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The increase of toughness, 10 to 35 MPam 1/2, with decreasing hardness, V H 950 to 500, is 
reported for sintered T6, T1 5 and T42 high-speed steels. This range of properties resulted from 
combinations of sintering temperatures (in N2-H2-CH4), HIPping and tempering treatments of 
steels processed from water-atomized powders. Toughness is related to the properties of the 
matrix, but more specifically to the retained austenite content, varying between 5% (HVl0 ~- 
950, K~c --- 10 MPam ~/2) and 70% (HVl0 ~- 500, Km ~- 35 MPa ml/2). Austenite retention is 
caused by the stabilizing affect of nitrogen (0.3 to 0.7%), picked up from the sintering atmos- 
phere. Fractographic examination revealed that, although failure proceeded by complex modes 
that could be described mainly as quasi-cleavage, microplasticity was observed in the high 
austenite materials, as opposed to the flatter fracture surfaces, with much less plasticity 
apparent, for the lower retained austenite-containing materials. 

1. I n t r o d u c t i o n  
High-speed steels have been traditionally used as cut- 
ting tools and continue to be so. Increasingly, however 
they are employed in wear and fatigue resistant 
applications. For bearings and other wear-resistant 
components, high hardness in the surface together 
with toughness in the core are normally required. This 
is, for instance, the case in mainshaft bearings for 
aerogas turbine engines, for which high-speed steel 
(HSS), T1 as well as M50 is currently employed [1]. 
The increasing sizes and rotational speeds require an 
optimum combination between the core toughness, to 
resist the potential catastrophic propagation of trans- 
verse cracks, and the surface hardness, to cope with 
the big loads of rolling contact fatigue. Minimum 
fracture toughness values of 35MNm -3/2 are now 
proposed, approximately double the currently attain- 
able Kjc of both T1 and M50 [2, 3]. Although the US 
approach to reaching these values seems directed 
towards the use of surface hardened bearings, especially 
M50 NiL, the increasing service temperatures of the 
newly required bearings, perhaps reaching in some 
cases 350 ~ C, makes appropriate consideration of con- 
tinued use of high-speed steels in this application 
[2, 31. 

Averbach et al. [1] reported Kk values of 
50 MNm -3/2 in M50NiL, a modified M50 steel with a 
3.5% nickel and a low carbon content of 0.1%. This 
is a significant improvement in fracture toughness, 
when compared with 18 MNm 3/2 found in conven- 
tional M50 [4]. Whereas the preference in the USA for 
mainshaft bearings is M50, grade BT1 is generally 
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used in the UK. Rescalvo and Averbach [3] also 
studied the fracture toughness of BT1 and found 
values of 18MNm 3/2, similar to those for M50, in 
spite of the large microstructural differences. These 
authors postulate, along with others [5, 6], that the 
fracture toughness depends mainly on the matrix 
microstructure and properties, with the amount, the 
size and the morphology of carbides having only a 
marginal affect. 

Other authors [7-9] argue that, although the total 
amount of carbides does not play an important role in 
determining the value of K~c, the distribution, mor- 
phology and size of primary carbides have an import- 
ant influence on the fracture process in these steels. 
Wronski et al. [t0] and Shelton and Wronski [11] have 
reported that, in high-speed steels with a low inclusion 
content and without porosity, fracture initiation 
usually occurs in carbide clusters. Powder metallurgy 
offers a good way of producing high-speed steels with- 
out these clusters, either by sintering directly to full 
density, or by undersintering to closed porosity and 
subsequent hot isostatic pressing, HIPping, to elimin- 
ate the porosity, or by the HIP route employing gas 
atomized powders. 

Important improvements in fracture toughness 
using powder metallurgy processing are already 
reported in the literature. In particular at room tem- 
perature values up to 30 MNm -3/2 for T1 and T6 and 
up to 48 MNm 3/2 in the temperature range 200 to 
400~ for T6 [11] have been reported. 

