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ARTICLE INFO ABSTRACT
Keywords: This study presents the measurement of the thermal expansion of aluminum alloy 6061 at cryogenic temperatures
Thermal expansion using Helium as the cooling medium. Three distinct tests were conducted to evaluate thermal expansion: two

Cryogenic temperatures
Liquid helium

with gradual and natural heating of the material, and a third with temperature stabilization at key points.
Measurements were carried out using Fiber Bragg Grating Sensors (FBGS), which provided precise and reliable

FBGS data on the material’s thermal behavior. The obtained results were compared with reference curves from
the National Institute of Standards and Technology (NIST), showing good agreement and validation of the
employed methods. This research highlights the effectiveness of using FBGS in measuring thermal expansion
under cryogenic conditions and the importance of heating procedures in obtaining accurate data.

Symbols CT Cryogenic Temperature (20 K)

RT Room Temperature (293 K)

g Bragg wavelength (nm) INTA  Spanish Aerospace Technical Institute
Repr effective refractive index .

Grating period 1. Introduction
T Temperature
A Bragg wavelength variation from a reference Cryogenic thermal expansion is a very important variable to be mea-

wavelength A, sured for industrial proposes like for Liquid Hydrogen tanks. The tem-
o Wavelength Reference peratures inside a Hydrogen storage tank oscillate between 4 K and 70
£ Strain in the fiber K, and it can provoke high thermal fatigue loads that initiates cracking
£l Strain in the Aluminum specimen [1]. Ensuring a low permeability is a very important issue so mini-
a, Thermo-optic coefficient mizing cracking is one of the main goals in hydrogen design. Thermal
Tyglass Glass Thermal Expansion coefficient expansion is one important variable for controlling the thermal fatigue

k, Fiber gauge factor
sﬁ ;i; (T) NIST curve strain function with temperature
el considering a reference temperature of T},

Abbreviations

FBG  Fiber Bragg Grating

NIST National Institute of Standards and Technology
CTE  Coefficient of Thermal Expansion

IvC Inner Vacuum Case

OVC  Outer Vacuum Case
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provoked by constant temperature changes. There are many thermal ex-
pansion curves of different standardized materials by NIST [2] but the
use of composite materials in Composite Overwrapped Pressure Vessels
(COPVs) has made the thermal expansion measurement more important
in recent years.

The main goal of this article is not so much to determine the expan-
sion coefficient of an aluminum allow but to demonstrate that optic fiber
is a suitable option to measure thermal expansion or strains in many
kinds of materials. There exist many methods to measure the thermal
expansion in a metal [3]. Normally, to measure the expansion coeffi-
cients, a dilatometer device is used [4], but those types of equipment
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Fig. 1. Cryostat Assembly diagram. IVT: Inner Vacuum Case. OVT: Outer Vac-
uum Case.

suit better to scientific installations. In the case of INTA the dilatometer
is a complex device to be introduced in a tensile test cryostat so differ-
ent methods to measure the CTE at low temperatures were considered.
Nowadays the quartz dilatometer method is the most extended because
it is very highly precise [5,6]. For CTE measurement in very low tem-
peratures (below 50 K), capacitive sensors could be used as well [7] but
they require specific equipment that should be introduced in the cryo-
stat as well.

One typical solution seen in the bibliography [8-10] is using ther-
mally compensated strain gauges to measure the thermal expansions
of metals. This solution could be practical and easy to implement even
though the method has not been used widely and not references were
found in which this method was used for measuring thermal expan-
sion in temperatures between 1 and 20 K. Many problems could emerge
from measuring thermal expansion with those kinds of methods such as
temperature control or ensuring temperature spatial uniformity. In the
literature, thermal temperature control systems are commonly used for
ensuring a feasible temperature distribution in all the probes [11].

The use of optic fiber in cryogenic applications can be a good method
to substitute the strain gauge and its problems. Strain gauges have high
gauge factor variations with temperature. Moreover, using electrical
connections in Cryogenic Temperatures can be tedious. In reference [12]
there is a detailed thesis about the measurement of strains and temper-
atures for cryogenic applications. It has been common to use palladium
tubes or coatings in combination with Fiber Bragg gratings in references
[13,14]. To measure strains, some FBGS-based extensometers have been
designed and are currently on the market but they commonly have op-
erative temperatures above -20°C, so they cannot be used in cryogenic
applications. FBGS have been used for strain measurement many times,
with optimal results like in reference [15].

