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The high-speed steel (HSS) consisting of Fe and several kinds of transition metal carbides has a high 
fracture toughness and high hardness. In this experiment, mullite long fibers with a high tensile 
strength and a low coefficient of thermal expansion were incorporated into HSS matrix to increase the 
hardness, strength, fracture toughness and thermal shock resistance. Monolithic HSS showed a change 
ofthermal expansion associated with the phase transition from y-Fe + Fe3C toy-Feat 1087 K during a 
heating process in an Ar atmosphere. The y-Fe + Fe3C -7 a-Fe + Fe3C phase transition temperature 
during a cooling process was measured at 600 - 1020 K, depending on the cooling rate of HSS. The 
incorporation of 15 - 30 vol% mullite fabric (85 mass% Alz03+ 15 mass% Si02) decreased the y-Fe + 
Fe3C -7 y- Fe phase transition temperature during the heating process and was effective to decrease 
the coefficient of thermal expansion. The experimentally determined coefficient of thermal expansion 
was compared with the theoretically calculated coefficient of thermal expansion. 
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l. INTRODUCTION 

The high - speed steel (HSS) consisting of Fe and 

several kinds of transition metal carbides has a high 
fracture toughness (25-28 MPa • m 112 

) and high hardness 

(7.5 GPa in Vickers hardness) [1, 2] . This material is 
applied to cutting tool or wear - resistant materials. The 

use of HSS experiences relatively high thermal shock, 
because a coolant such as water or oil is flowed over the 

surface of heated HSS. To overcome the high thermal 

shock, a high strength is needed for HSS. The purpose of 

this research is to increase the hardness, strength, 
fracture toughness and thermal shock resistance of HSS. 

A possible strategy is to incorporate a hard ceramic 
material with high strength in HSS matrix. The fracture 

toughness (Kic = (2 Ey)112 
) of HSS increases with the 

addition of ceramic material with a high Young's 
modulus (E) and by the introduction of fracture energy 
adsorption mechanisms providing the increase of 
fracture energy (y). The critical temperature difference 

(tHe) to no crack formation for brittle materials is 

expressed by ~Tc = o(l - v) I aE, where a is the tensile 

strength, v the Poisson ratio, a the coefficient of thermal 

expansion, and E the Young's modulus [3] . A higher 
Young's modulus and a lower coefficient of thermal 
expansion of ceramic material compared with the 
properties of HSS provide the opposite influence on the 
thermal shock resistance of composite. When the product 
of aE becomes lower in the ceramics I HSS composite, 
the thermal shock resistance of HSS may be improved. 
The typical values of a= 3.5 x 10-6 K-1 

[ 4 J and E = 210 

GPa for mullite provide the product of aE = 7.35 x 10-4 

GPa • K-1
• On the other hand, the product of aE for HSS 
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is calculated to be 3.12 X 10-3 GPa ·K-1 (a= 13 X 10-6 

K-1, E = 240 GPa). The above calculation suggests a 

possibility of increased thermal shock resistance with 

addition of mullite fiber to HSS. Furthermore, 

substitution of the typical values for mullite fiber, a= 

1.7-2.2 GPa, v =0.27, a= 3.5 x 10-6 K- 1 and E = 210 

GPa into the equation of critical temperature difference 
leads to ~Tc = 1688 - 2185 K, supporting the high 

thermal shock resistance. In this study, the coefficient of 
thermal expansion for mullite fiber I HSS composite was 

measured at 300 - 1273 K in an Ar atmosphere to 
increase the thermal shock resistance of the composite. 

2. EXPERIMENTAL PROCEDURE 
A high - speed steel powder (Mitsubishi Steel Mfg. 

Co., Ltd., Japan) has a cumulative particle size 

distribution of 4.43 f.tm I 10 %, 11.23 f.tm I 50 % and 
24.93 f.tm I 90 % and a following chemical composition 
(mass%): 81.91 Fe, 0.85 C, 4.03 Cr, 1.94 V, 4.88 Mo, 

and 6.01 W. The true density measured with the 

pycnometer using kerosine was 7.931 g I cm
3

• 

Monolithic HSS powder in carbon mold was heated to 
1323 Kat 10 K I min and pressed by carbon die under a 
pressure of 39 MPa for 2 h in an Ar atmosphere (FVH-
5 type, Fuji Denpa Kogyo Co., Japan) [5]. The mullite 
fiber of an average diameter of 10 f.tm (Sumitomo 
Chemical Co., Ltd., Japan) has a chemical composition 
of 85 mass% Al20 3 and 15 mass% Si02 (1000 filament 
I yam). The true density of the fiber was 3.226 g I cm3

. 

The tensile strength and tensile modulus at room 
temperature are reported by the supplier to be 2.0 GPa 
and 210 GPa, respectively. The mullite woven fabrics 
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with sizes of 38 mm length, 25 mm width and 200 f-lm 
thickness were laminated together in an ethylenglycol 
suspension containing 40 vol % HSS powder in a 
stainless steel box. Ultrasonic irradiation of 38 kHz was 
applied to penetrate the HSS powder into the mullite 
fabric [6]. The fiber fraction of the composite was 

adjusted to be 15 and 30 vol %. The dried green 
composite was heated to 1073 K at 5 K I min and 
pressed by carbon die under a pressure of at 39 MPa. 

