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(57) ABSTRACT

The invention relates to a material that can be used for mag-
netic refrigeration, wherein the material substantially has the
general formula (A;B; )5, sCpDyE, Wherein: A is selected
from Mn and Co; B is selected from Fe and Cr; of C,D and E
at least two are different, have a non-vanishing concentration
and are selected from P, B, Se, Ge, Ga, Si, Sn and Sb; wherein
at least one of C, D and E is Ge or Si; j, 5 yand seachis a
number in the range 0-1, and ,,, ., »_,; andgis a number from
(-0.1)-(+0.1).

20 Claims, 1 Drawing Sheet
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MAGNETIC MATERIAL WITH COOLING
CAPACITY, A METHOD FOR THE
MANUFACTURING THEREOF AND USE OF
SUCH MATERIAL

A magnetic material with cooling capacity, a method for
the manufacturing thereof and use of such material

The invention relates to a material that can be used for
magnetic refrigeration.

Such a material is known, for example, from the review
“Recent Developments in Magnetic Refrigeration” by K.A.
Gschneidner Jr. et al. in Materials Science Forum Vols. 315-
317 (1999), pp. 69-76. This article reports that a search for
new materials with improved magnetocaloric properties has
led to the discovery of a strong magnetocaloric effect (MCE)
in Gd metal and in Gd4(Si,Ge, _,), alloys, among which Gd,
(Si,Ge,).

Such new materials make it possible to use magnetic refrig-
eration (MR) in refrigerated storage and refrigerated trans-
portation of food, air conditioning in buildings and vehicles,
etc.

A great advantage of magnetic refrigeration is that it is an
environmentally safe technology that does not use ozone
layer-depleting chemicals such as CFC’s, hazardous chemi-
cals such as NH;, greenhouse gasses, etc. Moreover, because
of'the expected energy-efficiency, the amount of energy con-
sumed and consequently the emission of CO, will be reduced.

A draw-back of the known materials that can be used for
magnetic refrigeration is that they are not optimally appli-
cable in the temperature range from approximately 200 to 600
K. Also, the known materials that are suitable for magnetic
refrigeration such as the above-mentioned Gds(Si,Ge; ),
alloys are very expensive, which hinders their use on a large
scale.

There is a continuous need for new materials that are useful
for magnetic refrigeration.

It is an object of the present invention to avoid the above-
mentioned draw-back and to fill the aforementioned need.

According to the present invention, this goal is achieved
with a material according to the preamble, wherein the mate-
rial substantially has the general formula

(AyB l—y)2+6CwaEz

wherein:

A is selected from Mn and Co;

B is selected from Fe and Cr;

of C, D and E at least two are different, have a non-vanish-
ing concentration and are selected from P, B, Se, Ge, Ga, Si,
Sn, N and Sb; wherein at least one of C, D and E is Ge or Si;

W, X, y and z each denotes a concentration and is a number
in the range 0-1, and w+x+7=1; and

d is a number from (-0.1)-(+0.1).

With such a composition it is possible to vary the working
point from cryogenic temperatures to above room tempera-
ture. Furthermore, depending on the composition, with these
alloys one can obtain a magnetocaloric effect that is stronger
than that obtained with pure Gd. This is absolutely unex-
pected, because the magnetic moments of Gd-materials are
by a factor of 2 greater than those of transition metal alloys,
for which reason strong magnetocaloric effects are only
expected in Gd-materials. The cooling capacity of the mate-
rials according to the present invention may therefore be
higher than that of the best Gd-based materials referred to in
the article by Gschneidner Jr. et al. (see above). Moreover, the
maximum cooling capacity covers a much more useful range
of temperature with regard to the application in, for example,
an air conditioner.
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A further advantage of the materials according to the
present invention is that they are comprised of widely occur-
ring elements, so that large-scale application is possible.

The magnetocaloric effect is so strong that it becomes
possible to work with a magnetic field generated by perma-
nent magnets instead of (optionally superconductive) electro-
magnets.