2. Materials and methods
2.1. Test description

The tests were carried out in INTA OXFORD cryostat, model 100KN,
S/N 40786 in the frame of the project Cryfto. The mechanical and
thermo-mechanical properties of the aluminum alloy (6061) are known
using the NIST database [16] in the range between 18 K and Room
Temperature. The NIST data is going to be taken as a reference for the
new mechanical properties’ calculation. In Fig. 1 is reported the cryo-
stat showing that the interior does not allow placing a dilatometer, and
all the parts used for the test.
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Table 1
Temperature slopes during the cycles.
Maximum Average
Cycle  temperature slope  temperature slope
(K/min) (K/min)
1 1.01 0.45
2 1.09 0.37
3 1.07 0.44
4 0.99 0.45
5 1.19 0.24

To know the temperature inside the equipment three CERNOX ther-
moresistive sensors [17] were located inside the cryostat, so the thermal
homogeneity in the cryostat could be checked. All sensors were in the
air and held to a 7075 Aluminum alloy plate as reported in Fig. 4 in
different positions. The CERNOX that was used as a reference was the
sensor placed in the center (see sensor 2 in Fig. 4). The CERNOX were
connected to an acquisition equipment Lakeshore 218. The Lakeshore
was connected by a serial communication to a laptop that measures the
temperature data. The aluminum probe was placed on the plate where
the sensors are located as reported in Fig. 4. The contact between the
plate and the probe was done using aluminum adhesive tape.

Three temperature tests were carried out on different days. The tem-
perature was decreased using firstly Liquid Nitrogen to cool the cryostat
to 77 K. Then the Liquid Nitrogen was expelled and Liquid Helium was
introduced in the cryostat to cool it to less than 20 K. Once the Cryo-
stat was cooled down, the temperatures raised naturally with very low
slopes, so temperature homogeneity was ensured. Normally, in other
tests, different methods were used to ensure temperature homogeneity,
like for example PID [10]. In this case, due to the vacuum-based ther-
mal isolation of the cryostat, temperature control was unnecessary. In
total four repetitions were done during the first test and other repeti-
tions were done during the third test. The fifth repetition was done to
see if heating until Room temperature and then cooling to Cryogenic
temperatures could have affected the results. The mean and maximum
values of the heating temperature slope are reported in Table 1.

Finally, the last test was done by stabilizing the temperature with
a temperature control system like in reference [10] for a certain dwell
time, so the accuracy is maximized. In the last cycle, only the tempera-
tures after a certain stabilization time were considered. The temperature
in the sensor that is in the plate top part (CERNOX 3) is higher due to
the lower density of incoming Gas Helium or Nitrogen. Therefore, the
temperature was not homogeneous in all the aluminum probes, but the
errors were minimal for the tested temperatures (+1 K). In the alu-
minum, the probe was partially bonded to one optical fiber. The fiber
has four different gratings with a spectrum at Room and Cryogenic tem-
peratures as in Fig. 3. The spectrum has the three first peaks with a
high power reflected. The last peak has a lower peak reflection due to
damage in the fiber done during the handling. The gratings that corre-
spond to the two first peaks (1520 nm and 1525 nm) are bonded to the
probe using a common bicomponent epoxy adhesive (X60 HBK [18]).
The fiber was completely covered by the adhesive in the bonded surface
so the strain transition is maximized as reported in reference [19]. The
fiber was glued using a mold made of non-stick material, and then the
assembly was cured by applying pressure to the area with adhesive. The
two last gratings are stress-free (see Fig. 4) so the thermal compensa-
tion could be done (see section 2.3). The coating selected for the optical
fiber was polyimide, manufactured with the FemtoSecond Grating tech-
nology [20] (FiSens Ultra High Strength, Reflectivity > 25% UHS25).

