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carbide phase changes in various Cr-Mo steels during tempering were

investigated by means of X-ray analyses, electron microscopic observations
and chemical analyses. Two sequences of carbide precipitation were recognized,
viz., (1) M3C— M2C—>M23Cg or M3C*, and (2) M3C-— M7C3—> M23Cq. The carbide
reaction (1) occurred in such the Cr-Mo steels of relatively lower chromium.
content, while the carbide reaction (2) occurred in those of higher chromium
content. In such the Cr-Mo steels of medium chromium content, the carbide
reaction (1) and (2) occurred simultaneously. The carbide phase diagrams were
proposed to describe the type of carbide reaction and the period of individ-

ual carbide precipitation for 12 types of Cr-Mo steels.

1. Introduction

The behavior of carbide precipitation during tempering is one of the most
important factors controlling the mechanical properties and the creep character-
istics of heat treated Cr-Mo steels. Further, the authors indicated that the
reheat cracking sensitivity of Cr-Mo steels was closely related to the carbide
types precipitated during reheating, and suggested the mechanism of reheat crack
initiation caused by the carbide in the previous paperlz

The behavior of carbide precipitation in Cr-Mo steels is influenced not
only by the individual alloying element, such as chromium and molybdenum but
also by the mutual effect of their elements. Therefore it is required to inves-
tigate systematically the behavior of carbide in the steels with various Cr-Mo
contents. In this paper, the carbide diagrams during tempering were shown for
12 types of Cr-Mo steels based on the experimental results of electrolytic
extraction— X-ray analyses, electron microscopic observations and chemical anal-
yses of extracted carbides using the specimens tempered at 500 to 700°C for 1 to

100 hours.
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2. Previous works
2.1 Chromium steel

K.Bungardg)informed the cross section of Fe~C-Cr ternary equilibrium dia-
gram at 700°C. The following carbides were formed in chromium steels as the Cr/C
content ratio of the steel was increased under the equilibrium condition.

M3C, M7C3, M23C6(I)
where the notation of M3C represents the iron carbide, Fe3C(Cementite) contain-
ing chromium as solid solution. Similarly M7C3 and M23C6(I) represent the chro-
mium carbides, CryC3 and Cr23C¢ containing iron.

During tempering the quenched chromium steels, the following change of
carbide phase occurred with the progress of temperingg)

M3C — M7C3 increasing chromium content

- ——

M3C — M7C3 —> M23Cg (I)

2.2 Molybdenum steel

T.satd!

informed the cross section of Fe-C-Mo ternary equilibrium diagram at
700°C. The following carbides were formed in molybdenum steels as the Mo/C
content ratio of the steel was increased under the equilibrium condition.

M3C, M23Ce(IL), M3C*, M2C, MgC
where M3C represents Fe3C containing molybdenum. M23C6 (II) represents Fe21Mo2Cg
containing iron as solid solution. M3C* was the Fe-Mo-C ternary carbide named
E~carbide by T.Takei?)And D.J.Dysoﬂshetermined the stoichiometric formula, FeaMoC
of f£-carbide. In this paper the notation of M3C* was used for the representation
of the iron-molybdenum carbide, FepMoC containing iron in order to distinguish
from the iron carbide, M3C. The notation of M32C represents the molybdenum
carbide, Mo2C containing iron. And MgC represents the continuous series of solid
solution between Fe4gMo2C and Fe3Mo3sC.

During tempering the quenched molybdenum steels, the following change of

carbide phase occurred with the progress of temperingp

M3C — M2C — M23C6(IL) ( — M3C*)

I

; increasing
M3C — M2C — M3C* |

[

molybdenum content
M3C — M2C —> MgC

As mentioned above, M2C carbide followed after M3C in all molybdenum steels.
And then, M2C carbide was changed to the final carbides corresponded to molybde-

num content of steels.

2.3 Chromium-molybdenum steel

K.W.Andrews7)

informed the cross section of Fe-Cr-Mo-0.12%C quaternary
equilibrium diagram at 700°C, and W.JellinghausS)informed that of Fe-Cr-Mo-0.22%
C. Carbide types present in quaternary system were same as those present in Fe-
Cr-C and Fe-Mo-C ternary systems, and special quaternary carbide has not been
recognized.

As concerned to M23Cg(I) and (I), the authors assumed that M23C6(I) and (II)

are mutually soluble in all proportion, because both the lattice structures are
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the same and both the lattice constants are nearly the same. Then the single

notation, M23Cg was adopted for such the solid solution.

