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(54) HEAT EXCHANGE METHOD, HEAT EXCHANGE MEDIUM, HEAT EXCHANGE DEVICE, 
PATENTING METHOD, AND CARBON STEEL WIRE

(57) The present invention provides a novel heat ex-
change medium to replace lead. A carbon-steel wire 1A
heated in a heating furnace 11 is passed through a bath
12A filled with a liquid-phase Mg-Al-Ca alloy 20 obtained
by melting a Mg-Al-Ca alloy in which the main constituent
elements are Mg (magnesium), Al (aluminum) and Ca

(calcium). When it passes through the bath 12A, the car-
bon-steel wire 1A, which has been heated for example
to about 950°C in the heating furnace 11, is cooled to
about 550°C. The Mg-Al-Ca alloy is non-toxic and has
no environmental impact as well.
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Description

Technical Field

[0001] This invention relates to a heat exchange meth-
od, a heat exchange medium and a heat exchange ap-
paratus. The invention further relates to a patenting treat-
ment and carbon-steel wire.

Background Art

[0002] By drawing a carbon-steel wire on which a uni-
form and fine pearlite structure has been caused to pre-
cipitate, the drawn carbon-steel wire can be imparted with
high strength and toughness. The uniform and fine pearl-
ite structure is caused precipitated by heating the carbon-
steel wire in a heating furnace and cooling it in a cooling
tank (cooling furnace) (this is so-called "patenting"). As
one example, a carbon-steel wire is heated to about 900
to 1000°C in a heating furnace and then cooled to about
500 to 600°C in a cooling tank, although this will differ
depending upon the constituents.
[0003] Lead (molten lead), a fluidized bed, water or the
like are employed as the media for cooling the carbon-
steel wire (see Patent Document 1 with regard to patent-
ing using a fluidized bed and Patent Document 2 with
regard to patenting using water). However, these have
drawbacks in that a fluidized bed has a low cooling ca-
pacity and water has the drawback of causing supercool-
ing. On the other hand, lead, which has a boiling point of
1749°C and a melting point of 327.5°C, is still presently
in wide use because it is in a stable liquid-phase state in
the temperature range necessary for patenting (a tem-
perature range for suitably cooling the heated carbon-
steel wire and precipitating the pearlite structure).
[0004] Although lead (Pb) is suitable as the cooling me-
dium in the patenting of carbon-steel wire, as mentioned
above, there are instances where its use is restricted on
account of its toxicity. For example, according to the
RoHS (Restriction on Hazardous Substances) directive
which is in force in EU member states, the marketing in
EU member states of electronic and electrical equipment
containing lead in excess of 1,000 ppm is restricted.

Prior Art Documents

[0005]

Patent Document 1: Japanese Patent Publication
No. 2002-507662
Patent Document 2: Japanese Patent Publication
No. 2005-529235

Disclosure of the Invention

[0006] An object of the present invention is to provide
a novel heat exchange medium to replace lead, as well
as a heat exchange method which utilizes this medium.

