation. This
research paper presents a literature review of the limitations and opportunities of cold welding in space by focusing on the key
fundamentals and pressure requirements, terrestrial barriers to adoption, space-relevant behavior and historical incidents, and
modern space experiments such as ASTROBEAT, along with a new small-scale terrestrial trial. In vacuum environments, oxide
layers do not reform, which can simplify welding once components are in orbit (while surfaces still require protection before
launch). However, these environments do not remove the need for high contact pressure to plastically deform surface asperities.
When contact is achieved, bond strengths can approach those of the parent material. Compared with fusion-based methods
such as laser or electron-beam welding, cold welding avoids heat-affected zones and reduces hazards. Past failures such as
the Galileo antenna deployment anomaly demonstrate why careful design controls are essential for success. The literature and
the experiment together suggest cold welding can be a practical tool for in-space repair and assembly when used under con-
trolled conditions, while risk of unintended adhesion can be mitigated through careful surface engineering and mechanism design.
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Introduction

Cold welding has been understood since the 1940s U but it is
still treated mainly as a problem to avoid in spacecraft design.
When two clean metal surfaces come into contact in a vacuum,
they can bond quickly, constraining motion or damaging criti-
cal mechanisms. Because of these risks, most aerospace work
focuses on prevention rather than intentional use, even though
vacuum conditions also remove the main terrestrial barrier:
oxide layers do not reform once surfaces are clean. In man-
ufacturing references, this process is often described as cold
pressure welding, meaning a pressure-welding method per-
formed without heating that relies on breaking surface films
and forcing intimate metal-to-metal contact under compres-
sive deformation®,

In this literature review, we combine historical spacecraft
incidents, modern space experiments, and a small-scale terres-
trial experiment to show the risks of unintended adhesion and
the opportunities for controlled cold welding in space. This
comparative approach is motivated by the growing need to as-
semble and repair large structures in space, where launch vol-
ume and mass are limited.

This research paper (1) summarizes the basic mechanism
and the conditions required for bonding, (2) explains why cold
welding is hard to implement on Earth, (3) reviews space-
relevant behavior and past failures, (4) discusses current in-

space experiments, and (5) uses our small terrestrial trial to
connect the literature to practical design strategies for con-
trolled adoption.

Fundamentals and Mechanisms of Cold Welding

Cold welding occurs when two metal surfaces are in close
enough proximity that their electron clouds overlap, forming
metallic bonds identical to those found within the parent ma-
terials®. To achieve this atom-to-atom contact, the surface
must be free of all contaminants, such as dust particles and
oxide layers. If the surfaces are not perfectly flat, pressure is
needed to plastically deform the microscopic asperities so that
the real contact area is maximized®. The pressure requirement
depends on hardness: reported thresholds are roughly 700-800
MPa for aluminum, while copper can require about 2000-2500
MPa™ Ag the contact area increases, more bonds are formed,
resulting in a stronger overall weld comparable to the base ma-
terial. For example, up to around 260 MPa was reported in
plasma-treated steel-aluminum bonds®. In practice, even thin
contaminant films matter. Contaminants like grease layers can
block bonding, so surfaces are typically cleaned before press-
ing through techniques such as wire brushing. For metals like
aluminum, the brittle oxide film can fracture during pressing
as plastic deformation breaks up the surface layer?.

Cold welding is different from fusion-based welding be-
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cause it does not melt the metal. Fusion methods such as laser
or electron-beam welding add heat, which can create unin-
tended thermal stresses, heat-affected zones, and defects, pos-
sibly damaging surrounding structures®. Cold welding can
occur at or near room temperature, preserving nearby mate-
rials and avoiding other temperature-related problems. This
process requires surface cleaning and pressure, while fusion
welding requires energy input for melting and then controlled
solidification, which introduces additional hazards. This dif-
ference is summarized in Fig. 2.

Cold welding is also limited by material compatibility.
Only certain metal combinations form cold welds (Fig. 1), as
the crystal structure and surface chemistry can affect whether
the contact is enough to form stable metallic bonds”. Vac-
uum conditions are known to increase adhesion because sur-
faces stay cleaner for longer, so solid lubrication and coatings
are commonly used to prevent sticking”®. Classic friction
and contact-mechanics references also emphasize how surface
roughness and real contact area control adhesion and friction,
especially in vacuum environments®.

