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1 Introduction

Demand for iron-based sintered machine parts has
grown in recent years, with use centered, in particular,
in the automotive industry. High strength parts are
increasingly being manufactured by sintering, as a result
of the imperative to reduce both the weight and cost of
automobiles. Since the physical properties of sintered
parts vary with the characteristics of powder materials,
materials themselves have also assumed great impor-
tance.

For conventional parts with relatively low strength
and toughness requirements, mixing powders, princi-

* Originally published in Kawasaki Steel Giho, 18(1986)3, pp.
270-276

Synopsis:

Kawasaki steel began to produce alloyed steel powders,
KIP 4100V and KIP 4100VS, which are equivalent to AISI
4100. New facilities were constructed in Chiba Works in
1985. They consist of wateratomization and vacuum
annealing processes for manufacturing alloyed steel pow-
ders. Generally, it is difficult to deoxidize Mn-Cr alloyed
steel powders by the gas reduction method. But we succeed-
ed in producing alloyed steel powders with low O, C and
Neontents (0.10% O, 0.02% C, 0.001% N) by a newly deve-
foped process named VALCON (Vacuum annealing proc-
ess for alloyed steel powders with low carbon, oxygen and
nitrogen). These powders obtained by this method are
better in compressibility and compactibility (green density
of 7.14 glem’, and Rattler value of 0.44% at compating
pressure of 7 t/ent’), especially possessing the advantage of
high strength after heot treatment. These features are
suitable for high strength sintered parts for heat and wear-
resistance.

pally pure iron powder, have been adequate. However,
for high strength and toughness parts produced by sin-
tering, a reexamination of altoyed steel powders has be
come essential. Alloyed steel powder is produced mainly
by the atomization process, in which molten steel is pul-
verized by a pressurized fluid. Generally speaking, low-
value alloyed steel powders can be advantageously
manufactured by water-atomization, with low-priced
Mn and Cr as alloy elements. However, if Mn- or Cr-
alloyed steel powder is manufactured through the con-
ventional water-atomization gas-reduction process, it is
rather difficult to reduce the oxygen content in the steel
powder due to the strong affinity of oxygen for these ele-
ments. For this reason, it has been impossible to
improve compressibility, to increase the powder density,
and hence to make high strength sintered parts.

An attempt was made, therefore, to develop a method
of manufacturing steel powder of low oxygen content,
using vacuum annealing as a method of deoxidizing
Mn- or Cr-steel containing powders. Based on this
method, vacuum annealing facilities with a capacity of
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100 t/month have been installed at Chiba Works, and
manufacturing and marketing have begun.

This report describes the principle of vacuum anneal-
ing and presents an outline of the vacuum annealing
process and the properties of powders produced by this
process. These products, corresponding to AISI 4100,
are KIP 4100 V, KIP 4100 VS, and a Cr-Mo-V alloyed
steel powder, KIP 30 CRV. (Kawasaki Steel’s alloyed
steel powder products are designated as follows: Mn-Cr-
Mo alloy, KIP 410(; Cr-Mo-V alloy, KiP 30 CRA; and
those produced by the vacuum annealing process, KIP
4100 V, KIP 4100 VS, or KIP 30 CRV, with the letter V
added. KIP 4100 VS, with the letter § added, is a version
of KIP 4100 V with improved compressibility.)

2 Qutline of Vacuum Annealing Process

2.1 Problems in Gas Reduction Process

3

Previously, Mn- or Cr-including alloyed steel powders
were produced at kawasaki Steel through the water-
atomization gas reduction process, but this process
involves various problems. In order to use gas reduction
to reduce oxides of Mn and Cr produced in the water-
atomization process, an atmosphere with a low dew
point is required. For instance, when reducing Cr,0,
with pure hydrogen, the RT £n P, -temperature dia-
gram'' requires Py [Py o> 10° at 1000°C. A large
amount of gas must be consumed to maintain a low dew
point in the furnace; this, of course, is highly disadvanta-
geous economically.

