1' frontiers
in Chemistry

ORIGINAL RESEARCH
published: 20 March 2018
doi: 10.3389/fchem.2018.00072

OPEN ACCESS

Edited by:

Jun Chen,

University of Science and Technology
Beijing, China

Reviewed by:

Jun Yan,

Beijjing Jiaotong University, China
Kun Lin,

University of Science and Technology
Beijing, China

Ranjan Mittal,

Bhabha Atomic Research Centre,
India

*Correspondence:

Rongjin Huang
huangrongjin@mail.ijpc.ac.cn
Laifeng Li
laifengli@mail.ipc.ac.cn

Specialty section:

This article was submitted to
Physical Chemistry and Chemical
Physics,

a section of the journal

Frontiers in Chemistry

Received: 30 January 2018
Accepted: 06 March 2018
Published: 20 March 2018

Citation:

Wang W, Liu H, Huang R, Zhao 'Y,
Huang C, Guo S, Shan Y and Li L
(2018) Thermal Expansion and
Magnetostriction Measurements at
Cryogenic Temperature Using the
Strain Gauge Method.

Front. Chem. 6:72.

doi: 10.3389/fchem.2018.00072

Check for
updates

Thermal Expansion and
Magnetostriction Measurements at
Cryogenic Temperature Using the
Strain Gauge Method

Wei Wang "2, Huiming Liu?, Rongjin Huang?**, Yugiang Zhao?, Chuangjun Huang?,
Shibin Guo?, Yi Shan? and Laifeng Li">%

" Institute of Advanced Metal Materials, School of Materials Science and Engineering, Tianjin University, Tianjin, China, ¢ State
Key Laboratory of Technologies in Space Cryogenic Propellants, Technical Institute of Physics and Chemistry, Chinese
Academy of Sciences, Beijjing, China, ° Department of Science and Technology of Liquid Metal Material, School of Future
Technology, University of Chinese Academy of Sciences, Beijing, China

Thermal expansion and magnetostriction, the strain responses of a material to
temperature and a magnetic field, especially properties at low temperature, are
extremely useful to study electronic and phononic properties, phase transitions, quantum
criticality, and other interesting phenomena in cryogenic engineering and materials
science. However, traditional dilatometers cannot provide magnetic field and ultra-low
temperature (<77 K) environment easily. This paper describes the design and test
results of thermal expansion and magnetostriction at cryogenic temperature using
the strain gauge method based on a Physical Properties Measurements System
(PPMS). The interfacing software and automation were developed using LabVIEW.
The sample temperature range can be tuned continuously between 1.8 and 400K.
With this PPMS-aided measuring system, we can observe temperature and magnetic
field dependence of the linear thermal expansion of different solid materials easily and
accurately.

Keywords: thermal expansion, magnetostriction, strain gauge method, cryogenic temperature, PPMS

INTRODUCTION

Cryogenic engineering has been extensively used in the fields of aerospace industry,
superconducting technology, and large scientific instruments, etc. The physical performances of
materials directly affect the safety and service time of the cryogenic system, among of which thermal
expansion and magnetostriction, the strain responses of a material to temperature and a magnetic
field, are the key thermodynamic properties closely related to specific heat and magnetization.
Thus, accurate measurement of thermal expansion at low temperatures is necessary to ensure the
security and reliability of the cryogenic systems. Also, these properties are very useful to investigate
electronic and phononic properties, phase transitions, quantum criticality, and other interesting
physical phenomena in cryogenic engineering and materials science (Ventura and Risegari, 2008;
Inoue et al., 2014; Iwakami et al., 2014).

The approaches to estimate the thermal expansion of solid material can be classified,
according to an extensometer, into quartz dilatometer, interferometer, optical lever, mechanical
lever, magnetic meter, pointer meter, and capacitance micrometer methods, strain gauges, etc.
(Clark, 1968; James et al., 2001; Kanagaraj and Pattanayak, 2003). The quartz dilatometer
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method is frequently used at low temperatures, because of its high
accuracy (Corruccini and Gniewck, 1961; Deng and Xu, 2003;
ASTM, 2006).However, it is expensive and complex to operate,
and the sample size requirements are quite high (Tang et al.,
2014). For a test specimen of large length, the accuracy may be
affected by the potential temperature gradient along it, which
then requires a cryostat to have high temperature uniformity.

