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SUMMARY

[. Title

Synthesis of nano-powders for room temperature magnetic refrigerator

II. Object of the study

The object of the present study is to develop a method to synthesize
magnetocaloric nano-powders by mechanochemical reaction followed by post
annealing. The magnetic transition temperature and magnetic entropy change of the
transition metal pnictides MnFePAs have been controlled by changing the chemical

composition and post annealing conditions.

Magnetic refrigerators do not need compressors and thus have simple designs.
They are sustainable as they do not use any harmful coolant. The energy conversion
efficiency of a typical magnetic refrigerator exceeds 60%. It is, therefore, desirable to
find a new high efficiency, low cost magnetocaloric materials as it will make the

commercialization of the magnetic refrigerator feasible in the near future.

[II. Content of the study

Transition metal pnictides have comparatively good magnetocaloric
properties and the raw materials are quite economical and commercially
available in large quantity. However, P and As are volatile materials and it
makes the control of the exact chemical composition quite difficult. It is,

therefore, not suitable for mass production process.

We successfully applied the mechanochemical reaction process to
synthesize binary, ternary and quarternary transition metal pnictides powders
near room temperature. This mechanochemical reaction method provide
relatively easy control of the chemical composition and the reaction time is

not more than few hours instead of few days for the conventional high
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temperature solid state reaction. We also studied the effect of chemical
composition and post annealing conditions on the magnetic transition

temperature and magnetic entropy change.

[V. Results

In the present study, we developed a mechanochemical route to synthesize
transition metal pnictide nano-powders near room temperatures by adopting a high
energy ball milling process. We have found that the chemical composition,
particularly the P/As ratio, significantly controls the magnetic transition temperature.
The Mn/Fe and (MntFe)/(P+As) ratios also change the magnetic transition
temperature. We also found that Fe2P based ternary compounds which do not
contain harmful As could have rather promising magnetocaloric properties if the

composition is appropriate controlled.

V. Future applications

Based on the results of the present study, it is expected that a new
magnetocaloric materials with higher efficiency could be designed and the
development of the prototype magnetic refrigerator with permanent magnets will be

realized in the near future.
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Figure 2.2. Magnetocaloric effect after annealing of GdsSi;Ges[2].
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Figure 2.3. Crystal structure of La(FeSiix)is.
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Figure 2.4. Magnetocaloric effect of La(Fe,Sii)is.
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Figure 2.5. Crystal structure of MnAs. (Naval Research Lab)
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Figure 2.6. Magnetocaloric effect of MnAs;Sb.. (Wada, Physica B, 2003)
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Figure 2.9. Magnetic

entropy changes of some magnetocaloric materials.
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Figure 2.10. Refrigerant capacity of some magnetocaloric materials[25].
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Figure 2.11. Design Concept of magnetic refrigerator.
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Figure 2.13. Schematic drawing of mechanochemical reaction process.

(a) Micro-scale physical mixing (b) Nano-scale physical mixing/chemical reaction

Figure 2.14. Characteristics of mechanochemical reaction.
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Figure 2.15. Nano-structure of mechanically activated powder
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Pre-mixing process

Inert-gas charging

HEBM process

vacuum sealing
& post-annealing

Figure 3.1. Raw materials handling and sample preparation procedure.
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1. 294 Ao]F£3}3HE (binary transition metal phosphides)
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Figure 3.2. XRD patterns of Mn+P with milling time: (a) raw mixture; (b)
45 min; (¢) 65 min; and (d) 4 h.
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¥ 320} 9J3}W MnP9} MmPe -AH/C, #& MZ B3t MCR ¥gS doZ +
RAE AT Folvt MnsPE A 22 Fe 7HES &+ U MSR o o3 AAHE &
A o2 MuPols B AR 239 MPsh MnPE ALHE BIARFAM W
st FFH o2 MnP7t HEe AL 28 3244 & & Ut

Table. 3.2. Thermodynamic properties of some transition metal phosphides.

