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An article (1) for magnetic heat exchange extends 1n a first
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prises at least one magnetocalorically active phase (2). The
average thermal conductivity of the article (1) 1s anisotropic.




Patent Application Publication Mar. 3, 2011 Sheet 1 of 7 US 2011/0048690 A1l

.

?—-
L q,z
P4
A
S s
L

S S

% 3 5 2 g

b

15\6 \



Patent Application Publication Mar. 3, 2011 Sheet 2 of 7 US 2011/0048690 A1l




Patent Application Publication Mar. 3, 2011 Sheet 3 of 7 US 2011/0048690 Al

i-T.;-.
iy Yy \
e wn A

S




US 2011/0048690 A1l

Mar. 3, 2011 Sheet 4 of 7

Patent Application Publication

|3

o
Y
ol

S e

v
o
o

|

. -
*

v @

il

%
1

L,

0



Patent Application Publication Mar. 3,2011 Sheet 5 of 7 US 2011/0048690 Al




Patent Application Publication Mar. 3, 2011 Sheet 6 of 7 US 2011/0048690 Al




48690 Al
Patent Application Publication Mar. 3, 2011 Sheet 7 of 7 US 2011/00

S5
RN
W 2o W 5
LA P TRAT ~
PASRE AN

2.6

2.8 e
3 26
27

NS
:‘-'l*é. 9

2%

Flas E;



US 2011/0048690 Al

ARTICLE FOR MAGNETIC HEAT
EXCHANGE AND METHOD FOR
MANUFACTURING AN ARTICLE FOR
MAGNETIC HEAT EXCHANGE

BACKGROUND

[0001] 1. Field

[0002] Disclosed herein i1s an article for magnetic heat
exchange and methods for manufacturing an article for mag-
netic heat exchange.

[0003] 2. Description of Related Art

[0004] The magnetocaloric effect describes the adiabatic
conversion ol a magnetically induced entropy change to the
evolution or absorption of heat. By applying a magnetic field
to a magnetocaloric material, an entropy change can be
induced which results 1n the evolution or absorption of heat.
This effect can be harnessed to provide refrigeration and/or
heating.

[0005] In recent years, materials such as La(Fe,_S1 ),s.
Gd.(S1, Ge),, Mn (As, Sb) and MnFe(P, As) have been devel-
oped which have a Curie Temperature, T , at or near room
temperature. The Curie Temperature translates to the operat-
ing temperature of the material in a magnetic heat exchange
system. Consequently, these materials are suitable for use 1n
applications such as building climate control, domestic and
industrial refrigerators and freezers as well as automotive
climate control.

[0006] Magnetic heat exchange technology has the advan-
tage that magnetic heat exchangers are, in principle, more
energy ellicient than gas compression/expansion cycle sys-
tems. Furthermore, magnetic heat exchangers are environ-
mentally friendly as chemicals such as chlorofluorocarbons
(CFC) which are thought to contribute to the depletion of
ozone levels are not used.

[0007] Consequently, magnetic heat exchanger systems are
being developed 1n order to practically realise the advantages
provided by the newly developed magnetocaloric matenals.
Magnetic heat exchangers, such as that disclosed 1n U.S. Pat.
No. 6,676,772, typically include a pumped recirculation sys-
tem, a heat exchange medium such as a fluid coolant, a cham-
ber packed with particles of a magnetic refrigerant working,
material which displays the magnetocaloric effect and a
means for applying a magnetic field to the chamber.

[0008] However, further improvements are desirable to
cnable a more extensive application of magnetic heat
exchange technology.

SUMMARY

[0009] Disclosed heremn are embodiments of an article for
magnetic heat exchange which can be reliably and cost effec-
tively manufactured. Also disclosed herein are embodiments
of methods by which the article may be produced.

[0010] A particular embodiment relates to an article for
magnetic heat exchange. The article extends 1n a first direc-
tion and 1n a second direction generally axially perpendicular
to said first direction and comprises at least one magnetoca-
lorically active phase. The average thermal conductivity of
the article 1s anisotropic.

[0011] The article may be used as the magnetic refrigerant
or magnetic working medium of a magnetic heat exchange
system. Providing the article with an anisotropic average
thermal conductivity has the advantage that heat generated
within the article due to the magnetocaloric effect can be
conducted to the surface of the article anisotropically. The
heat exchange between the article and a cooling or heat
exchange medium which surrounds the article may be aniso-
tropic as well. As used herein, the terms “coolant” or “coolant

Mar. 3, 2011

medium™ and “heat exchange medium,” are used inter-
changeably irrespective of whether the article 1s used to sup-
ply heat to, or remove heat from, the heat exchange medium
or working tluid.

[0012] The article may be arranged in the magnetic heat
exchange system so that the most efficient thermal transfer
occurs 1n directions perpendicular to the direction of coolant
medium flow and so that the least efficient thermal transier
occurs 1n the direction of the coolant medium flow. This
arrangement enables a more efficient heat exchange. Heat
generated by the magnetocaloric effect within the article can
be conducted efficiently i directions perpendicular to the
coolant medium flow to the surface of the article where the
heat 1s transferred to the coolant and carried by the coolant
medium away from the article 1n the coolant flow direction.
[0013] The poorer thermal conductivity of the article 1n the
direction of the coolant flow hinders the transier of the heat
initially conducted away tfrom the article back into the article
and 1n the opposite direction to the coolant medium tlow.
Overall, the cooling efficiency of the article for magnetic heat
exchange 1s improved by providing the article with an aniso-
tropic average thermal conductivity.

BRIEF DESCRIPTION OF DRAWINGS

[0014] Embodiments disclosed heremn will now be
explained with reference to the accompanying drawings,
which are intended to illustrate, but not limit, the scope of the
appended claims.

[0015] FIG. 11s a schematic diagram that i1llustrates a side
view of an embodiment of an article for magnetic heat
exchange,

[0016] FIG.21saschematic diagram thatillustrates a cross-
sectional view of the article of FIG. 1,

[0017] FIG. 3 1s aschematic diagram thatillustrates a cross-
sectional view of an article for magnetic heat exchange hav-
ing a microstructure according to a first embodiment dis-
closed herein,

[0018] FIG.41saschematic diagram thatillustrates a cross-
sectional view of an article for magnetic heat exchange hav-
ing a microstructure according to a second embodiment dis-
closed herein,

[0019] FIG.S51saschematic diagram that illustrates a cross-
sectional view of an article for magnetic heat exchange hav-
ing a microstructure according to a third embodiment dis-
closed herein,

[0020] FIG. 61s aschematic diagram that illustrates a cross-
sectional view of an article for magnetic heat exchange hav-
ing a microstructure according to a fourth embodiment dis-
closed herein, and

[0021] FIG. 7 1s aschematic diagram thatillustrates a cross-
sectional view of an article for magnetic heat exchange hav-
ing a microstructure according to a fifth embodiment dis-
closed herein.

DETAILED DESCRIPTION OF THE SPECIFIC
EMBODIMENTS

[0022] A magnetocalorically active material 1s defined
herein as a material which undergoes a change 1n entropy
when 1t 1s subjected to a magnetic field. The entropy change
may be the result of a change from ferromagnetic to paramag-
netic behaviour, for example. The magnetocalorically active
material may exhibit, 1n only a part of a temperature region, an
inflection point at which the sign of the second derivative of
magnetization with respect to an applied magnetic field
changes from positive to negative.
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[0023] A magnetocalorically passive material 1s defined
herein as a material which exhibits no significant change in
entropy when 1t 1s subjected to a magnetic field.

