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METHOD FOR PRODUCING RON-BASE 
SINTERED ALLOYS WITH HIGH DENSITY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation-in-part application 
of Ser. No. 142,556, now abandoned filed May 12, 
1971, which, in turn, is entitled to priority under 35 
U.S.C. 119 based on the earlier filed Japanese Applica 
tion Ser. No. 45-40820, filed May 12, 1970. 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
This invention relates to a method for producing high 

density iron-base sintered alloys. 
2. Description of the Prior Art 
Iron-base sintered alloys are employed in a wide 

range of industrial applications. In conventional sinter 
ing techniques, however, the sintering is conducted at 
temperatures within the solid-phase range wherein the 
particles are totally solid. This has the disadvantage 
that voids will be formed between the sintered pow 
dered particles, and hence the density of the resulting 
product is generally low, and the hardness is inferior. 
A number of techniques have been suggested to alle 

viate this problem, but heretofore no reported investi 
gation has proven to be entirely satisfactory from an in 
dustrial point of view. In one prior technique, it was 
suggested to sinter the particulate material under high 
pressure, and in another technique, it was suggested to 
forge the once sintered alloy at high temperatures. 
These methods are undersirable from an industrial 
point of view because they require very strong molds 
and very large pressing apparatus which is capable of 
applying sufficiently high pressures, in the order of a 
few hundred kg/cm to several metric tons/cm. This 
requirement restricts the size of the sintered product to 
only those sizes which can be handled by pressing appa 
ratuS. 
Another prior suggested technique was to infiltrate a 

low melting point molten metal into the sintered body 
in order to fill the void spaces within the filtered body 
so as to increase the product density. However, this 
technique is considered to be undesirably complex 
from an industrial point of view. 

It was earlier proposed in U.S. Patent Application 
Ser. No. 142,556, now abandoned filed May 12, 1971, 
by the same applicants as herein, to produce high den 
sity iron-base sintered alloys by sintering a particulate 
material of iron-base alloy particles or iron-base alloy 
forming particles at a temperature within the range at 
which said particulate material coexists in a solid and 
liquid phase. It is the intent of the present invention to 
provide certain improvements to said process. 

SUMMARY OF THE INVENTION 

Accordingly, it is one object of this invention to pro 
vide high density sintered iron-base alloys. 
Another object of the present invention is to provide 

a simplified method whereby a sintered iron-base alloy, 
which is characterized by improved density and hard 
ness, can be prepared within a short period of time. 
A still further object of this invention is to provide a 

method for producing a sintered iron-base alloy with 
out the requirement for high pressures either during or 
subsequent to the sintering process. 
A further object of the invention is to provide a 
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2 
method for producing iron-base sintered alloy articles. 
These and other objects, as will hereinafter become 

more readily apparent, have been attained by forming 
a particulate mixture of iron and carbon, and a metal 
lic-carbide powder (hereinafter referred to as the metal 
Source) and then heating said particulate mixture in the 
solid-liquid phase temperature range corresponding to 
the composition ratio of the iron and carbon content. 
In this sintering operation, the particles in the particu 
late material are brought into close mutual contact so 
that a high density product is obtained. Voids are sub 
stantially eliminated and a high density sintered alloy is 
obtainable. Since a carbide powder is used as the metal 
source, only a relatively short period of time is required 
to reach the solid-liquid phase condition. As an addi 
tional embodiment of this invention, high pressures 
may be used during sintering to obtain an even higher 
density product. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows an equilibrium diagram of the iron 
carbon alloy; 
FIGS. 2,3,and 4 are graphs showing the relationship 

between time and hardness of a sintered body obtained 
according to this invention. 
DETALEED DESCRIPTION OF THE INVENTION 

The solid-liquid phase temperature range is that tem 
perature range in which a solid phase and a liquid phase 
coexist in equilibrium. In determining the appropriate 
temperature range from a phase diagram, such as is 
shown in FIG. 1, the carbon in the metallic carbide is 
not considered to be included in the carbon content. 
Referring more specifically to FIG. 1, the abscissa 

represents the carbon content by weight percent and 
the ordinate represents the temperature in C. 
The solid-liquid phase range is defined as the L + y 

phase range and the L + 8 phase range, latched to the 
left downwardly in the upper left side of said FIG. 1. 
The temperature range corresponding to the carbon 
content in said L + y phase and L -- 8 phase is the solid 
liquid phase temperature range in which the sintering 
operation of the present invention is carried out. 

