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The wear resistance of an Fe-1 2.2wto/oCr-0.84wto/oMo-0.43wto/oV-1 .44wto/oC al]oy tool steel after cold
treatment at 223K(subzero treatment) and after cryogenic treatment at 93 K(u]tra-subzero treatment) has
been investigated. The wear resistance of steels after cryogenic treatment is superior to that after cold
treatment. The effects of cryogenic treatment on the microstructure were also studied by meansof X-ray
diffraction and transmission electron microscopy methods. Unlike cold treatment, cryogenic treatment
improves the preferential precipitation of fine n-carbides instead of 8-carbides. These fine carbide particles

enhancethe strength and toughness of the martensite matrix and then increase the wear resistance. The
formation mechanismof fine n-carbide is discussed.
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n-carbide; retained austenite.

l. Introduction

Cold treatment (subzero treatment), as an indispens-
able part of heat treatment of alloy tool steels, offered
significant increases in the wear resistance. It is widely
accepted that a major factor contributing toward its

success is the removal of retained austenite.1) Conven-
tional cold treatment has beencarried out at higher than
173K. This temperature is believed to be sufficient to
fully transform any retained austenite to martensite in

the quenched microstructure. However, more recent
evidence has shown that wear resistance is further
enhancedby cryogenic treatment at ultra-low tempera-
ture (ultra-subzero treatment), such as liquid nitrogen
temperature.i~4) Despite the numerouspractical suc-
cesses of cryogenic treatment and research projects un-
dertaken worldwide, no conclusive metallurgical undcr-
standing of this treatment has been established.

A wide range of experimental techniques has been
applied to investigate the atomic displacement of carbon
and microstructural changes in martensite during tem-
pering, including X-ray diffraction,5 ~ 7) electron micros-

copy and diffraction,8~ 11) M6ssbauerspectroscopy,i2)

atomprobe field ion micrscopy,13) electrical resistivity, 9)

dilatometric and calorimetric analysis.14) According to
the present state of knowledge the structural evolution
of martensite on tempering can be divided into the
following sequence of processes: (a) the O-th stage, the
formation of carbon atomclusters, modulatedstructures
and ordered structures, (b) the first stage, where the
martensite decomposes into low carbon martensite
containing 0.2 to 0.3wto/o Cand 8-transition carbide
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particle, (c) the second stage, the decomposition of re-
tained austenite into ferrite and cementite, (d) the third

stage, conversion of the transition carbide into cementite
and complete loss of the tetragonality of martensite.

Although a lot of works about tempering behavior
have been done, a complete and satisfactory under-
standing of the mechanismsof the structural changes
involved has not yet been obtained. TheO-th stage, i.e.,

prior to carbide precipitation, and the first stage were of
interest in the last decades. However, not so much
attention has been paid to studying the effects of
cryogenic treatment on the carbide precipitation in

martensite during tempering.
The aims of the present study, therefore, are to in-

vestigate metallurgically the wear resistance and the mi-
crostructure of tempered alloy tool steels after quench-
ing, after cold treatment at 223K and after cryogenic
treatment at 93 K.

2. Experimental Procedure

Alloy tool steel with composition (wto/o), I.44C, 0.3Si,

0.4Mn, 12,2Cr, 0.84Mo, 0.43V, 0.022P and 0.008S was
used. Heat treatment wasperformed at a constant heat-
ing rate of O.17K/s up to I 073K in a vacuumfurnace
at 4x l0~3 Pa, then up to austenitizing temperature of

1293K or 1373K with a nitrogen atmosphere at

20 Pa, followed by quenching to roomtemperature and
aging at 333K to avoid crack. The martensite start

temperature (M~) of this alloy is approximately 373K.
Cold treatment at 223Kandcryogenic treatment at 93K
were carried out. Figure I showsa typical heat treatment
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cycle of experiments,

The specimens for the wear resistance with a size

25 x 50 > 10mmwere ground and polished mechanically
after tempering at 453K for I.8 ks. Aschematic diagram
of a sample-on-wheel wear test machineis shownin Fig.
2. A friction wheel which has the samechemical com-
position as the specimens was quenched and tem-
pered with a hardness HV780.Nolubrication wasused.