[0024] Inanembodiment, the average thermal conductivity
of the article 1n the first direction 1s less than the average
thermal conductivity of the article 1n the second direction. In
operation, the article 1s arranged with the first direction gen-
erally parallel to the coolant medium flow to produce the most
eilicient heat transfer.

[0025] In an embodiment, the article comprises a first
length extending 1n said first direction and a cross-sectional
area extending in said second direction, the cross-sectional
area having a second length. The average thermal conductiv-
ity measured over the first length of the article 1s less than the
average thermal conductivity measured over the second
length of the article and, therefore, in the plane of the cross-
sectional area. Again, 1n operation the first length of the article
1s arranged generally parallel and the second direction gen-
crally perpendicular to the flow direction of the coolant
medium.

[0026] The anisotropy 1n the average thermal conductivity
of the article can be provided 1n a number of ways. For
example, 1n some embodiments, the article further comprises
a magnetocalorically passive phase having a thermal conduc-
tivity which 1s greater than the thermal conductivity of the
magnetocalorically active phase.

[0027] The anisotropic average thermal conductivity of the
article may be produced by various arrangements of the mag-
netocalorically active phase and the magnetocalorically pas-
stve phase within the article. The thermal conductivity anisot-
ropy may be produced at a microscopic level, (i.e., by
microscopic anisotropy), that is, the arrangement of the indi-
vidual grains or particles of the magnetocalorically passive
phase and/or magnetocalorically active phase which results in
anisotropy 1n thermal conductivity. Alternatively, the thermal
conductivity anisotropy may be produced macroscopically,
that 1s, due to arrangements of members consisting essentially
of one of the magnetocalorically active and passive phases.

[0028] In an embodiment, the magnetocalorically passive
phase comprises a plurality of grains having, on average, a
preferred orientation. Preferred orientation 1s used to describe
an anisotropic arrangement and/or distribution of grains
within the article. For example, even in embodiments where
the individual grains may be generally spherical in shape and,
therefore, individually have no preferred orientation. How-
ever, the spherical grains may be aligned 1n one or more rows
or 1n a matrix of rows and columns and, therefore, have a
preferred, 1.e. physically anisotropic, arrangement within the
article.

[0029] This anisotropic arrangement provides an article
with an average anisotropic thermal conductivity 1n the case
that the thermal conductivity of the magnetocalorically pas-
stve phase 1s different from thermal conductivity of the mag-
netocalorically active phase even 1f the magnetocalorically
active phase 1s randomly arranged within the article. It the
thermal conductivity of the magnetocalorically passive phase
1s greater than the thermal conductivity of the magnetocalori-
cally active phase, then the average thermal conductivity of
the article in the long direction of the row or in the plane of the
matrix of the grains of the magnetocalorically passive phase
1s greater than that in directions perpendicular to the long
direction of the row or 1n the plane of the matrix of the grains
of the magnetocalorically passive phase. The article as a
whole then has an anisotropic average thermal conductivity.
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[0030] In an embodiment, the magnetocalorically passive
phase comprises a plurality of grains, each having an elongate
form with a long direction and at least one short direction
generally perpendicular to the long direction.

[0031] To produce thermal anisotropy at a microscopic
level, the grains of the magnetocalorically passive phase may
be arranged 1n the article with a preferred orientation and/or a
preferred texture.

[0032] “‘Preferred orientation” 1s aterm used to describe the
physical arrangement of the grains within the article. “Pre-
ferred texture” 1s a term used to describe grains which are
arranged within the article such that they have, on average, a
preferred crystallographic orientation. It 1s, therefore, pos-
sible that the grains have both a preferred orientation and a
preferred texture.

[0033] In the case of grains having an elongate form

arranged with a preferred texture, the average thermal con-
ductivity of the article i the long direction of the grains 1s
higher than the average thermal conductivity of the article in
the short direction of the grains.

[0034] A thermally anisotropic article may be provided by
arranging the plurality of elongate grains of the magnetoca-
lorically passive phase 1n the article so that on average their
long direction extends generally perpendicular to the first
direction of the article. The plurality of elongate grains of the
magnetocalorically passive phase may be arranged in the
article so that on average their short direction extends gener-
ally parallel to the first direction of the article. These arrange-
ments provide an article with an average thermal conductivity
which 1s higher 1 directions perpendicular to the first direc-
tion and lower 1n directions parallel to the first direction.

[0035] In operation, the article 1s arranged so that the long
direction ofthe grains 1s orientated generally perpendicular to
the coolant medium flow direction and the short direction of
the grains 1s orientated generally parallel to the coolant
medium flow. This arrangement discourages heat flow
through the article 1n directions opposite to the coolant
medium flow.

[0036] In an embodiment, the magnetocalorically active
phase comprises a plurality of grains arranged 1n the article
with, on average, a preferred orientation. In this case, the term
“preferred orientation” 1s again used to denote an anisotropic
arrangement ol grains within the article.

[0037] In a further embodiment, the magnetocalorically
active phase comprises a plurality of grains arranged 1n the
article with a preferred texture and, 1n a further embodiment,
also with a preferred orientation. In an embodiment, the mag-
netocalorically active phase comprises a plurality of grains,
cach having an elongate form with a long direction and at
least one short direction generally perpendicular to the long
direction. The grains may be fibre-like or plate-like, for
example.

[0038] To produce an article with thermal anisotropy at the
microscopic level, the grains of the magnetocalorically active
phase may be arranged in the article so that on average the
long direction of the grains extends generally perpendicular
to the first length of the article. The grains of the magnetoca-
lorically active phase may also be arranged 1n the article so

that on average the short direction of the grains extends gen-
crally parallel to the first length of the article.

[0039] This arrangement provides an article with an aver-
age thermal conductivity which 1s higher in directions of the
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article parallel to the long direction of the grains and with an
average thermal conductivity which 1s lower 1n the short
direction of the grains.

[0040] In some embodiments, both the magnetocalorically
passive phase and the magnetocalorically active phase are
arranged within the article with a preferred orientation and/or
preferred texture. The grains of the two phases may be nti-
mately mixed so as to provide thermal anisotropy at a micro-
scopic level.

[0041] In other embodiments, only the magnetocalorically
active phase has a preferred orientation and/or texture or
clongate grains to provide an article with an anisotropic aver-
age thermal conductivity. The article may comprise a mag-
netocalorically passive phase which has no preferred texture.
The magnetocalorically active phase may be distributed with
a preferred orientation and/or texture among the grains of the
magnetocalorically passive phase. Alternatively, the magne-
tocalorically active phase may be distributed without a pre-
terred orientation and/or texture among grains of the magne-
tocalorically passive phase having a preferred orientation
and/or texture. The magnetocalorically passive phase may
provide a matrix 1n which the grains of the magnetocalori-
cally active phase are arranged. In such an embodiment, the
article can be described as a composite.

[0042] An article for magnetic heat exchange may also be
provided with an anisotropic average thermal conductivity by
arranging materials of different thermal conductivity at a
macroscopic level. In an embodiment, the article comprises a
plurality of first layers consisting essentially of the magneto-
calorically active phase interleaved with a plurality of second
layers consisting essentially of the magnetocalorically pas-
s1ve phase.

[0043] In another embodiment, the article comprises only
magnetocalorically active phases and no substantial portion
of magnetocalorically passive phases. In this sense, phase 1s
used to denote a solid body and exclude gases and air. The
term “no substantial portion” 1s defined as less than 10 vol %.

