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old treatment is a sub-zero thermal treatment process pri-
marily used to reduce the retained austenite content of alloy 
and high carbon steels. Cold treatment covers the approxi-

mate temperature range of 0°C to 80°C, below which is considered 
cryogenic or deep cryogenic treatment [1]. Although cold treatment 
has been used to improve the performance of steel for centuries [2], 
it continues to be a topic of discussion in many industries [3-5]. As a 
result, the following discussion and analysis is intended to provide 
insights into the cold-treatment processes as well as provide context 
to identify key factors to be considered when establishing a cold-treat-
ment process.

COLD-TREATMENT FUNDAMENTALS
Many steels used in a heat-treated condition are heated to form a 
significant fraction of austenite and then cooled to form a variety 
of microstructures depending on the required properties for the 
application. Martensite is formed during rapid cooling or at a rate 
sufficiently fast to avoid formation of ferrite, pearlite, and bainite. 
The temperature at which martensite forms is designated in litera-
ture as the martensite start (Ms) temperature. The Ms represents the 
thermodynamic driving force necessary to initiate the austenite-to-
martensite shear transformation [6]. Chemical composition of the steel 
affects the Ms temperature. Carbon suppresses the Ms temperature 
significantly due to its ability to solid-solution strengthen austenite. 
The resultant is that higher carbon contents require higher shear 
stresses and therefore greater undercooling to initiate the martens-
ite transformation. Empirical equations for the Ms temperature as 
a function of chemical composition have been developed for a vari-
ety of steel classifications; however, the Andrews linear equation

from 1965 is still one of the simplest and most widely used. In the 
Andrews equation, Ms has units of degrees Celsius and alloying addi-
tions of carbon (C), manganese (Mn), chromium (Cr), nickel (Ni), and 
molybdenum (Mo) are in weight percent (wt%) [6]. The Andrews 
equation was determined using steels of the following composition 
range, in wt%: <0.6 C, 0.6-4.9 Mn, <5 Cr, <5 Ni, <5.4 Mo. Although 
high-carbon steels are excluded from this chemical composition 
range, use of the Andrews equation as a first approximation is com-
mon. Since the Ms reflects a thermodynamic value, the extent of the 
athermal martensite transformation can be quantified as a function 
of undercooling below the Ms. The Koistinen-Marburger equation  

relates the martensite volume fraction, f, to the undercooling below Ms, 
Δ T, in degrees Celsius which is equivalent to cold-treatment tempera-
ture in the present context. It is important to emphasize the Koistinen-
Marburger equation is independent of time. 

Figure 1 shows the plot that can be made by combining the Andrews 
and Koistinen-Marburger equations. Retained austenite (RA) as a func-
tion of cold-treatment temperature was calculated using the two equa-
tions along with the nominal chemical composition of 100CrMnSi6-6 
[7]. Lines of constant C content for 0.6, 0.8, and 1.0 wt% C were shown 
to demonstrate the significant influence C content has on the fraction 
of retained austenite for a given alloy composition and cold-treatment 
temperature. At room temperature (RT, +20°C) a 1 wt% C version of 
100CrMnSi6-6 is estimated to have 70 percent RA while a 0.6 wt% C 
version is estimated to only have 10 percent RA. In high-carbon steels, 
the amount of carbon in the austenite depends primarily on the tem-
perature the steel is austenitized. Figure 2 shows published data relat-
ing the Ms temperature to the austenitizing temperature of 52100. 
The Ms temperature decreases as austenitizing temperature increases, 
approaching a constant Ms temperature of approximately 140°C at the 
highest austenitizing temperatures evaluated. In the range of austen-
itizing temperatures most relevant to industrial heat treatment of 
52100, less than 900°C, the Ms temperature is very sensitive to aus-
tenitizing temperature and therefore requires strict process control.

Figure 3 shows four representative micrographs of 100CrMnSi6-6 
quenched to room temperature as well as cold treated at three differ-
ent temperatures. A single specimen was austenitized in a protective 
atmosphere furnace, oil quenched to room temperature, cut, mounted, 
polished, lightly etched, and cold treated at –20, –60, and –80°C to visu-
ally demonstrate the evolution of retained austenite fraction during 
cold treatment. The sample was austenitized at a sufficiently high 
temperature to allow nearly all carbon to be dissolved in the austenite 
before being quenched to room temperature. White areas are retained 
austenite, brown/tan areas are martensite, and the gray globular fea-
ture near the center of each image is a manganese sulfide (MnS) and 
was used as a fiducial marker to ensure image position was not lost 
between each cold treatment.

