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Extension of the pressure and temperature operating range of
spring energized metallic seals by surface texturization

ALLEGRE Loick, CAO Chen, KWEDER Jonathan, LEDRAPPIER Florent,
JULIAA Jean-Francois

As industrial systems advance toward higher efficiency, sustainability, and digital integration,
sealing technologies must meet increasingly demanding functional and environmental re-
quirements. Future energy and process applications operate under extreme thermomechani-
cal loads and chemically aggressive conditions, making sealing integrity essential. This drives
the need for innovation in materials selection, interface mechanics, and long-term reliability
engineering.

Spring-energized metallic seals are designed for exceptional performance, achieving helium
leak rates below 1x107'° Pa-m3s in harsh environments. With proper selection of internal
components, metallic groove design, and suitable material choices, these seals endure high
temperatures, high pressures, irradiation, long-term stress relaxation, and corrosive media
such as acids, solvents, molten salts, and liquid metals. Their robustness enables use across
numerous advanced industrial and energy systems.

A key performance factor is the outer layer of the seal—either a metallic coating or liner—
responsible for plastically deforming to fill microscopic leak paths caused by flange surface
roughness. Soft, low-alloy materials like aluminium or silver are typically used, but their ap-
plicability can be limited by media compatibility, temperature capability, lifetime expectation,
and available tightening forces designed in the physical joint.

To address these limitations, a texturized spring-energized metallic seal was developed. Its
engineered surface pattern increases local contact pressure and reduces required system
loads, promoting effective plastic deformation of the liner into flange surface imperfections.
Compared to sharp-edge solutions such as Delta seals or metal seals assemblies, the textur-
ized seal provides a wider seal track, maintaining performance even on degraded or previ-
ously used flange surfaces.

Optimization of texturization geometry enables replacing soft liner materials with more robust
options such as Nickel 201, without changing cross-section geometry or increasing required
compression forces in the joint assembly. This material substitution greatly reduces long-term
aging effects—especially creep of the sealing layer—under high-temperature and chemically
aggressive service conditions. As a result, these kinds of texturized metallic seals offer en-
hanced durability, stability, and reliability for next-generation industrial and energy infrastruc-
tures.

1 Introduction: Background related to metallic seals behaviour

The high sealing performance for nuclear application is generally obtained by using
spring energized seals [1]. Based on their physical architecture, a proper design of
components allows these seals to address large temperature and pressure ranges,
exposure to different medias (water, gas, lead, etc), performs in irradiated conditions,
and resists corrosion. An example of this metallic seal, shown in Figure 1 and some
of its characteristics are as follows:
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. The design of the internal spring provides the best balance between elastic
recovery, generally needed to withstand accidental unloading, the flexibility re-
quired to address large amounts of flange waviness, and the mechanical stiff-
ness required to ensure a proper plastic deformation of the seal lining into the
flange surface defects (roughness, scratches, indents, etc.).

e The seal lining itself is made of a soft metal, like pure silver, low alloyed alu-
minium or nickel. By nature, the permeability of this lining is much lower than
any available polymeric solution, and can even be neglected in analysis in most
of cases. The seal lining relies on plastic deformation to allow material to flow
into the flange roughness and close all remaining leak-path at the seal-flange
interface.

. An intermediate lining is sometimes placed in between the spring and the seal-
ing lining to prevent the soft sealing lining from any damage related to the pen-
etration of spring coils through the soft outer material.

'rnu:p_:nb'a!ilili

Figure 1: Spring energized metallic seals architecture

These seals are typically installed in a manufactured groove designed to ensure a
proper compression of each seal and help to withstand the internal system pressure.
The metal-to-metal contact between flanges prevents the seals from collapsing in
application and limits over-compression. The mechanical behavior of these seals is
characterized by Figure 2 which presents the evolution of the linear reaction force of
the seal as a function of its compression.

Several key-parameters are defined to describe the seals. Usual symbols, reported
in Figure 2, correspond to the following behavior:

e Y2 (N/mm): Linear load of a seal after tightening at nominal compression (e2
mm) at room temperature,

e Y1 (N/mm): Linear load below which the leak rate exceeds a target value during
an unloading in standard conditions (room-temperature and pressure differen-
tial of 1 bar)

. Rt (mm): Total elastic recovery after compression

. Ru (mm): Useful elastic recovery corresponding to the minimal point where the
seal continues to achieve an acceptable leak-tightness, during unloading.
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Figure 2: Spring energized metallic seals characteristic curve

Figure 2 also highlights the evolution of the seal behavior in service conditions, re-
lated to the softening of materials due to service or accidental temperature and fi-
nally, creep mechanisms for long-term use.