[0007] A heat exchange method according to the
present invention is characterized by: bringing an object
into contact with or in close proximity to a liquid-phase
Mg-Al-Ca alloy obtained by melting an Mg-Al-Ca alloy in
which Mg, Al and Ca are main constituent elements; and
exchanging (transferring) thermal energy between the
object and the liquid-phase Mg-Al-Ca alloy.
[0008] A heat exchange medium according to the
present invention is characterized by including a liquid-
phase Mg-Al-Ca alloy obtained by melting an Mg-Al-Ca
alloy in which Mg, Al and Ca are main constituent ele-
ments. It goes without saying that so-called unavoidable
impurities, namely those which exist in the raw materials
or which inevitably become mixed in during the manu-
facturing process and are inherently unwanted but are
allowed because they are in trace amounts and have no
influence upon the characteristics of the product, are con-
tained in the Mg-Al-Ca alloy or in the liquid-phase Mg-
Al-Ca obtained by melting the alloy.
[0009] The present invention also provides a heat ex-
change apparatus. The heat exchange apparatus ac-
cording to the present invention includes a bath filled with
a liquid-phase Mg-Al-Ca alloy obtained by melting an Mg-
Al-Ca alloy in which Mg, Al and Ca are main constituent
elements.
[0010] The present invention also provides a patenting
treatment for cooling heated carbon steel, an example
of which is carbon-steel wire. The patenting treatment
according to the present invention comprises: passing
heated carbon steel through a bath filled with a liquid-
phase Mg-Al-Ca alloy obtained by melting an Mg-Al-Ca
alloy in which Mg, Al and Ca are main constituent ele-
ments; and cooling the heated carbon steel when it pass-
es through the bath.
[0011] According to the present invention, a liquid-
phase Mg-Al-Ca alloy put in the liquid phase by heating
and melting an Mg-Al-Ca alloy that is a solid at room
temperature is used as a heat exchange medium (heat-
ing medium or cooling medium) for applying heat to (heat-
ing) an object or removing heat from (cooling) an object.
The object may be heated or cooled by bringing it into
direct contact with the liquid-phase Mg-Al-Ca alloy, or
the object can also be heated or cooled in contactless
fashion by bringing the liquid-phase Mg-Al-Ca alloy into
close proximity with the object without contacting it di-
rectly. For example, causing the liquid-phase Mg-Al-Ca
alloy to flow through a pipe will heat or cool the pipe sur-
roundings. In a case where the liquid-phase Mg-Al-Ca
alloy is used as a heating medium, it may be utilized in
a bluing treatment, degreasing treatment or carbon sphe-
roidizing treatment, for example. In a case where the liq-
uid-phase Mg-Al-Ca alloy is used as a cooling medium,
it may be utilized in patenting (annealing of steel), cooling
of a fuel rod and stepwise cooling of steel material.
[0012] The Mg-Al-Ca alloy is a ternary alloy the main
constituent elements of which are Mg (magnesium), Al
(aluminum) and Ca (calcium). Among these elements,
magnesium (pure magnesium) has an ignition point
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(about 470°C) lower than its boiling point (about 1090°C),
but by being fused with Ca and furthermore with Al, it will
not combust or will not combust easily at room temper-
ature, as a matter of course, or even in a comparatively
high temperature environment. In order to improve in-
combustibility (raise the ignition temperature to the high-
temperature region), rare earth elements such as, for ex-
ample, Mn (manganese), Zr (zirconium), Ag (silver), Y
(yttrium) or Nd (neodymium) may be added.
[0013] Further, the Mg-Al-Ca alloy enables the liquidus
temperature thereof to be lowered below the melting
point (650°C) of magnesium, the melting point (660°C)
of aluminum and the melting point (842°C) of calcium.
Furthermore, it has been found that the liquid-phase Mg-
Al-Ca alloy can transfer heat faster than molten lead. The
liquid-phase Mg-Al-Ca alloy can be used suitably as a
heating medium or cooling medium in place of molten
lead. The main constituent elements Mg, Al and Ca of
the liquid-phase Mg-Al-Ca alloy are all harmless metal
elements and have no environmental impact.
[0014] In a case where a heat exchange (heat transfer)
is performed between an object and the liquid-phase Mg-
Al-Ca alloy by bringing the object directly into contact
with the liquid-phase Mg-Al-Ca alloy, the object may sim-
ply be immersed in the liquid-phase Mg-Al-Ca alloy or
may be passed through the liquid-phase Mg-Al-Ca alloy
while the object is being moved.
[0015] When the bath is filled with the liquid-phase Mg-
Al-Ca alloy, a thin film forms on the surface (liquid surface
layer) of the liquid-phase Mg-Al-Ca alloy. Owing to the
film that forms on the surface of the liquid-phase Mg-Al-
Ca alloy collected in the bath, the liquid-phase Mg-Al-Ca
alloy in the bath can be prevented from direct exposure
to air (oxygen) or such exposure can be made unlikely
to occur. This makes it difficult for the liquid-phase Mg-
Al-Ca alloy filling the bath to combust. However, since
the Mg-Al-Ca alloy used in the present invention is in the
liquid-phase state, it is employed in a state in which it is
less combustible in comparison with use in the solid
phase (inclusive of use in powder form).
[0016] WO2015/060459 discloses a magnesium alloy
obtained by adding other elements (such as Mn, Zn, Zr,
Ag, Y, Nd) to an alloy (Mg, Al)2Ca, which is the result of
adding calcium and aluminum to magnesium. The mag-
nesium alloy disclosed in WO2015/060459 can, in molten
form, be used suitably as the liquid-phase Mg-Al-Ca alloy
used in the heat exchange medium in the present inven-
tion. However, since the Mg-Al-Ca alloy is used in the
liquid phase and not in the solid phase in the present
invention, the mechanical strength and toughness re-
quired in the solid phase are unnecessary and there is
also no need to take corrosion resistance into consider-
ation.
[0017] If the liquid-phase Mg-Al-Ca alloy is used as a
cooling medium in the patenting of carbon-steel wire, the
temperature of the carbon-steel wire when it is immersed
in the liquid-phase Mg-Al-Ca alloy will be about 900 to
1000°C. The liquid-phase Mg-Al-Ca alloy used in the