It is generally known that a solid-liquid phase temper 
ature range exists when the carbon content is increased 
beyond 4.3 percent. In this instance, however, the car 
bon in excess of 4.3 percent will tend to float to the sur 
face of the molten iron-carbon alloy in the liquid phase 
condition, so that it is impossible to obtain a uniform 
material. Therefore, the actual border line between the 
solid-liquid phase and the liquid phase is not precise 
and the existence of this imprecise border is shown by 
the dotted line W in FIG. 1. 

In applicant's copending U.S. Application Ser. No. 
142,556, now abandoned the particulate material in 
cluding a carbon content of greater than 4.3 percent is 
sintered at a temperature of higher than the solid-phase 
line T (about 1,147°C.) to obtain a sintered iron base 
alloy having the same composition as the particulate 
material. It was recognized that there is an L - FeC 
phase, hatched to the left and downwardly in the upper 
right of FIG. 1, in which the liquid phase and the ce 
mentite coexist in equilibrium. This L + FeaC phase 
range is also an applicable range in the present inven 
tion. The range below the lines T and U, which are the 
lower boundaries of the solid-liquid phase range, repre 
sent the solid-phase range. The temperature range 
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(800°C. - 1,120°C.) shown by the hatched lines extend 
ing downwardly and to the right, is the conventional 
sintering temperature. 

In the case described above, when the particulate 
mixture consists of 87.3 percent by weight iron (Fe) 
powder, 2.7 percent by weight graphite (C) powder, 
and 10 percent by weight chromium carbide powder, 
the composition of iron and carbon is Fe - 3%.C. The 
solid-liquid phase temperature range is therefore from 
1,147°C. to 1,300°C. as apparent from FIG. I. If the 
particulate mixture is heated to the solid-liquid phase 
temperature, at first the graphite in the particulate mix 
ture is diffused into the iron powder, the Fe 3%C alloy 
composition is formed in a solid phase, and then the 
alloy is transformed into the solid-liquid phase to ac 
complish sintering. 

If chromium carbide is used as the metal carbide, 
since it has a very high melting point, during sintering 
it will remain in the solid state. Particles of chromium 
carbide will therefore be dispersed among the Fe-3%C 
alloy, when that alloy is in the solid-liquid phase condi 
tion. Diffusion will occur between the chromium car 
bide particles and the Fe-3%C alloy during the heating 
operation to form an alloy of iron, chromium and car 
bon. 

If the particulate mixture is composed of iron pow 
der, carbon powder, and chromium carbide powder, 
the time required to reach the solid-liquid phase is 
equal to the time required for iron and carbon to mutu 
ally diffuse and be converted into an iron-carbon alloy. 
For comparison, if the particulate mixture is the same, 
except that chromium is used instead of chromium car 
bide, the carbon will first react with the iron and chro 
mium to form iron-carbon, chromium-carbon, and 
some iron-chromium. Then, a homogeneous alloy of 
iron, chromium and carbon will be formed in the solid 
liquid phase. The time required to reach the solid 
liquid phase conditions, is therefore considerably 
longer than in the present invention. That is, in the 
present invention, which uses chromium carbide, the 
carbon powder cannot react with the carbide. The re 
action therefore involves only the carbon and iron par 
ticles. Since the iron-caron alloy is formed quite rap 
idly, the solid-liquid phase is obtained in a relatively 
shorter period of time. The required sintering period is 
therefore considerably shorter in the present invention. 

In contrast, if the particulate mixture is heated only 
up to the solid phase temperature, from 800°C. to 
l, 120°C., as in the conventional methods, the particu 
late mixture will be alloyed and a solid state sintered 
body will be formed. The voids in the sintered body in 
the solid state will remain, even if very high pressure is 
applied to the powder, so that it is impossible to obtain 
a product having as high a density as in the present in 
vention. 

In the present invention, the final sintering tempera 
ture is not in the solid phase temperature range, but in 
the solid-liquid phase temperature range. The particu 
late material is heated in the following manner: The 
particulate material is packed into a mold and it is 
placed in a furnace, wherein the contents are heated to 
a solid-liquid phase temperature. Alternatively, the 
particulate material may be placed into a furnace 
which is already within the critical temperature range. 