The coating of the stress-free gratings was removed thermally by
burning the coating, and then the coating rests were removed using
an alcoholic solution. The burning method was adopted because it is
easy to implement, incurs lower costs compared to other procedures,
and reduces the risk of fiber rupture associated with using a mechanical
method with a fiber optic stripper. As it was specified previously during
that process the last grating was partially broken decreasing its reflected
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Fig. 2. Optical microscope (X3.2) snapshot of the optical fiber. A light source
was oriented to force fiber light reflection.
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Fig. 3. FBGS spectral response. Channel 1 according to Table 2.

power. The coating of the other grating was not totally removed so the
coating residual had an influence on the temperature measurement of
the grating. The polyimide coating was removed through local burning,
with a posterior alcohol cleaning. In Fig. 2 a microscope snapshot is re-
ported, focused in the third grating illuminating such that the optical
fiber reflects the light. The image clearly shows remnants of the burnt
coating that was not effectively removed.

In the third test, an additional Optic Fiber was added to the other
Probe’s face. The same kind of fiber as in the two previous tests was used,
with a polyimide coating, but this time with five inscribed gratings. In
this case, the coating in the gratings 6, 7, 8, and 9 was removed using
Sulfuric acid, to avoid burnt-off coating rests like in the other fiber as
seen in Fig. 4. The gratings 5, 6, and 7 were bonded to the probe surface
using the X60 adhesive, and the 8 and 9 gratings were stress-free (refer
to the diagram in Fig. 4). This fiber was connected to the second channel,
and the previous one was connected to the first channel as reported in
Table 2.

2.2. Data acquisition

The optic Fiber was connected to a LUNA Sil55 interrogator [21].
The interrogator was connected as well through an Ethernet TCP/IP
connection to the same laptop in which the Lakeshore equipment is con-
nected with a Serial RS-232 connection. The data acquisition software
was done by a Python script that on the one hand takes the serial data
from the Lakeshore and on the other hand takes the peak data from
the SI155. The peak data taken from Sil55 has a sampling frequency
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Table 2
Characteristic wavelengths.

Channel Sensor name Wavelength (nm)
FBG_1 1519.791
1 FBG_2 1524.769
FBG_3 1529.861
FBG_4 1534.937
FBG_5 1519.864
FBG_6 1525.001
2 FBG_7 1529.956
FBG_8 1535.023
FBG_9 1540.031

of 10 Hz but the data is saved each two seconds using a moving aver-
age. The Lakeshore equipment sampling time is one second. There is a
second subprocess that takes the spectrum data plots it and saves each
minute the spectrum data in a text file which name is the timestamp
when the spectrum was acquired. Spectrum saving was done, because
many times if it exists a high transversal strain, there could be peak
splitting [22]. Another factor that underscores the importance of spec-
trum saving is adhesive debonding, which induces a strain gradient in
the grating, leading to an increase in peak width [23,24].

2.3. Mathematical and physical formulation

Firstly, the relationship between the optical measured variable
(Bragg wavelength) and the physical variable has to be established.
The relationship between the Bragg wavelength and the grating period
is:

Ag=2n,, ;A €))

Differentiating the previous equation with the longitude and the tem-
perature we get [22]:

Ongyy SA Sngyy SA

Considering the variation of the Bragg wavelength compared with its
initial value [22]:

Adg

ToT=155 = ksef +a,AT

€f =€y +ag/asxAT (3)

ey =C7lo+ayAT

The external forces in the probe are null so the term C~!s is null in
equation (3). The main goal is to isolate the thermal aluminum strain € 4,
from equation (3). Knowing that the last grating is free of the aluminum
strains (e 4; =0), the following expression could be formulated:
Adp Adp
AT =18K) [ppugea AT = 18K) free
=(koey + kgag,mAT +a,AT) — (k, ag,mAT +a,AT)=k,ey (4

2.4. NIST curve

The NIST database contains information about the deformation
caused by thermal expansion in the temperature range between 0 and
295 K. The data is presented with a quadric curve that was fitted by
NIST and has the following parameters:

[(L = Lyys3/Lyg3]10° = —4.1310% — —0.304T + 8.77107T2 — 9.98107°T3
295K > T > 18K (5)