present invention, therefore, preferably should have an
ignition temperature of 900°C or higher, and 1000°C or
higher for safety reasons. A magnesium alloy having an
ignition temperature of 1000°C or higher is disclosed in
WO2015/060459 cited above.
[0018] As set for above, the Mg-Al-Ca alloy in the
present invention is used in the liquid phase, not the solid
phase, and can be used without coming into direct con-
tact with air. That is, it is used in a state in which it is
positively less likely to combust in comparison with an
Mg-Al-Ca alloy in the solid phase (powder form). Conse-
quently, for example, even if the ignition temperature of
a Mg-Al-Ca alloy in the solid phase (powder form) is less
than 1000°C and a carbon-steel wire heated to 1000°C
is immersed in liquid-phase Mg-Al-Ca alloy obtained by
melting the solid-phase alloy, the liquid-phase Mg-Al-Ca
alloy in unlikely to ignite immediately. Still, for safety rea-
sons, it is preferred that the liquid-phase Mg-Al-Ca alloy
used in the present invention have an ignition tempera-
ture of 1000°C or higher even when it is in the solid phase.
[0019] When prototypes of Mg-Al-Ca alloy having var-
ious Mg, Al, Ca composition ratios were fabricated, it was
confirmed that the ignition temperature nears 1000°C if
the Ca content of the Mg-Al-Ca alloy is too small. Further,
when the Al content of the Mg-Al-Ca alloy is increased,
ignition becomes difficult even if the amount of Ca is
small. If safety is taken into consideration, it is preferred
that the amount of Ca be x 3 0.015 (at%) or higher, where
x (at%) is the amount of Mg.
[0020] With regard to the Mg-Al-Ca alloy, if a liquidus
temperature lower than the above-mentioned melting
points of magnesium (650°C), aluminum (660°C) and
calcium (842°C) is achieved, then it will suffice if the
amount of Ca is made less than x 3 0.1 + 10 (at%), where
x (at%) is the amount of Mg. The upper limit of the liquidus
temperature of the Mg-Al-Ca alloy can be made 640°C.
It should be noted that the liquidus temperature of the
Mg-Al-Ca alloy can be lowered down to below 550°C
(460°C according to calculation) by adjusting the com-
position ratio of the Mg, Al and Ca occupying the Mg-Al-
Ca alloy, thus enabling the alloy to be suitable for use in
patenting in place of molten lead. In any case, the liquid-
phase Mg-Al-Ca alloy used as the heat exchange medi-
um in the present invention can be put into a liquid-phase
state which is stable in a temperature range of from about
1000°C to about 460°C.
[0021] When carbon-steel wire was actually produced
by carrying out patenting using the liquid-phase Mg-Al-
Ca alloy instead of molten lead as the cooling medium
followed by drawing, it was confirmed that tensile
strength was higher in comparison with carbon-steel wire
that was subjected to patenting using molten lead as the
cooling medium. Further, when the diameter was re-
duced by performing drawing repeatedly, it was con-
firmed that occurrence of delamination (brittle fracture)
of the carbon-steel wire produced using the liquid-phase
Mg-Al-Ca alloy as the cooling medium was suppressed
more as compared with a carbon-steel wire produced
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using molten lead as the cooling medium. When the me-
tallic structure immediately after patenting was observed
under an electron microscope, almost no bainite was ob-
served with use of molten lead as the cooling medium,
whereas a slight amount of bainite was observed with
use of the liquid-phase Mg-Al-Ca alloy as the cooling
medium. This suggests that these results may be as-
cribed to the fact that the liquid-phase Mg-Al-Ca alloy
exhibits a higher cooling rate in comparison with molten
lead.
[0022] In any case, when a carbon-steel wire produced
using the liquid-phase Mg-Al-Ca alloy as the cooling me-
dium is processed into fine wire, it is less prone to dela-
mination or experiences no delamination, i.e., its
processing limit (marginal workability) is improved, in
comparison with a carbon-steel wire produced using mol-
ten lead as the cooling medium. Further, as mentioned
above, a carbon-steel wire obtained by carrying out pat-
enting using the liquid-phase Mg-Al-Ca alloy as the cool-
ing medium followed by drawing exhibits a tensile
strength higher than that of a carbon-steel wire produced
using molten lead as the cooling medium.
[0023] Lead does not adhere to carbon-steel wire pro-
duced using the liquid-phase Mg-Al-Ca alloy as the cool-
ing medium in a patenting treatment. Carbon-steel wire
having little environmental impact is provided.