In the present work the fracture toughness - after 
several heat treatments - of three high speed steels 
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grades: T15, T42 and T6, obtained by sintering in an 
industrial atmosphere (90% N z, 9% H 2 and 1% CH4) 
has been measured. Also some T15 and T6 specimens 
have been HIPped, for T15 fracture toughness values 
were compared with those obtained after direct sinter- 
ing. In this sintering process, due to the presence of 
a high amount of nitrogen in the atmosphere, an 
important nitrogenation of the steel takes place. As 
reported previously [12] 0.4 to 0.5% weight gains of 
nitrogen are obtained. This element stabilizes the 
austenite, thus tempering treatments different to those 
used for the same steels when vacuum sintered have to 
be employed to eliminate the retained austenite. In 
this work its amount was controlled and thus for these 
steels the influence of retained austenite on fracture 
toughness has been investigated. 

2. E x p e r i m e n t a l  p r o c e d u r e  
The chemical compositions of the water atomized 
high speed steel powders used in the present investi- 
gation are given in Table I. The T15 and T42 powders 
were bought from Powdrex Ltd and the T6 (supplied 
by the Mechanical Engineering Department of the 
University of Bradford) was atomized by Davy 
McKee. 

The powders were mixed for 2 h with an addition of 
0.2% high purity graphite. Specimens of 30 g nominal 
weight were uniaxially pressed in a 16ram diameter 
die using a pressure of 500 MN m -2, to obtain greens 
of approximately 64% TD (Full theoretical density). 
Sintering was carried out in an independently con- 
trolled three-zone Lindberg furnace provided with a 
refractory steel chamber. A 90% N2, 9% H2and 1% 
C H  4 atmosphere was used for sintering. 

The optimal sintering conditions tbr each steel: gas 
flow, temperature and time, have been described else- 
where [13]. After sintering for l h  at 1240~ and 
1316 ~ C for T 15 and T6 steels, respectively and 45 min 
at 1215~ for T42 steel, densities equal to or higher 
than 99% TD were obtained. Also some samples of 
TI5 steel were undersintered, for 1 h at 1215~ and 
subsequently HIPped. The different combinations of 
temperatures and pressures for a cycle of 45 min of 
HIPping for T15 and T6 steels are given in Table II. 

Annealing for 1 h at 900 ~ C and cooling, at a mean 
rate of 20~ h-~ down to 680~ and subsequently at 
100~ -1 to room temperature, was necessary to 
reduce the hardness of T42 to 340 HV10 and that of 
T15 to 360 HV10. In the T6 case it was not necessary 
to anneal due to the low hardness (410 HV10) of 
the as-sintered specimens. Before austenitizing and 
quenching, the annealed cylinders, 12.0 mm in diam- 
eter and of 18.0mm height, were machined to 'short 
rod' (Barker) specimens for fracture toughness testing, 
according to the dimensions given in Fig. 1. 

T A B L E  I Chemical composition (wt%) of the as-received 
high-speed steel powders 

C Cr Co Mo V W Ni Mn Si 02(p.p.m ) 

T15 1.64 4.37 4.99 0.56 4.70 12.40 0.13 0.24 0.25 794 
T42 1.43 4.18 9.44 3.22 2.94 8.82 - 0.21 0.28 530 
T6 0.75 4.35 12.5 0.40 1.51 20.24 1830 

m-m ". 

n< 
L B _3 _~ J~ : 1.56 mm 
I- -i ~ -  L 

12.00"- 0.05 mm 18.00 *- 0.05 mm 

Figure 1 Short rod test specimen geometry for fracture toughness 
testing. 

After machining the specimens were austenitized in 
a muffle furnace, using the sintering atmosphere to 
avoid decarburization, for 3 min at the temperatures 
given in Table III, and quenched in oil. Final heat 
treatments consisted of triple tempering of 1 h each at 
the temperatures also indicated in Table III; several 
tempering temperatures were used for each material. 
The mean linear intersection technique was used to 
measure the grain size of specimens quenched from 
different austenitizing temperatures; a minimum of 
500 intersections were counted. 