[0044] In this embodiment, an average anisotropic thermal
conductivity 1s achieved by an anisotropic distribution of the
density of the article. In particular, the density of the article
varies macroscopically. This 1s provided 1n one embodiment
by at least one first layer consisting essentially of a magne-
tocalorically active phase and having a first density and at
least one second layer consisting essentially of the magneto-
calorically active phase and having a second density, the first
density being greater than the second density.

[0045] The first layer with the greater density has a greater
thermal conductivity than the second layer with a lower den-
sity. Therelore, the average thermal conductivity of the article
in directions perpendicular to the plane of the layers 1s lower
than the average thermal conductivity of the article 1n direc-
tions parallel to the plane of the layers. The article, therefore,
has an anisotropic average thermal conductivity.

[0046] The density of the at least one first layer and the at
least one second layer may be adjusted to the desired average
value by controlling the porosity of the respective layer. The
at least one first layer may comprise a first average porosity
and the at least one second layer may comprise a second
average porosity, the second average porosity 1s greater than
the first average porosity. This provides a first layer with a
greater density than the second layer and an article with an
anisotropic average thermal conductivity.

[0047] In a further embodiment, the at least one first layer
and the at least one second layer are arranged 1n a stack,
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wherein adjacent layers are in physical contact with one
another. The adjacent layers may be connected to their imme-
diate neighbour by a layer of an adhesive material or be
directly connected to each other by sintering of material of the
adjacent layers, for example.

[0048] The first layers and the second layers have a thick-
ness which extends generally parallel to the first direction of
the article and a plane of a lateral area extending generally 1n
the second direction of the article (e.g., perpendicularly to the
first direction of the article). Each layer 1s built up from a
plurality of layers of grains or particles of the respective
phase.

[0049] Inoperation, the article 1s arranged so that the cross-
sectional or lateral area of the layers extends in a planar
fashion 1n directions that are generally perpendicular to the
coolant flow direction and the thickness of the layers extends
generally parallel to the coolant flow direction. The thermal
conductivity of the magnetocalorically passive phase 1s, pret-
erably, greater than the thermal conductivity of the magneto-
calorically active phase 1n this arrangement of the article 1n
order that the average thermal conductivity of the article in the
coolant tlow direction 1s less than the average thermal con-
ductivity of the article in directions perpendicular to the cool-
ant tlow direction.

[0050] In another embodiment, the article comprises a plu-
rality of active layers, each active layer comprising a magne-
tocalorically active material having a T . which 1s different
from the T _ of the magnetocalorically active material 1n an
adjacent layer. In a further embodiment, the magnetocalori-
cally active material of each of the layers 1s selected, along
with the order in which the matenals are arranged, in order
that the T . progressively increases from one end of the article
to the other.

[0051] The use of articles comprising a plurality of magne-
tocalorically active materials having different T ’s, has the
advantage that the operating range of the heat exchanger 1n
which the article 1s used 1s increased. The Curie temperature
T _translates to the operating temperature and, since arange of
T ’s are provided, the operating range of the heat exchanger 1s
increased. This enables the heat exchanger to provide cooling
and/or heating over a wider operating temperature range and
to provide cooling and/heating from a starting temperature to
a smaller/larger lowermost/uppermost temperature, respec-
tively, than that possible using magnetocalorically active
material having a single T ..

[0052] In a further embodiment, the article further com-
prises at least one thermal barrier comprising a thermal con-
ductivity which 1s less than the thermal conductivity of the
magnetocalorically active phase.

[0053] The thermal barrier hinders thermal transfer from
the region of the article on one side to the region of the article
on the other side of the thermal barrier. The thermal barrier
can be arranged so that thermal transier in the direction of the
coolant medium flow 1s hindered, thus further improving the
elficiency of the magnetic heat exchange.

[0054] In a further embodiment, the article comprises a
plurality of thermal barriers arranged at intervals along the
first direction of the article. If a plurality of portions with
differing T, are provided, the thermal barrier may be arranged
between adjacent portions.

[0055] The magnetocalorically active phase may be one or
more of Gd, a La(Fe,_,S1,),s-based phase, a Gd.(51, Ge),-
based phase, a Mn(As, Sb)-based phase, a MnFe(P, As)-based
phase, a Tb—Gd-based phase, a (La, Ca, Pr, Nd, Sr)MnQO,-
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based phase, a Co—Mn—(S1, Ge)-based phase and a Pr,(Fe,
Co),--based phase. These basic compositions may further
comprise further chemical elements which may substitute
partially or 1n full for the listed elements. These phases may
also comprise elements which are accommodated at least 1n
part interstitially within the crystal structure, for example,
hydrogen. These phases may also include impurity elements
and small amounts of elements such as oxygen.

[0056] In a further embodiment, the grains of the magne-
tocalorically active phase comprise a corrosion protection
coating. This corrosion protection coating may comprise one
or more metals, alloy, polymers, ceramics or inorganic coms-
pounds. The metal may be Al, Cu or Sn and the alloy may
comprise one or more of Al, Cu and Sn. An 1norganic corro-
s10n protection coating may be provided by a phosphate, for
example a zinc phosphate. The corrosion protection coating
may be applied to increase the working life of the magneto-
calorically active phase since the corrosion and degradation
of the magnetocalorically active material into non-magneto-
calorically active phases 1s at least slowed, or even prevented
entirely, over the working lifetime of the magnetocalorically
active material, due to the corrosion protection coating.
[0057] The article may further comprise an effective poros-
ity. The term “effective porosity™ 1s used herein to describe a
porosity of the article which has a measurable effect on the
elficiency of the magnetic heat exchange.

[0058] The eflective porosity comprises at least one chan-
nel within the body of the article which extends from a first
side of the article to a second side of the article. The porosity
may be 1n the range of 10 vol. % to 60 vol. % based upon the
total volume of the article.

[0059] The effective porosity may be provided 1n the form
of a series of interconnected channels 1n flow communication
with each other forming a hollow network of skeleton type
structure within the body of the article. The heat exchange
fluid or coolant can then flow through the hollow network
from one side of the article to the other.

[0060] The effective porosity may be provided by loosely
compacting the powder from which the article or a portion
thereol 1s formed, or by loosely compacting the powder fol-
lowed by sintering, to form in each case a body with a density
of less than 100% such that the unoccupied volume provides
an interconnected hollow network though which the heat
exchange medium can tlow.

[0061] These embodiments of a article having an effective
porosity have the additional advantage that the surface area of
the article 1s increased. The coolant 1s 1n contact with inner
surfaces, that 1s the surfaces of the interconnected channels
that provide the effective porosity, and which are positioned
within the body of the article, as well as with the overall outer
surface of the article. Thus, the contact area between the
article and the heat exchange fluid 1s increased. Consequently,
the efficiency of the magnetic heat exchange may be further
increased.

[0062] The article may further comprise at least one chan-
nel different from the interconnected channels that provide
clfective porosity. The channel may be provided in the form
of a through-hole which 1s surrounded by the article or may be
provided in the form of a channel 1n an outer surface of the
article. One or more channels have the advantage of increas-
ing the surface area of the article which can turther improve
the heat exchange efficiency between the article and the cool-
ant. The channel may be formed by extrusion or profile roll-
ing, for example.
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[0063] Inafurther embodiment, the channel can be adapted
to direct the tlow of the coolant. The position of the channel 1s
determined by the design of the heat exchange system 1n
which the article 1s to operate. The channel may be adapted to
direct the flow of the coolant with reduced or, optimally,
minimum turbulence in order to increase the efficiency of the
heat exchange.

