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Purpose: The goal of this work is to obtain the gradient materials based on the non-alloyed steel reinforced high-
speed steel using the conventional powder metallurgy method and pressureless forming powder metallurgy.
Design/methodology/approach: Forming methods were developed during the investigations for high-speed
and unalloyed steel powders, making it possible to obtain materials with six layers in their structure. The non-
alloyed steel was fabricated by mixing iron powders with graphite.

Findings: It was found out, basing on the hardness tests, that the layer built of steel without any alloy elements
demonstrates very low hardness in comparison with the transition layer and the HS6-5-2 high-speed layer. The
density of the specimens rises with increasing temperature. It was also observed that porosity decreases along
with the carbon content in these layers.

Practical implications: It was noticed, that increase of the sintering temperature results in the uncontrolled
growth and coagulation of the primary carbides and melting up to forming of eutectics in layers consisting of
the high-speed steel. Developed material is tested for turning tools.

Originality/value: The layers were poured in such way that the first layers consisted of the non-alloy steel and
the last one from the high-speed steel, and were compacted next. The layers inside the material are mixes of the
high-speed steel and non-alloy steel powders in the relevant proportions.
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stepwise build-up of the graded structure from precursor materials
or powders. In homogenizing processes a sharp interface between
two materials is converted into a gradient by material transport.
Segregating processes start with a macroscopically homogeneous

1. Introduction

Functionally gradient materials (FGM) are materials whose
properties change in their volume. The property gradient in the

material is caused by a position-dependent chemical composition,
microstructure or atomic order. The material properties can
change continuously, gradually or discreetly (abruptly). Gradation
processes can be classified into constitutive, homogenizing and
segregating processes. Constitutive processes are based on a
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material which is converted into a graded material by material
transport caused by an external field. Homogenizing and
segregating processes produce continuous gradients, but have
limitations concerning the types of gradients which can be
produced [1-10].
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For several decades there have been attempts to develop and a)
produce a tool material which would demonstrate high abrasion
resistance in use coupled with high ductility. In reality combining
such properties is impossible to achieve. Nonetheless, various
attempts to partially solve this problem by creating layer structures,
developing composite materials, applying single-layer PVD and
CVD coatings, pad welding or spraying hard layers with the metal
spraying method, have been undertaking. The above methods,
however, demonstrate several disadvantages including all kinds of
limitations connected with inappropriate surface layer thickness,
adhesion of the surface layer, or excessive stress between the
surface layers and the base. Due to these limitations, research work
is continued to develop technologies which would lead to obtaining
functionally gradient materials (FGM) and applying gradient
surface coatings composed of various tool materials, i.e. high-speed b)
steels, tool alloy steels for hot-work and cold-work applications,
onto appropriate base materials. The use of the powder metallurgy
method offers a combination of high abrasion resistance
(characteristic of sintered carbides and cermetals), high ductility
(corresponding to high-speed steels and traditional carbide-steels)
and lower production costs. The main advantage of these materials
is extremely high abrasion resistance combined with relatively high
ductility of the core material, which is particularly important in
materials designed for die tools, hot-work plastic forming tools,
heavy duty machining tools for high-speed operation and shape
machining tools. The main objective of this work is to develop
modern gradient materials through the powder metallurgy methods
in order to ensure the required properties and structure of the
designed material [11-15]. c)

2. Mlaterials for research

The experiments were carried out on specimens produced
using the pressureless forming method, the conventional powder
metallurgy method involving powder compacting in the closed
matrix followed by sintering, and the cold isostatic pressing
method. The powders used for specimen production are detailed
in Table 1. The particles of the gas- and water-atomized HS6-5-2
high-speed steel powders, as well as iron and carbon particles are
shown in fig. 1. The chemical composition of the gas- and water-

atomized HS6-5-2 high-speed steel powder is shown in Table 2. d)
Table 1.
Powders used for fabricating the materials

Powder Gra:Pn;slze, Additional information

High-speed steel powder, gas
HS6-5-2 >21 atomized, from OSPREY METALS,
Neath, UK
High-speed steel powder, water > .
atomized, from HOGANAS J ~

HS6-5-2 >150

: Eok los S - AccV  SpotMagn  Det wDHI'A/—'| ‘2:):|.|'m

rom Eckagranules, Senecorut, F- 2001y 60 (000« BSESS Gty

Fe >50 60140 Baileval

c 99.5%<40  Natural, layered coal, class EDM96- Fig. 1. Scanning electron micrographs of: a) HS6-5-2, gas
50%<18 97, ISMAF atomized, b) HS6-5-2 water atomized, c) iron, d) carbon powders
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Table 2.