Short rod (Fractometer) fracture toughness tests 
were performed in a screw driven universal Instron 
machine at a speed of mouth opening of 0.5 mm min -I . 
This kind of test, as reported by Barker [14], does not 
need previous precracking, because the specimen 
geometry is such that a crack is created and progresses 
in a stable way, up to a certain critical length (at), 
when the maximum load is reached Lmax; thence it 
grows in an unstable way. From the maximum load 
and the specimen geometrical factors, the fracture 
toughness is calculated as 

ALmax 
KQ - B3/2 (1) 

where A is a factor depending on the geometry, and 
takes a value of A = 22 [14], and B is the specimen 
diameter. KQ is the fracture toughness in the linear 
elastic mechanics approximation (which holds well 
for notched T6, T15 and T42 steels). Nevertheless, 
slight non-linearity in the load-deflection curves was 
sometimes observed (as also reported for cemented 
carbides and other high speed steels [15]. This has been 
interpreted as caused by internal stresses rather than 
plasticity. 

The correction for both effects is done through a 
factor called p. The value ofp is determined by loading 
and unloading cycles during the test [16]. The fracture 
toughness after the p correction becomes 

( l + p~ 1/2 
K,c = KQ \1 - - - ~ J  (2) 

T A B L E  II Parameters used for the HIPping operation 

Material Temperature Pressure Time 
(~ C) (MPa) (min) 

T15-H1 1190 160 45 
T15 H2 1210 140 45 
T6 1290 140 45 
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The radius of  the plastic zone, rp, at the crack tip, 
was estimated using the expression 

1 ( K , c ' ]  2 
= - -  - -  ( 3 )  rv 61r \ % / 

where ay was obtained using the approximation 
% - (HV10)/3. 

Fractographic examination was performed on one 
of  the fracture faces of the short rod specimens in a 
Philips 501B scanning electron microscope. The other 
face, after polishing, was used for metallographic 
observations, hardness measurement and for the 
determination of retained austenite. This was measured 
using X-ray diffraction techniques, using the method 
proposed by Miller [17] 

% 7ret -- 

where 

1.4L 1 
I~ -I- 1.4I~ 

(4) 

2 Y/~ = /~m (5) 

The distribution of particles and their chemical 
compositions were analysed also in these polished 
unetched surfaces using 501B SEM fitted with an 
EDAX 9100 microanalytical system. 

3. R e s u l t s  
The austenitic grain size was 14.1 _+ 0.9#m for T42 
steel when austenitized at 1160 ~ C and 15.4 4- 0.9/~m 
when austenitized at 1190~ For  steel T15, after 
austenitizing at 1210~ it was 21.1 _ 0.9/~m for the 
directly sintered material, 20.2 • 0.7/~m for T15 
H1 and 20.4 + 0.9/~m for T15 H2. Steel T6 had a 
14.7 4- 0.5/~m grain size after austenitizing at 1275 ~ C. 

In all three steels metallographic observation 
revealed the presence of  alloyed carbides of  type M6C 

and of vanadium carbonitrides, which will be referred 
to as MX particles. The mean massive ( > 4 # m )  
carbide size was less than 5.4/~m for steels T15 and 
T42 and 6.8 #m for steel T6. The volume fraction of 
these massive carbides was of 1.1 4- 0.4% for T42, 
2.1 _+ 0.4% for T15 and 4.5 + 0.4% for T6 steels. 
The chemical composition of the primary particles is 
given in Table IV for the as-sintered specimens and 
after quenching and tempering. Only one heat treat- 
ment condition is reported, because the composition 
was independent of the austenitizing temperature in 
the case it was varied (T42) and of the tempering 
temperature. Noteworthy in Table IV is the existence 
of two types of particles: one type rich in vanadium, 

T A B L E  III  Details of the heat treatments indicating the 
austenitizing and tempering temperatures 

Steel Temperature (~ 

Aust. Tempering 

T15 1210 500 525 535 550 
560 575 585 

T42 1160 500 550 575 
1190 500 550 585 

T6 1275 425 450 480 

I I I I 

1000 
o 

900 

. i  r 

800 

I I 

.500 525 550 575 600 
Tempering temperoture (o C) 

Figure 2 Evolution of hardness with tempering temperature, for 
triple 1 h tempering, for steels T6 (O), T15 (Lx). Steel T42 after two 
austenitizing temperatures (�9 1160 ~ C, + 1190 ~ C). 

designated as MX, and the other rich in tungsten, 
molybdenum and iron, designated as M6C. It is also 
apparent that the compositions of the different par- 
ticles are very similar for the different steels and are 
practically the same in the as-sintered and heat-treated 
conditions. 

