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High-speed steel (HSS) consists of Fe and several kinds of transition metal carbides. This steel is applied to cutting todls an
as wear-resistant materials. When used as a cutting tool, HSS experiences relatively high thermal shock because a coolant such
as water or oil is flowed over the surface of the heated HSS. The purpose of this research is to increase the hardness, $trengt
fracture resistance and thermal shock resistance of HSS. A possible strategy is to incorporate a hard ceramic material of high
strength into an HSS matrix. This paper describes the molten state processing of such a composite with oriented unidirectional
alumina fibers (10 um diameter) - HSS system. The HSS powder layer (5 mm or 1 cm) and the fiber layer (19%5) were
alternatively inserted at 2 or 20 vol% fibers in a carbon mold and heated at 1630 for 5 minutes in an Ar atmosphere to melt

the HSS. During the heating, phase separation of the composite occurred to form an upper layer of fibers and a lower layer
of the molten HSS. This phenomenon resulted from the density difference and low wettability between the two components.
The solidified HSS of 90.5% theoretical density was made of pearlite (a mixture of & and a-Fe) and transition metal
carbides, and provided a high Vickers hardness of 9.14 GPa. On the other hand, our previous study revealed that the hot-
pressing of laminated green composites under a pressure of 39 MPa at low temperatures of “dAMCPC produced
homogeneous dense structures without phase separation. The combination of the results derived in the above two processings
leads to the conclusion that the key factors to produce dense laminated composites are the control of the heating temperature
and applied pressure.
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Introduction The critical temperature differencATc) to achieve
no crack formation in brittle materials is expressed by
High-speed steel (HSS) consisting of Fe and severalATc =0 (1-v)/aE, whereg is the tensile strengthy,

kinds of transition metal carbides has a high fracture the Poisson ratiay the thermal expansion coefficient,
toughness (25~28 MPa*f) and high hardness (7.5 and E the Young's modulus. It is understood that a high
GPa, Vickers hardness) [1, 2]. This material is applied o and a low E are the effective factors to increase the
to cutting tools or as wear-resistant materials. In the thermal shock resistance. A higher Young’s modulus
case of cutting tools, the use of HSS experiencesand a lower thermal expansion coefficient of a ceramic
relatively high thermal shock because a coolant such asnaterial compared with the properties of HSS, provide
water or oil is flowed over the surface of the heated the opposite influence on the thermal shock resistance
HSS. To overcome the high thermal shock, a high of the composite. When the product @ becomes
strength is needed for the HSS. The purpose of thislower in the ceramic/HSS composite, the thermal shock
research is to increase the hardness, strength, fractureesistance of the HSS may be improved with a similar
toughness and thermal shock resistance of HSS. Astrength. Based on the above ideas, the incorporation of
possible strategy is to incorporate a hard ceramiclong alumina fibers into an HSS was planned. This
material with a high strength into HSS matrix [3-5]. fiber has a high tensile strength of 1.8 GPa in addition
The strength of the composite depends on the volumeto high hardness [6, 7]. This paper describes the pro-
fraction and strength of the incorporated ceramic cessing of a composite by addition of long alumina
material. The fracture toughness dk (2 Ey)*°) of fibers into a molten HSS. In our previous study [4, 5],
HSS increases with the addition of ceramic material long alumina fibers/HSS laminated composites were
with a high Young’s modulus (E) and by the prepared through the hot-pressing at 900°-1100°C. This
introduction of fracture energy adsorption mechanisms processing succeeded in achieving a dense composite
providing an increase of fracture energy ( with a high degree of dispersion of long fibers in an
HSS matrix [5]. In addition, the low processing temper-
atures were effective in minimizing the degradation of

*%S{ fefgf_g%i_”zgsggggg fibers during the processing. However, only a restricted
Fax: +81-99-257-4742 shape qf composite is formed by the_ hot-pres_sing. The
E-mail: hirata@apc.kagoshima-u.ac.jp processing using a molten HSS eliminates this type of
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shape restriction of forming. A big problem in such a sample 1, 25°C sample 2 , 25°C

high temperature processing may be the degradation of graphite n
long fibers due to the grain growth of alumina or T
sintering between fibers in a filament yarn. This paper
reports the challenging work on a molten state pro-
cessing of the alumina fibers/high-speed steel compo-

site.