Chemical composition of Osprey and Hoganas HS6-5-2 high-
speed steel powders

Mass concentration, [%]

Element Osprey Hoganas
C 0,82-0,92 0,75-0,90
Mn <0,4 0,20-0,45
Si <0,5 <0,45

P <0,030 <0,04

S <0,030 <0,04

Cr 3,5-4,5 3,75-4,5
Ni <0,4 0,2

Mo 4,5-55 4,5-5,5
W 6,0-7,0 5,50-6,75
\Y 1,7-21 1,6-2,2
Co <0,5 0,1

Cu <0,3 0,1

Fe rest rest

The uniaxially pressed and sintered specimens were made
from the HS6-5-2-Hoganas powder (due to its better charge
density compared to the M2-Osprey) and the unalloyed steel
powder. The pressing was carried out in an uniaxial, single-action
die (fig. 2a). The powder was put in a die placed between two
punches: one stationary and one moving. The pressing was carried
out at the pressure of 500MPa.

The specimens obtained through isostatic pressing and
sintering were made from the HS6-5-2-Hoganas, the HS6-5-2-
Osprey and the unalloyed steel powders. The pressing of the
powder is performed at ambient temperature, under pressure
transferred by the liquid. The powder filled form (placed in a
special container) was immersed in a liquid pressing medium
exerting even pressure on the surface of the initially formed
specimen (fig. 2b) [11].

a)

1. 100% Steel (Fe + 0,5%C)
2. 50% Steel (Fe +0,5%C) + 50% HS6-5-2
3. 100% HS6-5-2

Fig. 2. Powder forming sequence and proportions for uniaxially
pressed and isostatic pressing
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The pressureless powder forming, uniaxial pressing and cold
isostatic pressing methods were used to make the profiles. The
pressureless powder forming method consists in mixing the binding
agent with metal powders, the Loctite PMS 90E thermo-setting resin
was used as the binding agent (liquid in ambient temperature and
polymerizing in the 80+90°C temperature range). The binding agent
density was 1.0 g/cm®. The following powders were used for making
the greens: HS6-5-2-Osprey and the unalloyed steel powder. The
metal powder volume fraction was 60% [11-15].

Next, the layers of the polymer/powder slurry were poured into
glass moulds and were respectively subjected to polymerization,
starting from the slurry which did not contain high-speed steel. The
binding agent polymerization process was performed in an electric,
chamber furnace at the temperature 90°C over the period of 15
minutes. The polymer/powder profiles thus obtained were removed
from the glass moulds (fig. 3) and subjected to thermal binding agent
degradation in a chamber furnace at the temperature of 400-550°C in
steps of 50°C in the atmosphere of the flowing argon N2-10%H2.
Carbon concentration analysis, depending on the binding agent
degradation and sintering temperatures, was carried out with the
LECO CS-200 type apparatus [11-15].

Mixing x3

{ Po, /] v
\ M

polymer/powder profiles

1™ layer: 40% binder + 60% HS6-5-2 %
o . i 9 0, 4— 3 Q
2" layer: 40% binder + 30% HS6-5-2 + 30% steel .
= (\

3" layer: 40% binder + 60% steel

Fig. 3. Metal powder and binding agent fraction

The sintering was carried out in a vacuum furnace at the
temperature 1100+1350°C in steps of 50°C. In order to prevent
cracking the specimens were heated at the rate of not exceeding
5°C/min.