Fig. 1 Metal combinations that can be cold welded (black) and
cannot be cold welded (white). Reproduced from ASM Handbook,

Volume 6A: Welding Fundamentals and Processes-.

Nanoscale vs. Macroscale Cold Welding

At extremely small scales, cold welding can occur at relatively
low loads. In nanoscale structures such as gold nanowires,
bonding can happen quickly under low pressure while pre-

serving crystal orientation and electrical properties, with re-
ported stresses of below around 5 MPa'Y. Silver nanowires
show similar behavior, although alignment can change how
much plastic deformation is needed for a strong joint!. At
the macroscale, surface roughness and asperities have a much
larger effect, with much higher pressures needed to flatten sur-
faces and create sufficient real contact area. For example, ex-
tremely high pressures are reported for certain Cu-Al joints".

Macroscale behavior in vacuum environments is supported
by both failures and controlled experiments. Unintended ad-
hesion has been implicated in events such as the Galileo an-
tenna deployment anomaly, where fretting and vibration con-
tributed to sticking in an aluminum-alloy mechanism'Y. Con-
trolled vacuum tests also report measurable adhesion forces
for steels such as AISI 440C. Other studies and reports
describe macroscale bonding in geometries such as foils,
wires, and separable contact interfaces including ultra-high-
vacuum work on aluminum wires and other contact configura-
tions#14 These results contrast with nanoscale demonstra-
tions of adhesion and bonding, such as nanowire joining tech-
niques made for electrical interconnects'>. Table 1 summa-
rizes the main differences between nanoscale and macroscale
cold welding.

Terrestrial Studies and Industrial Barriers

With these fundamentals in mind, this section reviews terres-
trial experiments and industrial experience. Oxidation and the
need for high pressure make cold welding difficult on Earth,
explaining why vacuum conditions in space can change both
the risk and the opportunities.

Terrestrial Experiments and Lab-Scale Mechanisms

Several laboratory studies show that cold welding is feasible
in carefully controlled conditions.

At the nanoscale, high-resolution transmission electron mi-
croscopy revealed that 3-10 nanometer single-crystal gold
nanowires can cold weld under low pressure within seconds,
while preserving the strength, conductivity, and crystal orien-
tation of the original metal®, However, these results occur at
a scale where surface atoms and nanoscale effects dominate,
so they do not automatically translate to larger, rougher sur-
faces'®. An experiment on silver nanowires achieved similar
results but also showed that misalignment can increase the de-
formation needed to form a reliable joint'!,

Reported weld strengths for nanoscale systems can reach
about 5 MPa initially and increase with additional deforma-
tion, such as with around 20-30% strain'®. Unlike fusion
welding, cold welding avoids a heat-affected zone, enabling
the creation of temperature-sensitive devices such as adhe-
sively bonded flip-chip interconnects"®.
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Fig. 2 Flow chart diagram differentiating cold welding from fusion-based techniques.

Table 1 Nanoscale vs. Macroscale Cold Welding Comparison

Aspect Nanoscale Macroscale

Pressure Low (<5 MPa)1U1 High (700-2500 MPa)1>
Bonding Spontaneous, atomic Plastic deformation required
Tested alloys  Au/Ag nanowires (3-10 nm)X*H  Al/Cu/steel wires and foils 0/

Industrial Adoption Challenges

On Earth, cold welding is possible but often impractical at
a large scale. Oxide removal and surface preparation, such
as scratch brushing or electroless plating are typically re-
quired, and high loads or vacuum equipment may be needed,
as reported pressure can exceed 1500 MPa for some copper-
aluminum cases'. In the automotive sector, cold welding
is used in niche applications that can control surface condi-
tion and geometry, such as cold butt welding and precision
roll forming for flat aluminum bands used to manufacture
high-performance wheel rims that are 0.07-2.0 mm thick?.
For larger cold welds, hydraulic presses are used to achieve
the immense pressures required to plastically deform any sur-
face irregularities to achieve full contact between the met-
als, ensuring uniform bond formation across the entire sur-
face”. Even while technically feasible, the required prepara-
tion, equipment, and process control can make cold welding
less attractive than other joining options. For example, fric-
tion stir welding can require less surface preparation but intro-

duces heat-related effects that cold welding avoids2. Table
2 provides a comparison between cold welding, friction stir
welding (FSW), and fusion welding approaches (LBW/EBW)
across key factors.

