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ABSTRACT

Purpose: Purpose of this paper was to evaluate the differences between rapid, medium and low cooling rates on
three systems and also to study cooling mechanism of known materials.

Design/methodology/approach: Two different systems have been tested in order to investigate how the cooling
rates influence on the microstructure and properties. The powders used in the present invention are pre-alloyed
iron-base powders containing low amounts of chromium and molybdenum. The amount of graphite that was
admixed to the iron-base powder was 0.6% and lubricant 0.75%. The amount of graphite which is mixed with
the iron-base powder is 0.6% and lubricant is 0.75%. Green compact were sintered in a vacuum furnace at
1120°C for 30 minutes in vacuum atmosphere and rapidly cooled in nitrogen with three different rates: rapid
cooling (7°C/s) and medium cooling (1.6°C/s), slow cooling (0.3°C/s). Next the samples were tempered in
vacuum in the same furnace at 200°C for 60 minutes and then were cooled to room temperature in nitrogen,
with the exception of slow cooling cycle.

Findings: The effect of cooling and applied sintering were studied in terms of mechanical properties, hardness
and wear resistance. The results achieved after the investigation sinter-hardened steels with low carbon content
proved that applied process of sintering and different cooling rates brought expected outcome.

Practical implications: According to the powders characteristic, the applied rapid and medium cooling rate
seems to be a good compromise for mechanical properties and microstructure, nevertheless further tests should
be carried out in order to examine different cooling rates.

Originality/value: The effect of cooling rates on mechanical properties of pre-alloyed Astaloy CrL and CrM
powders was investigated.
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1. Introduction [1,2]. The growth of the P/M industry during the past few
decades is considerably growing thanks to the cost savings
associated with net shape processing compared to other

Powder metallurgy is a technology and craft of producing technologies, such as casting or forging [3]. There are two
metal powders and of the utilization of metal powders for the principal reasons for using powder metallurgy products: (1) cost
production of massive materials and complicated shape objects savings - compared with alternative processes, and (2) unique
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properties - attainable by the PM route only. By producing parts
with a homogeneous structure the PM process enables
manufacturers to make products that are more consistent and
predictable in their behavior across a wide range of applications
(Fig.1) [4].

The PM process has a high degree of flexibility allowing to forming
the physical properties of a product to suit one’s specific needs and
performance requirements. These include, for instance: special properties
like hardness and wear resistance. The unique flexibility of the PM
process enables products to be made from materials that are fabricated to
one’s specific needs [5].

The properties of sintered parts and materials result from the
interaction of three parameters: powder properties, force (pressure) and
heat (time, temperature) (Fig.2). While the chemical composition and
certain processing properties of powders can be varied over a wide range,
the use of pressure and heat is restricted to a certain extent because of
technical reasons. This also determines the limited number of applications
of PM procedures in the parts production [3-5].
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Fig.1. Market segmentation of metal powder parts industry [4]
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Fig. 2. Relationship between powder properties, compacting
conditions, sintering conditions and sintered material properties [3]

Sinter-hardening technology was developed for P/M parts production
to improve process efficiency [5]. Moreover, interest in this technology
has grown, because it offers good manufacturing economy by providing a
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one step process without a separate heat treatment operation and a unique
combination of strength, toughness and hardness [6-9, 15-19].

Sinter-hardening typically requires that the P/M steel structure
transforms itself to martensite during cooling process. Different properties
and microstructure can by obtained by varying sintering cooling rates.
Thanks to controlling these rates, microstructure can be designed to
obtain the required amount of martensite, and desired mechanical
properties [10-12, 16, 20, 24, 25,27 - 30].

Sinter-hardening can be achieved with the use of standard
sintering furnaces (for example continuous furnace) and those
equipped with accelerated cooling zone (for instance vacuum
furnance). The Astaloy CrL and CrM powders are examples of
typical materials have been developed and used especially for
sinter-hardening processes. These steel powders are mainly
characteristic of higher hardenability compared with conventional
P/M steels [12-14, 21 - 23, 26].

2. Experimental procedure

Three different systems were tested to investigate, the
cooling rates effect on examined material and properties. The
process of preparing materials was consisted of following stages:
1) Selection of metal powders and lubricant, 2) Mixing,
3) Compacting, 4) Debinding, 5) Sintering.

