Influence of Tempering Temperature
on Stability of Carbide Phases in
2.6Cr-0.7Mo-0.3V Steel with Various Carbon Content

J. JANOVEC, A. VYROSTKOVA, and M. SVOBODA

The present work evaluates the influence of the bulk carbon content (0.1, 0.006, and 0.005 wt
pct) and tempering temperature (823, 853, and 913 K) on stability, chemical composition, and
size of carbide particles in 540 ks tempered states of 2.6Cr-0.7Mo-0.3V steel. The scanning
transmission electron microscopy/energy-dispersive X-ray spectroscopy (STEM/EDXS) and
electron diffraction methods were used to analyze the carbide particles. A characteristic energy-
dispersive X-ray (EDX) spectrum can be attributed to each of the identified carbides. The MC
carbide is stable in all experimental states. The phase stability of Fe-Cr-rich carbides increased
in the order ¢, Fe;C — M;C — M;C;, with tempering temperature increasing. In steels with
higher carbon content tempered at low temperature, M,;C, carbide was also noted. The Mo,C
and M,C carbides were not observed. It was shown that the decrease of the bulk carbon content
has the same influence on the carbide phases stability as the increase of the bulk vanadium
content at the unchanged Cr, Mo, C bulk contents and tempering temperature. Similarly, the
decrease of tempering temperature has the same influence on the carbide phases stability as the

decrease of the bulk Cr content at the unchanged V, Mo, and C bulk contents.

I. INTRODUCTION

AUSTENITIZATION, quenching, and tempering are
procedures often used in the heat treatment of the low-
alloy steels. The transition from the quenched to the tem-
pered state is usually accompanied by precipitation of
metastable carbides, by changes in crystal structure,!’-!
chemical composition,** and size'®! of carbide particles,
and by recovery of the ferrite. The character, mecha-
nism, and Kkinetics of these changes depend on three
main factors:

(a) the chemical composition of the steel;**!

(b) the microstructure and phase composition of the
quenched state;"”! and

(c) the tempering temperature.!®!

The chemical composition of the steel, tempering time
(17}, and tempering temperature (T;) also directly affect
the phase constitution of long-term tempered state. This
is evident from Table I, containing the data by Kuo,!"
Andrews er al.,'” Cadek et al..,'” and Shaw and
Quarrell.!"?! Smith!"" and Quarrell''>"*! formed carbide
phases constitution diagrams to summarize their results.
An example of such a diagram for 0.2C-0.5Mo-yCr-zV
(wt. pct) steel at 973 K is given in Figure 1,"" where y
and z specify the bulk content of Cr and V, respectively.

The chemical composition of the steel, tempering tem-
perature, and time also influence the chemical compo-
sition of the carbide metallic constituent (M).!**! This
is strongly evident for the M;C and MC carbides.!'™!
Energy-dispersive X-ray (EDX) analyses taken using
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scanning transmission electron microscopy (STEM) re-
vealed that each carbide has a characteristic EDX spec-
trum,*+1°171 a5 shown in Figure 2 for Cr-Mo steels.!'®!

The aim of the present work is to determine the in-
fluence of the bulk carbon content and tempering tem-
perature on the phases stability, chemical compositions,
and sizes of carbide particles in 540 ks tempered states
of 2.6Cr-0.7Mo-0.3V-based steels.

II. METHODS

Three casts (A, B, C) of low-alloy 2.6Cr-0.7Mo-0.3V
steel with different carbon contents (Table II) were pre-
pared by melting in a vacuum-induction furnace. Cylin-
drical ingots weighing 2 kg were forged to bars of 15 X
15-mm square section. Samples, 15 X 15 X 25 mm,
were placed into evacuated quartz capsules and heat-
treated according to the schedules given in Table III.

The average austenite grain size (d,) and micro-
structures of the experimental states were characterized
by means of light microscopy (LM).