A further advantage is that the materials according to the
present invention do not or not readily dissolve in water.

It is preferred that C, D and E are identical or different and
are selected from at least one of P, Ge, Si, Sn and Ga.

Preferably in the material according to the present inven-
tion is that at least 90%, preferably at least 95% of A is Mn; at
least 90%, preferably at least 95% of B is Fe; at least 90%,
preferably at least 95% of C is P; at least 90%, preferably at
least 95% of D is Ge; and at least 90%, preferably at least 95%
of E is Si.

According to a further preferred embodiment, the material
has the general formula MnFe(P, Ge Si,).

This material produces a high cooling capacity in the tem-
perature range of 200-600 K, preferably 280-500 K. It has an
exceptionally strong magnetocaloric effect.

Ifthere is a possibility that the compound according to the
invention comes into contact with the environment, the com-
pound is also preferred, because no poisonous compounds
can develop during decomposition.

Favourable results are also obtained when x is a number in
the range from 0.3-0.7, w=1-x and z=1-x-w.

It is especially preferred that the material according to the
invention is in the hexagonal Fe,P structure.

The present invention also relates to a method for the
manufacture of the material as indicated above, characterized
by performing the steps of mixing powders of each of the
elements A, B, C, D and E as indicated in claim 1, in suitable
weight proportions to produce a powder mixture that com-
plies with the general formula (A B, ),,C,,D,E,, if neces-
sary grinding said mixture so as to obtain an amorphous or
micro-crystalline powder mixture, sintering said obtained
mixture under an inert atmosphere at a temperature of at least
700° C., preferably 700-1100° C., more preferably
800-1050° C., and annealing said sintered mixture at a tem-
perature of from 600-700° C., preferably 630-680° C., more
preferably 640-660° C.

A particularly preferable method starts out from pure ele-
ments in suitable weight proportions, these are mixed, the
powder mixture is melted, and the resulting alloy is finally
annealed. The starting materials may, for example, be treated
in a ball mill to produce an alloy. This alloy is subsequently
sintered under an inert atmosphere and then annealed, for
example, in a suitable furnace. Especially an alloy of the
composition MnFeP, Ge Si,, preferably MnFeP, 4.
0.70G€; 55030 and more preferably having the formula
MnFeP, 5 o 5o(Si/Ge)y 5.9 50 Will exhibit a magnetocaloric
effect at room temperature that is stronger than the one found
when using pure Gd. This is contrary to the general expecta-
tion because based on the usual models, strong magnetoca-
loric effects are only expected in rare earth materials, as the
magnetic moments in these materials are by a factor 2 or even
more greater than in transition metal alloys. However, those
models apply only at low temperatures. At room temperature
a stronger magnetocaloric effect may occur in suitable alloys
based on transition metals according to the invention.

Ithas been shown that if the above-mentioned materials are
prepared starting out from the pure materials Ge or Si, P, Fe
and Mn, wherein part of Ge, or all of Ge, is replaced by Sn or
Ga, the resulting materials do indeed also exhibit a strong
magnetocaloric effect.
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Prior to melting, the powder mixture is preferably first
compressed into a pill or any other desired shape. This
reduces the chance of material loss when the material is being
melted (sintered).

When melting the powder mixture under an inert atmo-
sphere, it has been shown to be advantageous for this inert
atmosphere to be an argon atmosphere. This reduces the
occurrence of contaminants in the material during melting.

It is also preferable for the molten powder mixture to be
annealed at a temperature in the 750-900° C. range, e.g. 780°
C. This results in a low concentration gradient in the material.

Finally, the present invention relates to the application of
the material according to the invention with magnetic refrig-
eration in the 200-600 K range. The material according to the
present invention may be used, among other things, for food
refrigerators, air conditioners, computers, etc.

The method according to the present invention will now be
further elucidated with reference to a non-limiting exemplary
embodiment.

