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Abstract. A matrix type high speed steel YXR3 designed for a combination of wear resistance and 
toughness is investigated for its mechanical properties after hardening by deep cryogenic treatment 
follow by tempering. The deep cryogenic quenching carried out at -200 °C for 36 hours and the single 
step tempering results in an obvious improvement in wear resistance while balancing the toughness, 
comparing with the conventional quenching followed by a double tempering treatment. The 
quantitative image analysis reveals little difference in the MC carbide size distribution between 
tempering at different temperatures. The synchrotron high energy XRD confirms the MC type carbide 
with some evolution in its orientation together with tempered martensite approaching the BCC 
structure at higher temperatures. In contrary to the conventional quenching and tempering, the lowest 
tempering temperature at 200 °C yields a moderate drop in hardness with increase in surface 
toughness proportionally while exhibiting exceptional wear resistance. Such thermal cycle can be 
recommended for the industry both for the practicality and improved tool life.  

Introduction 
A matrix type High Speed Steel (HSS) such as the Hitachi’s YXR3 grade has been designed for 

the exceptional toughness that no breakage takes place before significant wear in case of forging tools 
[1]. Its hardness and toughness lie between other tool steels such as the AISI M2, T1, H10 and D2, 
etc. It contains significantly lower amount of alloying elements than other conventional groups as 
well as significantly lower amount of the MC carbide. The conventional heat treatment practice has 
been performed by quenching and double tempering in order to eliminate the retained austenite and 
afterwards tempered the newly formed martensite after the former tempering step. High temperature 
tempering is usually necessary for wear resistance improvement, usually at 560-600 °C [2].  

Subzero quenching and shallow cryogenic treatment (SCT) have been introduced since 1937 [3] 
in order to avoid the retained austenite and investigated the improved properties after the tempering 
in different tool steels. The term Deep Cryogenic Treatment (DCT) in this paper refers to the very 
low temperature treatment, i.e., - 200 °C while the term SCT means the treatment at higher 
temperature around -70 °C. The deeper temperature allows more retained austenite to transform into 
martensite, in case of lower Mf temperature. Moreover, both finer and more uniform martensite laths 
carbide particles have been also reported, such as that in [4] that investigated H13 hot work tool steel. 
Its superior wear resistance improvement than that by SCT is in accordance to that found in D6 tool 
[5] and T1 HSS [6]. The findings in the uniform finely distributed of secondary carbides are in 
accordance to many other works including [7, 8] on other tool steel groups. The improvement in 
hardness is known to be due to uniformity rather than higher level [9]. The internal stress in martensite 
is believed to be lowered [10]. The key point that at the temperature near 0 K, crystals become nearly 
perfect [11] can be the mechanism that differentiates the DCT from SCT. The incomplete 

Materials Science Forum Submitted: 2020-01-22
ISSN: 1662-9752, Vol. 1016, pp 1423-1429 Revised: 2020-05-31
doi:10.4028/www.scientific.net/MSF.1016.1423 Accepted: 2020-06-01
© 2021 Trans Tech Publications Ltd, Switzerland Online: 2021-01-05

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications Ltd, www.scientific.net. (#562723193, Helmholtz-Zentrum hereon GmbH, Geesthacht, Germany-29/06/21,16:23:37)

https://doi.org/10.4028/www.scientific.net/MSF.1016.1423


 

understanding of the phenomena at cryogenic temperatures is a hindrance for its market acceptance 
although it is an inexpensive process [12] bringing about appearant materials performance. This paper 
therefore analyzes the evolution of wear resistance versus the hardness and toughness of the matrix 
type HSS YXR3 after DCT and tempering beside the investigation of its microstructure under the 
research questions from the industry.  

Methodology 

The commercial grade of matrix type HSS, YXR3 by Hitachi, was investigated for its performance 
after DCT and tempering. It contains the following chemical composition in mass-%: 0.62C, 1.36Si, 
0.41Mn, 4.15Cr, 2.55Mo and 1.69V as reported by optical emission spectroscopy. The samples were 
available in thin cylindrical shape with 20 mm in diameter and 5 mm in thickness after conventional 
quenching and tempering processes. The studied thermal cycles listed in Table 1 were treated in a 
vacuum furnace for the austenitizing and quenching to ambient temperature within 60 minutes. The 
DCT process was treated afterwards by gradual cooling to -200 °C with helium gas. The tempering 
was carried out in a resistance furnace after 36 hours at the DCT temperature. 

Table 1 The thermal cycles of the investigated samples 
Sample Austenitizing Conventional 

Quenching 
DCT Tempering 

DCT 1140 °C for 40 
min 

To ambient within 
60 min 

- 200 °C for 36 hrs No tempering 
T200 200 C for 2 hrs 
T560 560 C for 2 hrs 
T600 600 C for 2 hrs 

The mechanical properties of the tempered samples after the DCT were analyzed compared with 
the samples from the conventional quenching and tempering (austenitized at 1140 °C, quenched to 
room temperature, first tempering at 540 °C for 4 hours, second tempering at 520 °C for 4 hrs.) The 
new cycles studied in this paper are listed in Table 1. Each tempered sample was then measured for 
the micro Vickers hardness (HV1) with a dwell time of 15 s at 5 positions. The wear resistance was 
evaluated by a ball-on-disk test with a 6 mm tungsten carbide ball applied a load of 5 N to measure 
the wear loss in volume. A scratch test was employed to calculate the surface toughness according to 
Akono [13-15] and our previous work [16]. The lattice parameter identification of the matrix and the 
MC carbide was investigated by means of the synchrotron High Energy X-ray Diffraction (HEXRD) 
with an energy of 100 keV at P07 beamline at PETRAIII ring situated at DESY. It is equivalent to a 
monochromatic X-ray with a wavelength of 0.124 A. The X-ray beam with a size of 1×1 mm 
diffracted through the sample thickness of 5 mm. The image analysis for the MC carbide size 
distribution was performed manually using Digimizer software on the micrographs obtained by 
Scanning Electron Microscopy (SEM) in backscattered mode at the magnification of 5,000x for large 
sampling area. The micrographs were taken in the FEI Quanta 450 equipped with LaB6 emitter on 
the sample surface polished until 1 µm and etched with Villela acid (1 g picric acid, 5 ml hydrochloric 
acid, 100 ml ethanol). 