The friction wheel rotated at a peripheral speed from
0.5 to 3.62 m/s, the sliding distance was from 200 to
600mand the applied load was 2lN. The wear rate,

W~=Bb3/8rPL, was calculated, where B is thickness of
the wheel, bis width of wear, r is the radius of the wheel,

P is the applied_load, and L is the sliding distance.

The volume fraction of retained austenite was de-
termined by X-ray phase analysis at roomtemperature.
Peaks {21 1}of martensite and peaks {31 1}of the retain-

ed austenite were employed.
The thin sheets of approximately 100pmin thickness

for the observation of transmission electron microscopy
(TEM) were austenitized and quenched by the same
condition as mentioned above. Thepressure of nitrogen
atmosphere at 20 Pa was controlled in order to avoid
decarburization due to oxidation and/or evaporation
during heat treatment. According to chemical analy-
sis, the carbon content of the heat treated sheets has
been confirmed to be unchanged. Tempering was car-
ried out at 453K for 600s after cold treatment and
cryogenic treatment. The ip 3mmdiscs were punched
and jet-polished to perforation using an electrolyte of
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3. Results

3.1. WearResistance

The variation of the wear rate with sliding speed is

shown in Fig. 3 for specimens austenitized at 1293K,
quenched and ultra-subzero treated at 93K. Finally

tempering wascarried out at 453K for I .8 ks. Thewear
rate of specimens after cryogenic treatment is smaller
than that of as-quenched specimens (without any sub-

zero treatment) for whole sliding speed. Furthermore,
it decreases dramatically at high sliding speed. The
cryogenic treatment results show 110 to 600o/o im-

provement. Thewearrate showsaminimumat the sliding

speed of 1.14 and 1.63m/s for specimens without and
with cryogenic treatment, respectively.

In Fig. 4, the variation of the wear rate with sliding

distance is shown for specimens quenched, subzero
treated at 223Kand ultra-subzero treated at 93 K. The
wear rate of as-quenched specimens is larger than that

of specimens after cold treatment and cryogenic treat-

ment at sliding distance 200m. At sliding distance 400
and 600m, the speclmens after cold treatment have al-
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Fig. 4. Wearrate vs, sliding distance for specimensquenched,
subzero treated at 223Kand ultra-subzero treated at
93 K, austenitization at 1293Kand tempering at 453K
for 1.8 ks. Sliding speed is 1.14m/s.
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most the same wear rate as as-quenched specimens.
However, the specimens after cryogenic treatment have
a smaller wear rate than as-quenched specimens and
specimens after cold treatment for any sliding distance.

3.2. X-RayDiffraction Analysis

The volume fraction of retained austenite is plotted
against the subzero treatment temperature in Fig. 5for
specimensaustenitized at 1293 and 1373K. Thevolume
fraction of retained austenite is 120/0 for as-quenched
specimens after austenization at 1293K, and approxi-
mately 6o/o for specimensafter cold and cryogenic treat-

ment. However, it decreases with treating temperature
going downfor specimens austenitized at 1373 K.

Cold treatment r~duces the volumefraction of retained
austenite drastically. Nevertheless, cryogenic treatment
reduces it slightly relative to cold treatment.

3.3. Structure Observation of TEM
3.3. I .

As-quenchedand TemperedStructure
Themicrostructure of as-quenchedspecimensconsists

of mainly fine twinned martensite and retained austenite,
the spacing between twins being a few tens nm.

40

-t- Austenitization at 1373K

HI- Austenitization at 1293K
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The bright-field image of Fig. 6 shows the micro-
structure of specimensquenchedand tempered at 453K
for 600s. The structure is mainly constructed with
martensite and retained austenite. In the martensitic
regions, manyplates are internally twinned and someof
the twins are extremely fine, the spacing between twins
being a few tens nm. Onclose examination, the twinned
martensite shows coarse striated structure, which has
been interpreted as the modulatedstructure produced by
the spinodal decomposition, i.e., two variants of the
carbon-rich regions. But there is a great difference from
the results of Taylor and others.9'1 1) Only one set of fine
parallel line contrasts wasseen in the bright-field image.
The fine striations were spaced about I nmapart on
average.