In a second embodiment of this invention, a sintered 
body having a density almost as high as obtainable 
using molten material, can be herein attained by apply 
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4. 
ing high pressures during the sintering process. Even 
without the use of high pressures, however, a sintered 
alloy having a density of higher than that obtainable by 
conventional techniques can be obtained. 
When using the present technique, it has been found 

that, in general, the higher the sintering temperature, 
the higher will be the density obtained. As the tempera 
ture is raised, however, the sintering operation be 
comes more complicated and accordingly, it is prefera 
ble to use a sintering temperature in the lower portion 
of the solid-liquid phase temperature range. 
The particulate mixture used herein contains iron 

powder and carbon powder, such as powdered graph 
ite, or a powder of an iron-carbon alloy, such as cast 
iron. In the latter case, the iron and carbon are pre 
formed as an alloy, so that the sintering operation can 
be carried out in a shorter period of time. 

Suitable powdered metallic carbides which can be 
used include tungsten carbide, molybdenum carbide, 
manganese carbide, chromium carbide, titanium car 
bide, vanadium carbide, niobium carbide, tantalum 
carbide, boron carbide or the like, or a mixture thereof 
depending upon the intended end composition of the 
alloy. 
The particulate material may be sintered in a mold 

made of ceramic, for example, alumina, which will not 
react with the alloy and which is capable of enduring 
the sintering temperatures. The mold may be of the 
type used for forming sintered body materials, such as 
planar materials and rod materials, or may have a 
molding surface which is similar to the outer surface of 
the sintered products. 

Also, by using the techniques of this invention, a pre 
viously sintered, void-containing, iron-base alloy can 
be re-sintered to the solid-liquid phase temperature 
range and the density will be markedly improved. 
Having now generally described the invention, a fur 

ther understanding can be attained by reference to cer. 
tain specific Examples which are provided herein for 
purposes of illustration only and are not intended to be 
limiting in any manner unless otherwise specified. 

EXAMPLE 1 

In this Example, a sintered alloy of Fe-1.5% Cr-3.9% 
C, is produced. Samples 1 and 2, as shown in Table I, 
were used as the particulate material. The particulate 
material was packed into a container made of alumina 
and heated in an electric furnace made of graphite. A 
predetermined pressure of 10.3 10.3Kg/cm was ap 
plied to the contents of each container by putting an 
alumina punch and an iron weight onto said material. 
This container was then placed into the furnace and 
heated to a temperature of about 600°C. The tempera 
ture of the furnace was then increased at a rate of about 
45°C./minute to the sintering temperature of 1,200°C. 
in the solid-liquid phase temperature range. The tem 
perature was held at this point for 5 to 30 minutes. 
Next, the furnace was cooled to about 1,000°C. at a 
rate of about 15°C./minute and the container was re 
moved from the furnace and air-cooled. The density 
(g/cm) and the Brinell hardness (H) of the sintered 
alloys obtained are also shown in Table I, and in FIG. 
2 as curves with the same marks as those of the samples 
of Table I. The abscissa of FIG. 2 represents sintering 
time in minutes and the ordinate represents density and 
hardness. In sample 1 of Table I, chromium carbide 
powder (CrC2, -200 mesh) was used as the chromium 
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source. In sample 2, a ferrochromium powder (Fe 
63.4%Cr, -200 mesh) was used as the chromium 
source. In each instance, the particulate material was 
mixed to form the same sintered alloy composition as 
that of the Sample 1 for purposes of comparison with 
the Sample 1. Electrolytic iron powder (-100 mesh) 
and graphite powder (average particle size 24.pl.) were 
respectively used as the iron powder and the carbon 
powder sources. The density of the products was mea 
sured by Archimedes' principle (thie method was em 
ployed in the following embodiments). Hardness was 
measured as Brinell hardness using sintered bodies 
which were heated to 950°C. for 20 minutes and then oil-cooled. The solid-liquid phase temperature range in 
the Table shows the corresponding mixing ratio of iron 
and graphite (Fe-2%C), excluding chromium carbide, 
in Sample 1, and also shows that corresponding mixing 
ratio (Fe-1 5% Cr-3.9% C) of particulate material in 
Sample 2. 
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percent of the theoretical density by solid-liquid phase 
sintering for 10 minutes, and reached 96 percent of the 
theoretical density by solid-liquid phase sintering for 30 
minutes. In both cases of Sample 2, relatively high den 
sity can be obtained as compared with the conventional 
solid phase sintering method. However, the density is 
lower than that of Sample 1. Therefore, it is considered 
that high density and high hardness sintered alloys can 
be obtained within a short period of time by sintering 
Sample 1 including chromium carbide in solid-liquid 
phase temperature range. 