All the specimens in the sintered state, obtained through various
powder forming methods, were then subjected to density, hardness
and porosity testing, and were observed on a scanning electron
microscope (SEM) additionally furnished with a backscattered
electron detector and energy dispersive analyzer (EDAX D4). The
density testing was performed with the Archimedes method
consisting in measuring the specimen virtual mass immersed in water.
Hardness was measured using the Vickers hardness tester with the
intender load of 9.8N. The measurements were taken across the whole
width of the sample section with seven measurement points for each
layer. The porosity testing was carried out using an optical
microscope. For each measurement 5 random points were selected
from each layer [11-15].
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3. Results and discussion

Basing on the thermogravimetric examination the binding
agent thermal degradation cycle was selected for the specimens
with thermosetting resin (fig. 4). The degradation cycle was
selected to include three isothermic stops lasting 30 minutes each.
The first stop starts at the initial degradation temperature, i.e.
200°C, the next one at 300°C, and the third at 400, 450 or 500°C.
The heating rate from ambient temperature to the first isothermic
stop, and from the first to the second isothermic stop was selected
experimentally at 1°C/min. Between the first and the second
isothermic stop the heating rate is 2°C/min. After the completion
of the binding agent degradation cycle, cooling down to ambient
temperature. The cooling rate is 5°C/min. The heating and cooling
rates were selected to prevent cracking caused by increasing gas
pressure inside the forming pores [11-15].
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Fig. 4. The degradation of the binding agent cycle

The specimens made with the pressureless forming method
were found to contain the highest carbon concentration after
degradation at 350°C (fig. 5). Carbon concentration depends on
the binding agent degradation temperature, the green arrangement
in the furnace and on the flow direction of the gas used.
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Fig. 5. The impact of the binding agent degradation temperature
on carbon concentration in pressurelessly formed specimens

The hardness of all the specimens obtained through
pressureless forming as well as compacting and sintering rises
with the higher sintering temperature (fig. 6). The layer built of
steel without any alloy elements demonstrates very low hardness
in comparison with the transition layer and the HS6-5-2 high-
speed layer. The highest hardness is demonstrated by the
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specimens following the cold isostatic pressing made from the
Osprey high-speed steel powder.

The density of the specimens subjected to thermal debinding
and sintered at 1150, 1250 or 1350°C depends on the sintering
temperature. The density rises with increasing temperature. The
density examination results for pressurelessly formed steels (PLF)
and compacted and sintered steels (PM) are shown in fig. 7.

B Uniaxial pressing @ CIP-Osprey

o CIP-Hoganas O Pressureles forming

500
< 450 -
I 400
«» 350 -
g 300 -

250
= 200 |
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100 -
50 -
0 -

Non-aloy steel

HS6-5-2

Non-aloy steel
+HS6-5-2
Layers

Fig. 6. Mean hardness values (for three layers) for PLF and PM
specimens
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Fig. 7. The density/sintering temperature chart for PLF and PM
specimens

Irrespectively of the production method, for the specimens
compacted and sintered at the temperature of 1250°C, three
gradually changing layers in the material volume are observed
(fig. 8). The pores visible in the unalloyed steel layers indicate an
incomplete sintering process. These pores disappear when the
sintering temperature is increased. The pores are smaller in the
high-speed and transition layers at the temperature exceeding
1250°C. Mean porosity values are shown in fig. 9. Basing on the
microstructure examination it was found that the sintering
temperature which ensures high density and homogeneous
structure with fine primary carbide precipitations, should not
exceed 1250°C.
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Fig. 8. The structure of specimens sintered at the temperature of
1250°C: a) after uniaxial pressing, b) after cold isostatic pressing
using the Hoganas powder, c) after cold isostatic pressing using
the Osprey powder

In the case of the compacted and sintered specimens the
sintering temperature should be about 1300°C (fig. 12). It was noted
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that irrespective of the method the increasing sintering temperature
in the high-speed steel layers causes uncontrollable growth and
coagulation of primary carbides. Basing on the structure
examination of the pressurelessly formed as well as compacted and
sintered specimens the high-speed and transition layers were found
to contain finely distributed carbides. As a result of the increase in
the sintering temperature, carbide coagulation and melting leading
to eutectic formation occur. (fig. 13).
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Fig. 9. Porosity comparison for compacted and sintered
specimens: a) HS6-5-2 high-speed steel layer, b) transition layer
(50% HS6-5-2 high-speed steel and 50% unalloyed steel), c)
unalloyed steel layer
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Basing on the microstructure examination it was found that
the sintering temperature which ensures high density and
homogeneous structure with fine primary carbide precipitations,
should not exceed 1250°C .