The following powders were used in the investigations:
e iron powder Astaloy CrL (Fig. 3a) and Astaloy CrM (Fig. 3b),
e lamellar graphite powder grade GR12 (Fig. 3c).

Fig. 3. Micrographs of powders: a) Astaloy CrL pre-alloyed
powder, b) Astaloy CrM pre-alloyed powder, ¢) graphite powder
(SEM)
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The role of lubricant is to reduce the friction force between
the powder and tool walls, and also between the particles. Just
before the sintering process, the lubricant must be removed from
the compact to avoid interfering with the formation and growth of
bounds between the particles. Chemical composition of iron
powder was presented in Table 1. The base powders are further
mixed with graphite to obtain the desired strength. The amount of
graphite that was admixed to the iron-base powder was 0.6% and
lubricant 0.75%. The amount of graphite which is mixed with the
iron-base powder is 0.6% and lubricant is 0.75%.

Table 1.
Chemical composition of iron-base powders
Base iron Mo[%] Cr[%] C[%] 0,-tot[%]
Astaloy CrL 0.20 1.50 <0.01 0.16
Astaloy CtM 0.50 3.00 <0.01 0.21
2)Mixing

The metal powder and lubricant were mixed using two mixers.
One mixture (1.6°C/s cooling rate) was mixed using a turbula
mixer (20 min. 80 rpm), the other (cooling rates: 0.3 and 6.5°C/s)
in a double cone laboratory mixer (20 min. 50 rpm).

3)Compacting

The three sets of test pieces were prepared: dog bone (Fig.4a),
rectangular (10x55 for Charpy test - Fig.4b) and disk (40mm
diameter for wear test - Fig.4c). The test pieces were using
200kN hydraulic press (manufactured by Uboli-Olivetti).
Compacting was carried out with pressure of 500 and 600 MPa.

Fig. 4. Test pieces: a) dog bone, b) charpy, c) disk

4)Debinding

Debinding process was performed in fully nitrogen atmosphere in
a separate furnace before the sintering process. Samples were
kept in the furnace at 550°C for one hour to remove the possible
largest fraction of lubricant.

5)Sintering

Sintering was performed in a vacuum furnace with argon
backfilling (pressure 5.0-10"" mbar). The furnace was equipped
with a cooling zone to provide accelerated cooling, from the
sintering temperature. Green compacts were sintered at 1120°C
for 30 minutes in vacuum atmosphere and rapidly cooled in
nitrogen three different rates: rapid cooling (6.5°C/s), medium
cooling (1.6°C/s) and slow cooling (0.3°C/s, no gas added). All
cooling rates are presented in figure 4. Green compacts were
tempered in vacuum in the same furnace (at 200°C for 60
minutes) and cooled in nitrogen.

Absolute density of powders and solids in form of charpy
samples (small pieces of samples) was measured on the Accu-Pyc
1330 helium apparatus in Institute for Non-ferrous Metals,
Gliwice. The test based on compensation the pressure between a
measurement cell with examined test pieces and a standard cell.

Research paper ,

Volume 37 Issue 2 December 2009

Microstructure was investigated using LEICA MEF4A light
microscope after polishing samples and metallographic etching
with Nital 2%. Moreover, powder steels and graphite morphology
examination was carried out by using SEM. Observation of
investigated samples was carried on using scanning electron
microscopes ZEISS SUPRA 35 and OPTON DSM 940.
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Fig. 4. Samples were sintered and cooled with three different rates

Microstructure was investigated using LEICA MEF4A light
microscope after polishing samples and metallographic etching
with Nital 2%. Moreover, powder steels and graphite morphology
examination was carried out by using SEM. Observation of
investigated samples was carried on using scanning electron
microscopes ZEISS SUPRA 35 and OPTON DSM 940.

Micro hardness (HVO0.1) test was done on each surface using
Vickers hardness tester. Research was carried out with load of
mark 100g according to standard PN-EN ISO 6507-1.