Thin foils and carbon extraction replicas were exam-
ined in a PHILIPS* CM12 STEM operating at 120 kV

*PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

with energy-dispersive X-ray microanalyzer EDAX
9900 to determine the crystal structure of the extracted
carbides, the metallic elements contents of the carbides,
and the average sizes (d) of carbide particles. The X-ray
spectra were acquired in STEM mode, with count rates
from 100 to 200 cps obtained using a spot size appro-
priate for the size of the analyzed carbide. Semiquanti-
tative analyses of the EDX spectra were carried out
according to the EDAX standardless method for thin
samples. No corrections for absorption or fluorescence
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Table I.

Influence of Bulk Chemical Composition and

Tempering Conditions on the Composition of Equilibrium Carbides

Steel Composition (Wt Pct)

T, tr Phase Composition
Reference C Cr Mo A\ (K) {ks) Equilibrium Carbides
1 0.18 — 3.88 — 973 18,000 M(C + MoC
0.23 — 6.10 — 973 18,000 M(C
0.23 — 0.80 — 973 18,000 M,;C + MoC
10 0.37 1.35 0.48 — 923 18,000 M,C + M,C,
0.47 4.51 0.56 — 923 18,000 M,C;
0.42 4.22 1.15 — 923 18,000 M,C; + M,;Ce + MC
0.36 4.74 2.13 — 923 18,000 M,;Ce + MC
6 0.12 0.50 0.80 0.50 923 3,600 MC
0.12 2.60 0.80 0.50 923 3,600 MC + M,C; + MC
0.12 5.20 0.80 0.50 923 3,600 MC + MGy + MC
0.12 0.50 0.80 0.50 973 3,600 MC + M,C
0.12 2.60 0.80 0.50 973 3,600 MC + M;C; + MC
0.12 5.20 0.80 0.50 973 3,600 MC + MG
12 0.21 — — 0.34 973 3,600 MC + Fe;C
0.23 2.02 — 0.21 973 3,600 MC + M,C;
0.21 8.91 — 0.38 973 3,600 M,.C,

were made, because the average size of the carbides was
below 250 nm.

III. RESULTS

Ferrite and carbide particles, as products of the de-
composition of martensite and bainite, are present in the
microstructure of the tempered state A3, with both the
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Fig. 1 —Constitution diagram of carbide phases in 0.2C-0.5Mo-
yCr-zV steels at the temperature 973 K.!'!
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highest carbon content and the highest tempering tem-
perature. Similar microstructure is also seen in Al and
A2 states, which are tempered at lower temperatures,
and in all states of the cast B, with lower carbon
content. Fewer carbide particles in initially bainitic and
acicular ferrite areas were observed in the microstructure
of the tempered states of the cast C, with the lowest car-
bon content. Because of the similarity of Al through A3,
B1 through B3, and C1 through C3 states, only the states
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Fig. 2— Chemical composition of metallic constituent of carbides in
Cr-Mo steels.!'®
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Table II. Chemical Composition of Experimental Steels (in Weight Percent)

Steel C Mn Si Mo \"% P N
A 0.100 0.70 0.27 0.69 0.33 0.014 0.006
B 0.060 0.65 0.29 0.70 0.31 0.013 0.006
C 0.005 0.64 0.24 0.69 0.34 0.017 0.006
Table HI. Heat Treatment of Experimental Steels
Heat Treatment States
Austenitized 1513 K/0.6 ks, water quenched A0, BO, CO
Austenitized 1513 K/0.6 ks, water quenched, tempered 823 K/540 ks, cooled 300 K/s Al, B1, C1
Austenitized 1513 K/0.6 ks, water quenched, tempered 853 K/540 ks, cooled 300 K/s A2, B2, C2
Austenitized 1513 K/0.6 ks, water quenched, tempered 913 K/540 ks, cooled 300 K/s A3, B3, C3

Table IV. Average Size of Prior
Austenite Grains (d,) and Occurrence of
Carbide Phases in the Experimental States