On the other hand, to obtain low-carbon steel powder,
decarburization at a raised dew point is required.
However, a reducing atmosphere with high dew point is
not compatible with high purity, making it very difficult
to realize reduction and decarburization at once.
Moreover, as Cr has a strong affinity with nitrogen,
a low-nitrogen atmosphere is required. These consid-
erations indicate the number of problems inherent in
realizing an industrial gas reduction process.

2.2 Mechanism of Reducing Cr,O; under Vacuum

When heating as-atomized Cr-C-alloyed steel powder,
reactions represented by Eqs. (1) through (4) take place.
Each of these reactions releases CO gas, increasing the
pressure within the reaction vessel. The evacuation of
CO gas will accelerate these reactions. While Eqgs. (1) to
{4) concern Cr, similar reactions apply to Mn.

13C +3C,0, — 2C1,C, +9CO(g) -+ - - (1)
27Cr;C, + SCr0y — 13Cr,C; + 15C0(g) - - -(2)
3CHCy + Cr0y — CryuCe +3C0(R)- - - - - &)
Cry;Ce + 2Cr,0; — 27Cr +6CO(g) -+ - - - - - - (4)

A schemalic diagram of the process of reduction
under vacuum is shown in Fig. 1. When heated, the C
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Fig. 1 Schematic illustration of reduction process in

vacuLlm

in powder particles diffuses out to reduce Cr,;O, at the
surface. The resultant CO gas is released from the
particle surface.

The progress of the reduction process as it depends
upon the reaction gas pressure will now be explained in
the thermodynamic terms: The equilibrium oxygen
partial pressure of CO-CO, mixed gas of total pressure
P(Peo + P, co,), equilibrated with a Fe-C system of fixed
carbon content, is represented in Eq. (3), using the
activity of carbon in iron, 4, and total pressure P.

Koy + Koy = Lm0 )
c

where K, and K, are equilibrium constants of reaction
as given in Egs. {(6) and (7).

C+ _02 - CO o (6)

C+ 02 pund CO2 ...................... (',")
PCO

K, =— e g

1 acpgzz ( )

K, = Peoo (9
aCP02

From Eq. (3), it is evident that, as total pressure P is
reduced, the equilibrium oxygen partial pressure Py, of
the CO-CO, mixed gas is lowered, under conditions of
fixed temperature and carbon activity, making it easier
to reduce oxide which is otherwise more difficult to
reduce.

On the other hand, it has been reported that Cr-
alloyed steel powder is denitrified at 1000°C or higher in
vacuum sintering.” Since the equilibrium solubility of
nitrogen in molten steel is believed to follow Sieverts’
law®, as represented by Eq. (10), the evacuated atmos-
phere in the vacuum annealing process is advantageous
for reducing the equilibrium nitrogen solubility of
alloyed steel powder, and hence for denitrification.

[N] = K'Y Py, v vmmeeeeeeees (10)
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Fig. 2 Manufacturing process of KIP 4100 V

3 Manufacturing Process

An outline of the manufacturing process is shown in
Fig. 2. The process consists of atomizing and finishing,
The alloyed steel powder used is produced on an single-
purpose line designed to avoid contamination by pure
iron powder.

In the atomizing process, high purity scrap produced
at the Chiba Works is used as raw material, and alloyed
with Mn, Cr, and C in a 5-t steelmaking arc furnace.
Molten steel is atomized by water-atomization® using a
pencil jet developed by Kawasaki Steel and converted to
as-atomized powder through dehydration, drying, and
classification.

In the reduction process, the as-atomized poweder
materials are reduced in the vaccum annealing furnace,
and then, through crushing, classifying and mixing pro-
cesses, powder products are produced. The vacuum

Photo 1 Appearance of vacuum annealing furnace

annealing furnace used is a three room type, as shown in Table 1 Typical properties of chemial composition (%)
Photet.  — —_
Process| € S Mn P S Cr Mo V O N
. . KIP Vac. . o
4 Characteristics of Steel Powder 4100V | ann. | 002 0.03 084 002 0.02 107 .47 0-13 0001
KIP Vac.
. 1100 VS ann. 0.02 0.03 0.62 .02 0.02 i.13 0.27 — 0.1¢ 0.001
4.1 Properties of Steel Powder KIP Gas
4100 red. | 905 0.01 0.66 0.01 0.01 1.08 0.28 - 0.BC 0.058
The chemical composition and physical propertiesof  KIb | Vac. 1403 005 031 001 0.00 297 0.3 0.26 0.12 0.001