EXAMPLE 2 

In this example, a sintered alloy of Fe-10% Mo 
2.4%C, is produced using Samples 3 and 4 as shown in 
Table II. Each material was sintered for 6 to 30 minutes 
at a temperature of 1,200'C. and a pressure of 4.4 
kg/cm. The density and the Brinell hardness of the sin 
tered alloys obtained are shown in Table II and also in 

TABLE I 
Solid-liquid 

phase 
Mixing ratio temperature Sintering 
of particulate range time Density Hardness of 

Samples material (Weight %) (°C) (minutes) (glom) (H) 

Iron 8.1% 1,149 5 7.1 420 
Graphite 1.6% J 10 7.4 560 
Chromium carbide 17.3% 1,390 30 7.4 60 

Iron 72.5% 1,150 10 6.5 290 
Graphite 3.9% f 13 6.8 360 
Ferrochromium 23.6% 1,200 30 7.2 480 

In this case, the theoretical density of the sintered 
alloy was about 7.5 g/cm. When a particulate material 
of the same composition as that of Sample 1 was heated 
for 30 minutes at the solid phase temperature, 1,100°C. 
under a pressure of 10.3 kg/cm, the density of sintered 
alloy was 3.8 g/cm, and its hardness could not be mea 
sured because the sintered alloy was very porous and 
brittle. 
The density of Sample 1, sintered in the solid phase 

condition by conventional methods, reaches only 50 
percent of the theoretical density, even if it is heated 
for as long as 30 minutes. According to the method of 
the present invention, the density reaches about 95 per 
cent of the theoretical density by solid-liquid phase sin 
tering for only 5 minutes and it reaches almost equal to 
the theoretical density by solid-liquid phase sintering 
for 10 minutes. With respect to Sample 2, which does 
not include chromium carbide, the density reached 87 
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FIG. 3 with respect to sintering time as curves with the 
same marks as those of the samples in Table II. 

In Sample 3 of Table II, the molybdenum carbide 
powder (MoC, the particle size was about 5p) was em 
ployed as the molybdenum source. In Sample 4, a fer 
romolybdenum powder (Fe-62.5%. Mo, 100 mesh) 
was employed as the molybdenum source. The particu 
late material was mixed so as to have the same sintered 
alloy composition as that of Sample 3 for purposes of 
comparison. The sintered alloys were heated for 20 
minutes at a temperature of 1,000°C. and were water 
cooled. The Brinell hardness was measured. The solid 
liquid phase temperature range in Table II shows the 
corresponding mixing ratio of iron and graphite (Fe 
2%C), excluding molybdenum carbide from the mix 
ture, in the Sample 3, and also the corresponding mix 
ing ratio (F3-10% Mo-2.4%C) of particulate material 
in Sample 4. 

TABLE II 

Solid-liquid 
phase 

Mixing ratio temperature Sintering 
of particulate range time Density Hardness of 

Samples material (Weight%) (°C.) (minutes) (glom) (Htt) 

3 Iron 87.5% 1,149 6 7.2 450 
Graphite 1.8% f 10 7.6 600 
Molybdenum 

carbide 10.7% 1390 30 7.8 670 

4. Iron 8.6% 1,080 10 6.6 420 
Graphite 2.4% f 14 6.8 44() 
Ferro 
molybdenum 6.0% 1,330 30 7.2 550 
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TABLE III 

Solid-liquid 
- phase 

Mixing ratio temperature Sintering - 
of particulate range time Density Hardness of 

Samples material (Weight%) (°C.) (minutes) (glom) (H) 

5 Iron 77.1% 1,149 0. 8.8 64() 
Graphite 1.6% J 20 8.9 65() 
Tungsten carbide 2.3% 1,390 30 8.9 65() 

6 iron 72.5% 1,080 10 8.0 5()() 
Graphite 2.9% f 20 8.2 530 
Ferrotungsten 24.6% 1,240 30 8.3 57() 

The theoretical density of the sintered alloy is about 
8 g/cm. When particulate material having the same 
composition as Sample 3 was sintered for 30 minutes 
at a temperature of 1,100°C., i.e., in solid phase under 
a pressure of 4.4 kg/cm according to conventional 
methods, the density of the sintered alloy obtained was 
4.2 g/cm, but its hardness could not be measured be 
cause the product was too porous and brittle. 
The density of Sample 3 sintered in the solid phase 