For the pressurelessly formed specimens, the high-speed and
transition layers were found to contain finely distributed carbides. As
a result of the increase in the sintering temperature, carbide
coagulation and melting leading to eutectic formation occur (fig.10).

a)

AccV  Spot Magn

200kv 55 38x BSE 10.4 R1250

AccV SpotMagn Det WD 1 1mm

200kvV 5.4 48x

BSE 82 R1350

Fig. 10. The structure of specimens made with pressureless
forming and sintered at the temperature of: a) 1250°C, b) 1350°C

It was found out basing on investigations of the fabricated
materials that the portion of pores in the particular layers of the
gradient materials decreases along with the carbon concentration
increase in particular layers. An increase of carbon concentration
lowers the sintering temperature in all layers. Therefore, five test
pieces were made with varying carbon content to select the optimum
value of carbon concentration and sintering temperature. The way in
which the powder slurry is poured was also modified (fig.11).

Microhardness of the compacted and sintered test pieces
grows along with the carbon concentration and sintering
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temperature increase. The layer from steel without any addition
of alloying elements demonstrates very low hardness compared
to the intermediate layers and the layer from the HS6-5-2 high-
speed steel (fig. 12).

100% HS6-5-2

80% HS6-5-2 + 20% (Fe+x%C)
60% HS6-5-2 + 40% (Fe+x%C)
40% HS6-5-2 + 60% (Fe+x%C)
20% HS6-5-2 + 80% (Fe+x%C)
100% (Fe+x%C)

x=0,9%C; 1,1%C; 1,3%C; 1,5%C; 1,7%C

Fig. 11. Powder forming sequence and proportions uniaxially
pressed

0 0,9%C 01,7%C

700+
600
500+
400+
300+
200+
100+

0

Hardness, HV

steel< >HS6-5-

Layers

Fig. 12. Mean hardness values (for six layers) for PM specimens

In case of test pieces with a bigger number of layers the
boundaries between layers disappear as the carbon concentration
grows in the particular layers (fig. 13 a, b, c). In case of materials
with the highest carbon content (1.7%) boundaries between the
layers are no longer visible. The visible pores in layers with the
non-alloy steel indicate to the incomplete sintering process. The
pores disappear along with the sintering temperature and carbon
content growth in the particular layers.
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Fig. 13. The structure of specimens sintered at the temperature of
1250°C after uniaxial pressing, with six layers in their structure with
deferent carbon concentration values: a) steel (Fe+ 0,9%C), b) steel
(Fe+ 1,3%C), c) steel (Fe+ 1,7%C)
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4.Summary

Basing on the experimental examination of gradient materials
produced through the pressureless forming, uniaxial, single-action
pressing and cold isostatic pressing methods, it was found that the
materials made with cold pressureless forming demonstrate the
highest density reaching about 98% of theoretical density. The
pressureless forming method is more viable economically. Apart form
the furnace for binding agent degradation and sintering no other
equipment is required. Another advantage of this method is the
possibility of obtaining a profile of higher density and homogeneous
powder distribution in the binding agent matrix. Higher high-speed
steel density in pressurelessly formed materials, in comparison with
the high-speed steel density in compacted and sintered materials, is
caused by higher carbon concentration. The carbon, being a product
of binding agent degradation, surrounds the high-speed steel powder
grains and, by diffusing into the layers of surface grains, lowers the
sintering temperature and initiates the sintering process [10-15].
Hence the sintering temperature corresponding to the maximum
density of the pressurelessly formed materials is lower in comparison
with the materials made using traditional powder metallurgy methods.
In case of the test pieces sintered at temperature of 1250°C - with
three layers - one may observe three layers changing gradually (in the
material volume). In case of test pieces with a bigger number of layers
the boundaries between layers disappear as the carbon concentration
grows in the particular layers. In case of materials with the highest
carbon content (1.7%) boundaries between the layers are no longer
visible. The pores disappear along with the sintering temperature and
carbon content growth in the particular layers.
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