The strain gauge method is also widely used to measure the
thermal expansion of material at low temperatures (Liu et al.,
2012, 2014). Compared with the quartz dilatometer method,
the strain gauge method can measure multiple samples at the
same time and has lower requirements of the test specimen
size. However, traditional dilatometers cannot provide magnetic
field environment easily and only been used in relative higher
temperature range (>77 K) (Kaufman, 1963; Hannah and Reed,
1992).

Fortunately, ~Quantum Design  Physical  Properties
Measurements System has been widely used for measurements of
thermodynamic properties, such as specific heat, magnetization,
electrical resistance, and thermal conductivity. In this report,
we present the thermal expansion and magnetostriction
measurements using the strain gauge method installed in a
PPMS in the temperature range of 1.8-400K and magnetic
fields up to 14T. The interfacing software and automation
were developed using LabVIEW. Since the variation of the
sensitivity coefficient of strain gauges at low temperatures is a
key factor affecting the measurement accuracy, it was verified in
the temperature range of 2-300K by comparing the measured
thermal expansion data of oxygen-free copper with the source
data from National Institute of Standards and Technology
(NIST), USA.

Also, using this PPMS-aided measuring system, we observed
temperature and magnetic field dependence of the linear thermal
expansion of NaZnjs-type LaFej3_xAly compounds, which
absolutely expands the practical application scope of this Multi-
function testing system.

STRAIN GAUGE METHOD

It is well known that a strain gauge can measure the thermal strain
on the surface of a test specimen to reflect the linear thermal
expansion of material because it can transform the strain into
the electric signal with a high precision. The strain caused by
temperature fluctuation is defined as thermal output. Without a
mechanical force imposed on the test specimen, the temperature
change can bring about a length variation both in the test sample
and in the strain gauge, which then cause the resistivity variation
of the strain gauge correspondingly. And the strain variation
induced by the net temperature can be expressed as follows
(Poore and Kesterson, 1978; Walsh, 1997; Micro-Measurements,
2007):

£=&AT+(as—ag)AT (1)
Fg

where ¢ is the apparent strain of strain gauge, f, is the thermal
coefficient of resistivity of the grid material, F, is the gauge

factor of strain gauge, s — oy is the difference in coefficient
of thermal expansion (CTE) between the tested sample and
gauge, respectively, and AT is the temperature change from
arbitrary initial reference temperature. For two same types of
strain gauges installed on test sample («;) and reference sample
(o), respectively, the apparent strains can be expressed as:

& = &AT+(as—ag)AT (2a)
g
Pe

& = F—AT+(ar—ag) AT (2b)
g

Subtracting Equation (2b) from (2a), and rearranging:
gs— &€
s = SATr"i‘ar (3)

Thus, the CTE of test sample can be obtained with the accurately
measured &5 — ¢, and AT, as well as the known CTE of
reference sample «,. In this paper, we use fused silica of high
purity (>99.99%) as the reference sample in the measurement of
thermal expansion due to its very low and almost temperature-
independent mean linear CTE (5.5 x 10 ~7/K) (Kirby and Hahn,
1971).

EXPERIMENTAL PROCEDURES AND
METHODS

The schematic view of the measurement system is shown in
Figure 1, which consists of a PPMS, nanovoltmeters, and a
LabVIEW PC.

With the help of LabVIEW, we can design experiments
using our own measurement electronics when working on
the general purpose platforms of the PPMS (Quantum Design
Inc., 2002, 2013). Firstly, nanovoltmeters (KEITHLEY 2182A,
USA) can monitor the electrical signals of samples in PPMS
via a GPIB interface simultaneously. And then a LabVIEW
computer attached to nanovoltmeters also via a GPIB interface.
The QDInstrument VIs and QDInstrument.dll are installed
on this computer and communicate over .NET. In brief, the
QDInstrument program is a translator with a NET interface for
communication with the LabVIEW VI and an OLE interface
for communication with MultiVu. The DLL is configured to
address the QDInstrument_server.exe program running on the
MultiVu computer. This is done via connecting an Ethernet cable
directly between the two computers in the absence of a LAN.
The server program in turn communicates over OLE with the
MultiVu application. Finally, by controlling both external devices
as well as PPMS’s state (temperature and magnetic field) on a
separate LabVIEW computer from MultiVu, we can observe the
temperature and magnetic field dependence of the linear thermal
expansion of different solid materials easily and accurately.