Fig. 2 shows the evolution of hardness with the 
tempering temperature for triple 1 h tempering of the 
different steels. It is observed that for steel T42 the 
maximum hardness is reached at a slightly higher 
temperature (585~ when austenitized at 1190~ 
than when austenitized at 1160~ (575 ~ C). In both 
cases the peak hardness is the same: 985 HV10. Steel 
T6 reaches the maximum at 535~ with the peak 
hardness value 990 HV10, being very close to that 
found in steel T42. Finally the maximum hardness in 
steel T15, resulting from tempering temperature of 
585 ~ C, is 950 HV10, i.e. slightly lower than for steels 
T42 and T6. 

Fig. 3 shows typical microstructures of  the three 
steels for different quenched and tempered conditions. 
Micrographs 3a and b correspond to steel T15 
specimens, triple tempered at 500 and 585 ~ C, respect- 
ively, 3c and d to steel T42 tempered at the same 

T A B L E  IV Chemical composition of the different particles as 
obtained by EDS analysis 

Steel Particle Condition W Mo V Cr Fe Co 

T42 MX Sintering 9.5 6.5 70 .0  6.0 7.0 1.0 
Aust.-Temp. 7.5 5.5 72 .0  6.0 8.0 1.0 
1190-585~ 

M6C Sintering 47.0 20.0 1.5 2.5 25.0 4.0 
Aust.-Temp. 40.0 21.0 1.0 2.5 24.0 3.5 
1190-585~ 

T15 MX Sintering 19.0 3.0 61 .0  7.0 10.0 0.2 
Aust.-Temp. 18.6 1.7 61 .8  7.1 10.9 0.0 
1210-575~ 

M6C Sintering 62.0 8.0 2.0 2.5 25.0 1.0 
Aust.-Temp. 61.2 9.2 1.6 2.5 24.7 0.9 
1210-575~ 

T6 MX Sintering 4.0 1.0 83 .7  6.1 4.5 0.9 
Aust.-Temp. 5.5 0.05 82.7 6.1 4.6 1.0 
1275-480 ~ C 

M6C Sintering 66.4 3.6 1.7 3.1 21.0 4.2 
Aust.-Temp. 67.9 2.6 1.7 3.0 20.6 4.2 
1275-480 ~ C 

3361 



Figure 3 SEM micrographs of quenched and tempered specimens. (a) and (b) T15 at 500 ~ C and 585 ~ C respectively. (c) and (d) T42 at 500 ~ C 
and 585~ respectively. (e) and (f) T6 at 520~ and 535~ respectively. 

temperatures and 3e and f to steel T6 tempered at 520 
and 535~ respectively. It is clearly apparent in 
micrographs 3a, c and e, which correspond to the 
lower tempering temperatures and to low hardnesses, 
that an important amount of retained austenite is 
present in addition to the primary particles and a 
small amount of martensite with its classical acicular 
morphology. It is also apparent for these micrographs 
that the austenite grain size is bigger in T15 than in the 
other two steels, as previously pointed out. Whereas in 
micrographs 3b, d and f, which correspond to the 
peak hardness for the three steels, no change either in 
the morphology or the size of primary particles, com- 
pared with their corresponding undertempered con- 
ditions, is observed, an important increment in the 
martensite proportion is clearly apparent. 

Table V presents the amounts of retained austenite 
and hardness values found in these steels as a function 
of processing. Also presented in the Table are the 
fracture toughness values. 