Mn-Cr-Mo alloyed powders KIP 4100 Vand KIP 4100 p | ¢
VS as well as Cr-Mo-V alloyed KIP 30 CRV, manufac-  *CRA}
tured through the vacuum annealing method, are

shown in Tables 1, 2, and 3 and the green density and

Rattler value in Figs. 3 and 4, respectively. For purposes

of comparison, characteristics of KIP 4100 and KIP 30 Table 2 Typical propcrt:es of partlcle size distribution (%)
CRA alloyed steel powder manufactured through the <. Mesh . T T T T
gas reduction method and KIP 300 A atomized pure Pow'd:r«. — 'Pmcess \l
iron powder are also shown.

As shown in Table 1, the content of oxygen O is
clearly reduced in KIiP 4106 V, KIP 4140 VS, and KIEP 30
CRV in comparison to that in the conventional pro-
ducts. Particularly, O =0.10% for KIP 4100 VS and O =
0.12% for KIP 30 CRV are much lower than the value

?id. G.13 0.04 0.25 0.01 0.01 2.99 0.32 0.26 0.8B3 0.061

—100/| ~ 150/ -- 200/ - 250/

+60 +150| +200 1250 + 328 "I

+80 + 100

—60/ f*SO/

KIP 4100V Vac. ann. tr 2.0 ‘ 94184254100 15.4 ! 19.4
KIP 4100 VS | Vac. ann. tr 0.9 ‘ 12.8 (28.9|28.7] 9.2 1125 ! 7.0
KIP 4100 (Gas ann. tr | tr ! 5.7 0214|237 13,2 144 ‘ 21.6
KIPICRY | Vac. ann. | 1r J J,Bi 11.2 2.3 2.4 8,5; 11.4 | 18.6

KIPHCRA [Gasapn. | tr jtr | 02 127|260 2.7 {17.3
I

3.0
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Table 3 Typical properties of apparent density and

flow rate
) J’;p;)arent density Fl-ojr“at.e B
Process (gem?) {sec/50 g}
KIP4100V | Vac. ann. 283 25.7
KIP 4100 V3 Vac. ann. 2.70 28.9
KIP 4100 Gas ann. 3.26 20.1
KIP30CRV Vac. ann. 2.58 29.6
KIP 306 CRA (Gas ann. 2.97 25.0

Compacting pressure (M%) Compacting pressure (Ml'a)
) |

= 508 6500 70 - A B0} Ll
0.2 T T T T4 T 1 1
No graphite - Nu graphite
1% Zine stearate -2~ | 1%, Zinc stearale
R -7 e =
= KL 300 A 7 “
g < <7 =gk "
o MMcrp 100 5V q i
X PV . . = %
= KL 4100\ z
= e ] E KIP 50 CRY
& ” ~ e
5 5.1 ° o
= 64 E\(El v 6.6+ 4 1
] 4100 = s
,E {Conventional} k1P 30 LRA
1] {LConventional}
60— - - L .4 .

.
6 T

Compacting pressure (t cnt’)

b ) T 3
Compacting pressure (t/em’)

Fig. 3 Relation between compacting pressure and
green density

Compacting pressure {MI'a} Compacting pressure (MI°a)

5 - 5
o 8500, B0 700 .. 500 600 700
1% Zinc stearate 12; Zinc stearate
® 07 . < n&-
© 4 a KIT" 300 A w
= o KIP 4100 C
- M / (Conventional) -
y 06 g 03 E
= s = KIPJ0CRA
= N = (Canventiomal)
0.5k b S B 04y " 9
KIP i Vi, oo g .
KID 4100 Vs KIP30CRY %
M5 5 7 04— 8 7

Compacting pressure {t ‘em?) Compacting pressure (. om?)