The sample puck, as demonstrated in Figure 2, is redesigned
to meet the special requirement of thermal expansion
measurement. The whole sample puck is emerged into sample
chamber of PPMS to cool the test sample. The temperature and
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FIGURE 1 | Schematic of measurement system for thermal expansion of solid materials.
. Superconducting
magnet

FIGURE 2 | Schematic of the sample chamber.

PPMS

magnetic field can be adjusted by the PPMS in the range of 1.8-
400K and +14 T. The dimensions of the test sample can be tuned
from 3 x 3 x 3 to 8 x 8 x 8 mm. Its relatively small dimensions
can reduce the difficulty in machining and the influence of the
non-uniform temperature field on the measurement accuracy.
The reference sample with the same dimensions is made from
fused silica of 99.99% purity. To measure the thermal expansion,

test sample and reference sample are placed on the sample puck
stress-free. Two identical strain gauges are bonded on the center
of the test sample surface and the reference sample surface,
respectively, using a high performance adhesive M-Bond 610.
This adhesive is capable of forming thin, hard gluelines for
maximum fidelity in transferring strains from the sample surface
to the gauge.
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The Ni-Cr resistive elements BB120-2AA250 (11) Karma foil
strain gauges (Zhonghang Electronic Measuring Instruments
Co. Ltd., China) were used. The nominal resistance is (119.9
£ 0.1) 2, and the nominal sensitivity coefficient is 1.74 =+
0.01. When the measurement starts, the automated program
controls the temperatures and magnetic field of the PPMS at
the different rates. And the thermal output of the strain gauges
and the temperature are recorded by nanovoltmeters. Then the
LabVIEW computer can save the temperature and magnetic field
dependence of the linear thermal expansion of tested sample.

RESULTS AND DISCUSSION

The accuracy of the CTE measurement mainly depends on
the accuracy of the strain gauges, the nanovoltmeters and the
procedure of the gauges installation. To verify the accuracy
of this test apparatus and method, the thermal expansion of
oxygen-free copper are measured in the temperature range of
2-300K on this apparatus and quartz dilatometer (Linseis L75),
respectively. Also, the Comparisons between experimental and
published values of thermal expansion of copper are displayed
in Figure 3 (Kirby and Hahn, 1969). The results of thermal
expansion of copper matched closely with reference data, and
the maximum error for instantaneous coeflicients is 1.1 x
107® K~!, which is smaller than that testing using quartz
dilatometer. At the same time, to validate the reliability of the
measurement, experiments are repeated from 2 - 300K. We
can see that there is no significant difference of the thermal
expansions (<2%) between the two tests, which shows that the
whole measurement system is applicable in the temperature
range of 2-300K. Also, this method is available for other
special structure materials such as low symmetry samples
and orientation preferred samples with relatively smooth and
nonporous surfaces.

In the last several years, due to the giant magnetocaloric effect
(MCE) and the intriguing negative thermal expansion (NTE),

500
I m NIST Data
0 | —— 1st Test Data
[ ——2rd Test Data
‘.o -500 |- 1st Linseis Data
o [ —— 2rd Linseis Data
= -1000
—
X -1500
>
N -2000
-
= -2500
-
< 3000
-3500 |
0 50 100 150 200 250 300
T(K)
FIGURE 3 | Experimental and published values of thermal expansion of
copper.

NaZn;3-type compounds LaFe;3_y Al have aroused extensive
attention (Fujieda et al., 2002; Shen et al., 2009; Li et al., 2014;
Wang et al., 2015). The MCE of this materials is chiefly due
to the itinerant-electron metamagnetic (IEM) transition, i.e., a
magnetic-field-induced phase transition from the paramagnetic
state to the ferromagnetic state. The NTE effect is a thermo-
physical property and attributed to the magnetovolume effect
(MVE). Nevertheless, very few report explores the relationship
between the change of volume expansion and external magnetic
field, i.e., magnetostriction, in LaFe;3_yAly compounds.
Generally, the large magnetostriction originates from the
interaction between atom magnetic moments. LaFej3_xAly
compounds (1.04 < x < 7.02) share the same NaZn;3-
type crystalline structure while showing different magnetic
states (antiferromagnetic state, ferromagnetic state and
paramagnetic state). Specificly, LaFe;3_xAlx (1.0< x <1.8)
show an antiferromagnetic state at low temperature. And
the antiferromagnetic ordering is very vulnerable and can be
turned into the ferromagnetic state easily when bringing an
external magnetic field. Different magnetic states have different
magnetic moments. So a large magnetostriction LaFejsz_yAly
of compounds is caused by these magnetic phase transition. In
order to better understanding the magnetostrictive property,
as displayed in Figure4, the linear thermal expansion data
(AL/L 300K) of LaFej3_xAly (x = 1.4, 1.6, and 1.8) compounds
were measured using this PPMS-aided measuring system
over a temperature range of 10-300K firstly (Zhao et al,
2017). For LaFej3_xAly (x = 1.4 and 1.6) below the Neel
temperature, it shows that the CTE is very constant across a
wide temperature range (10-200K). However, for the sample
LaFej; 2Al g, AL/L rises with decreasing temperature in
the whole temperature range examined. Specifically, AL/L
grows gradually around room temperature, then increases
rapidly, and again grows slowly with decreasing temperature,
indicating that NTE occurs in the whole range measured