Phase composition analyses of the investigated test pieces
were made on the PANalytical X'Pert PRO diffractometer, using
the filtered X-ray Co Ka, step 0.05, time counting 10 sec. at
voltage of 40 kV and tube current of 30 mA.
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Fig. 5. The pin on plate device
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The investigation of wear resistance of the tested materials
was performed using the pin-on-plate machine - developed in
Silesian University of Technology in Gliwice with 10 N load and
different number of cycles (1000, 2000, 3000, 4000, 5000), in
sequence of 22, 44, 66, 88, 110 metres. The device implements a
dry friction between head with metallic ball doing reciprocating
its movement of test piece. Samples were ground using the
abrasive paper (1200 pm/mm?) to obtain a flat and smooth
surface. Test was performed with ball made using a tungsten
carbide (diameter 8.731 mm). Samples were weighed using
laboratory scale before testing and after completing the cycle.
Samples were washed in the ultrasonic washer to clean them and
their wear was specified of based on measured mass loss and
evaluated from the geometry of their wear groove.

3. Results and discussion

The results of the absolute density of pre-alloyed powder
Astaloy CrL and Astaloy CrM measured on Accu-Pyc 1330
helium apparatus are presented in Table 2.

Table 2.
Densities of pre-alloyed powders
Measured value

Kind of

Number of Density
powders purges Average Stand. Deviation
Astaloy CrL 5 7.9403 0.0015
Astaloy CrM 5 7.8388 0.0013

Three different systems were tested using sinter-hardening process.
The green densities for the first lot with rapid cooling were in the
range from 6.5 to 6.8 g/cm® (rectangular samples) and from 6.6 to
6.9 g/em® (disk samples). The sintered densities were between 6.4
to 6.9 g/em’ (rectangular samples) and 6.5 to 6.9 g/em® (disk
samples). The green densities for the second lot with medium
cooling were included in the range from 6,5 to 6,8g/cm’
(rectangular samples) and from 6.7 to 6.9 g/em® (disk samples).
The sintered densities were between 6.5 to 6.8 g/cm® (rectangular
samples) and 6.7 to 7.0 g/cm’(disk samples). The green densities
for the third lot with low cooling were included in the range from
6,5 to 6.9 g/cm’ (rectangular samples) and from 6.6 to 6.9g/cm’
(disk samples). The sintered densities were between 6.4 to 6.8
g/em’ (rectangular samples) and 6.5 to 6.9 g/cm’(disk samples).

Among materials with the same volume of graphite and lubricant,
three highest densities, depending on cooling rate, were obtained: from
both the first and third lot 6.9 g/em’ (the steel with applied 600 MPa
pressure, and Astaloy CrM powder); from the second lot — 7.0 g/em® (the
steel with applied 600 MPa pressure, and Astaloy CrL powder). Figure 6
presents sintered densities measured with help of Accu-Pyc 1330
helium apparatus. Densities obtained after sintering are
characteristic of lower values which is consistent with
specification obtained from Hoganis.

The sinter-hardening process of first lot of samples, cooled
with slow cooling, determined the formation of ferrite-pearlite
microstructures for both Astaloy CrL and CrM (0.2%Mo-
1.5%Cr-0.6%C) steels with pressures of pressing 500MPa and
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600MPa. Figure 10a present microstructures after LOM analysis.
Figure 11a present microstructures after LOM analysis. Figure 7
is presented XRD pattern of CrL 500MPa, rapid cooling, Fea
peaks were found there.

03 1,7
Cooling rate [°C/s]

Il Sintered ] Absolute density

[
o

Fig. 6. Sintered and absolute density (air density according to
standard atmosphere) of examined compositions (rectangular
chosen samples), where: A - CrL500 MPa, B - CrL600 MPa,
C - CrM500 MPa, D - CrM600 MPa

The sinter-hardening process of second lot of samples, cooled
with medium cooling, determined the formation of mainly ferrite-
pearlite microstructures. Microstructures obtained for Astaloy
CrL(0.2%Mo-1.5%Cr-0.6%C) steels with  pressures of
compacting S00MPa and 600MPa are presented in order a ferrite-
pearlite (Fig. 10b and 11b) and ferrite-pearlite with some trucks
of bainite microstructures. Microstructures obtained for Astaloy
CrM(0.5%Mo-3%Cr-0.6%C) steels with pressures of compacting
500MPa and 600 MPa are presented in both cases ferrite-pearlite
with some amount of bainite microstructures. Figure 8 is
presented XRD pattern of CrL 500 MPa, rapid cooling, Fea peaks
were found.
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Fig. 7. X-ray diffraction pattern of CrL 500MPa, slow cooling



http://www.journalamme.org
http://www.journalamme.org
http://www.journalamme.org
http://www.journalamme.org