The thermal expansion deformation is constant under 18 K. This
curve is going to be used as a reference in order to check if an FBGS could
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Fig. 4. Diagram with the positions of the sensing points. a) Probe b) plate c) Scheme.

be used as a thermal expansion sensor. Normally, the thermal expansion
deformations are expressed using the 298 K reference temperature. To
have a clearer value, a change in the reference temperature could be
made:

NIST NIST _
eNIST ()= €rer=208k (1) = €pop 05 (T = 20K) ©
ref=20K*" 7 NIST —
Lte,, i 2o0sk (T =20K)

3. Results and discussion

3.1. Tests 1 and 2 thermal expansion measurement

Adg
20(T=18K)
plotted against the temperature. In Fig. 5 is seen that the curves of the
two first sensors have more slope than the other ones due to the strain
caused by the expansion of the probe during heating. The third sensor
has a higher slope than the fourth sensor because, as it has been men-
tioned in section 2.1, the fiber coating was not totally removed. For that

Firstly, the expression of each sensor was calculated and

reason, the fourth sensor was taken as a reference. The fourth sensor has
a higher Signal to Noise ratio probably because part of the grating was
broken during fiber handling when it was placed on the probe.

Then, according to equation (4) we get the value of deformation
provoked by thermal expansion strain with the expression, being “i”
the number of the grating and knowing that the fourth grating is the
reference:

i i 4
o (A=A /14—/10>
g == ——— — for l=1,2 (7)
Al 4

( % %

The strain values of the first and fourth sensors were plotted to know
how the NIST curve fitted with the experimental data. In the NIST curves
the reference L0 was taken at 298 K (see section 2.4) but the reference
temperatures were changed, firstly to 18 K and for the second test to 23 K
using equation (6). The fiber strain constant was 0.78 like in other refer-
ences [12,24-28]. If the data from the NIST curve and the experimental
data are plotted in the same figure so they can be easily compared: The
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Fig. 6. Expansion curves with temperature. The first four cycles belong to the first test and the fifth cycle to the second test with slow temperature increments.

Table 3
Coefficient of determination of the different Tests.

Cycle Temperature Interval (K) Grating Name R2

Test 1 0-70 FBG_1 0.99991
FBG_2 0.99992

Test 2 0-70 FBG_1 0.99911
FBG_2 0.99913

Test 3 0-100.4 FBG_1 0.995093
FBG_2 0.998872
FBG_5 0.99290
FBG_6 0.99850
FBG_7 0.99827

coefficient of determination R2 values compared with NIST curve is re-
ported in Table 3 and has been calculated:

il —e !
i€ — €

In the case of the last cycle, the fitting R square value is lower prob-
ably because during the heating in lower temperatures, the temperature
increase slope was higher, so there was less dwell time.

It can be seen in Fig. 6 that the fifth thermal cycle is slightly differ-
ent than the previous ones and there is a difference with the NIST curve.
The curve in the fifth cycle has lower wavelengths associated with the
same temperatures. This may be provoked by the higher heating slope in

the second test than in the four repetitions of the first test. Higher slopes
mean that the temperature of aluminum does not have enough time for

R=1- (8)

heating and the real temperature of aluminum is lower than the real one,
measured by the three CERNOX. In the lower temperatures that fact is
not as important because the thermal capacity of solids tends to zero
at temperatures close to absolute zero [29]. Another possibility is that
between test 1 and test 2, the sensor was heated to Room Temperature
and then cooled again to Cryogenic temperatures. That thermal differ-
ence could have provoked microcracking in the interphase reducing the
strain transmission.

The other aspect that has been considered crucial is evaluating if
there is repetitiveness in the Bragg Wavelength with temperature. In
the first four cycles, the wavelength associated with low temperatures
is very repetitive, with a wavelength of 1513.604+1e-3 nm in the first
grating and 1518.664 + 1le-3 nm in the second one associated with a
temperature of 20 K. On the other hand, in the last cycle associated with
the second test, there is a large wavelength change of 1513.509 nm and
1518.648 nm for a temperature associated with 22 K. That high wave-
length change could be caused by FBGS coating cracking or cracking of
the adhesive provoked by a very high-temperature change between the
first test and the second one. This fact implies that it may be convenient
to conduct tests with smaller thermal variations, for example, testing
only within a specific thermal range, or that it may be convenient to
perform the test only once. Nevertheless, it can be observed that despite
this change in wavelengths, the results in the last repetitions are also
satisfactory.