2500

2000 |
o
o
T 1500 |-
—
3
< 4000 |
a=-85x107 K"
500 AT=190 K
o a=-93x107 K" :
] | | 1 | 1 |
0 50 100 150 200 250 300

Temperature (K)

FIGURE 4 | Temperature dependence of linear thermal expansions AL/L
(reference temperature: 300K) of LaFeq3_yAlx.
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FIGURE 5 | Temperature dependence of the magnetostriction 1(T) in
LaFeq1 5Al4 g at different magnetic fields.

(2-300K). It is worth noting that the AL/L vs. T curves are
different from one another, which demonstrates that the NTE
properties are affected by the partial substitution of Fe by Al
sensitively.

Also it is worth mentioning that the linear magnetostriction
of this material is isotropic. Because the magnetostriction
measurements have been conducted along the parallel and
perpendicular directions to the magnetic field separately and
the anisotropic magnetostriction is negligible. Figure5 gives
the temperature dependence of the linear magnetostriction
M(T) of LaFe;; gAl; s compounds between 10 and 300K. It is
noted that all the magnetostrictions of the sample in different
magnetic fields exhibit a sudden increase with the decrease
of the temperature and then, decrease rapidly with following
temperature decline. In addition to this, it is apparent that
the temperature with giant magnetostriction shifts to higher
temperature as the magnetic field increases. Importantly, giant
linear magnetostriction values higher than 1,000 ppm are
observed when the magnetic field exceeds 4T in a relatively wide
temperature range. Especially, it can reach up to 1,900ppm at
12T. Interestingly, the peak value of magnetostriction of the
LaFej;2Al s compound is larger than the maximum of the
typical magnetostriction material, Terfenol-D alloy (Grossinger
etal., 2014).

To further explore the magnetostrictive property, the
magnetic field dependence of the magnetostriction N(H) under
different temperatures for LaFej;;Al;g sample have been
investigated in Figure 6. Apparently, with the increase of the
magnetic field, the N(H) raises gently at 300K and reaches to
340 ppm under 12T finally, suggesting the magnetostrictive effect
of this material is extremely weak at room temperature. But
when the temperature decreases, the \(H) increases rapidly with
increasing magnetic field. And when the temperature comes
up to 200K, the A(H) is almost increase linearly with the
increase of magnetic field. Besides, when the temperature falls
below 150K, it is observed that below 4T, the magnetostriction
increases quickly with the increase of the magnetic field.

2000

=N
D
o
o

1200

800

Magnetostriction (ppm)

0

-120000 -80000 -40000 0 40000 80000 120000

Magnetic field (Oe)

FIGURE 6 | Magnetic field dependence of the magnetostriction \(H) of
LaFeq1.0Aly g compounds at different temperatures.

However, when magnetic field exceeds 4T, the magnetostriction
increases slowly and becomes lower than that in 200K. And
after that, the magnetostriction is rapidly decreased with
temperature decline from 100 to 10 K. The results indicate that
the magnetostriction of this sample is very sensitive and the giant
magnetostriction happens in a relatively narrow temperature
range.

CONCLUSION

In summary, an experimental setup with a PPMS based on
the strain gauge method has been developed to measure the
thermal expansion and magnetostriction of solid materials at
low temperatures (1.8-400 K). The relatively small dimensions
of the test sample can save the liquid helium and reduce the
impact of the non-uniform temperature field on measurement
accuracy. The measurement accuracy was verified in the
temperature range of 2-300K by comparing the measured
thermal expansion data of oxygen-free copper with the source
data from NIST. Also, using this PPMS-aided measuring system,
we observed temperature and magnetic field dependence of
the linear thermal expansion of NaZnjsz-type LaFejsz_yAly
compounds. Such Multi-function testing system with a broad
measurement temperature range will open up an intriguing
research frontier for exploring potential magnetostrictive and
NTE materials.

