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EXPERIMENTAL INVESTIGATION OF SEGREGATION OF CARBON ATOMS DUE TO SUB-ZERO CRYOGENIC TREATMENT
IN COLD WORK TOOL STEEL BY MECHANICAL SPECTROSCOPY AND ATOM PROBE TOMOGRAPHY

DOŚWIADCZALNE BADANIA SEGREGACJI ATOMÓW WĘGLA W STALI NARZĘDZIOWEJ DO PRACY NA ZIMNO PO
OBRÓBCE KRIOGENICZNEJ METODĄ SPEKTROSKOPII MECHANICZNEJ I TOMOGRAFII ATOMOWEJ

In this work, we present mechanical spectroscopy of cold work tool steel subjected to sub-zero cryogenic soaking treatment
to reveal the carbon segregation and the subsequent carbides refinement. The maximum of Snoek-Köster (SK) peak height was
obtained in the sample subjected to soaking 1h at -130◦C cryogenic treatment. The SK peak height is reduced with prolonging
the soaking time. The results indicate that an increase in the height of SK peak is connected with an increase in dislocation
density and the number of segregated carbon atoms in the vicinity of dislocations or twin planes after martensite transformation
at -130◦C which is confirmed by corresponding TEM and atom probe tomography measurement. Hence, it is suggested that
the isothermal martensite, formed during the cryogenic soaking treatment decreases (APT) the height of SK peak.
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W pracy przedstawiono wyniki spektroskopii mechanicznej stali narzędziowej do pracy na zimno poddanej obróbce
kriogenicznej w celu odsłonięcia segregacji węgla i późniejszego tworzenia węglików. Dzięki połączeniu transmisyjnej mikro-
skopii elektronowej (TEM) i tomografii atomowej (APT) uzyskano maksymalny pik Snoek-Köstera (SK) w próbce poddanej
obróbce kriogenicznej przez 1 godzinę w -130◦C. Wysokość piku SK obniża się wraz z wydłużeniem czasu obróbki. Wyniki
wskazują, że zwiększenie wysokości piku SK jest połączone ze wzrostem gęstości dyslokacji i liczby segregowanych atomów
węgla w sąsiedztwie dyslokacji lub płaszczyzn bliźniaczych po przemianie martenzytycznej w -130◦C, co potwierdzone jest
odpowiednimi pomiarami TEM oraz APT. W związku z tym proponuje się, że izotermiczny martenzyt powstały podczas
obróbki kriogenicznej zmniejsza wysokość piku SK.

1. Introduction

It is well known that the wear resistance of tool steels
can be improved by cryogenic treatment due to martensitic
phase transformation and nanometer sized carbides precipi-
tated from martensite during the low temperature tempering
[1]. Das et al. [2,3] pointed out that the effect of deep cryo-
genic treatment (CT) was attributed to the precipitation of fine
η-carbides during tempering of martensite quenched to room
temperature. It was also claimed that CT can generate decom-
position of martensite by precipitation of the nanometer size
carbides during tempering to room temperature. Gavriljuk et
al. [4] pointed out that plastic deformation accompanying the
low-temperature martensitic transformation in a tool steel can
play a significant role in the subsequent carbide precipitation
during tempering. However, the underlying mechanism of dif-
fusion of carbon atoms and the carbide precipitation caused
by cryogenic treatment has not been clarified yet. Hoyos et
al. [5,6] studied the internal friction in martensitic carbon

steels under the sub-zero temperature. The analysis of inter-
nal friction spectra indicated that mechanical loss peaks ob-
served in the sub-zero temperature are related to the interac-
tions between dislocations, carbon atoms and carbides. Li et
al. [7] observed an increase in the Snoek-Köster (SK) relax-
ation peak after holding of the tool steel in liquid nitrogen
compared with quenching at RT, and the results have been
attributed to deep cryogenic treatment-increased dislocation
density. Meanwhile the isothermal martensitic transformation
was detected by the mechanical loss peak at around -150◦C
[4]. Yet it is clearly demonstrated that the evolution of mi-
crostructure and distribution of interstitial atoms in steels can
be successfully detected by mechanical spectroscopy [8-11].
In this paper, the distribution of carbon atoms and structure
transformation after different cryogenic treatments were stud-
ied by TEM, atom probe tomography (APT or 3-D Atom
Probe) [12-15] and mechanical spectroscopy [16-18], to clar-
ify the mechanism of carbon segregation in high alloy tool
steels.
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2. Experimental

The material studied here is a commercial high carbon
alloyed tool steel used for manufacturing products. The chem-
ical compositions are 0.83C, 0.57Si, 9.37Cr, 0.51Mn, 1.46Mo,
0.50Ni, 0.28V (weight %). After austenitization for 10 min at
1030◦C and quenching into oil, the samples were subjected to
cryogenic treatment (CT), which was carried out by uniform
cooling in a low-temperature cooler at -130◦C for 1h, 8h, and
12h.