Brief Description of the Drawings

[0024]

Fig. 1 is a block diagram illustrating patenting treat-
ment of carbon-steel wire;
Fig. 2 is a cross-sectional view illustrating a drawing
process of carbon-steel wire;
Fig. 3 illustrates a liquid-phase diagram of an Mg-Al-
Ca alloy, in which the constituent elements are Mg,
Al and Ca, in a rectangular coordinate system where
the horizontal axis is a plot of the weight ratios of Mg
and Al and the vertical axis a plot of the weight ratio
of Ca;
Fig. 4 illustrates the weight ratios and element ratios
of each of Mg, Al and Ca included in prepared Sam-
ples I to V, as well as the phase states at 550°C and
combustion states at 1000°C;
Fig. 5 is a plot of the composition ratios of the pre-
pared Samples I to V, which are shown in Fig. 4, in
the liquid-phase diagram illustrated in Fig. 3;
Fig. 6 is a plot of the composition ratios of Mg, Al and
Ca for each of the prepared Samples I to V and for
eutectic alloys, which correspond to the eutectic
points E1 to E3 and U4 to U6 shown in Fig. 3, in a
rectangular coordinate system in which the horizon-
tal axis is a plot of the element ratios of Mg and Al
and the vertical axis a plot of the element ratio of Ca;
Fig. 7 illustrates the results of a tensile test and tor-
sion test applied to carbon-steel wire; and
Fig. 8 illustrates the results of a tensile test and tor-

sion test applied to another carbon-steel wire.

Best Mode for Carrying Out the Invention

[0025] Fig. 1, which illustrates an embodiment of the
present invention, is a block diagram schematically
showing patenting treatment of carbon-steel wire. Fig. 2
is a cross-sectional view schematically showing a draw-
ing process of carbon-steel wire. A wire rope, steel cord
or the like is produced by bundling and twisting together
multiple carbon-steel wires obtained by a patenting treat-
ment and drawing process.
[0026] A carbon-steel wire (starting-wire material) 1A
with a circular cross-section manufactured by hot rolling
is wound on each of a plurality of delivery reels 10. The
carbon-steel wire 1A delivered from each of the delivery
reels 10 proceeds to a heating furnace 11 where it is
heated to a predetermined temperature of, for example,
950°C.
[0027] Next, the heated carbon-steel wire 1A proceeds
to a cooling tank (cooling furnace) 12. The cooling tank
12 contains a bath 12A filled with a liquid-phase Mg-Al-
Ca alloy 20. The bath 12A is heated. The Mg-Al-Ca alloy,
which is a solid at room temperature, is melted and placed
in the liquid phase by being heated in the bath 12A. It
goes without saying that the bath 12A is heated to a tem-
perature above the temperature (liquidus temperature)
necessary to place the Mg-Al-Ca alloy in the liquid phase.
The liquidus temperature of the Mg-Al-Ca alloy used in
the present invention is on the order of 460 to 640°C, as
described below. The liquidus temperature of the Mg-Al-
Ca alloy varies depending on the weight ratios or element
ratios (composition ratios) of respective ones of Mg, Al,
Ca included in the Mg-Al-Ca alloy.
[0028] For example, the liquid-phase Mg-Al-Ca alloy
20 in the bath 12A is maintained at a temperature of about
550°C. When it passes through the bath 12A, the carbon-
steel wire 1A that was heated in the heating furnace 11
is cooled from about 950°C to about 550°C.
[0029] A thin film (such as an oxide film) 21 forms on
the surface of the liquid-phase Mg-Al-Ca alloy 20 in the