EXAMPLE 1

An alloy of 5 g FeMnP,, ,Ge, 5, with a critical temperature
of about 350 K is obtained by mixing the pure elements,
having a quality of 3N, in the following amounts: Fe=1.81 g,
Mn=1.78 g, P=0.703 g and Ge=0.706 g. In a closed ball mill,
these elements are ground under a protective atmosphere until
an amorphous or micro-crystalline product is obtained.
Dependent on the properties of the mill, such a product may
be obtained within 20 minutes until a few hours.

The powder is subsequently heated in a closed ampoule in
a protected atmosphere until a temperature is obtained of
from 800 to 1050° C. Subsequently the same is annealed at a
temperature of about 650° C.

EXAMPLE 2

An alloy of 5 g FeMnP,, ;Ge, s, having a critical tempera-
ture of about 600 K is obtained by mixing the pure elements,
having a quality of 3N, in the following amounts: Fe=1.72 g,
Mn=1.69 g, P=0.476 g and Ge=1.12 g. In a closed ball mill,
these elements are ground under a protective atmosphere until
an amorphous or micro-crystalline product is obtained.
Dependent on the properties of the mill, such a product may
be obtained within 20 minutes until a few hours.

The powder is subsequently heated in a closed ampoule in
a protected atmosphere until a temperature is obtained of
from 800 to 1050° C. Subsequently the same is annealed at a
temperature of about 650° C.

EXAMPLE 3

An alloy of 5 g FeMnP,, sGe, , Si, , having a critical tem-
perature of about 300 K is obtained by mixing the pure ele-
ments, having a quality of 3N, in the following amounts:
Fe=1.93 g, Mn=1.90 g, P=0.535, Ge=0.251 g and Si=0.388 g.
In a closed ball mill, these elements are ground under a
protective atmosphere until an amorphous or micro-crystal-
line product is obtained. Dependent on the properties of the
mill, such a product may be obtained within 20 minutes until
a few hours.

The powder is subsequently heated in a closed ampoule in
a protected atmosphere until a temperature is obtained of
from 800 to 1050° C. Subsequently the same is annealed at a
temperature of about 650° C.

The alloys obtained by the fore-mentioned examples 1, 2
and 3 all crystallise in a hexagonal Fe,P structure. The alloy
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4

of Example 3 has a high magnetocaloric effect at and near the
critical temperature, as shown in the appended FIG. 1.

A partial replacement of Ge by Sn or Ga is also possible,
wherein alloys are obtained having a magnetocaloric effect as
indicated in the examples 1, 2 and 3.

EXAMPLE 4

An alternative embodiment of the invention is obtained by
starting out from alloys of the starting elements, instead of the
pure elements; such is especially functional if Siis used in the
alloy. Although the reason for this is not sure, it probably is
due to the fact that FeSi alloys are very stable and are obtained
if pure Fe and Si are available in the mill.

An alloy of 10 g Fe, 3¢Mn, ,,P, sSi, ;5Ge, ;5 having a
critical temperature 0f 390 K is obtained, by mixing the pure
elements having a quality of 3N and the alloy Fe,P having a
quality of 2N (Alpha Aesar 22951), in the following amounts:
Fe,P=4.18 g, Mn=4.26 g, P=0.148 g, Si=0.669 g and
Ge=0.742 g. In a closed ball mill these elements are ground
under a protective atmosphere until an amorphous or micro-
crystalline product is obtained. Dependent on the properties
of'the mill, such a product is obtained within 20 minutes until
a few hours.

The powder is subsequently heated (sintered) in a closed
ampoule in a protected atmosphere until a temperature is
obtained of from 800 to 1050° C. Subsequently the same is
annealed at a temperature of about 650° C.

The present invention is not limited to the embodiment
shown in the figures and described in the exemplary embodi-
ment. The amounts may be varied in numerous ways within
the scope of protection established by the claims.