State d, (mm) Carbide Phases
A0 0.30 g, Fe,C

Al 0.30 M,Cs, M.C, M,:C,, MC
A2 0.30 M,C;, M.:Cy, MC

A3 0.30 M,C,, MC

BO 0.30 g, Fe:C

B1 0.30 M,C;, M;C, M..C,, MC
B2 0.30 M,C;, MC

B3 0.30 M,C;, MC

Cco Q.22 Fe,C

Cl 0.22 MC

C2 0.22 MC

C3 0.22 MC

tempered at the highest temperature are documented in
Figures 3(a) through (c). The prior austenite grains of
the quenched states, AQ, BO, and CO, can be seen in the
upper right-hand corners of Figures 3(a) through (c), and
their average sizes are given in Table IV.

Transmission electron microscopy (TEM) observa-
tions of the quenched states (thin foils) showed that the
states AO (Figure 4(a)) and BO (Figure 4(b)) have
martensitic-bainitic microstructure containing retained
austenite and ¢ and Fe,C carbides. The plate-shaped par-
ticles of e-carbide appear in the inner part of self-
tempered martensitic laths. Between bainitic laths, the
particles of Fe;C were observed. Upper bainite and acic-
ular ferrite (Figure 4(c)) form the microstructure of the
state CO. The presence of Fe;C carbide particles in this
state is rare; MC particles were not observed (Table 1V).
All tempered states exhibited ferritic-carbidic micro-
structure, and four carbide types were identified: M;C,
M,:Cq, M5C;, and MC. Characteristic EDX spectra of
the carbides are given in Figures 5(a) through (d). The
majority of the Fe-Cr-rich carbide particles occurring in
the microstructures of states Al, A2, and B are of the
M,C; type. The presence of M,;C, carbide particies in
these states is rare; M,C particles were observed only in
the states Al and B1. Carbide phases present in the tem-
pered states, as a function of tempering temperature and
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bulk carbon content, are given in Table IV and plotted
in the form of a constitution diagram in Figure 6. Ac-
cording to localization of experimental points, the
boundaries of four carbide phase stability areas, M;C +
M.,:Ce + M,C; + MC, M,;C, + M,C; + MC, M,C; +
MC, and MC, were established. These are labeled by
dashed lines in Figure 6.

Carbide particles morphology and distribution in the
tempered steels are shown in Figure 7. As the tempering
temperature increased, the number of particles per unit
arca decreased, and their size increased. The influence
of tempering temperature and bulk carbon content on the
average size of various carbide-type particles is given in
Figure 8. The largest dimension of the particles was used
to evaluate their average size, according to the method
of Purmensky er al.’! It can be seen that the largest par-
ticles are M,C; carbides, and that MC are the smallest
ones. The average size of the M;C and M,C, particles
is comparable.

About 300 particles were analyzed by STEM/EDXS,
with the carbide structures being verified by selected-
area electron diffraction. These results are summarized
in Table V. In the metallic constituent of M;C, M,:Cq,
and M-C, carbides, the elements Mo, V, Cr, Mn, and
Fe were identified. Fe and Cr were the dominant ele-
ments. Only V and Mo were found in the metallic con-
stituent of MC carbide. Table V shows the changes in
the chemical compositions of carbides M;C, M,:C,
M,C;, and MC as a function of T, and bulk carbon
content.

IV. DISCUSSION
A. Stability of Carbide Phases

From the phase stability point of view, the carbides
identified in the tempered steels can be characterized as
follows (Figure 6):

1. MC is the most stable carbide. Its stability is not in-
fluenced by the bulk carbon content and tempering
temperature.

2. My C,, usually the most stable among Cr-rich car-
bides,'™ in the experimental steel was found only in
the states Al, A2, and Bl, which had higher bulk
carbon contents tempered at lower temperatures.
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Fig. 3 — Microstructures of the tempered states and prior austenite
grains of quenched states (upper right-hand corner), LM: (a) A3, AO;
(b) B3, BQ; and {(¢) C3, CO.
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Fig. 4—Substructure of the quenched states, TEM, thin foils:
(a) martensite and retained austenite (interlath dark areas) in state A0,
(b) particles of e— and M.C carbides in self-tempered martensite,
state BO; and (¢) acicular ferrite in state CO.
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Fig. 5— Characteristic EDX spectra and point electron diffraction patterns used in identification of the carbide phases, TEM: (@) M\C; (b) M1,Ce;

(¢) M,Cs; and (d) MC.