The pressed composite was heated to 1473 K at l 0 K I 

min and sintered for 5 min to infiltrate the HSS into the 

open spaces of the slica-alumina fabric. The infiltrated 
HSS was sintered at 1373 K for 2 h in an Ar atmosphere 
to suppress the grain growth of HSS and the degradation 
of the fabric. The hot-pressed sample was cut into test 

specimen 10 mm long, 4 mm wide and 3 - 5 mm thick 

and polished with diamond paste of 1 fJ.ffi. The 
microstructures of the hot-pressed monolithic HSS and 

composites were observed by scanning electron 
microscopy (SM-300, Topcon Co., Japan). The thermal 
expansion of the polished samples was measured by 

thermal mechanical analyzer (Thermoplus series 8310, 
Rigaku Co., Japan) in an Ar atmosphere. The measured 
thermal expansion data were calibrated by blank test and 
the reference data of a-alumina. 

3. RESULTS AND DISCUSSION 

3.1 Thermal expansion of monolithic HSS 

The hot-pressed HSS was sintered to a density higher 

than 99 % of theoretical density. a -Fe and Fe3C were 

identified in the x-ray diffraction pattern of the hot
pressed HSS. The microstructure of high-speed steel 
(HSS) contained dispersed white grains of 0.3-1.6 f,lm 

size, corresponding to the transition metal carbides such 

as Fe3C, VC, WC, Mo2C and Cr2C2. This microstructure 
represents the fine transition metal carbide particles
reinforced a-Fe matrix composites. 

Figure I shows the thermal expansion of the 
monolithic HSS during the heating and cooling 
processes at rates of (a) 3 K/min and (b) IO K/min. 
Change in the thermal expansion was observed at I 087 
and 1020 K in the heating and cooling processes, 
respectively, at a rate of 3 K/min. Increase in the heating 
and cooling rates of HSS to 10 K/min caused (!) the 
significant decrease of the temperature giving the change 

in the thermal expansion in the cooling process and (2) 
the decreased reproducibility of experimental results. 

From the chemical composition of HSS, the fractions of 
Fe and C become 98.97 and 1.03 mass % in the two 
component system. According to the phase diagram of 
the Fe-C system [7) at 1 mass% C, a transition from a
Fe + Fe3C to y-Fe + Fe3C occurs at 996 K in the heating 
process. Furthermore, y-Fe + Fe3C phases change to y-Fe 
at 1073 K during the heating. The above phase transition 
is accompanied by the following volume change because 
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Fig. 1 Thermal expansion of monolithic HSS 
heated and cooled at a rate of(a) 3 K/min and (b) 
IOK/min. 

of the difference of density between a- Fe (7 .874 g/cm3
) 

[8] and y-Fe (8.000 g/cm3
) [9] : (1) a-Fe + Fe3C -7 y-Fe 

+ Fe3C, - 1.8 % (shrinkage), (2) y-Fe + Fe3C -7 y-Fe, -

0.16 %(shrinkage). These volume changes correspond to 

the linear shrinkage of 0.60 and 0.05 % for the above 
cases (I) and (2), respectively. The measured linear 

shrinkage and expansion in heating and cooling 

processes was 0.19 and 0.17 %, respectively. 
The comparison between the above calculation and the 

measured change of the thermal expansion of HSS 
suggests the following conclusions: (I) The decrease of 
thermal expansion at 1087 K measured in the heating 
process of HSS at 3 K/min, corresponds to the volume 
shrinkage from y-Fe + Fe3C to y-Fe. This phase 
transition proceeds rapidly, because the measured phase 
transition temperature was almost independent of the 

heating rates (3-20 K/min). In the heating process, it was 
difficult to detect the phase transition from a-Fe + Fe3C 

to y-Fe + Fe3C in the thermal expansion measurement. 
(2) The sudden increase of thermal expansion, measured 

at 1020 K in the cooling process of HSS at 3 K/min, 
represents the phase change from y-Fe + Fe3C to a-Fe + 
Fe3C. This phase transition proceeds slowly, because the 
transition temperature shifted to the lower value when 
the cooling rate was increased. In the cooling process, it 
was difficult to measure the phase change from y-Fe toy
Fe + Fe3C in the thermal expansion measurement. 

The thermal expansion of monolithic HSS heated and 
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Fig. 2 Coefficients of thermal expansion of 
monolithic HSS and the HSS composites with 15 
and 30 vol % mullite fabric in the temperature range 
from 400 to 900 K and from 1150 to 1273 K. 

cooled at 3 K/min was approximated by Eq.(l), 

where Ct., c2, c3 and c4 are the experimental constants, 
and T the temperature (K). The coefficient of thermal 
expansion (CTE), a, was determined by differentiating 
Eq. (1) with respect toT (Eq. (2)) [I 0] 

1 dL o 

a=-(-)= Co + 2c,T + 3c4r-Lo dT - . 
(2) 

Figure 2 shows the a value of monolithic HSS heated at 
3 K/min as a function of heating temperature. The ex 

value for a-Pe + Fe3C (400-900 K) was in the range 
from 14.2 xl0-6 to 15.0 xl0-6 K-1 0n the other hand, the 
a value for y-Fe (1150-1273 K) was in the range from 
23.7 xl0-6 to 28.2 xl0-6 K 1. 