AUTHOR CONTRIBUTIONS

WW and HL: Designed experiments; YZ, SG, and YS: Carried out
experiments; HL and CH: Analyzed experimental results; WW,
RH, and LL: Wrote the manuscript.

Frontiers in Chemistry | www.frontiersin.org

March 2018 | Volume 6 | Article 72


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al.

Thermal Expansion and Magnetostriction Measurements

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 51577185, 51427806,
51522705, 51401224), the National Magnetic Confinement

REFERENCES

ASTM (2006). E228-17 Standard Test Method for Linear Thermal Expansion of
Solid Materials with a Push-rod Dilatometer. American Society for Testing
Materials, 10.

Clark, A. (1968). Low temperature thermal expansion of some metallic alloys.
Cryogenics 8, 282-289. doi: 10.1016/S0011-2275(68)80003-7

Corruccini, R. J., and Gniewck, J. J. (1961). Thermal Expansion of Technical Solids
at Low Temperatures: a Compilation From the Literature. Washington, DC:
National Bureau of Standards.

Deng, D., and Xu, L. (2003). of thermal expansion
coefficient of phenolic foam at low temperatures. Cryogenics 43, 465-468.
doi: 10.1016/S0011-2275(03)00122-X

Fujieda, S., Fujita, A., and Fukamichi, K. (2002). Large magnetocaloric effect in
La(Fe,Sij—x)13 itinerant-electron metamagnetic compounds. Appl. Phys. Lett.
81,1276-1278. doi: 10.1063/1.1498148

Grossinger, R., Turtelli, R. S., and Mehmood, N. (2014). “Materials with high
magnetostriction,” in IOP Conference Series: Materials Science and Engineering
(Islamabad: IOP Publishing).

Hannah, R, and Reed, S. (1992). Strain Gage Users’ Handbook. London: Elsevier
Applied Science.

Inoue, D., Kaido, D., Yoshikawa, Y., Minegishi, M., Matsumoto, K., and Abe, S.
(2014). Thermal expansion and magnetostriction measurements using a high
sensitive capacitive dilatometer at millikelvin temperatures. J. Phys. Conf. Ser.
568:032001. doi: 10.1088/1742-6596/568/3/032001

Iwakami, O., Kawata, N., Takeshita, M., Yao, Y., Abe, S., and Matsumoto,
K. (2014). Thermal expansion and magnetostriction measurements using a
Quantum Design Physical Property Measurement System. J. Phys. 568:032002.
doi: 10.1088/1742-6596/568/3/032002

James, J., Spittle, J., Brown, S., and Evans, R. (2001). A review of measurement
techniques for the thermal expansion coefficient of metals and alloys at
elevated temperatures. Meas. Sci. Technol. 12, R1-R15. doi: 10.1088/0957-0233/
12/3/201

Kanagaraj, S., and Pattanayak, S. (2003). Measurement of the thermal expansion
of metal and FRPs. Cryogenics 43, 399-424. doi: 10.1016/S0011-2275(03)
00096-1

Kaufman, A. (1963). Investigation of strain gages for use at cryogenic temperatures.
Exp. Mech. 3, 177-183. doi: 10.1007/BF02325791

Kirby, R., and Hahn, T. (1969). Standard Reference Material 736. Copper Thermal
Expansion. Washington, DC: National Bureau of Standards. 10 p.

Kirby, R., and Hahn, T. (1971). NIST Standard Reference Material 739,
Fused-silica Thermal Expansion. . Washington, DC: National Bureau of
Standards.

Li, W., Huang, R., Wang, W., Tan, J., Zhao, Y., Li, S, et al. (2014). Enhanced
negative thermal expansion in La;_xPryFe;97Co¢.8Si; 5 compounds by doping
the magnetic rare-earth element praseodymium. Inorg. Chem. 53, 5869-5873.
doi: 10.1021/ic500801b

Measurements

Fusion Science Program (2015GB121001), Beijing Nova
program (Z2161100004916114), Key Research Program of
Frontier Sciences, CAS (QYZDB-SSW-JSC042), and the Fund
of the State Key Laboratory of Technologies in Space Cryogenic
Propellants (SKLTSCP1701, SKLTSCP1601).