Different ageing mechanisms can contribute to reduce the seal reaction force:

. As the seal lining is compressed between the spring and the flange surface and
the application temperature increases, the creep mechanism of the seal lining
leads to a progressive decrease of it’s the lining thickness. This effect is bal-
anced by the elastic recovery of the spring but leads to the progressive de-
crease of reaction force of the seal and the overall elastic recovery illustrated
in Figure 2.

. In the case of high-pressure applications, the internal pressure tends to stretch
the seal and can act to increase the measured system reaction force. This in-
crease also contributes to compress the seal lining more, leading to additional
material thinning. This effect leads to a significant decrease of measured reac-
tion force once internal pressure is removed and can be critical in case of cyclic
pressure system usage.

e  When seals are installed in heterogenous connections (i.e. flanges made of
materials with different thermal expansion characteristics), or connections sub-
jected to high temperature gradients due to fast thermal transients, the seals
can be subjected to radial shear. This effect leads to a progressive and re-
peated spread of the seal lining across the seal track width, with an accumula-
tion of plastic deformation that makes it thinner and thinner until performance
failure of the sealing function.
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2 Design of texturized metallic seals

2.1 Presentation of the texturized metallic seal concept

The design of the spring energized metallic seals is driven by the choice of the seal-
ing material, generally driven by the intended service and potential extreme expo-
sure conditions. Based on this input, the stiffness of the spring has to be designed
to be high enough to ensure the targeted sealing performance while the cross-sec-
tion geometry remains fixed to maximize the elastic recovery of the seal in a way
that complies with the available system compression force. As an example, for a 6
mm cross-section, the setting force needed to achieve a 1 x 108 Pa.m3/s Standard
Helium Leak Rate (SHeLR) is as follows:

. ~250 N/mm with sealing lining made of Aluminum 1050A,
. ~400 N/mm with a sealing lining made of pure silver,
e  ~900 N/mm with a sealing lining made of Nickel 201.

Increasing the setting force with a given cross-section requires a stiffer spring design
and leads to more plastic deformation in the spring during the initial seal compres-
sion. Ultimately, a seal with this kind of design can expect to have a smaller initial
spring-back available. As a result, the softest available material is generally preferred
as the seal lining, but such materials also are known to have greater creep rates and
are more sensitive to the ageing mechanisms detailed above.

The TEXEAL® concept aims to change that paradigm by replacing soft material
outer seal lining by texturized harder/stronger materials. As previously discussed,
the analysis of the performance mechanisms of metallic seals relies on the plastic
deformation of the soft seal lining onto the flange surface roughness. Designing and
manufacturing small cavities into the seals’ surface helps promote the plastic defor-
mation of this material with cumulated benefits [2], [3], [4]:

. Cavities reduce the bearing ratio, resulting in greater local contact pressure,
which helps the plastic deformation of the seal lining into the imperfections of
the flange surfaces.

. The discontinuity in the surface of the material also provides space where the
material can flow during compression, which makes it easier for the material to
flow and close these leak paths due to the flange surface roughness with a
given contact pressure.

The development of surface texturization techniques allows for the deployment of
this concept. In this case, the use of femto-second laser technology in the industrial
process enables the ablation of metal without significantly melted or thermally af-
fected zones to be created around the laser impact. Such a process can create cav-
ities on seals, without any modification of material behavior related to strain harden-
ing or quenching effects. The texturization can be performed selectively only along
the sealing track, as shown in the following figure reducing processing time on tex-
turization of surfaces that will not be used to create a seal interface.
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2.2

Figure 3.; Spring energized metallic seal with texturized surface

Expected benefits

Besides the possibility to reduce the compression force required for with a given seal
design, the texturized metallic seal concept, with a proper design of the texturized
pattern, allows the design of a seal with an outer lining made of Nickel 201 that is
leak-tight with the same cross-section and the same compression force as a seal
with a silver outer lining. Such a material change can have several benefits:

The vyield stress of nickel decreases more slowly than silver when the system
temperature increases, which makes nickel more suitable for high temperature
applications,

The creep resistance of nickel is also drastically improved over silver, thanks in
part to a higher melting point. The creep rate at a given stress level, or even
normalized by the yield strength has been proved by several decades of in la-
boratory testing, which makes the option relevant of long-term use, with a lim-
ited relaxation [5], [6], [7].

