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Optimization of the properties obtained by
quenching in martensitic stainless steels
X30-40Cr13 and X40-60CrMoV14

C. GARCIA DE ANDRES, L. F. ALVAREZ

Centro Nacional de Investigaciones Metalurgicas (CENIM-CSIC), Departamento de Procesos
de Transformacion Y Fundicion Avda. Gregorio del Amo, 8-28040 Madrid, Spain

An experimental study of the effects produced by different parameters of the heat-quenching
cycle permitted the optimization of the properties typical of these martensitic stainless steels:
hardness and corrosion resistance. The results obtained demonstrate that the heating
temperatures currently used in industrial quenching treatment of these steels should be

modified.

1. Introduction

Scientific knowledge of the phenomena related to heat
treatment of materials has evolved to such an extent
over recent years that a review is needed of the
parameters used in industrial quenching treatment of
martensitic stainless steels.

The factors which affect the properties obtained in
steels by heat treatment are well known. Since Brear-
ley developed martensitic stainless steels in 1913, how-
ever, the approach and properties of the quenching
treatment of these steels have remained practically
unchanged. Numerous standards and current research
projects on these steels [1-71, still specify quenching
parameters very similar to those of the first studies
compiled in the work of Kinzel er al. [8].

In general, the basic properties required from mar-
tensitic stainless steels are high hardness and high
corrosion resistance. To optimize both properties sim-
ultaneously, an experimental evaluation was made of
the effects of the heating temperature and cooling rate
on the properties obtained by heat-quenching treat-
ment in the four steels listed in Table I. These steels
are supplied in spheroidized annealing form, with
microstructures of finely distributed M,;C, carbides
in a ferrite matrix (Fig. 1). The whole experimental
study described was conducted from this initial metal-
lurgical state.

2. Influence of heating temperature

2.1. Hardness

To evaluate the specific influence of the heating tem-
perature on the quenching hardness of the steels
studied, heat-quenching treatments were conducted at
different temperatures while the other heat-cycle para-
meters were kept constant. Test pieces 2 mm thick and
12mm long were heated at a constant rate of
0.5 K s~ ! in a tungsten resistor furnace, equipped with
ultrasensitive electronic programming, control and
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regulation systems. Radiation was focalized on the
samples, which were kept at the different heating
temperatures for 60 s and cooled at a constant rate of
2Ks L

Fig. 2 shows the variation of the quenching hard-
ness in relation to the heating temperature. When the
heating temperature was raised, in all the steels tested
the quenching hardness increased until it reached a
maximum value, after which it dropped with higher
temperatures. This increase in hardness 1s the result of
the larger concentration of carbon and of alloying
elements in the austenitic solid solution, which in turn
is the result of greater carbide dissolution and dif-
fusion of carbide-forming elements during heating
when the temperature increases. The level of hardness
begins to drop after it has reached a maximum, be-
cause residual austenite is now present. The solute-
enrichment of the austenite causes the temperatures of
the martensitic transformation points M, and M; to
drop as the heating temperatures rise [9, 10]. Starting
at the heating temperature at which M, is equal to the
room temperature, the rise in this temperature pro-
duces increasing amounts of residual austenite in the
quenching microstructure and this leads to the steady
lowering of its hardness.

The heating temperatures at which the maximum
quenching hardnesses are reached in the four steels
tested and their respective values are given in Table I1.
In terms of hardness, these temperatures may obvi-
ously be considered the optimum quenching temper-
atures of these martensitic stainless steels. Yet heating
temperatures lower than these are still being used.
Under the heading of “conventional temperatures”,
Table 11 shows the maximum temperatures generally
used in industrial heat-quenching treatment of these
steels [1-7] and also the quenching hardnesses ob-
tained at these temperatures. It is clear that if the
heating temperatures are raised from the conventional
to the optimum levels, the quenching hardness of the
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Figure I As-spheroidized annealing microstructures ( x 800}. Initial state of the steels. (a) X60CrMoV14, (b) X45CrMoV14, (c) X45Cr13,

(d) X30Cr13.

TABLE I Chemical composition (mass %)

Steel C Si Mn p S Cr Ni Mo v
X60CrMoV14  0.61 0.30 0.47 0.016 0.015 14.1 0.17 0.52 0.19
X45CrMoV14 0.46 0.46 0.44 0.018 0.003 14.3 0.16 0.51 0.13
X45Cr13 0.45 0.32 0.44 0.030 0.016 13.0 0.38
X30Cr13 0.27 0.26 0.40 0.015 0.007 134 0.10
steels studied rises considerably. The effects of this
temperature increase on austenitic grain growth and
800r . . .
carbide dissolution are analysed below.
2.2. Austenitic grain growth
700} To analyse experimentally austenitic grain growth in
X these steels, an image analyser was used to measure
© the size of the austenitic grain of each microstructure
f.\ | ; obtained in the quenching tests described above. Fig. 3
s / shows the increase of the average austenitic grain
T 600- diameter produced in these steels by raising the
x heating temperature. The graphs show that the aus-
L tenitic grain size is controlled by the action of the
carbides which remain undissolved in the austenite
X . . v . .
500k during heating. The average austenitic grain diameter
measured at the conventional and optimum temper-
atures of each steel demostrate that in the three steels
i with the largest carbon content there is a moderate
grain growth between both temperatures, and the
400 " ! " 1 : ! y austenitic grain remains fine at its corresponding
173 1273 1373 1473