Materials — A Hhog (kJimol) —AH/C, (K)
CrP n/a® n/a?
Cr3P —246 1980
MnP —113 2000
MnyP —188 1960
Mn; P - 184 1410
FeP —125 1700
Fe P —160 1740
Fe;P 242 1910
CoP —146 2410
CooP —188 2170
NiP —164 1970
Ni12Ps n/a? n'a?
NisP -200 1780
MnAs -57 780

AH>gg and €}, data were taken from HSC Chemistry® databases developed
by Outokumpu.
® Not available.
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Ni¢} P Alololl= MSR o] dojux] @km wh3o] HAFH oz APHTHE AL vehdt, 24z
a9 3302RE YYPAZre] F71EHEAM NP AL Ad FTUFFL Ni 42 AW 2%9
NipPsAHe 4417 D E Al dolgls RS € 5 ok g9, NipPo] 2% Z7]E 308 2%
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Figure 3.3. XRD patterns of Ni + P with milling time: (a) rawmixture; (b) 15 min;
(¢) 30 min; (d) 2 h; and (e) 4 h.
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Figure 3.4. XRD patterns of coarse Co + P with milling time: (a) raw mixture; (b) 3 h; (c) 4 h; and
(d) 16 h.
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Figure 3.5. (b) XRD 'patterns of fine Co + P with milling time: (a) 11 min; (b) 24 min; and (c) 2 h.
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Figure 3.6. XRD patterns of Fe + P with milling time: (a) raw mixture; (b) 4 h
(¢) 12 h; and (d) 24 h.
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Figure 3.7. XRD patterns of Cr + P with milling time: (a) raw mixture; (b) 4 h
and (c) 24 h.
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Figure 3.9. SEM images of starting mixtures: (a) Mn-P; (b) Ni-P; (¢) Co-P; (d) Fe-P; and (¢) Cr-P.
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Figure 3.10. SEM images of samples: (a) Mn:P; (b) Ni;P; (c) CoP milled for 4 h; (d) Fe-P;
and (e) Cr-P milled for 24 h.
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Figure 3.11. XRD patterns of annealed powders: (a) MmP; (b) NioP; (c) Co:P; and (d) Fe,P
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Figure 3.12. XRD patterns of MnFePgsAsos powders.
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Figure 14. Average particle size of product powders with milling time.
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Figure 3.15. SEM images of MnFePgsAsys with milling time: (a) 30min; (b) 2h; (c) 4h; and (d) 12h.
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Figure 3.16. Change of incubation time for mechanically induced self-sustaining reaction with As content
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Figure 3.17. Weight gain from erosion of balls and vial with milling time.
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Figure 3.18. M-T curves of (a) as-milled powder, (b) annealed powder and (c) powder synthesized at
923K for 24 h and 1173K for 48 h without prior milling.
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Figure 3.19. Temperature dependence of magnetic entropy change for field change
of 1 T: (a) mechanochemically reacted and post-annealed sample and (b)sample synthesized by

high-temperature reaction without prior milling.
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Figure 3.20. Effect of P/As ratio on phase composition of (a) as-milled and (b) annealed powders.
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Figure 3.21. Effect of P/As ratio on M-T curve.
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Figure 3.22. Lattice parameter change with As content.
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Figure 3.23. XRD patterns of (MnFe)xP0.5As0.5 (a) milled for 4 h and (b) postannealed
at 923 and 1173K for 2 h each.
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Figure 3.24. Effect of metal/pnictide ratio on transition temperature.

_46_



1.6

[
1.2 d LT
n :
e S
-
3 084 :
2 .
L
A [
0.4 1 -
. -
0'9 ¥ i ) ¥ ¥
1.90 1.95 2.00 2.05 2.10

Metal/Pnictide Ratio

Figure 3.25. Effect of metal/pnictide ratio on the slope of M-T curve.
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Figure 3.26. MT curves of new Fe,P-based MCE materials.
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/>, Ames Laboratory News Release

For release: December 7, 2001

Contacts:

Karl Gschneidner, Jr., Metallurgy and Ceramics, (515) 294-7931
Kerry Gibson, Public Affairs, (515) 294-1405

MAGNETIC REFRIGERATOR SUCCESSFULLY TESTED

Ames Laboratory developments push boundaries of new refrigeration technology

Using materials developed at the U.S. Department of Energy’s Ames Laboratory, researchers have
successfully demonstrated the world’s first room temperature, permanent-magnet, magnetic refrigerator.
The refrigerator was developed by Milwaukee-based Astronautics Corporation of America as part of a
cooperative research and development agreement with Ames Laboratory. Instead of ozone-depleting
refrigerants and energy-consuming compressors found in conventional vapor-cycle refrigerators, this new
style of refrigerator uses gadolinium metal that heats up when exposed to a magnetic field, then cools
down when the magnetic field is removed. "We’re witnessing history in the making," Ames Laboratory
senior metallurgist Karl Gschneidner Jr. says of the revolutionary device. "Previous successful
demonstration refrigerators used large superconducting magnets, but this is the first to use a permanent
magnet and operate at room temperature.” Initially tested in September at the Astronautics Corporation
of America’s Technology Center in Madison, Wis., the new refrigerator is undergoing further testing.
The goal is to achieve larger temperature swings that will allow the technology to provide the cooling
power required for specific markets, such as home refrigerators, air conditioning, electronics cooling, and
fluid chilling.