bath 12A owing to exposure to air. As a consequence,
the liquid-phase Mg-Al-Ca alloy 20 collected in the bath
12A (the liquid-phase portion covered by the film 21 in-
side the bath 12A) is hardly exposed to air.
[0030] The carbon-steel wire 1A cooled by the liquid-
phase Mg-Al-Ca alloy 20 is then cooled further in a bath
13 filled with water, after which it proceeds to a bath 14
filled with hydrochloric acid, where scale (an iron oxide
film) is removed from the surface of the carbon-steel wire
1A. The carbon-steel wire 1A from which the scale has
been removed is washed in a bath 15 filled with water
and finally proceeds to a bath 16 filled with zinc phos-
phate, where the surface is coated with zinc phosphate
for purposes of rust prevention and lubrication. The re-
sultant carbon-steel wire 1B coated with the zinc phos-
phate is wound onto multiple take-up reels 17.
[0031] The carbon-steel wire 1B wound by the take-up
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reel 17 then proceeds to a wire drawing process. With
reference to Fig. 2, the carbon-steel wire 1B is drawn to
a predetermined diameter by a wire drawing machine
equipped with a carbide alloy die 31 (the carbon-steel
wire after being drawn is indicated by reference character
1C). In a case where carbon-steel wire 1C of small di-
ameter is manufactured, carbon-steel wire having an in-
termediate diameter is manufactured and the above-de-
scribed drawing process is repeated using this wire as a
starting-wire material.
[0032] Fig. 3 is a liquid-phase diagram created using
phase diagram calculation software for the Mg-Al-Ca al-
loy (ternary alloy) used as the cooling medium in the
above-mentioned patenting treatment.
[0033] Fig. 3 shows the liquid-phase diagram of a ter-
nary alloy, in which the main constituent components are
Mg (magnesium), Al (aluminum) and Ca (calcium), in a
rectangular coordinate system where the horizontal axis
is a plot of the weight ratios of Mg and Al and the vertical
axis is a plot of the weight ratio of Ca. In Fig. 3, the hor-
izontal axis shows the weight percent concentration
(wt%) of Al that occupies the Mg-Al-Ca alloy, indicating
that the weight ratio of Mg occupying the Mg-Al-Ca alloy
is larger toward the left side and that the weight ratio of
Al occupying the Mg-Al-Ca alloy is larger toward the right
side. The vertical axis shows the weight percent concen-
tration of Ca that occupies the Mg-Al-Ca alloy. In Fig. 3,
the remainder of the weight percent concentration of Al
(horizontal axis) and of the weight percent concentration
of Ca (vertical axis) represents the weight percent con-
centration of Mg.
[0034] Further, in the liquid-phase diagram shown in
Fig. 3, multiple isothermal lines in 20°C increments, in
which numerical values representing temperature (liq-
uidus temperature) are indicated by three-digit numerals,
are illustrated by fine lines. Furthermore, the names of
primary crystals (C14, C36, C15, (Mg), Al4Ca (Al), β and
γ) that crystallize out are shown in the liquid-phase dia-
gram illustrated in Fig. 3, as well as boundary lines, in-
dicated by the bold lines, that demarcate the different
primary crystals.
[0035] Six eutectic points E1, E2, E3, U4, U5 and U6
are illustrated in the liquid-phase diagram shown in Fig.
3. The liquidus temperatures of Mg-Al-Ca alloys having
the composition ratios of these six eutectic points, as well
as the weight ratios (element ratios) of Mg, Al and Ca,
are as follows:

Eutectic point E1: liquidus temperature 515°C,
76.1wt%Mg, 9.4wt%Al, 14.5wt%Ca
(81.51at%Mg, 9.07at%Al, 9.42at%Ca)

Eutectic point E2: liquidus temperature 446°C,
32.5wt%Mg, 66.2wt%Al, 1.3wt%Ca
(34.98at%Mg, 64.18at%Al, 0.85at%Ca)

Eutectic point E3: liquidus temperature 445°C,
37.7wt%Mg, 60.9wt%Al, 1.4wt%Ca

(40.36at%Mg, 58.73at%Al, 0.91at%Ca)

Eutectic point U4: liquidus temperature 468°C,
49.6wt%Mg, 46.9wt%Al, 3.5wt%Ca
(52.78at%Mg, 44.96at%Al, 2.26at%Ca)

Eutectic point U5: liquidus temperature 477°C,
48.7wt%Mg, 47.9wt%Al, 3.4wt%Ca
(51.86at%Mg, 45.95at%Al, 2.20at%Ca)

Eutectic point U6: liquidus temperature 458°C,
66.5wt%Mg, 30.2wt%Al, 3.3wt%Ca
(69.48at%Mg, 28.42at%Al, 2.09at%Ca)

[0036] Among the six eutectic points, eutectic point E1
has the highest liquidus temperature (melting point),
which is 515°C. In an ideal Mg-Al-Ca alloy (the Mg-Al-
Ca alloy having the composition ratio indicated by the
eutectic point), it has been confirmed by calculations that,
by heating the Mg-Al-Ca alloy to a temperature above
515°C, the Mg-Al-Ca alloy will melt and take on the liquid
phase.
[0037] The Inventors actually prepared five samples
of Mg-Al-Ca alloy having different composition ratios of
Mg, Al and Ca and, for each alloy sample, the inventors
analyzed the weight ratio (element ratio) of every con-
stituent element using an ICP (Inductively Coupled Plas-
ma) (high-frequency inductively coupled plasma) analyz-
er and checked whether the alloy sample was in the liquid
phase at 550°C and whether it combusted at 1000°C.
Further, one sample (Sample I described below) of the
five alloy samples was melted for conversion to the liquid
phase and was used in the above-described patenting
treatment (namely the liquid-phase Mg-Al-Ca alloy 20
collected in the bath 12A in order to cool the heated car-
bon-steel wire 1A) and was subjected to drawing, thereby
manufacturing a carbon-steel wire, and the manufac-
tured carbon-steel wire was subjected to a tensile test
and torsion test. The results of analysis, confirmation and
testing are described below.
[0038] Fig. 4 illustrates, for each of the five prepared
Samples I to V of Mg-Al-Ca alloy, the composition ratios
(both wt% and at%) of every constituent element ana-
lyzed using the ICP analyzer, as well as the results of
confirming the phase state at heating to 550°C and the
combustion state at heating to 1000°C. Fig. 5 is a plot
(indicated by mark Δ) of the composition ratios of Mg, Al
and Ca for each of Samples I to V in a form superimposed
on the liquid-phase diagram shown in Fig. 3.
[0039] With reference to Fig. 5, although Samples I to
V are all Mg-Al-Ca alloys having composition ratios out-
side the eutectic points, it is confirmed by reference to
Fig. 4 that all Samples I to V are completely in the liquid
phase at 550°C and non-combustible at 1000°C, from
which it will be understood that there is no problem in
using them as cooling media in the patenting treatment.
For example, in accordance with Fig. 5, according to cal-
culations Sample I has a liquidus temperature near
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580°C and it might be thought that the solid phase (a
state in which the liquid and solid phases are mixed)
would be found at 550°C. However, the solid phase could
not be confirmed.
[0040] For Samples I to IV, absolutely no combustion
could be confirmed, but with regard to Sample V, com-
bustion was observed when the above-mentioned film
formed on the surface was torn. It can be inferred that,
in Sample V, the element ratio or weight ratio of Ca that
endows the liquid-phase Mg-Al-Ca alloy with incombus-
tibility at 1000°C is near the limit value.
[0041] Sample V is an Mg-Al-Ca alloy in which the el-
ement ratio of Mg is comparatively large and the element
ratio of Ca comparatively small. The ease with which the
Mg-Al-Ca alloy combusts is related to the element ratio
of Mg occupying the Mg-Al-Ca alloy; it is thought that the
larger the element ratio of Mg, the higher the element
ratio of Ca should be made in order to make the alloy
less prone to combust. Conversely, if the element ratio
of Al occupying the Mg-Al-Ca alloy is increased, the el-
ement ratio of Ca can be reduced to make the alloy less
prone to combust.
[0042] Fig. 6 is a plot of the composition ratios of Mg,
Al and Ca for each of the prepared Samples I to V and
for the eutectic alloys, which correspond to the eutectic
points E1 to E3 and U4 to U6 shown in Fig. 3, in a rec-
tangular coordinate system in which the horizontal axis
is a plot of the element ratios of Mg and Al and the vertical
axis a plot of the element ratio of Ca (in units of at%). In
Fig. 6, Samples I to V are indicated by mark j and the
eutectic points E1 to E3 and U4 to U6 by mark x, and
sample identification symbols (I) to (V) and eutectic point
identification symbols (points E1 to E3 and U4 to U6) are
shown near the respective plots. If we assume that Sam-
ple V is near the limit value (lower-limit value) of Ca that
should be added to make 1000°C the ignition tempera-
ture, and that the element ratio of Ca for making the Mg-
Al-Ca alloy less prone to combust can be reduced if the
element ratio of Al occupying the Mg-Al-Ca alloy is in-
creased, then it can be inferred that the single-dot chain
line shown in Fig. 6 will be the approximate lower-limit
value of Ca to make the ignition temperature of the liquid-
phase Mg-Al-Ca alloy 20 greater than 1000°C. The sin-
gle-dot chain line shown in Fig. 6 is represented by "Mg
3 0.015" with Mg (the element ratio thereof) (at%) that
occupies the liquid-phase Mg-Al-Ca alloy 20 serving as
the reference.
[0043] With reference to Fig. 6, the solid line shown in
Fig. 6 indicates a straight line represented by "Mg 3 0.1
+ 10", this indicating the upper-limit value of Ca for mak-
ing the liquidus temperature of the Mg-Al-Ca alloy less
than about 620 to 640°C. If, calculated based on the liq-
uidus diagram, the element ratio (at%) of Ca occupying
the liquid-phase Mg-Al-Ca alloy 20 is made less than "Mg
3 0.1 + 10", then the liquidus temperature of the liquid-
phase Mg-Al-Ca alloy 20 will not exceed 620 to 640°C
and it is thought that the liquidus temperature of the liquid-
phase Mg-Al-Ca alloy 20 can be made lower than the