Cost can also shape industrial adoption. One economic
analysis for welding AA6060 alloy tubes reported that while
friction stir welding has higher initial investment, it can be-
come cost-advantageous compared with MIG and TIG af-
ter around 465.8 working hours, which is about 38.4 km of
welded joint length?Y. This emphasizes why even solid-state
methods often require sufficient production volume to justify
expensive, specialized equipment.

Space Environment Behavior and Historical In-
cidents

Vacuum environments such as space greatly affect the feasi-
bility of cold welding in many situations. In high vacuum,
around 1073 mbar, oxide layers do not reform readily, en-
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Table 2 Comparative Analysis of Solid-State Welding Techniques

Metric Cold Welding LBW FSW EBW
Cost Low (passive tooling)? High (power supply for Moderate (motors) High (power for beam)
laser)
TRL for space  Low (TRL 3-4).! High (TRL 7-8) on ISS22 High (TRL 9)23 Moderate (TRL 6)2*
Hazards Low" Blindness from reflections, Pinch Points, moving parts X—rays21
fumes2!
Operability Pressure, preparation  Precise reflections needed?!  Automated Vacuum required, com-
needed? plex2l
Table 3 Summary of terrestrial vs. vacuum cold welding evidence
Context Evidence Scale / materials Environment Requirements Results
Terrestrial (am-  Small-scale clamp Macroscale, Al  Room tempera- Surface abrasion, No cold welding
bient air) (0.016 mm foil) ture and humid- continuous clamp observed, reox-
and Cu wire strips ity pressure for 10 to idation likely
15 minutes prevented metallic
bonding.
Terrestrial (in- Cold pressure  Macroscale, com- Controlled Oxide removal, Feasible but spe-
dustrial) welding and roll mon metals (Al, surface prepa- high pressure cialized equipment
bonding Cu) ration,  some and preparation is
vacuum needed.
Terrestrial (vac-  Vacuum cold weld-  Micro and Vacuum Clean surfaces, Adhesion  forces
uum) ing and adhesion macroscale, metal- pressure, reduced can reach mN to
studies metal contacts reoxidation N levels, enabling
bonding in vacuum
Space (uninten-  Galileo high-gain  Macroscale, alu- Vacuum Contact, Loss of lu-  Unintended adhe-
tional) antenna  deploy- minum alloy bricant in vacuum sion can cause risk
ment anomaly contact surfaces and systems to fail
Space (con- ISS ASTROBEAT Macroscale, alloys Microgravity Rigs built to be The beginning of
trolled) and other in-space  and foils for hullre- on ISS environ- used in a controlled the transition from

joining demonstra-

pair ment

environment

a risk to a tool,

tions

through controlled
surface preparation
and design consid-
eration.

abling surfaces to remain clean. However, preparation such as
coatings or controlled handling is still necessary before launch
as materials can oxidize, pick up contaminants, or lose lubri-
cants during storage and transportation on Earth'L.

These vacuum environments do not lower the mechanical
pressure needed for cold welding. Vacuum only prevents re-
oxidation, so the contact pressure still has to be high enough to
plastically flatten asperities and increase the real contact area.
This requirement depends on hardness and surface roughness.
Some analyses use Hertzian contact pressure criteria such as
staying below around 93% of the yield limit>. Related cold
pressure welding is used on Earth for certain nonferrous and
dissimilar-metal joints, such as copper terminals to aluminum

conductors where fusion welding can create brittle intermetal-
lic compounds”. Vacuum-adhesion studies also show surface
cleanliness as a key factor, while the contact mechanics are
still determined by the real contact area when asperities are
deformed under pressure?®2Z. For separable contacts under
vacuum, impacts and fretting can speed up the process, as they
can remove oxide layers and expose metal>>.

Historical Incidents

When engineering spacecraft, cold welding is often treated as
a risk to avoid rather than an opportunity. A well-known ex-
ample is the 1991 Galileo spacecraft failure, where the rib of
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the umbrella-shaped high-gain antenna adhered to the space-
craft in its folded position, preventing full deployment and
limiting the data transfer rate for communication to Earth'l,

The adhesive bonding consistent with cold welding has
been cited as a plausible contributing factor in the deployment
anomaly, especially under conditions where lubricant was lost
and metal-to-metal contact. Other space mechanism studies
emphasize unintended adhesion is often caused by many fac-
tors such as design tolerances, lubricant behavior in vacuum
and launch conditions, and fretting wear>25.