Results 

The hardness versus surface toughness are represented in Fig. 1. It can be seen that the hardness 
drops from 840 to 770 HV1, namely, around 10 percent with the increased tempering temperatures 
from none to 600 °C for 2 hours and drops to 820 HV1 after the tempering at 200 °C. The surface 
toughness increases inversely to the change in hardness due to the softening effect. In contrast, the 
wear rate in the sample tempered at 600 °C amounts to double of that at 200 °C. This emphasizes that 
the low temperature tempering remains significantly the wear resistance in addition to the restoration 
of the toughness of the YXR3 steel apart from the clear evidence that the DCT upgrades the wear 
resistance as a whole. The large standard deviation in the wear rate in the as-received sample after 
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the conventional quenching and double tempering can be attributed to the inhomogeneity in the 
microstructure and texture revealed by HEXRD. 

 
Fig. 1 The hardness and surface toughness observed in samples tempered at different 

temperatures 
 

 
Fig. 2 The wear rate in the samples after DCT and tempering at different temperatures compared 

with that from the as-received condition (after conventional quenching and double tempering) 

  
Fig. 3 X-ray diffraction patterns for 
DCT and tempered specimens 

Fig. 4 The sharpening phenomenon of the (110) peak 
of 𝛼𝛼′martensite becomes more obvious at higher 
tempering temperatures due to the decrease in the 

tetragonality of its BCT lattice 

The 1-D diffraction pattern obtained from the HEXRD is depicted in Fig. 3. It shows the major 
(110) peak of the tempered martensite as well as the co-existence of the MC carbide at (111) and 
(200). Please note that this minor phase cannot be detected in any other X-ray diffractometer. A close-
up of the (110) peak sharpening of the tempered martensite at higher temperatures is revealed in  
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Fig. 4. This confirms that the inhomogeneity in the martensite gradually decreases and the 
tetragonality of the BCT structure distorted by the high carbon content is reduced that the lattice of 
tempered martensite approaches that of BCC [17]. This visualizes the evolution in martensite lattice 
after 2-hour tempering apart from the well-known criterion that tempering martensite at higher 
temperature than 350 °C yields BCC structure [18]. The close up on the peaks of the MC carbide at 
(111) and (200) in Fig.5 showing the decline in intensity at (200) and increases at (111) can be 
rationalized for the rearrangement in its structure during the tempering and hence the amount of the 
MC carbide shall not be affected. This point corresponds to the finding from the image analysis 
analyzed from the SEM results for more information on the size distribution of the MC carbide. The 
histogram of the size distribution plotted in Fig. 7 shows very fine size of mostly less than 1 µm at 
all tempering temperatures infers that its size distribution and amount are barely affected by the 
tempering.  

a)  b)  
Fig. 5 a) The inclination of the (200) peak of the MC carbide phase and b) the sharpening of the 

(111) peak of the same phase 

The substantial increase in wear resistance after tempering at the lowest temperature, therefore, 
possibly relates to other undetectable carbide formation as discussed in the literature. Meng reported 
a sharp improvement in wear resistance due to eta carbide at a similar tempering temperature as 
investigated in [19] after a cryogenic treatment. The eta orthorhombic carbide is well-known to form 
during the tempering of martensite in the lowest temperature level, up to 260 °C [20] and has been 
mentioned in several other research works [21-23]. The acceleration of the eta carbide formation can 
be contributed from the lattice compression at the cryogenic temperature that promotes the clustering 
of carbon atoms that behave as nuclei for further precipitation during the tempering. It has to be noted 
that the micro hardness measurement can mainly reflects the response from the matrix.  

Conclusions 

 The innovative DCT followed by a low temperature tempering at 200 °C results in a great 
improvement in wear resistance in the YXR3 matrix type HSS while restoring the toughness due to 
the combination of softening in martensite, possible submicro carbide precipitation such as the well-
known eta phase. This offers superior wear property to the conventional quenching and tempering 
that usually higher tempering temperature have been selected in addition to the short tempering cycle. 
The decrease in hardness and the correlated improvement in toughness is caused by the 
transformation of BCT into near BCC lattice as revealed clearly by the HEXRD. The MC carbide is 
not influenced by the tempering in terms of amount and size but the decline in a diffraction peak and 
increase in the other peak of the MC carbide micro precipitate should give a hint for its preferred 
orientation. The proposed heat treatment cycle can be recommended to the industry for the 
improvement in tool life as well as the production time saving.  
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Fig. 6 SEM images at 10000x of the samples after (a) no tempering (DCT), (b) tempering at  

200 °C, (c) 560 °C and (d) 600 °C 

 
Fig. 7 The MC carbide size distribution measured from SEM micrographs taken at 5000X 
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