3.3.2. Microstructure after Cold Treatment
Figure 7(a) showsthe bright-field image of specimens

subzero treated at 223K and then tempered. Coarse
tweedlike structure corresponding to two orientation
variants was present. This fine scale modulated struc-
ture has a wavelength of about 5nm. However, carbide
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Fig. 6. Transmission electron micrograph of a specimen
tempered at 453K for 600s without subzero treat-

ment, showing a striated structure.
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(a) Bright-field electron micrograph of a specimen
subzero treated at 223Kand tempered, showing

a tweedlike structure.
(b) Electron diffraction pattern taken from the

tweedlike structure.
(c) Indexed pattern of (b).
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(a) Transmission electron micrograph of carbide
precipitation in a specimen ultra-subzero treated

at 93 Kand tempered.
(b) Electron diffraction pattern, showing two
zonal patterns from martensite matrix and
n-carbide.
(c) Indexed pattern of (b).

Beam//[I1I].. // [IOIJ,,.

Table 1. Comparison
8-carbide.

of interplanar spacings for n- and

hk! d,*kl*1 (nm) cl,,kl*2 (nm) Pct difference*3

(lOl)

(020)

(121)

n-carbide indexingB)

0,229 0,242
0.21 l 0.2 15
O. 154 0,161

5.3

l .8

4.3

(002)

(lOl)
(1 10)

g-carbide indexingl 5)

0.223 0.216
0.2 1l 0.208
O. i52 0.137

-3.2

- I .4

- l0.9

Nagakurarelationship,8) as indicated below:

(OI l).,//(OIO)n ; [1 1I].,//[lOl]~
'

Jackl5) identified transition carbide which forms
during tempering between 350 and 430K as hexagonal
8-carbide. Table I comparesthe difference associated with
the indexing of the carbide diffraction pattern according
to published values of dhkl for n- and e-carbide, Although
there is a close similarity betweenthe structure of n- and
8-carbide, it is clear that the precipitated phase is

n-carbide rather than 8-carbide.

*1

*2

*3

Measuredvalues at present work.
Published values by Refs. 8) and 15).

Pct difference = [(d,,kl*2
~

dhkl*1)/dhkl*2] x 100.

cannot be observed in the modulated microstructure.
Figures 7(b) and 7(c) are the selected area diffraction

pattern and the indexed pattern respectively, which
consists of a [OI 3] martensite zone. Inspection of diffrac-

tion pattern revealed streaking due to spinodal decom-
position during the O-th stage of tempering.

3.3.3. Microstructure after Cryogenic Treatment
The microstructure of the martensite after cryogenic

treatment and tempering was remarkably changed,
shownin Fig. 8(a). In most of the areas appe~red fin~

carbide particles developed in the boundary of twins.;Iri

different areas, fine carbide particles appeared at th'e"

points which havea considerable diffusing density. Sonie
rodlike carbide particles parallel to each other appeared'
and varied in size from 5to 10nmin cross-section and
from 20 to 40nmin length.

Figures 8(b) and 8(c) are the selected area diffrac-

tion pattern and the indexed pattern, respectively. The
diffraction pattern consists of a [1 1I] martensite zone
and a [lOl] n-carbide zone. It was seen that the (O11)

martensite plane is parallel to the (OIO) n-carbide plane,
the [lll] martensite direction is parallel to the [lOl]
n-carbide direction. From this pattern, it could be
confirmed that the orientation relationship between
martensite (oc') and n-carbide is the Hirotsu and

4. Discussion

4.1. Relationship betweenWearResistance andRetained
Austenite

From Fig. 5, the specimens austenitized at 1293K,
subzero treated at 223K and ultra-subzero treated at
93Khave almost the samevolumefraction of the retain-

ed austenite. However, the specimens after cryogenic
treatment show wear resistance improvement con-
siderably, as shownin Fig. 4. Although the specimens
after cold treatment have a smaller volume fraction of
the retained austenite than that of the as-quenchedones,
both have almost the samewear rate at sliding distances
400 and 600m.

It is accepted that a major factor contributing to wear
resistance improvementthrough subzero or ultra-subzero
treatment is the removal of retained austenite and the
formation of homogeneousmartensitic structure al-

';, though the hardness is hardly changed.16,17)

According to the scanning electron microscopy ob-
servation of the worn surface of hardened carbon tool
steel tempered at temperature lower than 573Kby Hu
et al.,18) the predominant wear mechanisms were
ploughing fatigue, fracture, and delamination. In this

case, the wear rate maybe controlled by crack nucleation
and propagation beneath the surface, which is related to
the strength and toughness of the materials. Retained
austenite may prevent crack propagation either by
changing the growth direction of an advancing crack or
by great energy absorption. It is suggested that cryogenic
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treatment makesa contribution to wear resistance due
to fine n-carbide precipitation rather than the removal
of retained austenite.