[0064] Thearticle may be acomponent of a heat exchanger,
a cooling system, an air conditioning unit for a building or a
vehicle, 1n particular an automobile, or a climate control
device for a building or an automobile. The climate control
device may be used as a heater 1n winter and as a cooler 1n
summer by reversing the direction of the fluid coolant or heat
exchanger medium. This 1s particularly advantageous for
automobiles and other vehicles as the space available within
the chassis for accommodating the climate control system 1s
limited by the design of the vehicle.

[0065] The article may also comprise an outer protective
coating. The outer protective coating may comprise a metal,
an alloy or a polymer. The material of the outer protective
coating may be chosen so as to be chemically, as well as
mechanically, stable during the lifetime operation of the
article 1n the heat exchange medium. If the coating 1s applied
to the finished article, 1t 1s not subjected to higher tempera-
tures, for example during sintering, or working of the article.
In this case, a polymer with a relatively low decomposition
temperature or melting temperature may be used

[0066] The heat exchange medium or working fluid used to
exchange heat with the article may comprise ethanol or gly-
col, mixtures of water, ethanol or glycol or an alternative
material with a high thermal conductivity in order to increase
the etficiency of the heat exchange between the heat exchange
medium and the article. In some circumstances, the heat
exchange medium may be corrosive to the magnetocalori-
cally active material and/or the magnetocalorically passive
material of the matrix. Therefore, an additional outer protec-
tive coating may be used to provide additional protection.

[0067] The article according to one of these embodiments
may be used as a component of a heat exchanger, a refrigera-
tion system, a climate control device, an air-conditioning
unit, or an industrial, commercial or domestic freezer. The
article 1s arranged so that the first direction of the article 1s
arranged generally parallel to the direction of heat flow during
operation.

[0068] The invention also provides methods of manufac-
turing an article for magnetic heat exchange. In an embodi-
ment, a magnetocalorically active phase 1s provided and a
magnetocalorically passive phase comprising a plurality of
particles are provided. The magnetocalorically active phase
and the magnetocalorically passive phase are assembled and
compacted to form an article. A preferred orientation, that is,
a preferred physical arrangement, of at least a plurality of
grains of the magnetocalorically passive phase, on average, 1s
produced.

[0069] In an embodiment, a precursor of a magnetocalori-
cally active phase 1s provided and a magnetocalorically pas-
stve phase comprising a plurality of particles are provided.
The precursor of the magnetocalorically active phase and the
magnetocaloritally passive phase are assembled and com-
pacted to form an article. A preferred orientation of the plu-
rality of grains of the magnetocalorically passive phase 1s
produced. In this embodiment, the article 1s reaction sintered,
wherein the magnetocalorically active phase forms from the
precursor.
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[0070] The article 1s provided with an anisotropic thermal
conductivity due to the preferred orientation of the magneto-
calorically passive phase since the thermal conductivity of the
plurality of grains of the magnetocalorically passive phase 1s
higher in the longer direction of the grains than in the shorter
direction. As previously discussed, the grains may also have,
on average, a preferred texture of crystallographic orienta-
tion.

[0071] The preferred onentation may be produced at least
in part by the compaction process or may be produced 1n part
or entirely 1n a separate method step which may take place
before or after compaction.

[0072] In an embodiment, the compaction is carried out so
as to induce preferred orientation of at least the grains of the
magnetocalorically passive phase and/or at least the grains of
the magnetocalorically active phase

[0073] Inanembodiment, the average preferred orientation
of at least the plurality of grains of the magnetocalorically
passive phase 1s produced at least in part by applying a mag-
netic field. This method may be used when the magnetoca-
lorically passive phase 1s ferromagnetic, for example, com-
prises Fe or FeSi.

[0074] A magnetic field may also be used to provide a
preferred orientation of particles of the magnetocalorically
active phase if the magnetocalorically active phase 1s 1n the
terromagnetic state. If the magnetocalorically active phase 1s
ferromagnetic at temperatures below 1ts Curie Temperature,
the magnetic field may be applied at a temperature below the
Curie temperature of the magnetocalorically active phase 1n
order to magnetically align the particles so that at least some
ol the particles have the preferred orientation.

[0075] The magnetic field may be applied before the com-
paction 1s carried out so as to provide a preferred orientation
of the particles of the magnetocalorically passive phase and/
or magnetocalorically active phase. This preferred orienta-
tion 1s maintained during compaction and in the compacted
article.

[0076] The compaction may be carried out so as to induce
a preferred texture 1n at least the magnetocalorically passive
phase. If the particles of the magnetocalorically passive phase
have anisotropic dimensions, the compaction may be carried
out by arranging the compaction direction so that 1t 1s gener-
ally perpendicular to the long direction of the grains, or, in the
case of plate-like grains, generally perpendicular to the plane
of the plate. A degree of preferred orientation may also be
provided by shaking the powder 1n directions perpendicular
to the compaction direction before the compaction 1s carried
out. This encourages plate-like grains to take on a stratified
structure before compaction.

[0077] The compaction 1s carried out so that the grains of
the magnetocalorically passive phase are on average orien-
tated with their long direction perpendicular to the first direc-
tion of the article. This produces an article with a higher
average thermal conductivity 1n directions perpendicular to
the first direction and a lower average thermal conductivity in
the first direction.

[0078] Inanembodiment, the average preferred orientation
of at least the plurality of grains of the magnetocalorically
passive phase and/or of the magnetocalorically active phase1s
produced at least 1n part by mechanical deformation of the
article after the compaction. The mechanical deformation
may be carried out by one of more of rolling, swaging, draw-
ing and extruding.

Mar. 3, 2011

[0079] In an embodiment, the magnetocalorically active
phase and the magnetocalorically passive phase are
assembled by intimately mixing the magnetocalorically
active phase and the magnetocalorically passive phase with
one another. This method produces an article with an aniso-
tropic thermal conductivity produced on a microscopic scale.
[0080] In a further embodiment, the magnetocalorically
active phase and the magnetocalorically passive phase are
assembled by alternately arranging layers consisting essen-
tially of the magnetocalorically active phase interleaved with
layers consisting essentially of the magnetocalorically pas-
stve phase. This method produces an article with an anisotro-
pic average thermal conductivity on a macroscopic scale.
[0081] In an embodiment, additionally one or more of a
lubricant, an organic binder and a dispersant are added to the
assembled magnetocalorically active phase and magnetoca-
lorically passive phase. These additives can help to increase
the density of the article.

[0082] Theassembled magnetocalorically active phase and
magnetocalorically passive phase may be compacted by one
or more of rolling and pressing. Rolling may be used to
produced a long length article in which the thermal conduc-
tivity in directions along the length of the article and across its
breadth 1s greater than the thermal conductivity 1n a direction
across 1ts thickness. Such articles can be arranged 1n a lami-
nated stack. Pressing may be used to produce an article in
which the thermal conductivity 1s greater across the breadth
of the article than along 1ts length as the long direction of the
magnetocalorically passive phase are orientated generally
perpendicularly to the length of the article.

[0083] Ina further embodiment, the article 1s heated during
compaction. A heat treatment may be used to further compact
the article as well as sinter the grains together. If precursor 1s
used, the heat treatment 1s carried out under conditions
selected so that the magnetocalorically active phase 1s formed
from the precursor.

[0084] A heat treatment during compaction may also be
used to further increase the degree of texture of the grains due
to reorientation of the grains as well as grain growth 1n a
preferred direction, advantageously the long direction of the
grains.