Fig. 4 shows the hardness as a function of the 
amount of retained austenite; for all the steels, as 
expected, the hardness increases as the amount  of 
retained austenite decreases. No significant differences 
of behaviour between the different steels, or in T15 
with and without HIPping treatments, are observed. 
All the experimental data can be fitted to a single line 
of equation 

H(HVIO) = 960 - 7.0 x (0/o7) (6) 

being the 95% confidence limits for the slope of the 
fitted line in the range 6.2 to 7.7. 
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Figure 4 Dependence of hardness on the amount of retained austen- 
ite for different quenched and tempered steel. ( - - -  C. L. 95%). 
(~  T15 HIP H2, x Tl5 HIP HI, + T6 HIP, zx T42 Aust. 1160~ 
Q T42 Aust. 1190~ [] T15 sinter) 

Fig. 5 shows the variation of fracture toughness 
with hardness for the three steels. A clear decrease of 
toughness with increasing hardness is observed. Within 
the experimental scatter, all the data can be reason- 
ably fitted to a single straight line, indicating that 
fracture toughness is related to hardness and is 
independent of the amount of primary carbides present 
in the microstructure and of the steel's chemical com- 
position. Again no influence of HIPping is observed. 
The straight line has the equation 

KIc(MNm -3/2) = 6 6 . 8 -  0.058 x H(HV10)(7) 

0.058 being the slope within the range 0.05 and 0.065 
for the 95% confidence limits. 
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Figure 5 Dependence of fracture toughness on hardness for differ- 
ent quenched and tempered steels ( - - -  C. L. 95%). (O T15 H2, 
x T15 HI, + T6 HIP, zx T42 Aust. 1160~ o T42 Aust. 1190~ 
�9 T15 sinter) 

The fractographic analyses carried out by scanning 
electron microscopy on the failure surfaces have 
shown that the fracture modes are very similar in the 
three steels, being independent of the austenitizing 
temperature before quenching (T42), or of HIPping 
(T15). Although all fracture surfaces can be described 
as quasi-cleavage there were some notable differences 
- especially observed when stereo pairs were viewed 
- between the appearance of fracture surfaces of high 
hardness (low austenite) and low hardness (high 
retained austenite) steels. 

The fractures observed at low hardness (500 HV10) 
and high retained austenite contents (60 to 70%) are 
characterized by the presence of large facets, which 

T A B L E  V Summary of mechanical properties of the different high speed steels in terms of the amount of retained austenite produced 
by several tempering temperatures and processing conditions 

Material State Tempering Retained Hardness K~c % 
temperature Austenite (HV I0) (MNm -3/2) (gm) 
(~ 

TI5 Sintered 500 69 488 34.3 24.4 
525 53 613 33.3 14.7 
535 38 637 32.5 12.7 
550 20 796 19.7 3.1 
560 18 807 22.2 3.8 
575 18 910 13.6 1.1 
585 5 952 15.9 1.4 

TI5-H1 Sinter + HIP 525 47 710 27.6 7.5 
1190~ 535 31 658 27.5 8.7 
160MPa 550 25 810 20.7 3.2 

560 11 842 19.0 2.5 
575 10 902 15.7 1.5 
585 7 890 13.4 1.1 

T15-H2 Sinter + HIP 535 38 655 31.0 11.1 
1210~ 560 18 882 19.0 2.3 
140MPa 585 6 857 13.5 1.2 

T42 Sintered 500 51 630 36.9 17.0 
Aust.-1160 ~ C 550 17 858 14.5 1.4 

575 I1 902 12.5 1.0 
Sintered 500 45 634 29.8 11.0 
Aust.-1190~ 550 26 842 17.5 2.2 

585 9 975 12.0 0.8 

T6 Sinter + HIP 420 20 823 20.1 3.0 
1290~ 450 19 821 16.4 2.0 
140MPa 485 14 873 14.2 1.3 
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Figure 6 SEM fractograph corresponding to steel T15 tempered at 

seem to correspond to M6C primary carbides present 
at the grain boundaries (Fig. 6). The majority of  such 
facets are along (decorating) the grain boundaries. In 
addition the regions occupied by these carbides seen to 
form some form of  valleys. Indications are, therefore, 
that cracks run mainly through these primary M6C 
carbides at the grain boundaries, with an inter- 
granular character. It is also possible to observe zones 
ofmicroplasticity associated with microvoids and MX 
carbonitrides. Some fractured carbides were also 
observed in the paths Of secondary cracks. 

500 ~ C, giving a low hardness and a high retained austenite content. 