melting point (650°C) of magnesium, the melting point
(660°C) of aluminum and the melting point (842°C) of
calcium.
[0044] Fig. 7 illustrates the results of a tensile strength
test and torsion test and results of a fracture test of car-
bon-steel wire manufactured by using the Mg-Al-Ca alloy
of Sample I in the above-described patenting treatment
upon melting the alloy to convert it to the liquid phase.
For purposes of comparison, carbon-steel wire manufac-
tured using molten lead in the patenting treatment was
subjected to similar tests.
[0045] Carbon-steel wire (SWRH72A) having a diam-
eter of 5.500 mm was heated to about 950°C and then
immersed for 1 min in the liquid-phase Mg-Al-Ca alloy
20 (550°C) obtained by melting the Mg-Al-Ca alloy of
Sample I, after which the wire underwent water cooling.
After scale was removed by hydrochloric acid and fol-
lowed by washing with water, the wire was coated with
zinc phosphate.
[0046] Wire diameter of the carbon-steel wire was
gradually reduced by a drawing process multiple times
to obtain wires with wire diameters of 1.748 mm, 1.553
mm, 1.408 mm and 1.248 mm, and each of these was
subjected to the tensile test and torsion test.
[0047] Similarly, carbon-steel wires immersed for 1
min in molten lead, which was heated to 550°C, instead
of the liquid-phase Mg-Al-Ca alloy 20 were also prepared,
and wires with wire diameters of 1.748 mm, 1.553 mm,
1.408 mm and 1.248 mm were subjected to the tensile
test and torsion test.
[0048] In the tensile test, the carbon-steel wire was
gradually pulled until it broke, and stress at the time of
breakage was measured. The tensile strength (in units
of Mpa) column in Fig. 7 shows the tensile strength of
carbon-steel wires of diameters 1.748 mm, 1.553 mm,
1.408 mm and 1.248 mm using the liquid-phase Mg-Al-
Ca alloy 20 and molten lead as the cooling media for
each wire.
[0049] In the torsion test, the carbon-steel wire was set
in a torsion testing machine, both ends of the wire were
gripped at a gripping spacing 100 times the diameter of
the carbon-steel wire, and one end was rotated in one
direction at a predetermined rotational speed. Fig. 7
shows twist values (numbers of times twisted at time of
breakage) and results of observing fracture (breakage
surface) for the carbon-steel wires having diameters of
1.748 mm, 1.553 mm, 1.408 mm and 1.248 mm using
the liquid-phase Mg-Al-Ca alloy 20 as the cooling medi-
um, as well as twist values and results of observing frac-
ture for the carbon-steel wires having diameters of 1.748
mm, 1.553 mm, 1.408 mm and 1.248 mm using molten
lead as the cooling medium.
[0050] With reference to the tensile strength in Fig. 7,
it is confirmed that for the carbon-steel wires of any of
the diameters of 1.748 mm to 1.248 mm, the carbon-steel
wires prepared using the liquid-phase Mg-Al-Ca alloy 20
as the cooling medium exhibit a tensile strength higher
in comparison with the carbon-steel wires prepared using
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molten lead as the cooling medium. When the metallic
structure before drawing (immediately after patenting)
was observed under an electron microscope, almost no
bainite was observed for the carbon-steel wire where
molten lead was used as the cooling medium, whereas
a slight amount of bainite was observed for the carbon-
steel wire where the liquid-phase Mg-Al-Ca alloy 20 was
used as the cooling medium. This suggests that when
the liquid-phase Mg-Al-Ca alloy 20 is used as the cooling
medium, the cooling rate is higher in comparison with
use of molten lead as the cooling medium, and it is
thought that this affected the tensile strength.
[0051] With reference to the "Fracture" column in Fig.
7 and with regard to the carbon-steel wire having the
smallest wire diameter of 1.248 mm, it was confirmed
that the carbon-steel wire prepared using the liquid-
phase Mg-Al-Ca alloy 20 as the cooling medium exhibited
fracture that was normal, whereas delamination occurred
with regard to the carbon-steel wire prepared using mol-
ten lead as the cooling medium. It can be seen that
processing limit (marginal workability) is improved by us-
ing the liquid-phase Mg-Al-Ca alloy 20 as the cooling
medium as compared with use of molten lead as the cool-
ing medium. It is inferred that the rise in processing limit
also is ascribable to the fact that the liquid-phase Mg-Al-
Ca alloy has a higher cooling rate than molten lead.
[0052] The twist values were substantially the same
regardless of whether the liquid-phase Mg-Al-Ca alloy or
molten lead was used as the cooling medium.
[0053] Fig. 8 illustrates the results of other tests con-
ducted under different test conditions. Fig. 8 shows the
results of a tensile strength test and torsion test applied
to carbon-steel wire of smaller diameter manufactured
using in the patenting treatment a liquid-phase Mg-Al-Ca
alloy obtained by melting an Mg-Al-Ca alloy different from
Sample I. For purposes of comparison, test results are
also shown for carbon-steel wire manufactured using
molten lead instead of liquid-phase Mg-Al-Ca alloy in the
patenting treatment.
[0054] Carbon-steel wire (SWRH62A) having a diam-
eter of 1.060 mm was prepared and heated to about
950°C. Subsequently the carbon-steel wire was im-
mersed for 1 min in the liquid-phase Mg-Al-Ca alloy 20
(about 600°C) obtained by melting an Mg-Al-Ca alloy
having a composition ratio of Mg = 76.1 wt% (81.51 at%),
Al = 9.40 wt% (9.07 at%) and Ca = 14.5 wt% (9.42 at%).
The carbon-steel wire was then water-cooled, descaled
with hydrochloric acid and washed with water, after which
the wire was coated with zinc phosphate. The wire diam-
eter of the carbon-steel wire was gradually reduced by a
drawing process multiple times, and carbon-steel wire of
diameter reduced down to about 0.360 mm was subject-
ed to the tensile test and torsion test and to observation
of fracture. The Mg-Al-Ca alloy having the above-de-
scribed composition ratio took on a stable liquid phase
by being heated at about 600°C and did not combust.
[0055] It can be seen that a carbon-steel wire fabricat-
ed using the liquid-phase Mg-Al-Ca alloy 20 as the cool-