Heating temperatures (K)

Figure 2 Influence of heating temperature on quenching hardness.
(O) X60CrMoV14, (@) X45CrMol4, (x) X45Cr13, (A) X30Crl3.

optimum temperatures. In ranges of higher heating
temperatures there is a greater grain growth. As will
be seen below, raising the heating temperature causes
the partial or total dissolution of carbides and so
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TABLE II Quenching heating temperatures

Steel Conv. temp. Hardness Optim. temp. Maximum
(K) HVS (K) hardness HVS

X60CrMoV14 1323 635 1373 730

X45CrMoV14 1313 545 1403 720

X45Cr13 1333 630 1393 710

X30Cr13 1313 550 1423 680
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Figure 3 Austenitic grain growth versus heating temperature.
(a) X60CrMoV14, (b) X45CrMoV 14, (c) X45Cr13, (d) X30Cr13.

reduces or removes, respectively, their bumper effect
on the austenitic grain growth.

At the same heating temperature, steel X30Cr13 has
the largest grain sizes of the four steels studied. In
addition, unlike the three steels with the largest car-
bon content, in steel X30Cr13 there is a considerable
growth of the austenitic grain between its conven-
tional and optimum temperatures. As this steel has the
lowest carbon content, there is a smaller amount of
carbides and the austenitic grain is able to grow more
freely. Moreover, the optimum temperature deter-
mined experimentally for steel X30Cr13 easily exceeds
its total carbide dissolution temperature, so grain
growth above this temperature occurs freely, uncon-
trolled by the carbides.

2.3. Carbide dissolution

To evaluate the specific influence of the heating tem-
perature on the carbide dissolution which occurs dur-
ing heating at a constant rate of 0.5 Ks™!, image
analysis was used to measure the area percentages of
carbides in the microstructures of quenchings per-
formed at a fast cooling rate. As in all the tests of this
study, the steels were invariably kept at the different
heating temperatures for 60 s. Cooling rates of around
50 Ks ! were applied to avoid carbide precipitation
during quenching and it was thus ensured that the
percentages measured corresponded to the amounts of
carbides in the states of austenization attained at the
different heating temperatures.
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Fig. 4 shows how the area percentage of carbides
drops in these steels when the heating temperature is
raised. The graphs demonstrate that the drop grows as
the heating temperatures approach the total carbide
dissolution temperatures for each steel [11]. In steel
X60CrMoV 14 the optimum temperature is lower than
the total carbide dissolution temperature, and 5.5% of
carbides do not dissolve in the austenite at this
optimum temperature. In steels X45CrMoV14 and
X45Cr13 there is a high level of carbide dissolution at
their optimum temperatures because these are very
similar to their respective total dissolution temper-
atures. Total carbide dissolution only occurs at the
optimum temperature in steel X30Cr13 because this
temperature is higher than the total carbide dissolu-
tion temperature of this steel. In any case, regardless of
the greater or lesser degree of dissolution reached at
the optimum temperatures, the results in Fig. 4 in-
dicate that a significant reduction of carbides occurs in
the four steels between their corresponding conven-
tional and optimum temperatures.

Without taking into account the influence of the
carbide precipitation, which will be analysed later, it is
clear that the carbides which do not dissolve during
heating will be present in the final quenching micro-
structure of these steels. Consequently, the reduction
of carbides at the optimum temperatures will, in prin-
ciple, improve the corrosion resistance obtainable in
these materials after heat-quenching treatment.

The heating temperature in this way has an import-
ant influence on the hardness and on the corrosion
resistance of martensitic stainless steels. As will be scen
below, the cooling rate is another very important
factor because of its influence on both properties.
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Figure 4 Variation of the area percentages of carbides in quenched
structures -at -different heating temperatures. (a) X60CrMoV14,
(b) X45CrMoV14, (c) X45Cr13, (d) X30Cr13.



3. Influence of the cooling rate

3.1. Hardness

The experimental curves of variation of hardness in
relation to the cooling rate, which are shown in Fig. 5,
were obtained for each steel from the two states of
austenization previously identified by their corres-
ponding conventional and optimum temperatures. To
analyse the variation of hardness in the quenching
microstructures formed exclusively by martensite or
by martensite and carbides, without perlite, the graphs
in Fig. 5 show the results obtained at the cooling rates
faster than the critical rates of total transformation
into martensite [11, 12]. To facilitate the plotting of
the graphs, the hardness is shown in terms of the well-
known Atg,s index, which is defined as the time which
elapses during cooling at a constant rate from 1073 K
to 773 K (800 °C to 500°C) [13, 14]. The correspond-
ing cooling rates are shown together with the logarith-
mic scale of Atgs.