3.2 Thermal expansion of mullitc fabric I HSS 
composites 

The composites with 15 and 30 vol % mullite fabric 
were densified to 96.4 and 98.2 % of theoretical density, 
respectively. Figure 3 shows the cross section of the 
composite with 30 vol% mullite yarn. The HSS 
penetration into the mullite yarn without the sintering of 
mullite fibers. 

Figure 4 shows the thennal expansion of layered HSS 
composites with 30 vol% mullite fabric, heated and 
cooled at 10 K/min. The measurement was carried out 
along the direction parallel to the layered mullite fabric. 
In the composite, the decreased thermal expansion was 
measured in the temperature range from 936 to 1065 K, 
correspondirlg to the phase transition from a-Fe + Fe3C 
to y-Fe + Fe3C. Further heating resulted in the phase 

Fig. 3 Cross sections of the HSS composites with 
30 vol% mullite fabric. 
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Fig. 4 Thermal expansion of mullite fabric I HSS 
composites with (a) 15 vol% and (b) 30 vol% 
mullite fabric, measured at 10 K/min. 

transition to y-Fe phase from y-Fe + Fe3C at llOO K. In 
the cooling process, the phase transition of y-Fe + Fe3C 
to cx-Fe + Fe3C was measured at 688 K. The above 
results apparently indicate that the addition of mullite 
fabric with a lower CTE (~ 3.5xl0-6 K"1

) to HSS 
decreases the phase transition temperature for y-Fe + 
Fe3C~ y-Fe in the heating process and also increases the 
phase transition temperature for y-Fe + Fe3C ~ a-Pe + 
Fe3C in the cooling process. 

The a value by Eq.(2) for the composites are shown in 
Fig.2. Addition of mullite fabric of 15-30 vol% to HSS 
was effective to decrease the coefficients of thennal 
expansion of y-Fe (T> ll50 K) of HSS. When HSS 
composite bonded with horizontal mullite layer (volume 
fraction , is cooled from a high temperature (T 1) to 
room temperature (T 2) [ 14], the net tensile stress ( om) of 
HSS matrix of volume faction Vm is equal to the net 
compressive stress (or) of mullite layer , as expressed by 
Eq.(3). 

(3) 

The om and or arc given by Eqs.( 4) and (5), respectively, 
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( Ef \ ( 
a1 = \--jAT\a -a1) (5) 

\1-vf) c 

where m, f and c correspond HSS, mullite layer and 

composite, respectively, and f.. T is equal to the 

temperature difference of (T1-T2). Substitution ofEqs.(4) 

and (5) into Eq.(3) yields Eq.(6) giving the influence of 

horizontal mullite layer on the CTE of the layered 

composite. 

a c 
(6) 

Figure 5 shows the calculated ac for the values of Em= 

240 GPa, vm= 0.27, EF 210 GPa and VF 0.27 .The am 

and ar (3.5 x 10-6 K'1) values, at 700, 900 and 1200 K 

were obtained from Fig.2 and Reference 4, respectively. 

The calculated ac decreases with increasing volume 

fraction of mullite layer. The experimental ac values for 

the composite with 30 vol % mullite fabric were higher 

than the calculated values. However the composite 

contained 15 vol% longitudinal and 15 vol %horizontal 

mullite fibers. When the measured a values were plotted 

to 15 vol% mullite fiber content, the difference of ac 

values between the calculation and experiment becomes 

significantly small, suggesting the small influence of 

longitudinal fiber on the ac values. 

MuUite fiber content I vol % 

Fig.5 Coefficients of thermal expansion at 700-
1200 K for the mullite fabric I HSS laminated 
composite as a function offiber content. 

4. Conclusions 

Monolithic HSS showed a decrease of thermal 

expansion at 1087 K associated with the phase transition 

from y-Fe + Fe3C to y- Fe during the heating process. 

This phase transition proceeded rapidly and was 

independent of heating rate. The phase transition 

temperature (I 020 K) from y-Fe + Fe3C to a-Fe + Fe3C 

during the cooling process decreased with increasing 

cooling rate. Coefficient of thermal expansion (CTE) of 

HSS was in the range from 14.2 x 10-6 to 15.0 x 10·6 K' 1 

at 300-900 K, and 23.7x 10'6 
- 28.2 X 10'6 K'1 at 

temperatures above 1150 K. The incorporation of 15 - 30 

vol% mullite fabric decreased the phase transition 

temperature of y-Fe + Fe3C ~ a- Fe during the heating 

process and was effective to decrease the CTE of HSS. 

The measured CTE of laminated composite with 30 

vol% mullite fabric was close to the calculated CTE 

value using the volume fraction of horizontal mullite 

layer. 
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