The yield strength of annealed Nickel 201 is not significantly different from that
of silver, but the work-hardening effect of nickel is much more significant, and
explains the usual difficulties to achieve a given sealing performance with the
nickel lining without texturization as stated above. Once texturized, the surface
behavior of the nickel is improved for a better compressive interaction with the
flange roughness and reduces the contact stress of the seal to flange interface.
As the untexturized material is unchanged, the thickness decrease related to
internal pressure is significantly reduced even after texturization and the ability
of these seals to withstand cyclic pressure and thermal transients is generally
improved.

These different topics have been addressed by dedicated tests detailed hereafter.
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3 Experimental validation

3.1 Pressurized water conditions

The following table compares the sealing performance of different seals with 13 mm
cross-section and the same seating linear load, used in different test conditions that
combine service temperature up to 350 °C with internal pressure up to 160 bars. The
only parameter that varies between different seal designs (i.e. different columns) is
the seal lining material and surface finish (texturized or un-texturized).

The data detailed in this table corresponds to Standard Helium Leakage Rate
(SHeLR) measured with a mass-spectrometer in global vacuum test condition.

Table 1: Leak test with temperature & internal pressure

If:::;;";i::g' Reference Non-Texturized Texturized Nickel
(Pa.m¥s SHeLR) Silver Lining | Nickel 201 Lining 201 Lining
1bar@ 25 °C <1x10° 1x10°% <1x10°
1 bar @ 350 °C 3x108 1x103 7 x10°
161 bar @ 350 °C | 1 x 10°° N/M* 2x108

*: Not measured due to previous failed test at atmospheric pressure

This first experiment reveals that the replacement of the silver of the reference seal
by nickel leads to a worse measured leakage rate, which follows logically the greater
hardness of the material (Hvo.2 = 120 for the Nickel to be compared to Hvo.2 = 45 for
the pure silver).

Considering the textured nickel, the sealing performance at room temperature and
with a pressure difference of 1 bar is under the detection limit of the mass spectrom-
eter used for these tests.

The surface texturing improves the sealing performance of this lining material and
even improves the seal leak performance at temperature, and with pressure applied
compared to the reference seal with a silver lining. These observations confirm the
expected benefits of texturizing the seal lining.

3.2 Ageing behaviour

The long-term ageing behaviour of seals has been addressed within the context of
nuclear spent-fuel storage and transport casks. The concept of dual-purpose casks
relies on the ability to transport the casks after an interim storage period of several
decades, to a final repository site [5], [6], [7].

The ageing tests performed consist in the installation of metal seals in blind bolted
flanges and placed in a furnace for different period of times and different tempera-
tures. Then, a partial opening of the test hardware, assisted with an instrumented
hydraulic press device, was used to measure the evolution the residual reaction force
and elastic recovery of each seal.
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Within this context of ageing tests [8], the following figure compares the evolution of
texturized metallic seal reaction force (red filled circles) and spring back (red unfilled
circles) during ageing 450 days at 150 °C with the behaviour of reference silver seal
(black filled circles and unfilled circles, respectively), with the same cross-section
and the same initial installation force. In this figure, the reaction forces are normal-
ized by average of the initial behaviour of silver seals.
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Figure 4: Comparison of texturized metallic seal behaviour with reference silver seals during
ageing test at 150 °C

These ageing tests reveal that no significant evolution of reaction force and spring-
back is noticed for textured nickel seals, while the silver seals lost 40 to 50 % of their
initial loading behaviour. The decrease of seal reaction forces and elastic recovery
make them more sensitive to unloading after ageing. This can be related to acci-
dental load cases (like a drop event for the spent fuel casks), but also related to
normal service conditions, like the influence of external loads on pipes network, in-
ternal system pressure, or thermal transients. The slight decrease of TEXEAL®
spring-back between the first compression (left-hand side) and the first intermediate
measurement is related to the collapse of cavities which were created with the sur-
face texturization in its initial compressive interaction with the experimental hard-
ware.

In this situation, the use of non-texturized nickel, if technically possible with a suffi-
cient available system compression force typically is designed with a stiffer internal
spring with a value of elastic-recovery that is drastically smaller. The figure above
emphasizes the advantages of the textured Nickel 201 lining in terms of ageing be-
haviour and the trend can be assumed to be amplified with a temperature increase
due to the speed-up of creep with temperature according to Arrhenius’s law.
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3.3 High temperature behaviour

The validation of benefits of textured Nickel 201 lining at higher temperatures is con-
sidered for a specific application holding at 100 bar and 500 °C for a duration of 16
months.