For the high hai-dness steel (950 HV10) and low 
amounts of  retained austenite (less than 10%), the 

,fracture surface can be differentiated from the 
previous by a flat aspect, showing no evidence of the 
"valleys". It can be observed that the size of the facets 
has decreased, but their amount has increased (Fig. 7). 
In this case the grain boundaries, decorated with M6C , 
do not seem to be .the preferred path for the advancing 
crack its propagation being controlled by the matrix, 
not the carbides. In this case microplasticity is also not 
as prevalent. 

Figure 7 SEM fractograph corresponding to steel T15 tempered at 585 ~ C, giving a high hardness and a low retained austenlte content. 
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4. D i s c u s s i o n  
The mean and maximum carbide sizes obtained in 
steels T42, T15 and T6 (Fig. 3) are close to those found 
in dense products processed both by vacuum sintering 
[18-20] and gas sintering in the same atmosphere 
[20, 21]. M 6 C  carbides are rich in tungsten, molyb- 
denum and iron, but also contain small amounts of 
cobalt. Similar compositions are reported by several 
authors [22-24]. The present results are also in agree- 
ment with what was found earlier, i.e. that the higher 
the cobalt content of the steel, the bigger its content in 
the carbide [25]. 

The peaks in hardness are reached in the present 
steels at higher temperatures than previously reported 
for steels with similar nominal composition. This 
would be relevant in continuous cutting with consider- 
able heat generation. For instance, the maxima in 
hardness in steels T15 and T42 are reached after triple 
tempering at 585~ this is about 60~ above the 
525~ reported by Wright et al. [26] for steel T42 
sintered under vacuum and about 45~ above the 
540~ reported by Beiss et al. [23] for similarly pro- 
cessed T15. On the other hand, the temperature for the 
peak found for steel T6 of 535~ is 15~ above the 
520 ~ C reported both for a sintered steel and a conven- 
tional wrought product [10]. The reason for the need 
of higher tempering temperatures to reach peak hard- 
ness in these steels is the high amount of nitrogen 
picked-up during their sintering in the N2-H2-CH4 
atmosphere used. As pointed out in a previous paper 
[20] considerable amounts (0.3 to 0.6% nitrogen) can 
be picked-up during the sintering operation. This has 
several consequences, including the change of MC 
type carbides to MX carbonitrides and the appreci- 
able increase in the amount of retained austenite after 
quenching, as shown in Table V. It seems that for its 
elimination i.e., to transform it to martensite, which is 
fundamental in reaching the maximum hardness, the 
higher temperatures are necessary. Work is currently 
in progress [27] to investigate the details of the retained 
austenite transformation after multiple temperings. 

Fracture toughness determination was by the, rela- 
tively unestablished, Barker [14], short rod method 
which does not involve sharp precracking, usually 
performed by fatigue [28] or impact wedge [29] tech- 
niques, more commonly employed for high speed 
steels. 

Fig. '8 is a micrograph of a section cut perpen- 
dicularly to the fracture surface in a failed short rod 
specimen of steel T42, quenched from 1190~ and 
triple tempered at 585 ~ C. The presence of some isolated 
pores close to the fracture surface is clearly apparent. 
They seem to be connected by secondary fracture 
branches perpendicular to the failure surface. This 
clearly means that in this kind of test the fracture is 
completely determined by the path defined by the cut 
(notch) made in the specimen. 

It is worth emphasizing that the present results on 
T42 and those reported by Wright et al. [26] on a 
similar material, but obtained using pre-cracked speci- 
mens, are very close for the same hardness values. 
Fig. 9 plots all Klc data.measured in the;present work, 
togetfier with previously Published on T6 and T42, but 

Figure 8 SEM micrograph of  a perpendicular cut to the fracture 
surface in steel T42 quenched from 1190 ~ C and tempered at 585 ~ C. 

but also M2, M7 and M42. The present results - with 
their 95% confidence limits - cover the entire range 
of HV and Klc and should be seen as an important 
contribution to the data base on which comprehensive 
microstructural models are to be based. 