According to Gschneidner, who is also an Anson Marston Distinguished Professor of materials
science and engineering at Iowa State University, the magnetic refrigerator employs a rotary design. It
consists of a wheel that contains segments of gadolinium powder — supplied by Ames Laboratory — and
a high-powered, rare earth permanent magnet. The wheel is arranged to pass through a gap in the
magnet where the magnetic field is concentrated. As it passes through this field, the gadolinium in the
wheel exhibits a large magnetocaloric effect — it heats up. After the gadolinium enters the field, water

is circulated to draw the heat out of the metal. As the material leaves the magnetic field, the material
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cools further as a result of the magnetocaloric effect. A second stream of water is then cooled by the
gadolinium. This water is then circulated through the refrigerator’s cooling coils. The overall result is a
compact unit that runs virtually silent and nearly vibration free, without the use of ozone-depleting
gases, a dramatic change from the vapor-compression-style refrigeration technology in use today. "The
permanent magnets and the gadolinium don’t require any energy inputs to make them work,"
Gschneidner said, "so the only energy it takes is the electricity for the motors to spin the wheel and
drive the water pumps." Though the test further proves the technology works, two recent developments
at Ames Laboratory could lead to even greater advances on the magnetic refrigeration frontier.
Gschneidner and fellow Ames Laboratory researchers Sasha Pecharsky and Vitalij Pecharsky have
developed a process for producing kilogram quantities of Gds(Si;Ge;) alloy using commercial-grade
gadolinium. Gds(SixGe,) exhibits a giant magnetocaloric effect which offers the promise to outperform
the gadolinium powders used in the current rotary refrigerator. When the alloy was first discovered in
1996, the process used high-purity gadolinium and resulted in small quantities (less than 50 grams).
However, when lower-quality commercial-grade gadolinium was used, the magnetocaloric effect was only
a fraction, due mainly to interstitial impurities, especially carbon. The new process overcomes the
deleterious effect of these impurities, making it viable to use less expensive commercial-grade
gadolinium to achieve roughly the same magnetocaloric effect as the original discovery. At the same
time, Ames Lab researchers David Jiles and Seong-Jae Lee, along with Vitalij Pecharsky and
Gschneidner, have designed a permanent magnet configuration capable of producing a stronger magnetic
field. The new magnet can produce a magnetic field nearly twice as high as that produced by the
magnet used in the initial refrigerator, an important advance since the output and efficiency of the
refrigerator is generally proportional to the strength of the magnetic field. The group has filed patent
applications on both the gadolinium alloy process and the permanent magnet. "These are important
advances, but it will require additional testing to see how much they will enhance refrigeration
capabilities,” Gschneidner said. "Progress (in this field) is measured in small steps and this is just
another of those steps. However, we’ve come a long way since first announcing the giant

magnetocaloric alloy five years ago."

The research is funded by the DOE Office of Basic Energy Sciences’ Laboratory Technology
Research Program, Office of Computational Technology Research. Ames Laboratory is operated for the
DOE by Iowa State University. The Lab conducts research into various areas of national concern,
including energy resources, high-speed computer design, environmental cleanup and restoration, and the

synthesis and study of new materials.
For additional information about the Astronautics Corporation of America’s rotary, room temperature,

permanent magnet, prototype magnetic refrigerator please contact Robert Herman, 414-449-4248 or go to

the company website at http://www.astronautics.com/PressRelease/Files/MagFrig.PDF.
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Kagrete Feld
Magratized

Demagradiz

As gadolinium enters a magnetic field and becomes magnetized, the material's atoms align, causing it
to get hot. A fluid (red) carries that heat away. As the gadolinium exits the field, the atoms absorb heat
from the recirculated fluid (blue) that chills a space.