3. M,C; is a stable carbide. Its stability decreases with
reduction of the bulk carbon content.

4. M;C, the least stable carbide, is present only in the
microstructure of the low-temperature tempered
states, Al and BI.

Increasing tempering temperature can cause carbide pre-
cipitation sequences similar to those caused by the in-
crease of tempering time at the chosen temperature.'®'”
Consequently, the development of the Fe-Cr-rich car-
bide phases in steels A and B, during tempering at
913 K, can be written as:

g, Fe,C = M;C = MG, [1]

Carbide M,;C, usually does not belong to the equilib-
rium phases in Cr-Mo-V steels with bulk Cr content
lower than 3 wt pct.'® Nevertheless, the particles of
M,,C, were observed in microstructures of such steels.
Senior, in his review paper,'*’ showed the scheme of
carbide phases precipitation in 1Cr-Mo-V steel, during
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aging up to 370,800 ks at 723 to 823 K. According to
this scheme, M,,;C, carbide is replaced by M,C; carbide.
Smith!'" has also found the carbide M,;,Cq in Cr-Mo-V
steels with 0.2C, 0.5Mo, <1.5Cr, and <0.4V (wt pct),
after aging 7,200 ks at 973 K (Figure 1). He explained
this as a result of the stabilizing influence of Mo on the
carbide M,;C, in steels with lower Cr-content. Accord-
ing to Smith!"" and Senior,'* the optimum conditions
for precipitation of metastable M,;C, carbide are also at
lower Cr and higher Mo content in ferritic matrix. These
conditions could be performed during tempering of
steels A and B at 823 K. Carbides M;C and M,C; are
Mo-poor, and fine, Mo-rich, MC carbide particles take
only a slight volume fraction. Therefore, the Mo content
in ferritic matrix is relatively high, and in the areas with
reduced Cr-content (e.g., around M,C, particles), it can
lead to the formation of individual M,;C particles. Bet-
ter diffusivity of elements at higher tempering temper-
atures and maintenance of higher Cr-content in the
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Fig. 6— Constitution diagram of the carbide phases for XC-2.6Cr-
0.7Mo-0.3V steels.

matrix, due to lower bulk C-content, can prevent pre-
cipitation of this carbide in the states B2, A3, and B3.
The carbide M,;Cq in steels A and B cannot be consid-
ered a stable or equilibrium carbide. The rare presence
of its particles in the microstructures of both steels con-
firms that its precipitation is connected with special con-
ditions in some localities of the matrix.

The particles of Fe;C carbide present in the micro-
structure of the quenched state CO, probably lose their
stability during the first stage of tempering. Simulta-
neously, the precipitation of MC carbide starts. For steel
C, the following carbide reaction during tempering can
be proposed:

Fe.C = MC [2]

Density of particles after 540 ks tempering is higher
in state of C2 than in state C1 (Figures 7(g) and (h)).
This confirms that the temperature 853 K lies in the in-
terval of the intensive MC precipitation'?!! but tempera-
ture 823 K does not.

B. Chemical Composition of Carbides

From the chemical composition point of view, on the
basis of statistical treatment of EDX spectra, the M;C,

e ARG e i Tum

Fig. 7— Carbide particles morphology in the tempered states, TEM, extraction replicas: («) Al; (b) AZ; (¢) A3; (d) BI; (e) B2: () B3; (g) CI;

() C2; and () C3.
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Fig. 8 — Dependence of average sizes of the carbide particles on tem-
pering temperature and bulk C content.