temperature range by conventional methods reached 
only 52 percent of the theoretical density, even if it was 
heated for as long as 30 minutes. According to the 
method of the present invention, however, the density 
of Sample 3 reached about 90 percent of the theoreti 
cal density by solid-liquid phase sintering for only 6 
minutes, and reached 95 percent by solid-liquid phase 
after sintering for 10 minutes. It reached almost equal 
to theoretical density by solid-liquid phase sintering for 
30 minutes. When Sample 4 which contained ferro mo 
lybdenum instead of molybdenum carbide was heated 
for 10 minutes, the density reached relatively higher 
values than that obtained by sintering in the solid phase 
temperature range. Even if it were heated for 30 min 
utes, however, the density remained the same as if Sam 
ple 3 were heated for 6 minutes. Therefore, it is consid 
ered that high density and high hardness sintered alloys 
can be obtained within a short period of time by sinter 
ing the Sample 3 containing molybdenum carbide 
within the solid-liquid phase temperature range. 

EXAMPLE 3 

in this example, sintered alloys of Fe-20%g-2.9%C, 
were produced. Samples 5 and 6 are shown in Table III. 
These materials were sintered for 10 to 30 minutes at 
a temperature of 1,200°C. and a pressure of 4.4 kg/cm 
as in Example 1. The density and the Brinell hardness 
of the sintered bodies obtained are shown in Table III 
and also in FIG. 4 with respect to the sintering tempera 
ture as curves with the same marks as those of the sam 
ples in Table III. 

In Sample 5, tungsten carbide powder (WC, 250 to 
325 mesh) was used as the tungsten source, and in 
Sample 6, ferro-tungsten powder (Fe-81.4%W,-100 
mesh) was used as the tungsten source. The particulate 
material was mixed so that each sintered alloy will have 
the same composition as Sample 5 for purposes of com 
parison. The sintered alloys were re-heated for 20 min 
utes at a temperature of 1,000°C. and oil-cooled, and 
then the Brinell hardness was measured. The solid 
liquid phase temperature range shows that the mixing 
ratio of iron and graphite was (Fe-2%C), excluding 
tungsten carbide, from the mixture in sample 5, and 
was (Fe-20%W-2.9%C) of particulate material in 
Sample 6. 
The theoretical density of the sintered alloy is about 

10 g/cm. When the Sample 5 was sintered for 30 min 
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utes at the solid-phase temperature of 1,100°C. under 
a pressure of 4.4 kg/cm according to conventional 
methods, its density was 3.9 g/cm, but its hardness 
could not be measured because of the porous and brit 
tle nature of the product. 
The density of Sample 5, when sintered at a solid 

phase temperature for 30 minutes, reached only 39 
percent of the theoretical density. But according to the 
present invention, the density reached almost 90 per 
cent of the theoretical density by sintering for only 10 
minutes in the solid-liquid phase. 
When Sample 6 not including tungsten carbide is sin 

tered in a solid-liquid phase for 10 minutes, the density 
becomes relatively higher than that obtainable by sin 
tering in the solid phase. Even if it is sintered in the sol 
id-liquid phase for 30 minutes, the density will remain 
at 83 percent of the theoretical density. Therefore, ac 
cording to the present invention, it is apparent that high 
density and high hardness sintered alloys can be ob 
tained by sintering Sample 5 including tungsten carbide 
in the solid-liquid phase. 
Having now fully described the invention, it will be 

apparent to one of ordinary skill in the art that many 
changes and modifications can be made thereto with 
out departing from the spirit of scope of the invention 
as set forth herein. 
What is claimed and intended to be covered by Let 

ters Patent is: 
1. A method for producing a high density, high hard 

ness sintered iron-base alloy which comprises: 
heating a mixture of particulate material selected 
from the group consisting of mixed particles of 
iron, carbon and metallic-carbide particles, and 
mixed particles of an iron-carbon alloy particles 
and metallic particles, said metallic carbide being 
selected from the group consisting of tungsten car 
bide, molybdenum carbide, manganese carbide, 
chromium carbide, titanium carbide, vanadium 
carbide, niobium carbide, tantalum carbide, boron 
carbide, and mixtures thereof, at a temperature 
within the range of the solid-liquid phase of the re 
sulting alloy, 

said sintering temperature being lower than the melt 
ing points of any of said starting particles, 

maintaining the sintering temperature for a period 
sufficient to cause sintering, and 

cooling said sintered iron base alloy. 
2. The method of claim 1, wherein pressure is applied 

to said particulate material during sintering. 
3. The method of claim 1, wherein the particulate 

material is sintered in a suitable mold, and the sintered 
product is subsequently removed from said mold. 

4. The method of claim 3, wherein said mold is 
formed from a ceramic material. 

5. The method of claim 1, wherein said carbon is in 
the form of graphite. 
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