The toughness in high speed steels has been inversely 
correlated with hardness [6, 30], and interpreted as 
mainly related to the matrix properties and not to 
the amount, size and morphology of the primary 
carbides. Bearing in mind the correlation between 
fracture toughness and hardness (Fig. 5) and that 
between hardness and the amount of retained austenite 
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1190~ [] T15 sinter) 

(Fig. 4), it is reasonable to postulate a dependence 
of fracture toughness on the amount of retained 
austenite. This relationship is shown in Fig. 10, in 
which fracture toughness, measured by the short rod 
method, is shown plotted against the amount of 
retained austenite for the three steels with the different 
heat treatments. It is clearly apparent that increasing 
the amount of retained austenite results in an increase 
in fracture toughness. Additionally, it can also be 
observed that variables as composition (T15, T42 or 
T6), thermomechanical treatments, as HIP, do not 
have a large influence on fracture toughness. All the 
experimental data can be fitted to a straight line of 
equation 

Klc(MNm -3/2) = 11.3 + 0.41 x (%7) (8) 

The 95% confidence limits for the slope of the adjusted 
straight line are within 0.34 and 0.48. 

It is also considered instructive to evaluate the plas- 
tic zone, rp, sizes; these are presented in Table V. It is 
seen that, with few exceptions, the sizes of these zones 
are smaller than the (prior austenite) grain sizes and 
thus the crack can be thought to be under the influence 
of several microstructural features. In particular for 
the low austenite (high Hv) materials rp is comparable 
to the size of the carbides, whereas at low HV, is of the 
order of the austenite grain size. The absolute values 
of %, 1 to 24#m, cover the range reported for T42 
(0.3 to 3.0#m), M2 (up to 30#m) and T1 and T6 
(2 to 6 #m) and therefore, as with K~r indicate the 
possibility of, through control of the amount of 
retained austenite, control of microstructurally depen- 
dent macroscopic engineering properties. 

When Fig. 10 is closely examined, it is evident that, 
for T 15 H 1 above 35% retained austenite and for just 
sintered T15, above 40% retained austenite there is no 
detectable affect on K~c. If  these results are neglected 
(Fig. 11) relation (8) becomes 

K~c(MN m 3n) = 9.9 + 0.50 x(%7) (9) 

but the 95% confidence limits are virtually unaltered, 
being between 0.42 and 0.58. 

It seems therefore that, whereas the hardness 

0 20 40 60 80 
Austenite (v0[.%) 

Figure 11 As in Fig. 10, without considering the data points in the 
region of saturation of fracture toughness dependence on retained 
austenite. 

retained austenite (Fig. 4) relationship does not have 
a cut-off point, one, near 50% retained austenite, 
appears to exist for toughness. This should be promis- 
ing in the context of microstructurally optimizing 
combination of toughness and wear resistance, as the 
latter appears more dependent on type, distribution 
and size of carbides than microscopic hardness. 

5. C o n c l u s i o n s  
The conclusions are as follows. 

(1) The sintering of T6, T15, T42 specimens in the 
N2-H2-CH 4 atmosphere has a large nitrogenation 
effect, which is reflected in the change of MC carbides 
to fine carbonitrides, and also stabilizes the austenite; 
being tempering at higher temperatures necessary to 
eliminate it. 

(2) The short rod method to measure fracture 
toughness in these materials seems to be validated when 
comparison of values for similar materials measured 
using conventional precracked specimens is made. 

(3) A good correlation between hardness and 
retained austenite is observed in all three materials. 

(4) A good correlation, as also found by other 
workers, exists between fracture toughness and hard- 
ness. In this case the correlation has been extended to 
a very broad range of hardness values associated with 
different microstructures. 

(5) A good correlation between fracture toughness 
and the amount of retained austenite has not been 
established. It seems that the effect of improving frac- 
ture toughness of high speed steels by austenite is less 
effective for high austenite amounts. 

(6) The fractographic analyses show that, although 
fracture modes can be described as "quasi-cleavage", 
some local plasticity can be observed, particularly in 
materials with low hardness and high retained austen- 
ire content. 

(7) The present results clearly show that a very 
broad range of controlled microstructures, hardnesses 
and values of fracture toughness can be obtained in 
these group of high speed steels after sintering in the 
N2-H2-CH 4 atmosphere. 
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