M,,C, and M,C; carbides in steels A and B can be de-
fined as follows:

{a) M,C is the Fe-rich carbide. The content of Fe is 2.5
times higher than that of Cr. The presence of minor ele-
ments Mo, V, and Mn is neglected.

(b) M,C; is the Cr-rich carbide. The Cr content is 2.5
times higher than the Fe content. The presence of minor
elements is neglected.

(c) M,;C, is the Fe-Cr-rich carbide. The contents of Fe
and Cr are approximately equal; the content of minor
elements is slightly increased.

There are differences between the chemical composition
of these carbides and the chemical composition of iden-
tical carbides in other steels. For instance, Shaw!!®! ob-
served the Fe-Cr-rich M,C; carbide in Cr-Mo steels
(Figure 2). Elrakayby and Mills!'¥! found the majority of
Cr in the M,;C, carbide in the high-speed 1.1C-4.0Cr-
1.5W-9.5Mo-1.1V-8.2Co (wt pct) steel. The results of
Stevens and Flewitt¥! and Pilling and Ridley" for
2.25Cr-1Mo steel are identical to the results in the pres-
ent study. Therefore, the characteristic EDX spectra of
the Fe-Cr carbides can be spoken about only in relation
to the chemical composition of a particular steel or group
of steels.

The comparison of the chemical composition of the
carbide phases shown in Figure 9 with those studied by
Petri et al.'** shows that the next important factor influ-
encing carbide chemical composition is heat treatment.
Petri studied the steels 0.11C-2.93Cr-0.54Mo-0.01V
and 0.10C-3.95Cr-0.49Mo-0.01V (wt pct) (which have
similar chemical composition to steels A and B). After
slowly cooling the steels from an austenitization tem-
perature of 773 K, the carbides M,,C4 and M,C;, with
73 wt pet Cr, 23 wt pct Fe and 20 wt pet Cr, 80 wt pct
Fe, respectively, were identified in the steels.

The carbide MC belongs to the carbides with high
flexibility of chemical composition.!”! Its constant

Table V. Average Chemical Composition of the Carbides (in Atomic Percent)

Carbide State Cr Mo \Y Fe Mn Fe/Cr V/Mo
M,C Al 21 1 4 69 S 3.28
Bl 32 5 7 51 5 1.59
M,,C, Al 43 10 3 40 4 0.93
A2 36 10 7 42 5 1.17
Bl 39 10 6 40 5 1.03
M,C, Al 63 2 5 26 4 0.41
A2 60 4 6 25 5 0.42
A3 64 4 5 23 4 0.36
Bl 63 6 6 20 5 0.32
B2 63 5 6 22 4 0.35
B3 63 4 S 24 4 0.38
MC Al 38 62 1.63
A2 37 63 1.70
A3 33 67 2.03
Bl 38 62 1.63
B2 33 67 2.03
B3 33 67 2.03
Cl 24 76 3.17
C2 20 80 4.00
C3 13 87 6.69
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Fig. 9—Chemical composition ranges of the M for M,C, M,,C,,
M,C;, and MC carbides in 2.6Cr-0.7Mo-0.3V steels.

V /Mo values in the experimental steels A and B con-
firms that the steels are near the equilibrium state after
540 ks tempering (Table V). This can be explained by
relatively low bulk C content in these steels.!"-*! The lack
of carbon in a ferrite of steel C encourages its predom-
inant bonding with the strongest carbide-forming ele-
ment—V. The other alloying elements, including Mo,
mostly remain in solid solution.

C. Morphology and Size of Carbide Particles

Small ¢ and Fe,;C carbide particles have plate mor-
phology, the particles of M;C, M,;Cq, and M,C; car-
bides have elongated or equiaxed morphology, and the
particles of MC carbide are predominantly equiaxed.

The comparison of the average size and phase stability
of the M;C and M,C; particles shows that the carbide
M,C, is larger and also more stable. The particles of
M,C; carbide change their size more extremely in the
temperature range from 823 to 853 K than from 853 to
913 K. At temperatures above 853 K, the M;C carbide
does not occur (Table IV). It is probable that the loss of
M;C carbide stability at temperatures above 823 K ac-
tivates the growth of M,C; carbide particles.