3.2. Test 3 thermal expansion measurement

In the test, as reported in section 2.1, the temperatures were con-
trolled and a dwell time was set. The dwell time for each temperature
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Fig. 7. Thermal expansion read by the two different FBGS (channel 1 on the left side and channel 2 on the right side) in a test with temperature stabilization.

Table 4
Dwell times and standard deviation of the different tem-
peratures in test 3.

Temperature (K) Dwell Time Standard Deviation(K)
19,81 01:14 0,25

22,79 01:43 0,15

29,71 01:45 0,16

39,84 01:21 0,25

44,73 02:03 0,12

57,67 0:47 0,13

70,13 01:53 0,05

83,79 02:25 0,2

100,54 08:00 0,19

can be seen in Table 4. This test had two main goals, the first one was
to validate the models previously applied in tests 1 and 2, and to test if
there is any effect of the coating in the results. The R? is lower than the
previous tests, probably due to the quantity of data in the same dwell
time, but the curve and the data have a very strong correlation (see Ta-
ble 3). The polyimide coating did not have any important effect on the
results and it was seen that all the curves have similar results.

A significant potential source of error lies in the temperature distri-
bution within the sample space. Fig. 7 displays results obtained using
equation 10, revealing that sensors 1 and 5 exhibit higher strains com-
pared to sensors 2, 6, and 7. This discrepancy may arise from the former
sensors being positioned at a greater height, thus experiencing higher
temperatures than those recorded by the CERNOX sensor. A comparison
between the outcomes in Fig. 7 and Fig. 6, coupled with insights from
Table 3, underscores the consistency of results at lower temperatures,
regardless of dwell time or gradual temperature increments.

4. Conclusions

Two distinct testing methodologies were employed, each yielding
exact results. The initial approach involved a gradual heating process,
while the subsequent method focused on maintaining temperature sta-
bility over a specified duration. The strain results were monitored with
several Fiber Bragg Grating sensors, so the strain and temperature ho-
mogeneity were studied in both probe faces.

A total of six different cycles were tested. The first five cycles in-
volved very slow heating, while the last cycle involved stabilizing the
temperature at various levels. Numerous repetitions were performed to
ensure consistent results. The test outcomes were satisfactory, indicat-
ing a congruence between the FBGS strain values and the NIST curve.
Notably, FBGs exhibited commendable efficacy in measuring strain even
under extremely low-temperature conditions. The sensor response was
accurate regardless of whether it had a coating.

These tests aimed to validate a testing methodology for future ther-
mal expansion testing of composite materials, a topic of significant in-
terest. This validation was particularly crucial just before the beginning
of the Composite Material test campaign in the frame of the project

CRYFTO. Given the complexities of composite materials, such as the po-
tential presence of higher transversal strains during testing, additional
precautions must be considered, like spectrum saving and postprocess-
ing to see possible peak splitting or widening.

Another issue observed during the tests is the fragility of the fiber
compensation gratings due to the removal of their coating. Having a
coating would facilitate handling the fiber during adhesion, but its pres-
ence leads to inaccurate results, making coating removal mandatory (see
FBG_3 from tests 1 and 2 in Fig. 5). One solution is to determine the
wavelength variation from other tests in advance and use the CERNOX-
measured temperature for compensation. Another option is to under-
stand the coating effect and, using a coated fiber, apply compensation
for that effect.

Extended dwell times are not essential when measuring thermal ex-
pansion strains in low temperatures. Accuracy can be achieved if the
probe temperature changes gradually due to the low thermal capacity
of the material at cryogenic temperatures. However, ensuring tempera-
ture homogeneity within the testing area is crucial to minimize errors.
Therefore, care should be taken during tests, and an investigation of
thermal homogeneity is necessary to ensure data accuracy.
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