Cold welding acts as a secondary mechanism once protec-
tive films are compromised. Further analysis suggested cold
welding could have occurred within minutes of metallic con-
tact in the vacuum of space, accelerated by micro-vibrations
and fretting, which wore off the oxide layers, allowing the
metal surfaces to cold weld during and after launch condi-
tions. This caused the data return rate to drop around 99%,
underscoring that vacuum conditions can facilitate unintended
cold welding, leading to failures.

Space welding has also historically shown why alterna-
tive joining methods are challenging. Early in-orbit welding
demonstrations include Soyuz 6 (1969), where welding tech-
niques such as electron-beam welding were first tested in or-
bit>.

Later works, including Skylab-era testing, showed fusion
welds in space can crack and cool slowly, with some methods
introducing hazards such as x-rays from electron-beam weld-
ing or dangerous reflections from laser welding®/'?%, These is-
sues highlight why a room-temperature joining technique like
cold welding can be advantageous if properly controlled.

Mitigation Strategies for Space Mechanisms

Spacecraft designers often rely on coatings, lubrication, and
careful material pairing such as greases or anodized surfaces
to prevent unintended adhesion caused from cold welding'".
However, the same physics suggests cold welding can be valu-
able when controlled, enabling designs not possible with fu-
sion techniques.

Modern Experiments and Observations

Recent research on cold welding focuses on both controlled
testing and preventive strategies. Learning from these past
failures can help avoid those previous mistakes while explor-
ing how cold welding can be used intentionally in space sys-
tems.

Controlled Tests

NASA’s ASTROBEAT project, currently taking place on the
International Space Station (ISS), cold welding as a potential

method to repair spacecraft . Spacecraft can often be bom-
barded with small dust particles, debris, and even asteroids.
Though these objects are small, they can travel fast enough
relative to the spacecraft to cause major damage. Cold weld-
ing, unlike traditional welding, can be used to quickly patch
the hulls of spacecraft without generating heat, which would
require significant time to cool down in the vacuum of space.
Cold welding also provides strong welds, ensuring the in-
tegrity of the structure. While vacuum does not reduce contact
pressure required to plastically flatten asperities and create real
metal-to-metal contact, it enables cold welding by limiting
reoxidation to maintain clean surfaces once exposed®. The
pressure requirement remains a contact mechanics problem
that is affected by material hardness and surface roughness.
This is commonly analyzed using Hertzian peak pressure for
separable contacts under vacuum>. Recent ultrahigh vacuum
studies show adhesion and cold welding events occur when vi-
brations remove protective films=!. With fewer oxygen atoms
present in the vacuum of space, metals oxidize much more
slowly, enabling cold welding without surface preparation.

The physical ASTROBEAT experimental rig was designed
to fit in a 1U cube Nanolab®2. This rig contained material test
beds, a hull perforation device to simulate a hull breach, and
other systems designed to collect and send data back to Earth
for future analysis®2. This setup allowed for autonomous
operation of the experiment, while also being supervised re-
motely. From this experiment, ASTROBEAT has found three
potential candidates to be used as hull materials: high ductil-
ity indium foil, austenitic steels with high nickel content, and
aerospace-grade aluminum alloy=%. The findings from this ex-
periment can advance the technology used to protect and re-
pair spacecraft during hull breaches, protecting the astronauts
and equipment inside.

Small-Scale Terrestrial Experiment

To evaluate the feasibility of terrestrial cold welding under
ambient conditions without industrial machinery, we also con-
ducted a small experiment. The goal was not to reproduce
space conditions, but to show why oxidation and limited pres-
sure make ambient-air cold welding difficult with basic tools,
consistent with prior laboratory and industrial observations®.

We tested aluminum foil and copper wire strips at room
temperature (22°C) and typical indoor humidity at around
50% RH. The aluminum foil used had a thickness of around
0.016 mm and the copper wire was a thin band of copper wire
cut into smaller strips. The oxide layer was removed through
abrasion using silicon carbide sandpaper on the metal. Two
grit sizes were used: a coarse P320 followed by a finer P800.
A microfiber cloth soaked in 91% isopropyl alcohol was used
to wipe off the remaining oxide particles and residual debris,
creating a clean, oxide-free surface. Immediately after sur-
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face preparation, was then applied to the folded area. A small
metal C-clamp was used to apply constant pressure to the fold
(Fig. 3) for around 10 and 15 minutes of constant pressure,
estimated to be around 50-100 MPa.