A high-speed steel powder (Mitsubishi Steel Mfg.
Co., Ltd., Japan) with a cumulative particle size distri-
bution of 4.43um/10%, 11.23um/50% and 24.93m/
90% and the following chemical composition: 81.91

crucible
alumina

Experimental Procedure 1630°C

alumina

mass % Fe, 0.85 mass % C, 4.03 mass % Cr, 1.94 magmelten HSS — molten H/SS

% V, 4.88 mass % Mo, and 6.01 mass % W was used g 1 appearance of the alumina fiber/HSS layered composites
The true density measured with a pycnometer usingbefore and after heating at 1630n an Ar atmosphere.

kerosine was 7.931 g/émThe unidirectional alumina

fiber yarn of 195um thickness (1000 filament/yarn,

Mitsui Mining Material Co., Ltd., Japan) were made of fiber) was completely changed after the heating, result-
long fibers with an average diameter of | ifh and a ing in an upper layer of alumina fibers and a lower
chemical composition of AD;>99.5 mass %. The layer of HSS. The above phenomena observed in
true density of the fibers was 3.649 gicifhe tensile samples 1 and 2 are ascribed to the density difference
strength and tensile modulus are reported by theand low wettability between the two components.
supplier to be 1.76 GPa and 323 GPa, respectively. TwoFigure 2 shows SEM photographs of (a) spherical
types of laminated green composites were formed in particles HSS on alumina fibers in sample 1 and (b)
cylindrical graphite molds. Six 5 mm thick layers of transition metal carbides elongated in the HSS of

HSS powder and five 19am thick layers of alumina
yarn were laminated alternatively at 2.0 vol% fiber
content in a 50 mm diameter mold (sample 1). Another
green composite (sample 2) was formed by putting a
1cm thick HSS powder layer on the top of a 1cm thick
alumina fiber layer with 20 vol% fiber content in a
graphite crucible. These samples were heated to 163(
°C at a rate of 10 K/minute, and held for 5 minutes in
an Ar atmosphere (FVH-5 type, Fuji Denpa Kogyo
Co., Japan). The microstructures of the heated compo-
sites were observed by optical microscopy and scann-
ing electron microscopy (SM-300, Topcon Co., Japan)
after chemical etching with a mixed solution of 99.5
vol% ethanol/15.75 M-HN©=20/1 (volume ratio).
Polished surfaces were etched for 15 seconds ~ 30
minutes at room temperature. The Vickers hardness of
samples 1 and 2 was measured at a load of 2.94 N or
the surface polished with Im diamond paste (Model
MVK-F, Akashi Seisakusho Co., Tokyo, Japan).

Results and Discussion

Microstructures

Figure 1 shows the appearance of the alumina fiber
(2 vol%)-HSS layered composites cooled from 1630°C
in an Ar atmosphere. No layered structure was pro-
duced in sample 1. Molten HSS spread on the bottom

200um
f

of the graphite CrUCib!e; .Alumina fibers were observed Fig. 2. SEM photographs showing (a) spherical particles HSS on
on the top of the solidified HSS, and the fibers were alumina fiber in sample 1, and (b) transiton metal carbides