[0085] In afurther embodiment, a magnetic field 1s applied
during compaction so as to magnetically orientate the grains
of the magnetocalorically passive phase and/or active phase
so that on average their long direction 1s oriented generally
perpendicular to the first direction of the article. Heat may
also be applied at the same time. This method may be used
when the magnetocalorically passive phase comprises a soft
magnetic material such as Fe or FeS1 or when the magneto-
calorically active phase has already formed and 1s ferromag-
netic during the pressing process.

[0086] A method of manufacturing an article without a
magnetocalorically passive phase and with an average aniso-
tropic thermal conductivity 1s also provided. In this method,
at least one first plate consisting essentially of a magnetoca-
lorically active phase and having a first density and at least
one second plate consisting essentially of a magnetocalori-
cally active phase and having a second density 1s provided.
The first density of the first plate 1s greater than the second
density of the second plate. The first plate and the second plate
are arranged 1n a stack to provide an article for magnetic heat
exchange.

[0087] The first and the second plates have differing aver-
age thermal conductivities due to their differing densities. A
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higher density provides a higher average thermal conductiv-
ity. Therefore the average thermal conductivity 1n the stack
direction, that 1s perpendicular to the plane of the plates 1s
lower than the average thermal conductivity in the plane of
the plates.

[0088] In an embodiment, the first plate and the second

plate are arranged so that they are in physical contact with one
another.

[0089] In a further embodiment, the first plate comprises a
first porosity and the second plate comprises a second poros-
ity, the second porosity being greater than the first porosity.
This provides a first plate with a greater density than the
second plate.

[0090] The first plate and/or the second plate may be pro-
duced by compacting particles of a magnetocalorically active
phase or precursor of a magnetocalorically active phase.

[0091] The conditions of the compaction are adjusted so as
to produce a lower porosity 1n the first plate than in the second
plate. For example, the compaction pressure and, if used,
temperature, can be increased to lower the porosity and
increase the density of the plate. Conversely, the compaction
pressure and, if used, temperature, can be decreased to
increase the porosity and decrease the density of the plate.

[0092] In a further embodiment, a plurality of first plates
and a plurality of second plates are provided. The plurality of
first plates and the plurality of second plates are interleaved
with one another 1n a stacking direction of the article. The
article produced has a multi-layer or stratified structure.

[0093] Ina particular embodiment, after the article 1s com-
pacted or after the article has been produced, an outer protec-
tive coating may be applied to the article. The outer protective
coating may be for example, applied by dipping, spraying or
clectro-deposition.

[0094] FIG. 1 illustrates a side view of an article 1 for
magnetic heat exchange which comprises a magnetocalori-
cally active phase 2 which, 1n this particular embodiment,
consists essentially of a La(Fe,_ _,Co_5S1,),5-based phase
with a Curie Temperature, T , 01 20° C. The article 1 provides
the magnetic refrigerant working component of a non-1llus-
trated magnetic heat exchange system which further includes
a pumped recirculation system, a heat exchange medium,

such as a fluid coolant, and means for applying a magnetic
field to the chamber.

[0095] The article 1 has a first length 1 and a second length
b extending generally perpendicularly to the first length 1.
The direction of the coolant flow 1s indicated 1n FIG. 1 by the
arrows 3. Depending on whether the heat exchange system 1s
used to provide refrigeration or to provide heating, the cool-
ant may flow 1n two opposing directions. In operation, the first
length 1 of the article 1 1s arranged so that 1t extends 1n the
coolant flow direction 3 and the second length b 1s arranged so
that 1t extends generally perpendicularly to the coolant flow
direction 3. In the view 1illustrated in FIG. 1, the coolant
direction 1s from top to bottom. The article 1 1s also provided
with a plurality of channels 4 1n 1ts outer surface which extend
in the direction of the coolant flow 3 and increase the surface
area of the article 1 so as to improve the effectiveness of the
heat transfer from the article 1 to the coolant.

[0096] According to the invention, the article 1 has an
anisotropic average thermal conductivity. In particular, the
average thermal conductivity of the article 1n the direction of
the coolant tlow 3 1s lower than the average thermal conduc-
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tivity of the article 1 1n directions perpendicular to the coolant
flow 3, indicated by the arrows 5, in which the second length
b of the article 1 extends.

[0097] This arrangement enables the magnetically induced
heat produced by the magnetocalorically active phase 2
within the article 1 to be conducted efficiently to the outer
surfaces 6 of the article 1 1n the direction of the arrows 5 and
from there to the coolant while at the same time preventing
conduction of the magnetically induced heat within the article
in directions opposing the coolant flow direction 3. This pre-
vents a type of internal short circuit within the article 1 in
which heat carried from the cold end 7 to the hot end 8 by the
coolant 1s simply conducted back to the cold end 7 by the
article 1 1tself.

[0098] FIG. 21llustrates a cross-sectional view of the article
1 of FIG. 1. The cross-sectional view of FIG. 2 1llustrates that
the article 1 has a layered structure and comprises three active
portions 9, 10, 11, each comprising a magnetocalorically
active phase 2. Each of the three active portions 9, 10, 11
comprises a magnetocalorically active phase having a differ-
ent T such that the T  of each active portion increases 1n the
direction of coolant flow 3. Each active portion 9, 10, 11 is
separated from 1ts neighbour by a thermal barrier 12 which
turther prevents thermal conductivity between adjacent por-
tions 9, 10, 11 of the article 1.

[0099] FEach portion 9, 10, 11 further comprises a magne-
tocalorically passive phase 13 which has a greater thermal
conductivity than the thermal conductivity of the magnetoca-
lorically active phase 2. The anisotropic average thermal con-
ductivity of the article 1 1s provided by providing the grains 14
of the magnetocalorically passive phase 13 1n a layered type
arrangement. The layered arrangement may be provided
microscopically, as illustrated 1n FIGS. 3 and 3, or macro-
scopically, as illustrated in FIGS. 2 and 4. Arrangements
including a combination of both microscopic and micro-
scopic layering may also be used.

[0100] Inthe embodiment illustrated in FIG. 3, the magne-
tocalorically passive phase 13 comprises a plurality of grains
14 having a general plate-like form and for illustrative pur-
poses only 1llustrated in the drawing as black shaded, filled
rectangular plates. The plate-like grains 14 have a long direc-
tion 15 and a short direction 16 which 1s arranged generally
perpendicularly to the long direction 135. The plate-like grains
14 are arranged within the article 1 such that on average the
long direction 15 extends 1n directions parallel to the second
length b of the article 1 and generally perpendicular to the
coolant flow direction 3. The short direction 16 of the grains
14 extends on average generally parallel to the first length 1 of
the article and parallel to the coolant flow direction 3.

[0101] The plurality of grains 14 of the magnetocalorically
passive phase 13 are arranged within the article such that they
have a preferred orientation and/or preferred texture. Pre-
terred orientation 1s used to denote the physical arrangement
of the grains and preferred texture 1s used to denote the
crystallographic orientation of the grains. Due to this pre-
terred orientation and/or texture, the average thermal conduc-
tivity of the article 1 1n directions perpendicular to the coolant
flow direction 3 1s higher than the average thermal conduc-
tivity of the article 1 in directions parallel to the coolant flow
direction 3.

[0102] The grains 17 of the magnetocalorically active
phase 2 are, 1n this embodiment, generally 1sotropic 1n com-
parison to the grains 14 of the magnetocalorically passive
phase 13 and for illustrative purposes only are 1llustrated in
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the drawing as open, white areas of variable outline. The
grains 17 of the magnetocalorically active phase 2 are 1llus-
trated 1n FIG. 3 as distributed among the grains 14 of the
magnetocalorically passive phase 13 and forming a matrix
therefore. Alternatively, the magnetocalorically passive
phase 13 may provide the matrix of the article 1 and act as a
binder for the grains 17 of the magnetocalorically active
phase 2. The embodiment illustrated in FIG. 3 provides an
article 1 comprising anisotropic average thermal conductivity
due to the distribution of the grains 14 of the magnetocalori-
cally passive phase 13 on the microscopic scale.