Conventional X-ray measurements were performed on
polished samples listed in Table 1 to confirm the presence of
the phases using a D/max-2200 with Cu-Kα radiation. A con-
tinuous scanning mode was chosen with the rate of 1◦/min
over angular with 2θ =30∼ 110◦. The microstructure analysis
of samples was carried out in a JEOL-2010F transmission
electron microscope (TEM) operated at 200kV and equipped
with a high angle double-tile specimen holder.

The atom probe tomography was used as nanoscale char-
acterization technique to analyze the distribution of carbon
atoms within the investigated tool steel with 3-D atomic reso-
lution. The sheets were cut into small rods of 0.5 mm×0.5 mm
and 15 mm in length using a spark machine. Samples for APT
measurements were prepared using focus ion beam milling.
Needle specimens for APT analysis were prepared by standard
two steps electro-polishing. Then, the needle specimens were
analyzed using a CAMECA 3000 HR local electrode atom
probe (LEAP). The specimens were cooled to 50 K. The pulse
amplitude was kept at 20% of the standing voltage applied to
the specimen. The voltage pulsing repetition rate was 200 kHz.
The standing voltage on the apex of the specimen was varied
automatically in order to maintain an evaporation rate of 5
ions in every 1000 pulses.

Mechanical loss measurements were carried out in a res-
onant internal friction apparatus (Nihon Techno Plus Co.,
Ltd.). The measurements of internal friction, Q−1, and Young’s
modulus, E, were carried out in the bending mode. The
samples were thin plates 1×10×55 mm3. The resonant fre-
quency, f0, of the sample was in the range from 14 to
18 Hz. The internal friction was estimated from a classi-
cal method [19-22], i.e. free decaying oscillations were an-
alyzed by an electronic discriminator recording the number
of oscillations within the range of the maximum strain am-
plitude to the half value of this amplitude. Thus it is not
surprising, that free decaying oscillations were susceptible to
undesirable effects such as offset and the Zero-Point Drift
(ZPD) [22]. It is assumed that such biased oscillations did
not affect strongly estimated values of the internal friction.
It cannot be excluded, however, offset affected high back-
ground level observed at room temperature. Young’s mod-
ulus was determined from the resonant frequency, f0, (E ∼
f 2) using a commercial frequency meter. Mechanical loss
measurements were performed in high vacuum in the tem-
perature range from room temperature to 600◦C. The heating
rate used during internal friction experiments was 1.6 K/min.

3. Results and discussion

3.1. Microstructure evolution after cryogenic treatment
for different soaking time

Figure 1 shows the X-ray diffraction patterns of steels
after soaking at -130◦C for different holding times. The vol-
ume fraction of retained austenite is calculated according to
the ASTM standard E975-00, considering the diffraction crys-
tal plane (111), (200), (220), (311) of retained austenite and
(110), (200), (211), (220) of martensite. The estimated vol-
ume fraction of retained austenite is given in Table 1. The
diffraction maxima of austenite are drastically decreased after
CT, which indicates that the retained austenite transforms into
martensite at lower temperature, and isothermal martensite at
sub-zero temperature during holding times.

Fig. 1. X-ray diffraction patterns of the commercial high carbon al-
loyed tool steel after quenching and different CT soaking time at
-130◦C

TABLE 1
The volume fraction of retained austenite after different heat

treatment

Heat treatment Retained austenite [ % ]

quench 31.70

CT1h 8.13

CT8h 4.43

CT12h 3.62

CT∗ – cryogenic treatment

Figure 2 shows a typical TEM image of lath marten-
site after CT. The retained austenite is observed in between
martensite laths in CT samples, which is stable after longer
soaking time at -130◦C. Martensitic regions contain highly
twinned martensite in CT samples.
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Fig. 2. Morphology and distribution of matrix with twin martensite
in the CT8h sample: (a) bright field image, (b) corresponding dark
field image, and (c) diffraction pattern

Figure 3(a) shows an uniform distribution map of car-
bon atoms measured by APT in a freshly quenched sample.
The map indicates that segregation of carbon atoms is not
observed. Figure 3(b) shows the distribution map of carbon
atoms in the CT8h sample, that is, subjected to CT at -130◦C

for 8h. It is noteworthy that several carbon-enriched layers
with 2-3 nm in thickness are observed in the CT8h sample.
The 1-D concentration profile of carbon atoms is shown in
a direction perpendicular to the carbon-enriched layers in the
sample, as illustrated in Fig. 3(d). The maximum of carbon
concentration inside the marked cylinder in the martensitic
region is estimated as 3.92 at.%, which is higher than carbon
concentration in martensite phase, but substantially lower than
carbon concentration in cementite. The low-temperature in-
duced twinning on (111) planes by martensitic transformation