ing medium exhibits a higher tensile strength than a car-
bon-steel wire fabricated using molten lead as the cooling
medium, even with regard to carbon-steel wire having a
smaller diameter manufactured from starting wire mate-
rial having a smaller diameter.
[0056] In the embodiment set forth above, an example
is described in which the liquid-phase Mg-Al-Ca alloy 20
is used as the cooling medium for cooling the heated
carbon-steel wire 1A. However, it goes without saying
that the liquid-phase Mg-Al-Ca alloy 20 can also be used
as a heating medium for heating an object.
[0057] Further, in the embodiment set forth above, the
heated carbon-steel wire 1A is brought into direct contact
with (immersed in) the liquid-phase Mg-Al-Ca alloy 20.
However, the liquid-phase Mg-Al-Ca alloy 20 can, for ex-
ample, be brought into close proximity with the object
without directly contacting it, and the object can be heated
or cooled in contactless fashion. For example, by causing
the liquid-phase Mg-Al-Ca alloy 20 to flow through a pipe,
the pipe surroundings can be heated or cooled.
[0058] Description of Symbols

1A, 1B, 1C carbon-steel wire
11 heating furnace
12 cooling tank (cooling furnace)
12A bath
20 liquid-phase Mg-Al-Ca alloy
21 film
31 carbide alloy die

Claims

1. A heat exchange method comprising:

bringing an object into contact with or in close
proximity to a liquid-phase Mg-Al-Ca alloy ob-
tained by melting an Mg-Al-Ca alloy in which Mg,
Al and Ca are main constituent elements; and
exchanging thermal energy between said object
and said liquid-phase Mg-Al-Ca alloy.

2. A heat exchange method according to claim 1,
wherein said liquid-phase Mg-Al-Ca alloy is a cooling
medium for cooling said object.

3. A heat exchange method according to claim 1,
wherein said liquid-phase Mg-Al-Ca alloy is a heating
medium for heating said object.

4. A heat exchange method according to any one of
claims 1 to 3, wherein said liquid-phase Mg-Al-Ca
alloy has an ignition temperature of 1000°C or high-
er.

5. A heat exchange method according to any one of
claims 1 to 4, wherein said liquid-phase Mg-Al-Ca
alloy has a liquidus temperature lower than 640°C.
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6. A heat exchange method according to any one of
claims 1 to 4, wherein said liquid-phase Mg-Al-Ca
alloy has a liquidus temperature lower than 550°C.

7. A heat exchange method according to any one of
claims 1 to 6, wherein the element ratio of Ca is x 3
0.015 (at%) or higher, where x (at%) is the element
ratio of Mg in said liquid-phase Mg-Al-Ca alloy.

8. A heat exchange method according to any one of
claims 1 to 7, wherein the element ratio of Ca is less
than x 3 0.1 + 10 (at%), where x (at%) is the element
ratio of Mg in said liquid-phase Mg-Al-Ca alloy.

9. A heat exchange method according to any one of
claims 1 to 8, wherein said object is carbon steel.

10. A heat exchange medium including a liquid-phase
Mg-Al-Ca alloy obtained by melting an Mg-Al-Ca al-
loy in which Mg, Al and Ca are the main constituent
elements.

11. A heat exchange apparatus having a bath filled with
a liquid-phase Mg-Al-Ca alloy obtained by melting
an Mg-Al-Ca alloy in which Mg, Al and Ca are main
constituent elements.

12. A heat exchange apparatus according to claim 11,
wherein a thin film forms on the surface of the liquid-
phase Mg-Al-Ca alloy with which said bath is filled.

13. A patenting treatment comprising:

passing heated carbon steel through a bath filled
with a liquid-phase Mg-Al-Ca alloy obtained by
melting an Mg-Al-Ca alloy in which Mg, Al and
Ca are main constituent elements; and
cooling the heated carbon steel when it passes
through the bath.

14. A carbon-steel wire obtained by being subjected to
a patenting treatment using a liquid-phase Mg-Al-Ca
alloy, and to a drawing process.

15. A carbon-steel wire according to claim 14, having a
tensile strength higher than that of a carbon-steel
wire that has been subjected to a patenting treatment
using molten lead.

16. A carbon-steel wire according to claim 14 or 15, hav-
ing a processing limit higher than that of a carbon-
steel wire that has been subjected to a patenting
treatment using molten lead.

17. A carbon-steel wire according to any one of claims
14 to 16, wherein no lead adheres to the surface
thereof.
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