[0103] In the second embodiment illustrated in FIG. 4, the
grains 14 of the magnetocalorically passive phase 13 also
have a generally plate-like form. The grains 14 are also
arranged 1n the article 1 with a preferred orientation such that
their long direction 15 extends 1n directions generally parallel
to the second length b of the article 1 and 1n directions gen-
erally perpendicular to the coolant flow direction 3.

[0104] In the second embodiment of FIG. 4, as in the
embodiment of FIG. 2, the anisotropic thermal conductivity
of the article 1 1s provided by a layered structure 1n which
layers 18 consisting essentially of amagnetocalorically active
phase 2 are mterleaved with layers 19 consisting essentially
of a magnetocalorically passive phase 13. In the embodiment
illustrated 1n FI1G. 4, the anisotropic average thermal conduc-
tivity of the article 1 1s provided macroscopically.

[0105] A single layer 19 of a magnetocalorically passive
phase 13 sandwiched between two layers 18 of magnetoca-
lorically active phase 2 are illustrated 1n FIG. 4, although any
number of layers can be provided. The stacked arrangement
of layers 18, 19 1s built up 1n the direction of the first length 1
of the article 1.

[0106] The magnetocalorically passive phase 13 may be a
metal and 1n some embodiments, 1s magnetic. A magnetic
magnetocalorically passive phase 13 has the advantage that
the grains 14 can be aligned magnetically to produce the
preferred orientation.

[0107] The article 1 may also comprise an outer coating 20
in order to protect the article 1 and, 1n particular, the magne-
tocalorically active phase 2, from corrosion by the environ-
ment and, 1n particular, by the coolant.

[0108] The article 1 of FIG. 3 may be fabricated by 1nti-
mately mixing a powder of a magnetocalorically active phase
2 and a powder of a magnetocalorically passive phase 13 and
compacting the resulting mixture. The preferred orientation
of the grains 14 of the magnetocalorically passive phase 13
may occur at least partly as a result of settling of the powder
in the mould 1n which the powder mixture 1s compacted. The
preferred orientation of the grains 14 may also be induced by
the compaction process. The direction of pressure exerted
during the compaction process 1s generally perpendicular to
the long direction 16 of the plate-like grains 14 so that the
plate-like grains 14 are encouraged to lie with their long
direction perpendicular to the direction of compaction. Fur-
thermore, the plate-like grains 14 may slide over one another
so icreasing the degree of preferred orientation.

[0109] The degree of preferred orientation and/or texture
may also be increased by applying heat during the compac-
tion process. The heat may encourage sintering of the grains
which, given a preferred growth direction, can further
increase the anisotropy of the plate-like grains and the degree
of preferred orientation.

[0110] The preferred orientation of the grains may also be
at least 1n part produced by alignment processes which take

Mar. 3, 2011

place before or after compaction. The preferred orientation
may also be achieved substantially separate from the com-
paction process.

[0111] In a further embodiment, the magnetocalorically
passive phase may be provided by a magnetic material and a
magnetic field applied so as to induce preferred orientation in
the desired direction within the article 1. The magnetic field
may be applied before and/or during compaction. Further-
more, a heat treatment may also be applied at the same time as
the magnetic field.

[0112] The article 1 may also be fabricated by reaction
sintering. In this embodiment, precursor of the magnetoca-
lorically active phase 1s provided. The precursor consists of
non-magnetocalorically active phases 1n amounts to produce
the magnetocalorically active phase when they react with one
another. The precursor may be mtimately mixed with the
magnetocalorically passive phase to produce an anisotropi-
cally thermally conductive article at a microscopic scale. The
precursor of the magnetocalorically active phase may also be
provided as a discreet layer or layers within a macroscopi-
cally layered arrangement similar to that 1llustrated in FIG. 4.
After or during compaction, the article 1s heated so as to
reaction sinter the precursor and form the magnetocalorically
active phase.

[0113] The preferred orientation of the magnetocalorically
passive phase may also be achieved by other methods known
in the art. For example, the magnetocalorically passive phase
could be subjected to a rolling treatment or may be provided
as a thin layer with a preferred orientation.

[0114] If an outer coating 1s provided, the coating may be
applied to the article after compaction and any heat treatment
process. The coating may be applied by e.g., dipping, spray-
ing or electroplating.

[0115] In a further embodiment, i1llustrated 1n FIG. 5, the
magnetocalorically active phase 2 also comprises grains 21
having an elongate form. For 1llustrative purposes only, the
grains 21 of the magnetocalorically active phase 2 are shaded
black and the grains 14 of the magnetocalorically passive
phase 13 are left unshaded. In this embodiment, the magne-
tocalorically active phase 2 1s also arranged 1n the article 1
with a preferred orientation such that the long direction 22 of
the grains 21 extends 1n directions generally perpendicular to
the coolant tlow direction 3 and the short direction 23 of the
grains 21 extends 1n the direction of the coolant flow 3.

[0116] FIG. 6 illustrates an embodiment of an article 1 for
use as the working component of a magnetic heat exchange
system according to a fourth embodiment.

[0117] The article 1 of the fourth embodiment comprises a
plurality of grains 17 of a magnetocalorically active phase 2
and a plurality of grains 14 of a magnetocalorically passive
phase 13. For illustrative purposes only, the grains 17 are
unshaded and the grains 14 are shaded black. On average,
cach of the grains 14 and/or 17 has a shape which 1s generally
1sotropic (e.g., generally spherical). In this embodiment, the
article 1 has anisotropic thermal conductivity due to the pre-
terred orientation of the 1sotropically-shaped grains 14 of the
magnetocalorically passive phase 13.

[0118] The generally spherical grains 14 of the magneto-
calorically passive phase 13 comprises a ferromagnetic mate-
rial, 1n this case 1iron. The grains 14 are arranged 1n a plurality
of rows or chains 24 having a long direction which extends 1n
directions generally parallel to the second direction 5 and
perpendicular to the coolant flow direction 3 of the article 1.
The chains 24 are arranged 1n a series of layers arranged one
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above the other in the stack direction 28 which 1s parallel to
the coolant flow direction 3. The grains 17 of the magnetoca-
lorically active phase 2 are arranged between the chains 24 of
the magnetocalorically passive phase 13 and also have a
degree of preferred orientation. The preferred orientation of
the magnetocalorically active phase 2 1s produced as a result
of the pre-formation of a preferred orientation 1n the magne-
tocalorically passive phase 13.

[0119] The thermal conductivity of the magnetocalorically
passive phase 13 1s greater than the thermal conductivity of
the magnetocalorically active phase 2. The article 1, there-
fore, has on average an anisotropic thermal conductivity. In
particular, the thermal conductivity of the article 1 1s greater
in the second direction 5 than 1n the coolant tlow direction 3.
[0120] The article 1 of the fourth embodiment illustrated 1n
FIG. 6 1s fabricated by mtimately mixing particles of the
magnetocalorically active phase 2 and particles of the mag-
netocalorically passive phase 13 and placing these 1n a com-
paction vessel such as a die. A magnetic field 1s applied 1n the
second direction 5 which causes the ferromagnetic particles
ol the magnetocalorically passive phase 13 to align them-
selves 1n the direction of the applied magnetic field to create
the plurality of chains 24.