Figure 4 shows the hardness and visual retained austenite data 
collected from the specimen shown in Figure 3. Each data point rep-
resents the sample mean ±1σusing five HRC measurements for hard-
ness and five 200x magnification fields for visual retained austenite. 
The room temperature condition (+20°C) exhibited approximately 53 
HRC at 70 percent RA while the -80°C cold-treated condition exhibited 
approximately 58.5 HRC at 25 percent RA.

Figure 5 compares the measured values shown in Figure 4 and the 
calculated values obtained using both the Andrews and Koistinen-
Marburger equations shown in Figure 1. Although the data presented 
in this analysis is limited, it is in reasonably good agreement with the 
values calculated from literature.

UNDERSTANDING THE PROCESS
The above-mentioned experimental data and analysis were presented 
as an exercise in linking established relationships from literature 
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to results from a cold-treatment process. 
Although not every experiment will be in 
good agreement with literature, it allows 
for a basis of identifying and understand-
ing the potential factors contributing to 
any misalignment. From the analysis above, 
austenite-carbon content and cold-treatment 
temperature can be considered critical fac-
tors to the control of a cold-treatment process. 
The latter of the two factors being the least 
significant.

CONTROLLING AUSTENITE 
CARBON CONTENT
The coefficient for C in the Andrews equa-
tion is an order of magnitude higher than 
any other alloying element in the equation. 
This clearly indicates the relative importance 
of controlling carbon content to ensure a con-
sistent Ms is achieved. Methods for controlling 
austenite carbon content are provided below.

Starting microstructure: Consistency of austenitization is impor-
tant to ensure a cold-treatment process provides consistent results. 
Spheroidized microstructures can be particularly challenging due to 
the potential for large variations in carbide size distribution.

Austenitizing temperature: Generally considered a coarse process 
adjustment. Figure 2 provided a sense as to the sensitivity of this 
process parameter in controlling austenite-carbon content.

Austenitizing time: Generally considered a fine process adjustment. 
Adjustment of the temperature should be first and then the time can 
be adjusted to ensure the process can accommodate small process 
anomalies.

CONTROLLING COLD-TREATMENT TEMPERATURE
Figure 1 showed controlling the cold-treatment temperature increases 
in importance as C content increases and higher temperature cold 
treatments can leave an appreciable amount of RA in the microstruc-
ture. The Koistinen-Marburger equation also showed the fraction of 
RA transformed is independent of time. The steel simply needs to uni-
formly get to temperature to achieve desired results.

SUMMARY
Cold treatment of steels was discussed in the context of two equations 
from literature, the Andrews equation and the Koistinen-Marburger 
equation. The Andrews equation relates chemical composition of a 

steel to its Ms temperature, the thermody-
namic driving force for martensite formation. 
The Koistinen-Marburger equation relates 
the fraction of martensite transformed to 
the amount of uncooling a steel has below 
its Ms temperature. Experimental data was 
in good agreement with the equations from 
literature. Analysis of the equations indicates 
austenite-carbon content is the primary con-
trolling factor in a cold-treatment process 
while the cold-treatment temperature itself 
is secondary. 
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Figure 1: Retained austenite as 
a function of cold treatment 
temperature calculated using 
Equations 1 and 2 along with the 
nominal chemical composition of 
100CrMnSi6-6 steel.

Figure 4: Hardness and visual 
retained austenite data from 
100CrMnSi6-6 steel samples 
described in Figure 3.

Figure 5: Comparison of measured 
retained austenite values shown 
in Figure 4 and predicted retained 
austenite values using the Koistinen-
Marburger equation shown as 
Equation 2.

Figure 2: Martensite start 
temperature as a function of 
austenitizing temperature for 52100 
steel [8].

Figure 3: Representative optical micrographs 
of a 100CrMnSi6-6 steel specimen austenitized 
at a temperature and time adequate to dissolve 
nearly all carbides then (a) quenched to room 
temperature, (b) cold treated to -20 °C, (c) cold 
treated to -60 °C, and (d) cold treated to -80 °C. 
The same polished sample was used for all four 
conditions. The manganese sulfide (MnS) near the 
center of each image was used as a fiducial marker.
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