Fig. 3. (a) Carbon atom map (box size 43×42×200 nm3) for
the quenched sample. (b), (c) Carbon atom map (box size
57×56×207 nm3) of the sample subjected to CT at -130◦C for 8h.
(d) 1-D carbon concentration profile in a marked cylinder of 5 nm
(in diameter)×50 nm (in length) at the direction through four thin
layers. (For better resolution available in colors, readers are referred
to the web version of this article.)
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does not affect the positions of metallic atoms but transfers
the carbon atoms from the c- sub-lattice of the octahedral
sites to their a- sub-lattice and b- sub-lattice [4]. Therefore,
the nanometer size film layers can be regarded as the carbon
segregation nearby the twin boundaries.

3.2. Snoek-Köster relaxation after quenching and
cryogenic treatment

Figure 4 shows internal friction spectra and elastic modu-
lus of SDC99 steels after quenching and CT followed by soak-
ing at -130◦C for 1h (CT1h), 8h (CT8h), and 12h (CT12h),
measured in a bending pendulum. The modulus defect corre-
sponding to SK peak is similar after quenching and soaking
at -130◦C. The internal friction peak shown in Fig. 4(b,c) is
Snoek-Köster peak or equivalently the Snoek-Kê-Köster [23],
based on the similarities of the activation energy (H = 1.5eV)
obtained in measurements of SK peak in pure BCC α-Fe [24].
According to the coupling model [24-26], SK relaxation is
considered as the cooperative migration of foreign interstitial
atoms C, N (FIAs) which is caused by two kinds of interac-
tions, including the FIAs themselves and between the FIAs
and the strain field of dislocations [24,26,27]. Ngai et al. ex-
plained an increase in the activation enthalpy of SK relaxation
(HSK ) over a wide range from 0.95eV to 2.12eV as a func-
tion of carbon concentration [24,26,27,29]. The SK peak was
broader when more FIAs segregated nearby the dislocations
[24,26-29]. In Fig. 4(b), it can be seen that the peak height in
quenched sample is lower than that in the samples after CT.
However, with prolonging soaking time, the SK peak height
varies: the maximum of peak height is found in the sample
after CT treated at -130◦C for 1h. It is reasonable that more
fractions of retained austenite transform into martensite when
quenched sample is cooled down into the sub-zero tempera-
ture. Meanwhile the dislocation density increases and, thus,
the height of SK peak slightly increases. The feature of this
isothermal transformation is explained, the material is ‘soft’
due to the unaged virgin martensite [30,31] and the fraction
of mobile dislocations decreases during isothermal aging, be-
cause of the formation of isothermal martensite. Therefore,
the height of SK peak is reduced slightly with prolonging the
soaking time at -130◦C. With respect to the effect of cryogenic
treatment on the microstructure evolution, the interest of many
studies [2-4] was focused on the issue whether the Cottrell
atmosphere at dislocations can be formed during CT treat-
ment. The carbon atoms are essentially immobile at tempera-
ture below -100◦C. Because the jumping capability of carbon
atom decreases with decreasing temperature [4], carbon atoms
segregated to dislocation cores (i.e., Cottrell atmosphere) or
twin planes can be dragged along by dislocations. APT results
indicated that carbon clusters are located nearby twin planes.
Prolonged soaking treatment (at -130◦C) produces the isother-
mal martensite and diminishes density of dislocations in the
quenched martensite. Accordingly, carbon atoms segregated at
twin planes with the aid of dislocations dragging effect. Thus
the segregation of carbon at grain plane and decrease the dis-
location density hampers the growth of carbon clusters near
dislocations and subsequent carbide precipitation. Therefore,
it is detrimental to abrasive wear if prolonging soaking time
at -130◦C.

Fig. 4. Temperature variation of the relative Young’s modulus (E ∼ f2o)
(a) and internal friction (b) in quenched sample (•) and after sub-
sequent cryogenic treatment, CT, at -130◦C for different soaking
time: 1h (N), 8h (H), and 12h (?). (c) SK peaks in quenched sam-
ples subjected to different cryogenic treatments after subtraction of
high-temperature background

4. Conclusions

The highest Snoek-Köster peak is observed in the sample
subjected to cryogenic treatment at -130◦C for 1h. The height
of SK peak depends on the soaking time. With the aid of APT,
the carbon trapping sites are identified, which indicates that
carbon clusters are located nearby twin planes. These results
indicate that the height of SK peak increases due to increasing
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density of mobile dislocations or twin plane, and the growing
amount of segregated carbon atoms after martensitic transfor-
mation at -130◦C cryogenic treatment. The height of SK peak
is sensitive to the amount of isothermal martensite formed
during cryogenic treatment.
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