Journal of Achievements in Materials and Manufacturing Engineering

The sinter-hardening process of third lot of samples, cooled
with rapid cooling, determined the formation of mainly
martensite-bainite microstructures. Microstructures obtained for
Astaloy CrL(0.2%Mo-1.5%Cr-0.6%C) steels with pressures of
compacting 500MPa and 600MPa are presented in order a
martensite  (Fig. 10c and 1lc) and marteniste-bainite
microstructures.  Microstructures ~ obtained for  Astaloy
CrM(0.5%Mo-3%Cr-0.6%C) steels with pressures of compacting
500MPa and 600MPa are presented in order bainite and
martensite-bainite microstructures. Figure 9 is presented XRD
pattern of CrL 500MPa, high cooling, were found Fea and Fey
peaks.
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Fig. 8. X-ray diffraction pattern of CrL 500MPa, medium cooling
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Fig. 9. X-ray diffraction pattern of CrL 500 MPa, rapid cooling

The microhardness of studied materials strongly depends on
the applied kind of powder. The measurements of microhardness
were performed of samples surface starting 20 um from the edge
and continuing with the step of 100 um up to the center. The
highest value was achieved for steel containing 0,6% C (CrL, 500
MPa, rapid cooling). The average value for this set of samples
was 474.76 HV,, ;. The max. value was 566.07 HV, ;. The lowest
value was achieved for steel containing 0.6% C (CrL, 500 MPa,
medium cooling). The average value for this set of samples was
99.91 HV,;. The highest value of microhardness was achieved
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for steel containing 0.6% C (CrM, 600 MPa, medium cooling),
where the average was 157.91 HV,; and a max. value was
181.31 HV,; The lowest value (83.72 HV, ;) was achieved for
steel (CrL, 500 MPa). The highest value of microhardness was
achieved for steel containing 0.6% C (CrM, 600 MPa, slow
cooling), where the average was 200.53 HV,; and a max. value
was 234.22 HV,; The lowest value (102.33 HV, ;) was achieved
for steel (CrL, 600 MPa).

a)

b)

<)

Fig. 10. Microstructure of Astaloy CrL 500MPa sintered steels: a)
slow cooling; b) medium cooling; c¢) rapid cooling;
light optical microscopy (LOM)
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Fig. 11. Microstructure of Astaloy CrL 500MPa sintered steels:
d) slow cooling; e) medium cooling; f) rapid cooling; SEM

The microhardness of studied materials strongly depends on
the applied kind of powder. The measurements of microhardness
were performed of samples surface starting 20 um from the edge
and continuing with the step of 100 um up to the center. The
highest value was achieved for steel containing 0,6% C (CrL, 500
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MPa, rapid cooling). The average value for this set of samples
was 474.76 HV, ;.The max. value was 566.07 HV,,. The lowest
value was achieved for steel containing 0.6% C (CrL, 500 MPa,
medium cooling). The average value for this set of samples was
99.91 HVy,. The highest value of microhardness was achieved
for steel containing 0.6% C (CrM, 600 MPa, medium cooling),
where the average was 157.91 HV,;, and a max. value was
181.31 HV,; The lowest value (83.72 HV,;) was achieved for
steel (CrL, 500 MPa). The highest value of microhardness was
achieved for steel containing 0.6% C (CrM, 600 MPa, slow
cooling), where the average was 200.53 HV,; and a max. value
was 234.22 HV,; The lowest value (102.33 HV,,) was achieved
for steel (CrL, 600 MPa).

There are slight differences between results of measurement
for steels cooled on two cooling rates slow and medium. We can
classify these results into two cases. However, there are
significant differences between results of measurement for steels
cooled with these cases and rapid cooling. These all differences
could have come from porosity, which characterised these
materials. Comparable results obtained in the case of slow and
medium cooling rate (mainly ferrite-pearlite structures or
inversely proportional). Figure 12 presents microhardness of
studied materials.

@ CrL 500MPa O CrL 600MPa O CrM 500MPa OO CrM 600MPa
500 -

400
300

200 -

Microhardness [HV 0,1]

100 -

,3 1,6 6,5
Cooling rate [°C/s]

Fig. 12. Microhardness in versus cooling rate; average values

The next step was to measure the wear resistance. Figures from 13
to 15 present relationship percentage loss of mass depending on
sliding distance and kind of cooled material with different rates.