In this situation, the silver lining is inappropriate due to an excessive plastic defor-
mation and creep of the material due to high temperature exposure that is predicted
to lead to the failure of sealing performance. This point is typically balanced in design
by the use of silver plating, whereby the small thickness (< 50 um) of a plated surface
and adhesion on the substrate by electroplating reduces the risks of use related to
its plastic deformation. Even if the thinning of the plated material is still noticed under
loaded conditions, the influence of the thickness reduction on the seal performance
is mechanically limited by the smaller initial thickness of the plating [9].

The first common consequence of using silver plating in an application like this could
be a decrease of the contact width of the seal and a decrease of the ability of the
material to close efficiently flow into the surface defects of the flanges (roughness
and scratches) that lead to leak paths.

Then, the adhesion of the silver lining on its substrate, combined with thermal tran-
sients and thermal expansion of different materials involved can lead to an undesir-
able shear stress at the interface between the plating and its substrate.

Figure 5 presents a distribution of total deformation according to non-linear numeri-
cal simulation with Finite Element Analysis (FEA), that involves plastic and visco-
plastic behaviour of these materials at temperature. With just a few simulated ther-
mal cycles, the analysis reveals a mesh distortion which can correspond to a very
high deformation (logarithmic strain close to 1,5, which corresponds to a conven-
tional strain greater than 300%) and is not acceptable for performance of metallic
materials.

LE, Max. Principal
(Avg: 75%)

Fig. 5: Simulation of silver coated seal — Distribution of deformation after thermal cycles

This excessive shear of the interface is predicted to lead to a failure and delamination
of the seal-plating interface that can be reproduced experimentally, as shown in Fig-
ure 6, highlighting the blistering effect and delamination of the plating after thermo-
mechanical testing.
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Fig. 6: Delamination of silver plating after thermal cycles

This damage mechanism is significantly improved by the replacement of silver plat-
ing by a textured nickel lining, thanks to the following characteristics:

e  The coefficient of thermal expansion of Nickel 201 is similar to the behaviour of
other refractory nickel-based alloys generally considered for high temperature
applications (like Alloy 625),

e  The non-adhesion of the sealing lining on the under-lining allows some micro-
sliding at the interface and reduces the related shear-stresses,

e  The work-hardening behaviour of the Nickel 201 alloy enables a consolidation
of the lining in the case of significant mechanical loads.

These benefits have been confirmed by a numerical simulation of the thermal loads
on nickel seals, as illustrated in the following figure. The maximum plastic strain in
the seal lining is limited to 0.1, which is acceptable without risk of damage. The cor-
responding tests are still in progress at the time of writing, to confirm this point ex-
perimentally and confirm sealing performances.

WL LR
>

PEEQ
(Avg: 75%)

Fig. 7: Aspect of texturized Nickel seal after thermal cycles
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4 Summary and Conclusion

The development of the texturized metallic seal concept, which relies on texturization
of metallic seal surfaces and allows the replacement of soft material, like silver or
aluminium by other stronger materials that are initially excluded from design consid-
eration due to their hardness that is not ideal to ensure leak-tightness. This concept
is a paradigm shift as it helps to consider new materials to improve temperature
resistance or creep resistance, as well as the irradiation behaviour or corrosion re-
sistance in harsh environments, like molten salts, and sodium cooled applications.

Current investigations focus mainly on the replacement of silver, which is a conven-
ient sealing material for its softness and ductility, by texturized low-alloyed Nickel
201, which is characterized by significant work-hardening behavior but maintains a
significantly better temperature resistance. The surface texturing, performed by
femto-laser technologies, allows a modification of surface behavior without changing
the physical properties of the base material, even in the neighborhood of the cavities
that form the texturization pattern.

These design opportunities are now documented by experimental results involving
thermal ageing, thermal cycling and are compared with measurements of helium
sealing performances, which provides evidences of the technical benefits of this
technology.

This seal concept therefore opens the way to applications such as:

. Long term ageing

e  Ability to sustain high pressure and high temperature combined

. Possibility to consider metals like Nickel for its chemical resistance
. Possibility for very large seal with Nickel sealing lining

5 Nomenclature

Variable  Description Unit

Y, Linear reaction force at nominal compression N/mm

Yaor Linear reaction force at nominal compression after age- N/mm
ing

Y Minimum linear reaction force required to keep the tar- N/mm
geted sealing performance during unloading

R, Total elastic recovery of seals mm

R, Useful elastic recovery of seals that corresponds to the mm
linear load Y1

T Temperature [°C]
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