Test active magnetic refrigerator (Astronautics Co., USA). Rotating ring (center), roughly the diameter of

a compact disk, cycles powdered magnetic material in and out of a gap in the powerful magnet at rear.
A2 Z A : www.external.ameslab.gov/ Final/News/2001rel/01magneticrefrig.htm

#HF7FAE . www.astronautics.com/PressRelease/Files/MagFrig PDF

www.intalek.com/Index/Projects/ Research/MagneticRefrigeration.PDF
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Magnetic Refrigeration

A Different Way to Cool

The world’s first successful permanent magnet, room tem-
perature magnetic refrigerator became operational on Sept. 18
at the Astrenautics Technology Center in Madison, Wis,

The nragnetic refrigerator uses gadolinium, o metallic ele-
ment that exhibits a large magnetocaloric effect (heats up when
exposed fo a magnetic field and cools when the magnetic
field ss.removed). The material is alternately magnetized and
demagnetized by rotating a wheel containing gadolinium
through.a magnetic field. Researchers say that magnetic re-
frigeration is more energy efficient than conventional vapor
cycle refrigeration. The prototype provides a cooling sange
similar to & household air con-

Jonrnal: What's the petential of the technology?

Gschneidner: It could be used for anything you cool. It has
the potential to replace gas compressors. Right now its more
expensive because its a new fechrology, but its a lot more
efficient since you don't have to compress & gas.

Juurual: What will it take to get this technology inte the
marketplace?

Gschneidner: Each time we take a step, we are moving closer
1o the commercialization of this technology. Realistically, it
going to be a few years before you start replacing gas compres-
sors, but it will be many years

ditioner without harmfut
emissions,; which is unavoid-
able when using conven-
tional refrigerants. The heat

Raotation Axis

before we replace all compres-
) SCHS,
Magnetocaloric Bed

Bed Journal: What are some of the

transter fluid in the prototype

drawbhacks?

s water,

Previously built magnetic
refrigerators ysed in labora-
tory demonstrations required
larpe superconducting mag-

Gschoeidner: The costof the
mugnetic refrigerant materials
and the magnets, whether per-
manent or superconducting.
Compressors {in conventional

nets. The new Astronautics

magnetic refrigerator uses 3

permanent magnet which re-
sults in a compact package
that rans virtually silent and
vibration free.

Pump

Hot Heat
Exchanger

systems)are fairly inexpensive.
The saving grace is it’s {mag-
netic refrigeration) mere energy
efficient and more environment
frieadly.

Cokd Heat
Exchanger

The magnetic refrigerator
13 now being tested and opti-
mized to achieve larger tem-
perature swings, and is being tailored ta provide the cooling
power required for specific markets such as home refrigera-
tors, air conditioning, electronics cooling and fluid chilling.

Two years ago, ASHRAE Journal interviewed Prof. Karl
Gschneldner from Ames Laboratory, lowa State University
about the development of a “proof of principle machine™ that
used a large superconducting magnet, Gschnewdner is an ex-
pert on materials who has been working onmagnetic refrigera
tien for about 10 years. He was interviewed recently on some
of the new developments.

erator.

Journal: How would you describe the new developments?

Gschneidner: We are witnessing history in the making — it
is a major advance. The proof of principle machine was a recip-
rocating maching that used a superconducting magnet. This
new protolype is a rotary device and demonstrates that the
machine can be powered with a permanent magnet,

Permanent magnet, room temperature magnetic refrig-

Journal: What do you mean
by efficient?

Gschneidner: With conven-
tional systems, you get a COP {coefficient of performance}of
2, or 4 if they're very good, We're getting that with our first
machines. We've pushed it to 16 with the reciprocating mag-
actic refrigerator using a superconducting magaet at a field of
5T {506 kOe). You're not going to see that with household
appliances, but vou might see it in grocery stores for refrigera-
torsifreezers, and large-scale building climate control.

f

Journal: Whe else is researching maguetic refrigeration?

Gschneidner: Japanese researchers from Toshiba and Chubu
Electric Power Co. hate duplicated the Astronautics/ Ames
Laboratory reciprocating machine and obtained the same
numbers. The Japancse companies are now working on a ma-
chine that will be powered with a permanent magnet. John
Barclay and his students at the University of Victoria (Canada)
are also working on a reciprocating device and have just
started to get data. @

A5 22} : ASHRAE Journal, January 2002
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