In the first case (steel cooled with slow cooling) it was found
that the maximum wear is characteristic of Astaloy CrL 500 MPa
steel sample, after traversed 110 m (it is 0,045%) (Fig. 13).
Whereas the minimum wear (it is 0.0085%) is characteristic of a
steel sample from Astaloy CrM 600 MPa. There was found that
the minimum wear of abrasive ball took place during cooperation
with steel samples of Astaloy CrL i CrM pressing under 600MPa
pressure.

In the second case (steel cooled with medium cooling) it was found
that the maximum wear (it is 0.038%) is characteristic of Astaloy
CrM 500MPa steel sample (Fig. 14). Whereas the minimum wear (it is
0.0078%) is characteristic of a steel sample from Astaloy CrM
600MPa. There was observed that during tests an abrasive ball
was wear insignificant in case of cooperating with the minimum
wear of abrasive ball took place during cooperation with Astaloy
CrL 500 and 600MPa steel samples, but it does not give in to
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wear during cooperation with Astaloy CrM 500 and 600MPa
steel samples.

In the third case (steel cooled with rapid cooling) it was found that the
maximum wear (it is 0.0082%) is characteristic of Astaloy CtM
600MPa steel sample (Fig. 15). While the minimum wear (it is
0.0052%) is characteristic of a steel sample from Astaloy CrL
500MPa. In case materials cooled with this rate, it was found a
mass allowance of abrasive ball, after cooperating with Astaloy
CrL 500 and 600MPa materials, what was caused by adhering
threadbare file dusts of sample on a surface of abrasive ball
during weighing.

——Crl 500 —8—Crl 600 —be—CrM 500 —=—CrM 800
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0015

Loss of mass[%]

0 20 40 60 80 100 120

Distance [m]

Fig. 13. Loss of mass in versus sliding distance for the steel
cooled with slow cooling

00357 —g—Crl 500 —W—CrL 600 —i—CrM500 —— Crl 500

0032 A

0,025 4

002

0,015 4

Loss of mass [%]

0,01 A

0,005 4

Distance [m]

Fig. 14. Loss of mass in versus sliding distance for the steel
cooled with medium cooling
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Fig. 15. Loss of mass in versus sliding distance for the steel
cooled with high cooling
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Next, calculations were carried out on the based wiped
groove of dimension (Fig.16), obtaining in this way geometrical
loss of mass. Data shown were illustrated on Figures from 17 to
19. Comparing obtained results of geometrical loss of mass with
actual one, it was found that the accuracy results of geometrical
method is contingent on accuracy performing length and width
measurements of wiped groove, moreover analytical results are
higher than real calculations. However, making general
comparison both methods first and second, it was found that they
indicated similarly, which of materials is more resistant to
abrasion.

=

e e —

Fig. 16. Micrograph of wiped groove dimensions
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Fig. 17. Geometrical loss in versus sliding distance for the steel
cooled with slow cooling
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Fig. 18. Geometrical loss of mass in a function of sliding distance
for the steel cooled with medium cooling
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Fig. 19. Geometrical loss of mass in a function of sliding distance
for the steel cooled with rapid cooling

4. Summary

Investigations of CrL and CrM sintered steels alloys proved
that: application of different cooling rates effecting on the
formation of different microstructures and because of this, also on
properties. It was observed that a rapid cooling rate provides higher
materials wear resistance than the medium and slow cooling rate. The
highest value was obtained for a CrM 600MPa sample (rapid
cooling) for wear resistance test (using pin on plate). The highest
value was obtained for a CrM 500MPa sample (rapid cooling) for
wear resistance, where calculations were carried out. The actual
method of mass loss in comparison with a geometrical method
gives precise results, because it is not burdened with any
simplifications and its precision depends from accuracy of
laboratory balance only. Higher cooling rate is directly influencing
the structure of tested samples. Those which were cooled down
with a higher cooling rate have a martensitic structure and those
with medium cooling rate have a ferrite-pearlite microstructure
(CrtM 600MPa sample), with slow cooling rate has a ferrite-
pearlite  microstructure with some amount of bainite
microstructures (CrM 600MPa sample).
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