Fig. 5 shows that by raising the cooling rate, the
hardness of the martensitic quenching microstructure
of the four steels rises to a maximum value, after which
it remains constant as the cooling rate rises. These
results demonstrate that at the optimum quenching
temperatures proposed in this study, not only the
highest levels of hardness are obtained but also that to
attain them slower cooling rates are required.

3.2. Carbide precipitation

Given the influence of the carbides on the corrosion
resistance of martensitic stainless steels, an analysis
was carried out of the influence of the cooling rate on

the carbide precipitation which occurs during con-
tinuous cooling of these steels from their correspond-
ing conventional and optimum temperatures.

The measurements of the area percentage in car-
bides of the same quenching microstructures obtained
in the tests described above show that no significant
carbide precipitation occurs during cooling from the
conventional temperatures. Regardless of the cooling
rate, the area percentages of carbides measured on the
quenching microstructures of the four steels from their
corresponding conventional temperatures are almost
identical to those given in Fig. 4 for the states of
austenization attained at the conventional temper-
atures. These results are shown in Fig. 6 within a
shaded zone. However, as Fig. 6 also shows, the area
percentages in carbides measured on the quenching
microstructures performed at the optimum temper-
atures of the four steels fall as the cooling rate rises
until they reach minimum values which remain con-
stant. In each steel these minimum values coincide
with the carbide percentages indicated in Fig. 4 for the
states of austenization attained at their optimum tem-
peratures. According to these results, carbides will
only be precipitated in these steels from their optimum
temperatures at slower cooling rates than the rate at
which this minimum value is reached. Faster cooling
rates prevent carbide precipitation during cooling and
the area percentage in carbides in the state of quen-
ching will be the same as in the state of austenization.

Although in the four steels tested carbide precip-
itation occurs at its optimum temperatures, the results
given in Fig. 6 show that throughout the range of
cooling rates, the area percentages of carbides of the
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Figure 5 Influence of cooling rate on martensitic hardness. (a) X60CrMoV14, (b) X45CrMoV#, (c) X45Cr13, (d) X30Cr13.

1267



Conv.temp.
BIX GO MoV 14 AN I A A1 10 10
7t Conv.temp.
e
6} ptim.temp.
5t
£ 4px4sCrMovis
2 3}
E 2| Optim.temp.
g‘ 1 21y p gl 1 RS | 1 NN WY |
€1 10! 10? 10°
e Cony.temp.
& 6} V2 (e
° 5 |X45Cr13
[
< 4t Conv.temp.
3l / I 77
2t ptim temp. x>
Yoo
130Cr3 Optim.temp. /
N oo gl A s ST NI L4ty
i N T G
Coolingrates(K 5'Y50 3020 10 5 3 2151 05

Cooling parameter, MB/S {s)

Figure 6 Influence of cooling rate on area percentages of carbides in
quenched structures at conventional and optimum temperatures.

quenching microstructures performed at optimum
temperatures are much lower than at conventional
temperatures.

4. Conclusions

The analysis of the experimental results obtained
in this study allow us to conclude that the typical
quenching properties of these martensitic stainless
steels can be optimized via the heating temperature.
The optimum quenching temperatures proposed are
higher than the conventional temperatures generally
used in industrial practice and they provide high levels
of hardness in these steels. In addition to verifying the
optimization of the hardness, this study also confirm-
ed that the rise of the heating temperature consider-
ably lessens the amounts of carbides present in the
quenching microstructures. A better corrosion behavi-
our may be expected when these steels are quenched at
their optimum temperatures. Thus the dual objective
of simultaneously optimizing their hardness and
corrosion resistance properties will be attained.

It was also demonstrated that the austenitic grain
size remains sufficiently fine at the optimum temper-
atures proposed, especially in the three steels with the
highest carbon content. Consequently, we may con-
clude that the moderate grain growth which occurs
between the conventional and optimum temperatures
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will not have any significant effect on the toughness
properties of these steels in as-quenched condition.

From the experimental study of the effects caused
by the cooling rate, it may be concluded that for the
optimum quenching temperatures proposed here, not
only are high levels of hardness reached but also
slower cooling rates are needed to attain them. The
possibility of obtaining high levels of hardness with
slower cooling rates gives a considerable reduction in
the risk of producing internal stresses, strains and
cracks during heat-quenching treatment of these
steels.

Finally, the absence of residual austenite in the
microstructures obtained by quenching from the
optimum temperatures [11], reinforces the idea that
these temperatures are suitable for heat-quenching
treatment of these martensitic stainless steels.
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