Liu, H,, Gong, L., Xu, D., Huang, C., Zhang, M., Xu, P., et al. (2014). Top
loading cryogen-free apparatus for low temperature thermophysical properties
measurement. Cryogenics 62, 11-13. doi: 10.1016/j.cryogenics.2014.02.020

Liu, H, Xu, D, Xu, P, Huang, R, Xu, X, Li, L, et al. (2012). An
apparatus for measurements of thermal conductivity and thermal
expansion based on GM cryocooler. J. Phys. Conf. Ser. 400:052017.
doi: 10.1088/1742-6596/400/5/052017

Micro-Measurements (2007). Measurement of thermal expansion coefficient using
strain gages. Tech. Note TN-513-1, 119-129. Available online at: http://
blhnobel.se/docs/11063/tn5131tn.pdf

Poore, M., and Kesterson, K. (1978). Measuring the thermal expansion of solids
with strain gages. J. Test. Eval. 6, 98-102. doi: 10.1520/JTE10926]

Quantum Design Inc. (2002). Interfacing 3rd Party Instruments to the PPMS
Software Environment. Application Note 1070-210, 4 p.

Quantum Design Inc. (2013). Interfacing LabVIEW Programs with PPMS,
DynaCool, Versalab and MPMS 3 Systems. Application Note 1070-210, 5 p.
Shen, B., Sun, J, Hu, F., Zhang, H., and Cheng, Z. (2009). Recent
progress in exploring magnetocaloric materials. Adv. Mater. 21, 45-64.

doi: 10.1002/adma.200901072

Tang, K, Sha, L., Li, Y. J,, Jin, T., and Liu, S. J. (2014). Measurement of thermal
expansion at low temperatures using the strain gage method. J. Zhejiang Univ.
Sci. A. 15, 323-330. doi: 10.1631/jzus.A1400051

Ventura, G., and Risegari, L. (2008). The Art of Cryogenics: Low-Temperature
Experimental Techniques. Oxford: Elsevier Ltd.

Walsh, R. P. (1997). “Use of strain gages for low temperature thermal expansion
measurements,” in Proceedings of the 16th ICEC/ICMC (Kitakyushu: Elsevier
Science), 661-6644.

Wang, W., Huang, R, Li, W., Tan, J., Zhao, Y., Li, S, et al. (2015). Zero thermal
expansion in NaZn13-type La(Fe, Si)13 compounds. Phys. Chem. Chem. Phys.
17, 2352-2356. doi: 10.1039/C4CP04672B

Zhao, Y., Huang, R,, Li, S., Liu, H., Wang, W, Jiang, X, et al. (2017). Giant isotropic
magnetostriction in NaZn;3-type LaFe;3_xAly compounds. Appl. Phys. Lett.
110:011906. doi: 10.1063/1.4973476

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer KL and handling Editor declared their shared affiliation.

Copyright © 2018 Wang, Liu, Huang, Zhao, Huang, Guo, Shan and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Chemistry | www.frontiersin.org

March 2018 | Volume 6 | Article 72


https://doi.org/10.1016/S0011-2275(68)80003-7
https://doi.org/10.1016/S0011-2275(03)00122-X
https://doi.org/10.1063/1.1498148
https://doi.org/10.1088/1742-6596/568/3/032001
https://doi.org/10.1088/1742-6596/568/3/032002
https://doi.org/10.1088/0957-0233/12/3/201
https://doi.org/10.1016/S0011-2275(03)00096-1
https://doi.org/10.1007/BF02325791
https://doi.org/10.1021/ic500801b
https://doi.org/10.1016/j.cryogenics.2014.02.020
https://doi.org/10.1088/1742-6596/400/5/052017
http://blhnobel.se/docs/11063/tn5131tn.pdf
http://blhnobel.se/docs/11063/tn5131tn.pdf
https://doi.org/10.1520/JTE10926J
https://doi.org/10.1002/adma.200901072
https://doi.org/10.1631/jzus.A1400051
https://doi.org/10.1039/C4CP04672B
https://doi.org/10.1063/1.4973476
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Thermal Expansion and Magnetostriction Measurements at Cryogenic Temperature Using the Strain Gauge Method
	Introduction
	Strain Gauge Method
	Experimental Procedures and Methods
	Results and Discussion
	Conclusion
	Author Contributions
	Funding
	References