D. Review of Results

The experimental results given in Figure 6 have been
compared with data by Smith."'"! Smith’s constitution
diagrams show the influence of Cr and V bulk contents
on the carbide phase stability in 0.2C-qMo-Cr-V steels,
where ¢ = 0.5, 1.0, and 2.0 wt pct, after tempering for
7,200 ks at 973 K. The increase of Mo content from 0.5
to 1.0 wt pct leads to the following changes in the con-
stitution diagram in Figure 1:

(a) the shift of the M,;C, carbide metastable existence
line to higher Cr and V concentrations,

(b) the reduction of two-phase area, M,C; + MC, re-
sulted in the enlargement of one-phase M,C, M,;Cq,
M,C;, and MC areas.
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Fig. 10-—Constitution diagrams for 0.2C-yCr-qMo-zV steels at
973 K: (a) modification of the diagram of the 0.2C-0.5Mo-yCr-zV
steels (solid lines) to the diagram for the 0.2C-0.7Mo-yCr-zV (dashed
lines) steel;''! and (b) influence of the bulk carbon content and tem-
pering temperature on stability of the carbide phases in the 540 ks
tempered xC-2.6Cr-0.7Mo-0.3V steels (the base diagram is for 0.2C-
0.7Mo-yCr-zV steel at 973 K).

The constitution diagram for ¢ = 0.7 wt pct Mo, rear-
ranged from the diagram for ¢ = 0.5 wt pct Mo
(Figure 10(a)), is shown in Figure 10(b). The dark point
in the circle in Figure 10(b) represents 0.2C-2.6Cr-
0.7Mo0-0.3V steel. It is evident from the position of this
point that the equilibrium state of the steel at 973 K con-
tains M,C; and MC carbides. The experimental points
from Figure 6 are simultaneously plotted to the appro-
priate areas in Figure 10(b). In comparison with the dark
point in the circle, they have different carbon content
and 7. The analysis of Figures 6 and 10(b) indicates the
following information for the xC-2.6Cr-0.7Mo-0.3V
(x < 0.2 wt pct) steels:

(a) The decrease of tempering temperature has the same
influence on the stability of carbide phases as the de-
crease of bulk Cr content at the unchanged V, Mo, and
C bulk contents.

(b) The decrease of bulk carbon content has the same
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influence on the stability of carbide phases as the in-
crease of bulk V content at the unchanged Cr, Mo, C
bulk contents and tempering temperature.

(c) After 540 ks tempering at 7, < 823 K, three other
combinations of phase composition are possible: M;C +
MC, M;C + MGy + MC, and M;C + M,C; + MC.

V. CONCLUSIONS

The results of the carbide particles investigation in the
quenched and 540 ks tempered states of 2.6Cr-0.7Mo-
0.3V steel with various carbon content can be summa-
rized as follows:

1. In the ferritic-carbidic microstructures of the tem-
pered states, four types of carbides were identified:
M;C (Fe-rich), M,;Cy (Fe-Cr-rich), M,C; (Cr-rich),
and MC (V-Mo-rich). In microstructures of the
quenched states, only & and M;C carbides were
present.

2. The changes of the bulk carbon content have a min-
imal influence on the characteristic EDX spectra of
the identified carbides. The influence of the temper-
ing temperature is more telling only in the case of the
M;C and MC carbides.

3. From the phase stability point of view, the most sta-
ble are carbides MC and M,C;.

4. The decrease of tempering temperature has the same
influence on the carbide phases stability as the de-
crease of bulk Cr content at the unchanged V, Mo,
and C bulk contents.

5. The decrease of bulk carbon content has the same
influence on the carbide phases stability as the in-
crease of bulk V content at the unchanged Cr, Mo,
and C bulk contents, and tempering temperature.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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