[0121] The preferred orientation of the grains 17 of the
magnetocalorically active phase 2 occurs due to the restric-
tion of the movement of the particles of the magnetocalori-
cally active phase 2 within the article 1 due to the pre-forma-
tion of the aligned chains 24 of the particles of the
magnetocalorically passive phase 13.

[0122] In a further embodiment, the magnetocalorically
active phase 2 1s ferromagnetic at temperatures below 1ts
Curie temperature. Therefore, 11 the magnetic field 1s applied
to the powder mixture at temperatures below the Curie tem-
perature of the magnetocalorically active phase 2, a preferred
orientation of the particles of the magnetocalorically active
phase 2 in the direction of the applied magnetic field can also
be achieved.

[0123] FIG. 7 illustrates an article 1' for use as the working

component of a magnetic heat exchange system according to
a fifth embodiment.

[0124] Thearticle 1' ot the fifth embodiment consists essen-
tially of one or more magnetocalorically active phases 2. For
purposes ol 1illustration, these phases are depicted as
unshaded areas. The article 1' of the fifth embodiment 1s free
from magnetocalorically passive phases. The amisotropic
average thermal conductivity of the article 1' 1s provided, 1n
this embodiment, by an anisotropic distribution of the density
of the article 1' and, 1n particular, and anisotropic distribution
ol the porosity of the article 1'.

[0125] The article 1' of the fifth embodiment includes a
plurality of layers of which five are illustrated in F1G. 7. Three
first layers 25 have a relatively low porosity and two second
layers 26, which are arranged between adjacent first layers
25, include a higher degree of porosity than that of the first
layers 25. In the illustration of FIG. 7, the pores 27 are
indicated by the black shaded regions.

[0126] The pores have a lower thermal conductivity than
the magnetocalorically active phase 2. Theretfore, the second
layers 26 have a lower average thermal conductivity than the
first layers 25. This provides an article 1' with an average
thermal conductivity measured from end to end of the article
in the coolant flow direction 3 which 1s less than the average
thermal conductivity measured from the side face to side face
of the article 1' 1n the second direction 3.

Mar. 3, 2011

[0127] The multilayer or laminated article 1' of the fifth
embodiment may be fabricated by stacking a plurality of
layers of differing densities or porosities together. In particu-
lar, layers 25 having a higher density are interleaved with
layers 26 having alower density. The layers 25, 26 are stacked
directly on top of one another 1n the stack direction 28 so that
cach layer 1s in physical contact with its immediate neighbor-
ing layer. The layers 25, 26 may be fixedly attached to their
neighbour by an adhesive.

[0128] The article 1' of the fifth embodiment may be fabri-
cated by first fabricating a plurality of first layers 25 1n the
form of plates or foils having a first density. A plurality of
second layers 26 in the form of plates or foils may be fabri-
cated having a second density which 1s lower than the first
density.

[0129] The first layers 25 and second layers 26 are stacked
alternately on top of one another joining each layer 25, 26 to
the underlying one to produce article 1'.

[0130] The plates or foils which form layers 25, 26 may be
tabricated by compacting particles of a magnetocalorically
active phase which then form grains of magnetocalorically
active phase 2. The density of the plates and foils can be
adjusted by adjusting the compaction conditions. For
example, the compaction pressure and, 1f a heat treatment 1s
used, the temperature and time of the heat treatment may be
increased to achieve a higher density 1n the plate or foil.
[0131] The article 1' of the fifth embodiment may also
further comprise an outer protective coating, thermal barrier
layers, a corrosion protection coating covering the grains of
the magnetocalorically active phase as described in connec-
tion with the previous embodiments.

[0132] Theinvention having been described with reference
to certain specific embodiments, 1t will be understood that
these specific embodiments are provided 1n order to 1llustrate,
and not limait, the scope of the appended claims.

1. An article for magnetic heat exchange, the comprising;:

at least one magnetocalorically active phase, wherein the
article extends 1n a first direction and 1n a second direc-
tion generally perpendicular to the first direction, and
wherein the average thermal conductivity of the article 1s
anisotropic such that the average thermal conductivity 1n
the first direction differs from the average thermal con-
ductivity in the second direction.

2. The article according to claim 1, wherein the average
thermal conductivity of the article 1n the first direction 1s less
than the average thermal conductivity of the article in the
second direction.

3. The article according to claim 1 wherein the first direc-
tion corresponds to the thickness of the article, and the second
direction corresponds to a direction 1n a plane of a lateral area
extending generally perpendicular to the first direction, and
wherein the average thermal conductivity measured over the
thickness of the article 1s less than the average thermal con-
ductivity measured in a direction 1n the plane of a lateral area
of the article.

4. The article according to claim 1,
turther comprising:

a magnetocalorically passive phase having a thermal
conductivity which 1s greater than a thermal conduc-

tivity of the magnetocalorically active phase.

5. The article according to claim 4, wherein the magneto-
calorically passive phase comprises a plurality of grains hav-
ing, on average, a preferred orientation.
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6. The article according to claim 5, wherein

the plurality of grains of the magnetocalorically passive
phase comprise an elongate form having a long direc-
tion, and a short direction generally perpendicular to the
long direction.

7. The article according to claim 5, wherein

at least some of the plurality of grains of the magnetoca-
lorically passive phase are arranged 1n the article with a
preferred texture.

8. The article according to claim 6, wherein

the plurality of grains of the magnetocalorically passive
phase are arranged in the article so that on average their
long direction extends generally perpendicular to the
first direction of the article.

9. The article according to claim 5, wherein

the plurality of grains of the magnetocalorically passive
phase are arranged in the article so that on average their
short direction extends generally parallel to the first
direction of the article.

10. The article according to claim 1, wherein

the magnetocalorically active phase comprises a plurality
of grains arranged in the article with, on average, a
preferred orientation.

11. The article according to claim 10, wherein the plurality
of grains of the magnetocalorically active phase have, on
average, a preferred texture.

12. The article according to claim 10, wherein

the magnetocalorically active phase comprises a plurality
of grains, each having an elongate form with a long
direction and a short direction generally perpendicular
to the long direction.

13. The article according to claim 12, wherein

the grains of the magnetocalorically active phase are
arranged 1n the article so that on average the long direc-
tion of the grains extends generally perpendicular to the
first direction of the article.

14. The article according to claim 13, wherein

the grains of the magnetocalorically active phase are
arranged 1n the article so that on average the short direc-
tion of the grains extends generally parallel to the first
direction of the article.

15. The article according to claim 10, wherein the grains of
the magnetocalorically active phase comprise a corrosion
protection coating disposed thereon.

16. The article according to claim 15, wherein the corro-
s10n protection coating comprises a metal, an alloy, a poly-
mer, a ceramic, or an morganic compound.

17. The article according to claim 135, wherein the corro-
s10n protection coating comprises Al, Cu, Sn, or a phosphate.

18. The article according to one claim 4, wherein

the magnetocalorically active phase 1s disposed 1n a plu-
rality of first layers interleaved with a plurality of second
layers containing the magnetocalorically passive phase.

19. The article according to claim 1, wherein

the magnetocalorically active phase comprises at least one
first layer having a first density, and at least one second
layer having a second density, wherein the first density 1s
greater than the second density.

20. The article according to claim 19, wherein the at least
one first layer has a first average porosity and the at least one
second layer has a second average porosity, wherein the sec-
ond average porosity 1s greater than the first average porosity.
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21. The article according to claim 18, wherein the at least
one first layer and the at least one second layer are arranged 1n
a stack, wherein adjacent layers are 1n physical contact with
one another.