4.2. Mechanismof n-carbide Precipitation

Amodelof the bct-orthorhombic system transforma-
tion is proposed. It is knownthat the lattice deformation
of martensite results from cryogenic treatment.5,19)

Figures 9(a) and 9(b) represent the relationship between
(OIO) n-carbide plane and (1 lO) martensite plane. This
existance of the lattice correspondence between two
phases implies that (OIO) n-carbide plane is derived from
(llO) martensite plane, and [100], [OIO] and [OOl]
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Fig. 9. Atomarrangement on (O lO) n-carbide plane includ-
ing a projection along [OIO],,8) (a) and (110) mar-
tensite plane (b). Distortion of lattice and shift of car-
bon atom converts the bct lattice into the ortho-
rhombic lattice. These transform the solid rectangle
into the dashed rectangle. (a): (e), carbon atom at
O; (o), carbon atom at l/2[OIO]~; (O) iron or sub-
stitutional atom at l/4[OIO]~' (b): (e), carbon atom
before transformation from martensite to n-carbide,
(o), carbon atom after transformation, (O), iron or
substitutional atom. (c) Thebct-orthorhombic system
transformation.
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n-carbide directions are derived from [TIO], [1 10] and
[OOl] martensite directions respectively. In the n-carbide
structure, carbon atoms are in the octahedral interstices

and iron or substitutional atoms take a hcp arrangement.
The distance between neighbor iron atoms or substitu-
tional atoms in n-carbide and martensite is AB(n) >
AB(o('). ~~(n) BC(c(').

The lattice deformation is supposed to convert the
parent bct lattice into an orthorhombic n-carbide lattice

through the readjustment of iron or substitutional atoms
due to contraction along [TIO] and [110] martensite
direction and expansion along [OOl] martensite direc-
tion. Correspondingly, a sligh shift of carbon atoms is

required on (1 10) martensite planes in order to achieve
carbon atom stacking of n-carbide. This can be present
as follows in bct lattice, carbon atomsat (1/2, 1/2, O) and
(1/2, 1/2, 1) positions in (llO) martensite plane shift

a/1 2[150], which maybe explained a/6[1TO] +a/4[TTO],

and ones at (O, l, l/2) and (1,0, l/2) positions shift

a/12[510], i.e., a/6[1 10] +a/4[1 10], where a meansthe
lattice parameter of martensite. Furthermore, before
contraction and expansion, a a/6[TIO] shuffling of iron

or substitutional atoms on alternate (110) martensite
plane is necessary to meetthe needsof stocking described
by n-carbide structure. Alternatively, iron or substitu-
tional atoms and carbon atoms in the other (110)
martensite planes also change correspondingly as
indicated above. Figure 9(c) showsthe bct-orthorhombic
system transformation. The plain circle indicate iron or
substitutional atoms, the double circles indicate iron or
substitutional atomswhich belong to two unit cells and
the solid circles indicate carbon atoms. The shuffling

direction of atoms is shownby an arrow. It is suggested
by TEMobservation and crystallographic analysis of
carbide that carbide nucleates heterogeneously along the
carbon-rich bands which develop during the spinodal
decomposition of martensite.9)

It is well knownthat precipitation of fine n-carbide
enhances strength and toughness of martensite matrix,
and further increases wear resistance.2,20)

5. Conclusions

(1) Cryogenic treatment increases wear resistance
dramatically, especially at high sliding speed. The spec-
imens after cryogenic treatment show a minimumof
wear rate.

(2) Unlike cold treatment, cryogenic treatment pro-
motes preferential precipitation of fine n-carbides.

(3) The formation mechanismof n-carbide is sup-
posed to be as follows: iron or substitutional atoms ex-
pand and contract, and carbon atoms shift slightly due
to lattice deformation as a result of cryogenic treatment.

(4) The mechanismthat cryogenic treatment con-
tributes to wear resistance is through the precipitation
of fine n-carbide, which enhancesstrength and toughness
of martensite matrix, rather than the removal of the
retained austenite.
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