The invention claimed is:
1. A material that can be used for magnetic refrigeration,
substantially having the general formula

(AB15)2CuD:E;

wherein:

A is selected from Mn and Co;

B is selected from Fe and Cr;

C, D and E are selected from P, B, Se, Ge, Ga, Si, Sn, N and

Sh;

W, X, y and z each denotes a concentration and is a number

in the range greater than 0 to 1, and w+x+z=1;

d is a number from (-0.1)-(+0.1); and

atleast 90% of A is Mn; at least 90% of B is Fe; at least 90%

of C is P; at least 90% of D is Ge; and at least 90% of E
is Si.

2. The material according to claim 1, wherein C, D and E
are different and are selected from at least one of P, Ge, Si, Sn
and Ga.

3. The material according to claim 1, wherein at least 95%
of A is Mn; at least 95% of B is Fe; at least 95% of C is P; at
least 95% of D is Ge; and at least 95% of E is Si.

4. The material according to claim 1, having the general
formula MnFe(P, Ge, Si,).

5. The material according to claim 1, wherein X is a number
in the range of from 0.3-0.7, w=1-x and z=1-x-w.

6. The material according to claim 1, wherein the material
is in the crystalline hexagonal Fe,P structure.

7. A method for the manufacture of the material according
to claim 1, wherein the steps of mixing powders of each of the
elements A, B, C, D and E as indicated in claim 1, are in
suitable weight proportions to produce a powder mixture that
complies with the general formula (A,B,_),,sC,.D,E,, if
necessary grinding said mixture so as to obtain an amorphous
or micro-crystalline powder mixture, sintering said obtained
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mixture under an inert atmosphere at a temperature of at least
700° C. and annealing said sintered mixture at a temperature
of from 600-700° C.

8. The method according to claim 7, wherein the sintering
step substantially takes at least one hour and the annealing
step takes substantially at least 24 hours.

9. The method according to claim 7, wherein prior to the
sintering step, the powder mixture is compressed to a desired
shape.

10. The method according to claim 7, wherein the inert
atmosphere is an argon atmosphere.

11. The material according to claim 3, wherein the material
is in the crystalline hexagonal Fe,P structure.

12. The method according to claim 7, wherein the obtained
mixture is sintered under an inert atmosphere at a temperature
from 800-1050° C. and said sintered mixture is annealed at a
temperature of from 640-660° C.

13. A material that can be used for magnetic refrigeration,
substantially having the general formula

(AB1)2,5C,DLE,

wherein:

A is selected from Mn and Co;

B is selected from Fe and Cr;

C, D and E are selected from P, B, Se, Ge, Ga, Si, Sn, N and
Sh;

W, X, y and z each denotes a concentration and is a number
in the range greater than O to 1, and
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w+x+z=1; and

d is a number from (-0.1)-(+0.1); and

wherein the material is in a hexagonal Fe,P structure; and

wherein at least 90% of A is Mn; at least 90% of B is Fe; at

least 90% of C is P; at least 90% of D is Ge; and at least
90% of E is Si.

14. The material according to claim 13, wherein at least
95% of A is Mn; at least 95% of B is Fe; at least 95% of C is
P; at least 95% of D is Ge; and at least 95% of E is Si.

15. The material according to claim 13, having the general
formula MnFe(P,, Ge Si,).

16. The material according to claim 13, wherein x is a
number in the range of from 0.3-0.7, w=1-x and z=1-x-w.

17. The method according to claim 7, wherein the formula
is MnFeP;, 5., 50 (S1/Ge)q 5.0.30-

18. The method according to claim 8, wherein the formula
is MnFeP; 5., 70 (S1/Ge)q 5.0.30-

19. The method according to claim 9, wherein the formula
is MnFeP;, 5.5 70 (S1/Ge)q 5.0.30-

20. A material that can be used for magnetic refrigeration,
substantially having the general formula

MnFe(P, Ge,Si,)
wherein w, X, and z each denotes a concentration and is a
number in the range greater than 0 to 1;
w+x+z=1; and
wherein the material is in a hexagonal Fe,P structure.
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