Across aluminum-aluminum, aluminum-copper, and
copper-copper trials, we did not observe a reproducible cold
weld. A change in color was observed for both sandpapers.
This change in color verified that particles of the metal were
worn off, along with the oxide layer on the surface (Fig. 4).
However, the samples still separated easily with light manual
force. The only macroscopic evidence of adhesion was a
small tear at the interface (Fig. 5). These results are consistent
with the rapid reoxidation and residual surface roughness
preventing atomic contact under these conditions?¥,

Fig. 3 A small C-clamp was used to apply continuous pressure to
the aluminum foil. A wrench was placed between the C-clamp and
the aluminum foil as a flat surface to provide even pressure
distribution.

Vacuum studies using controlled surfaces and loading re-
port much higher adhesion forces around 5500 mNL, Our am-
bient air setup is better used to demonstrate the limitations of
cold welding. Small variations in surface contact and pressure

Fig. 4 Two grits of silicon carbide sandpaper were used: (A) coarse
P320; (B) fine P800. Both show silver and bronze streaks from worn
aluminum and copper.

led to inconsistent results across trials (Fig. 5), highlighting
the need for precise environmental control. Uncontrolled hu-
midity, reoxidation, and imprecise pressure make terrestrial
cold welding unreliable without specialized equipment.

In our experiment, separation occurred with light manual
force, suggesting adhesion far smaller than the levels reported
in vacuum contact studies, if at all. Accordingly, we treat
this experiment as a bounded qualitative demonstration with
photo documentation rather than a quantified adhesion force
study. Future work would require a force gauge for pull-off
measurements and microscopy (optical/SEM) to examine the
contact area after separation under controlled atmosphere or
vacuum. These observations align with the expectation that
oxide regeneration dominates in terrestrial conditions.

Modern Preventive Strategies

These findings highlight the critical role of preventative strate-
gies for cold welding in space. Selective coatings, lubrication,
and controlled contact design can prevent unintended bonds
while allowing for intentional cold welding at chosen inter-
faces in future robotic assembly systems@.

Risks, Opportunities, and Future Directions

The literature review and our experiment highlight how vac-
uum conditions impact the feasibility of cold welding. Vac-
uum prevents oxide reformation, so clean surfaces can remain
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Fig. 5 Small tear due to adhesion, but likely not from a cold weld.

reactive, but does not remove the need for high contact pres-
sure (often around 700-800 MPa for materials like aluminum)
to flatten asperitiesm. This is consistent with in-space demon-
strations that emphasize controlled interfaces and loading@,
and with our terrestrial experiment, which likely failed due to
the around 50-100 MPa of the air not being enough to over-
come the roughness and reoxidation?.

The scale at which cold welding occurs greatly affects
its limitations and opportunities. Nanoscale studies show
that bonding can occur at low load when surfaces are effec-
tively atomically smooth, but macroscale space hardware is
dominated by roughness and contact mechanics, as shown
by incidents like Galileo and by vacuum adhesion measure-
ments LT Ag space manufacturing grows, sustainability
can be accounted for to compare the energy and resource
tradeoffs of these joining options in space for long-duration
missions>%,

Cold welding presents both a risk and an opportunity in
space. In vacuum, unintended adhesion can cause serious fail-
ures. However, when the interface is carefully engineered,
cold welding can produce strong joints while avoiding the heat
and hazards associated with other high-energy welding meth-
0ds®29 This paper contributes a balanced view that shifts
the discussion from the avoidance of cold welding to con-
trolled adoption. Under the right design controls, cold weld-
ing can support in-situ assembly and repair of large structures
such as satellites, antennas, and habitats, where launching pre-
assembled systems is constrained by payload size.

Future directions can include testing macroscale alloys and
joint geometries under realistic vacuum conditions, quantify-
ing required loads and repeatability, and comparing maturity
and performance against other joining options such as FSW
and EBW. Additional work connecting nanoscale mechanisms
to macroscale contact behavior would help close the remain-
ing gaps in the process to adoption. While cold welding has
clear limitations on Earth, the process offers many opportuni-
ties in space. With more research, this efficient and practical
joining process can enable the assembly of large, long-term
space infrastructure.
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