Fig. 4 Relation between compacting pressure and
Rattler value

obtained through the conventional method. Table 1 also
shows that C and N for KIP 4100 VS, KIP 4100 V, and
KIP 30 CRV produced by vacuum annealing are much
lower than those manufactured by the gas annealing
method. These facts demonstrate that the vacuum
annealing method is very effective for the deoxidizing,
decarburizing, and denitrifying of alloyed stecl powders
containing elements which are difficult to reduce.

As shown in Figs. 3 and 4, KIP 4100 V, KIP 4100 V§,
and KIP 30 CRV are superior with respect to compressi-
bility and compactibility, and close in these respects to
pure iron powder. The densities of powders compacted
at 7 t/cm? with 1% Zn stearate added as a lubricant are as
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Photo 2 SEM of KIP 4100 V powder particles
shown below.

KIP4100V :  7.08 g/cmd’
KIP 4100 VS: 7.14 g/fem’®
KIP 30 CRV:  7.02g/cm’

The density of KSC’s atomized pure iron powder KIP
300 A is 7.16 g/cm® when compacted at the same pres-
sure. The Rattler values of these products compacted at
7 t/cm’ (with 1% Zn stearate added) are as follows:

KIP 4100 V :  0.46%
KIP 4100 VS:  0.44%
KIP 30 CRV:  0.36%
KIP 3¢ A 0.47%

Alloyed steel powder produced by the vacuum
annealing process is characterized by low Q, low C, and
low N and by excellent compactibility. The latter may be
attributed to irregular particie contour, such as is shown
in Photoe 2.

Photo 3 shows the distribution of alloy components in
the cross section of steel particles of KIP 4100 VS and
KIP 4100, manufactured through the vacuum and gas
annealing processes respectively. While the distribution
of various components in KIP 4100 VS is uniform and
no segregation is seen, KIP 4100 shows segregation of
Mn, Cr, and O. This shows that the vacuum annealing
process reduces the amount of Mn and Cr oxides, pro-
viding steel powder of homogeneous microstructure.

4.2 Effects of O, C, and N on Powder Properties

Figures 5, 6, and 7 show the relationship of compacted
powder density to contents of O, Cand N in KIP 4100 V.
Compacted powder density has been improved by the
reduction of O, C, and N from the surface and interior of
the steel powder.

5 Properties of Sintered and Quench-Annealed
Materials

Properties of sintered and quench-annealed speci-
mens of KIP 4100 VS and KIP 4100 were examined.”’

KAWASAKI STEEL TECHNICAL REPORT



KIP
4100 VS

Kig
4100

Mn

0

Photo 3 Comparison of Mn, Cr and O distribution between KIP 4100 VS and KIP 4108 sintered compacts

b= Compacting pressure 7 1/cm? (686 MPa)
1% Zinc stearate

A0t o] 1
7 KIF 4100 V

700~

Green density (g/em?)

690 'l ;. i 4
Q (%}

Fig. 5 Effect of O contents on green density

mens of KIP 4100 VS and KIP 4100 were examined.”
The manufacturing process for the test specimens is
shown in Fig. 8, and the results are described below.
(1) Contents of C and O
The relation between the addition of graphite and C
and Q contents is shown in Fig. 9. KIP 4100 VS,
with its low O content, gives a high yield of C in the
sintered sample, Further, O is constant regardiess of
the amount of graphite addition, and is lower than
in conventional KIP 4100.
(2} Tensile Strength
The results of tension tests are shown in Fig. 10. The
tensile strength of sintered KIP 4100 VS is 80 kgf/
mm? (with 0.9% graphite added), which is about
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7.20
Compacting pressure 7 t/cm?(686 MPa)
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Fig. 6 Effect of C contents on green density
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Fig. 7 Effect of N contents on green density
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(3)

(4)

&)
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Graphite
05%,0.7%, 0.9%

I ]

Lubricant

1% 7Zinc stearate KIP 4100 V5

Compacting
7t/cm? (686 MPa)

Sintering
1250°C, 60 min in AX

0il guenching
816°C

Annealing
186°C, 30 min in ol

Specimen size
38 mmOD % 25 mm 0 % 10 mmff
5.7 mmWx 25 mmL X 45 mm#H
Hardness and impact value

{Charpy unnotched): 10 mm Wx 550 x 1DmmH

Dymensional change:

Tensile strength:

Fig. 8 Manulacturing process of test samples

twice that of KIP 4100 produced by gas annealing.
The tensile strength of KIP 4100 VS8 after heat treat-
ment exceeds 130 kgf/mm? (with 0.7% graphite add-
ed), and is 1.5 times that of conventional sample.
Toughness and Inclusions

The results of the impact test are shown in Fig. 11.
KIP 4100 VS with reduced oxygen content and
inclusions possesses high toughness, with that of
sintered KIP 4100 VS about three times that of
KIP 4100. Moreover, KIP 4100 VS provides high
toughness even after heat treatment. Microscopic
tests of sintered KIP 4100 VS and KIP 4100 reveal
that the volume ratio of non-metallic inclusions in
KIP 4100 VS is 2.8 x 107*%, which is much lower
than that of KIP 4100 (8.4 x 107%%), indicating
a reduction of inclusions due to reduced oxygen
content.

Hardness

Figure 12 shows the results of the hardness test. The
hardness of heat treated KIP 4100 VS is HRA 68,
which is much better than that of KIP 4100.
Dimensional Change

Figure 13 shows the effect of added graphite on
dimensional change taking compacted powder as
a standard. The dimensional change of KIP 4100
VS is —0.51% when sintered, and —1.11% when
heat treated. The springback of KIP 4100 VS varies

0.8

C content
07
—_ KIP 4100 VS
& 06+
T N
5
£
= 0s -
53
04
KIP 4100
/(Con\'emmnal)
03 1 b { 1
£} content
0.08| .
= KIP 4100/ .
< (Conventional) ———
= 006
g
o KIF 4100 V§
004 1
o o= o
0.02+
pb— 1 1
05 0.7 0.9
Graphite added (%}
Fig. 9 Effect of graphite added on C and Q contents in
sintered compacts
160
140+
E L
PR KIP 4100 VS (ileat Lreated)
E
§n KIP 4100
5] 160 (Heat treated)
3 N\
U &
] o
[_‘
50k KIP 4100 VSiAs sintered)
KIP 4100 (As sintered)
40\_ L 1 -
0.5 0.7 .9

Graphite added (%)

Fig. 10 Effect of graphite added on tensile strength

with the amount of graphite added: 0.5% with
0.237% graphite; 0.7% with 0.224%; 0.9% with
0.210%.

KAWASAKI STEEL TECHNICAL REPORT



KIP 4100 VS (As sintered}

KIP 4100 VS e
{Heat treated} ~-0
KIP 4100 L
A
(As sintered)

Impact value (kgf-m/cm?)
ra
f

L KIP 4100 /.
(tleat treated)

| | ]
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Fig. 11 Effect of graphite added on impact value
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KIP 4100 (t{eat treated)

Hardness {HuA)

-

wh KIP 4100 VS {As sintered)

KIP 4100
(As sintered)

2 1 1
30 0.9 0.7 0.9

Graphite added (%)

Fig. 12 Effect of graphite added on hardness

6 Conclusions

A water-atomization, vacuum annealing production
line (capacity 100 t/month) has recently been construct-
ed at the Chiba Works, and the production of steel pow-
ders KIP 4100 V and KIP 4100 V5, corresponding to
AISI 4100, started. In low-alloyed steel powder contain-
ing Mn and Cr, the content of O is reduced through a
vacuum annealing process in which carbon pre-alloved
in molten steel is used as the reducing agent. With KIP
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Fig. 13 Effect of graphite added on dimensional
change

4100 VS, the following results were obtained:;

(1} The contents of O, C, and N in steel powder were
very low: 3, 0.10%; C, 0.02%; and N, 0.001%.

(2} The physical properties of compacted powder were
very good: green density, 7.14 g/cm’® and Ratiler
value, 0.44%, at a compacting pressure of 7 t/em?
(with 1% Zn-stearate added).

(3) Physical properties of sintered parts were excellent;
the tensile strength of sintered and heat-treated
material was 130 kef/mm?.

Since steel powder produced by the vacuum anneal-
ing process is excellent with respect to compressibility,
compactibility, sintering, and annealing properties, as
has been described above, application to automobile
par(s can be expected.
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