22. The article according to claim 18, wherein the first
layers and the second layers each have a thickness extending
generally parallel to the first direction of the article and a
lateral area extending generally 1n the second direction of the
article.

23. The article according to claim 1, wherein

the article comprises two or more active portions arranged

along the first direction, each portion comprising a mag-
netocalorically active phase having a different Curnie
temperature 1 .

24. The article according to claim 23, wherein

the T of the active portions increases in the first direction

of the article.

25. The article according to claim 1, further comprising:

at least one thermal barrier having a thermal conductivity
which 1s less than the thermal conductivity of the mag-
netocalorically active phase.

26. The article according to claim 25, wherein

a plurality of thermal barriers are arranged at intervals
along the first direction of the article.

277. The article according to claim 23, and further compris-

ng,

a thermal barrier having a thermal conductivity which 1s
less than the thermal conductivity of the magnetocalori-
cally active phase, that 1s arranged between adjacent
active portions.

28. The article according to claim 1, wherein the magne-
tocalorically active phase comprises one or more of Gd, a
La(Fe,_,S1,),5,-based phase, a Gd.(S1, Ge),-based phase, a
Mn(As, Sb)-based phase, a MnFe(P, As)-based phase, a
Tb—Gd-based phase, a (La, Ca, Pr, Nd, Sr)MnO,-based
phase, a Co—Mn—(S1, Ge)-based phase and a Pr,(Fe, Co), -
based phase.

29. The article according to claim 4, wherein the magne-
tocalorically passive phase comprises one or more of the
clements, Al, Cu, T1, Mg, Zn, Sn, B1 or Pb.

30. The article according to claim 4, wherein the magne-
tocalorically passive phase comprises a soft magnetic mate-
rial.

31. The article according to claim 30, wherein the soft
magnetic material comprises one or more of Fe, FeSi1, Co, or
Ni.

32. The article according to claim 1, further comprising at
least one channel 1n a surface of the article.

33. The article according to claim 32, wherein the channel
1s adapted to direct the flow of a heat exchange medium.

34. The article according to claim 1, further comprising an
outer protective coating.

35. The article according to claim 34, wherein the outer
protective coating comprises a polymer or a metal or an alloy.

36. A heat exchanger, comprising the article according to
claim 1.

37. A refnigeration system, comprising the heat exchanger
according to claim 36.

38. An industrial, commercial, or domestic {freezer com-
prising the refrigeration system according to claim 37.

39. A method of manufacturing an article for according to
claim 4, comprising;

providing a magnetocalorically active phase or a precursor
of a magnetocalorically active phase,

providing a magnetocalorically passive phase comprising
a plurality of particles,

assembling the magnetocalorically active phase or the pre-
cursor of amagnetocalorically active phase and the mag-
netocalorically passive phase,
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compacting the magnetocalorically active phase or the pre-
cursor of amagnetocalorically active phase and the mag-
netocalorically passive phase to form an article having
an average preferred orientation of at least the plurality
of grains of the magnetocalorically passive phase 1n the
article.

40. The method according to claim 39, wherein

the compacting comprises inducing a preferred orientation

ol at least the grains of the magnetocalorically passive
phase.

41. The method according to claim 39 wherein

the compacting comprises inducing a preferred orientation

of at least the grains of the magnetocalorically active
phase.

42. The method according to claim 39, wherein the average
preferred orientation of at least the plurality of grains of the
magnetocalorically passive phase or at least the plurality of
grains of the magnetocalorically active phase, or both, is
produced at least in part by applying a magnetic field to the
magnetocalorically passive phase or to the magnetocalori-
cally active phase or to both.

43. The method according to claim 42, wherein

the magnetic field 1s applied before the compacting.

44. The method according to claim 42, wherein

the magnetic field 1s applied at a temperature less than the

Curie Temperature of the magnetocalorically active
phase.
45. The method according to claim 39, wherein
the particles of the magnetocalorically passive phase have
on average anisotropic dimensions and the compaction
1s carried out so that the grains of the magnetocalorically
passive phase are on average orientated such that the
grains have a long direction perpendicular to the first
direction of the article.
46. The method according to claim 39, wherein the average
preferred orientation of at least the plurality of grains of the
magnetocalorically passive phase 1s produced at least 1n part
by mechanical deforming the article after the compacting.,
47. The method according to claim 46, wherein the
mechanical deforming comprises one of more of rolling,
swaging, drawing or extruding.
48. The method according to claim 39 wherein the assem-
bling of the magnetocalorically active phase and the magne-
tocalorically passive phase comprises intimately mixing the
magnetocalorically active phase and the magnetocalorically
passive phase with one another.
49. The method according to claim 39 wherein the assem-
bling of the magnetocalorically active phase and the magne-
tocalorically passive phase comprises alternately arranging
layers consisting essentially of the magnetocalorically active
phase and layers consisting essentially of the magnetocalori-
cally passive phase.
50. The method according to claim 39 wherein
the compacting of the magnetocalorically active phase and
the magnetocalorically passive phase comprises rolling
Or pressing.

51. The method according to claim 42, wherein

the applying of the magnetic field during compaction mag-
netically orientates the grains of the magnetocalorically
passive phase so that on average the grains have a long
direction that 1s oriented generally perpendicular to the
first direction of the article.
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52. The method according to claim 42, wherein

the applying of the magnetic field during compaction mag-
netically orientates the grains of the magnetocalorically
active phase so that on average the grains have a long
direction that 1s oriented generally perpendicular to the
first direction of the article.

53. A method of manufacturing an article for magnetic heat

exchange, comprising:

providing at least one first plate consisting essentially of a

magnetocalorically active phase and having a first den-

sity,

providing at least one second plate consisting essentially of
a magnetocalorically active phase and having a second
density, the first density of the first plate being greater
than the second density of the second plate,

arranging the first plate and the second plate 1n a stack.

54. The method according to claim 53, wherein

the first plate and the second plate are arranged so that they
are 1n physical contact with one another.

55. The method according to claim 53, wherein

the first plate has a first porosity and the second plate has a
second porosity, the second porosity being greater than
the first porosity.

56. The method according to claim 53, wherein

the providing of the at least one first plate comprises com-
pacting particles of a magnetocalorically active phase or

particles of a precursor of a magnetocalorically active
phase.
57. The method according to claim 53, wherein
the providing of the at least one second plate comprises
compacting particles of a magnetocalorically active
phase or particles of a precursor of a magnetocalorically
active phase.
58. The method according to claim 57, wherein
the compacting 1s conducted so as to produce a lower
porosity 1n the first plate than in the second plate.
59. The method according to claim 58, wherein
the providing of at least one first plate and the providing of
at least one second plate comprises providing a plurality
of first plates and a plurality of second plates are inter-
leaved with one another 1n a stacking direction of the
article.
60. The method according to claim 39, further comprising
adding
one or more of a lubricant, an organic binder or a dispersant
are to the assembled magnetocalorically active phase or
the magnetocalorically passive phase or both.
61. The method according to claim 39, further comprising
heating the article during the compacting.
62. The method according to claim 61, wherein the heating
forms a
magnetocalorically active phase from the precursor.
63. The method according to claim 39, further comprising
applying an outer protective coating to the article.
64. The method according to claim 63, wherein applying
the outer protective coating comprises dipping, spraying or
clectro-deposition.
65. A climate control device comprising the heat exchanger
according to claim 36.
66. An air conditioning system comprising the climate
control device according to claim 65.
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