very brittle. The layered structure of sample 2 (20 vol% elongated in the HSS of sample 2.
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sample 2. The alumina fibers in sample 1 were sinteredferrite (@-Fe) and cementite (k@) produced from
to each other. In addition, a rough surface was produc-austenite y-Fe) during the cooling process (entectoid
ed due to the grain growth of the alumina. No temperature: 72&) of molten HSS from 163Q [8].
penetration of the molten HSS into the unidirectional The other transion metal (Cr, V, Mo, W) carbides may
alumina yarn was seen, indicating a low wettability of coexist with cementite as the black grains. No forma-
molten HSS on the alumina fibers. No alumina fiber tion of needle-like grains was observed in the mono-
was also seen in the solidified HSS layer in Fig. 2(b). lithic HSS hot-pressed below 11 (Figs. 3(a)-(c)).
The above information in Figs. 1 and 2 indicates the The tiny black grains in Figs. 3(a)-(c) are transition
difficulty of producing a uniform distribution of metal carbides. According to the phase diagram of the
alumina fibers in molten HSS under no external pre- Fe-C system [8}y-Fe is produced in the carbon content
ssure. On the other hand, the hot-pressing of laminatedrange of 0-1.5 mass % at 9aL0CC. That is, the
green composites at low temperatures of°4d®FC matrix of hot-pressed HSS changes to pearlite (
was successful in forming the homogeneous denseFe+FgC) below 7238C during the cooling process.
structure without phase separation [4,5]. The key The formation ofa-Fe and F¢C in the hot-pressed
factors to produce dense laminated composites are thédSS samples was identified from the X-ray diffraction
control of the heating temperature and applied pressurepatterns. As seen in Fig. 3, the increased hot-pressing
Although it was difficult to produce the alumina temperature caused (1) densification of the pearlite and
fibers-HSS laminated composites by a molten state (2) grain growth of the transition metal carbides.
processing, clarifying the microstructural and mech- Apparently, the processing through the molten HSS
anical difference of the HSS matrix densified by hot- provided significant grain growth of the pearlite and the
pressing and molten state processing is important totransition metal carbides.
improve the processing strategy of the composites.
Figure 3 compares the chemically etched microstruc- Densification and Hardness
tures for sample 2 (d) and the monolithic HSS hot-
pressed at (a) 990(b) 1030 and (c) 1108C under a Table 1 compares the densification behavior of hot-
pressure of 39 MPa in an Ar atmosphere. The featurespressed monolithic HSS and molten HSS composite.
of an alternative array of needle - like white and black The HSS powder was densified above 99% of theo-
grains in Fig. 3(d) represents the eutectoid structure ofretical density by hot-pressing at 18300CC. The

YD

Fig. 3. Chemically etched microstructures for the HSS hot-pressed at faj§am30, and (c) 1108C, and (d) for the HSS solidified fro
1630C.
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Table 1.Relative density and porosity of HSS processed by hot-pressing and by solidification of molten HSS

. Temperature  Applied pressure Relative density Open pore Closed pore
Sample Processing °C) (MPa) (%) (%) (%)
HP1 Hot-pressing 900 39 84.97 14.56 0.47
HP2 Hot-pressing 1030 39 99.85 0.05 0.10
HP3 Hot-pressing 1100 39 99.67 0.10 0.23
M1 Molten 1630 0 90.47 7.06 2.47
M2 Molten 1630 0 86.79 4.84 3.36
10 by the density and grain size of HSS. The good

linearity of hardness in the temperature range of 2,030
to 1630C indicates a stronger influence of grain size
than density (Fig. 3, Table 1). On the other hand, the
increased hardness in the temperature range 6ft®00
1030C may be strongly associated with the increased
density. Figure 5 shows the shape of the diamond
indenter impression at 2.94 N on the chemically etched
surface of the HSS processed at 2683MNo crack was
formed in the eutectoid structure, suggesting a high
fracture resistance.

[4)]
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Fig. 4. Vickers hardness of the HSS as a function of processing _//hen the layered structure of HSS powder and
temperature. alumina yarn was heated at 1830in an Ar atmo-

sphere, phase separation occurred to form an upper

layer of fibers and a lower layer of the molten HSS
molten HSS at 163C was solidified to 87-90% of because of the density difference and low wettability
theoretical density. The formation of open and closed between the two components. The solidified HSS con-
pores in the solidified HSS may be associated with (1) sisted of the eutectoid structure of pearlite (alternative
the high viscosity of molten HSS, (2) the coexistence array of needle-like grains afi-Fe and FgC) and
of alumina fibers (obstacles for the migration of molten transition metal carbides. The Vickers hardness of
HSS) and (3) chemical reactions between the moltendense HSS processed by hot-pressing or solidified from
HSS and graphite crucible (formation of;Eg molten HSS was affected by the grain size of con-

Figure 4 shows the Vickers hardness of the HSS stituent phases, and reached 9.14 GPa in HSS prepared

matrix as a function of processing temperature. The at 1630C. Our previous study revealed that the hot-
hardness increased with an increase of processingpressing of laminated composites at ®@000C°C under
temperature, suggesting that the hardness was affected pressure of 39 MPa was effective in producing
homogeneous dense structures without phase sepa-
ration. The combination of the results in the above two
processings concludes that the key factors to produce
dense laminated composites are the control of the
heating temperature and applied pressure.
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