3. Materials and experiments

3.1 Chemical compositions of steel specimens

8 kg ingots of various Cr-Mo

contents were prepared by melting Table 1 Chemical compositions of steel
electrolytic iron and ferro-alloys specimens (wtd)
in an induction furnace in the No C Si Mn P S Cr Mo

laboratory. Each ingot of 60 mm in A-0/0.12 0.42 1.06 0.020 0.020 0.04 0.51
A-1/0.12 0.39 1.06 0.018 0.019 0.58 0.54

diameter was forged into the steel  , 519 12 0.34 1.08 0.016 0.019 1.10 0.53

bar of 16 mm in diameter. The fol- A-310.13 0.49 1.22 0.018 0.016 1.83 0.52
. . A-410.14 0.51 1.41 0.017 0.018 2.57 0.53
lowing two series of Cr-Mo steels A-5/0.14 0.41 1.28 0.018 0.018 3.32 0.51
were selected based on the chemi- B-0]0.13 0.22 0.91 0.021 0.018 0.01 0.96
cal compositions of HT80 steels B-1/0.14 0.30 1.07 0.018 0.019 0.46 0.92
and Cr-Mo heat resisting steels B-2|0.14 0.27 0.92 0.020 0.018 1.14 0.96
B-310.13 0.36 1.19 0.021 0.019 1.44 0.91

used currently, as shown in Table 1. B-4 0.13 0.38 1.16 0.019 0.019 2.03 0.93
B-5/0.14 0.45 1.12 0.021 0.019 4.27 0.95

Series A : 0.5%Mo, 0 to 5%Cr
Series B : 1 %Mo, 0 to 4%Cr

3.2 Electrolytic extraction and X-ray analyses

Carbides were extracted

. . DC power supply
electrolytically from the speci-
R

mens gquenched and tempered at 1 liter

500 to 700°C for 1 to 100 hours ,/beaker

using the electrolytic cell as copper )

shown in Fig.l. 0.5N HCl was cathode —___| //spizlmen

used as electrolyte, and current (=) anode (+)

density was 10 mA/cmZ. Carbides electrolysist=f , $16x50

as anode residue were filtered diaphragm o ;1 é”g%gifégiyte

through a glass filter(G3). And carbide

then the filtrated carbides were as
residue

washed by distilled water and
ethyl alcohol, and dried in a

Fig.l Apparatus for electrolytic extraction
desicator.

of carbides

X-ray diffraction with Cr
target was carried out for the
identifications of extracted carbides. Data cards published from JCPDS were
used as the standard diffraction patterns.

When the specimen included two or more types of carbides, the weight frac-
tion of the individual carbide was determined by following method. At first, the
standars steel specimen, each of which contained mono type of carbide, was
selected. M3C, M2C, M7C3 and M23Ce carbides were extracted from S45C (tempered at
600°C for 24 hours), 0%Cr-0.5%Mo(tempered at 700°C for 100 hours), 1.8%Cr-0.5%Mo
(tempered at 600°C for 24 hours) and 4.3%Cr-1%Mo (tempered at 700°C for 100 hours)
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respectively. Then these carbides were mixed artificially in proper weight
fractions, and X-ray diffraction was carried out on such the carbide mixture.
The calibration curves were made between the weight fractions of carbide and the
intensity of diffracted beam. Fig.2 shows the calibration curves for the carbide
mixtures of M3C-M2C, M2C-M7C3 and M7C3-M23C6, respectively.

1
M3C-M2CJ —ﬁMzc—M7C3 M7C3-M23Cg| P
o]
- 4
s /) /
0.5
) |
- o
c
)
£
s /4
0
0 0.5 10 0.5 10 0.5 1
Weight fraction Weight fraction Weight fraction
of M3C of M7C3 of M23Cg
. M3C M2C M2C M7C3 M7C3 M23Cé6

Fig.2 Cariblation curves between the ratio of diffracted beam intensity
and weight fraction of carbide for M3C-M2C, M2C-M7C3 and M7C3-M23Cg

3.3 Electron microscopic observations and electron beam diffraction of carbides

3.3.1 Preparation of replicas

The electrolytic extraction—X-ray diffraction is the most suitable exper-
imental method for the identification and quantitative analysis of carbides
in steels. But this method is not sufficient to examine the shapes and distri-
bution of carbides. And it is generally difficult to obtain the X-ray diffrac-
tion pattern by the very fine carbides in the earlier stage of precipitation.
Then, the electron microscopic observations were carried out on the specimens
quenched and tempered at various temperatures.
The extracted replicas were made by the following two methods.
Method I ---- The single-stage technique (Direct carbon replica technique)
(a) The specimen surface is polished and etched by 5 to 10% nital so that
the microstructure is readily visible under the optical microscope. (b) A
thin carbon film is evaporated directly on to the surface. (c) The carbon
film is scored into small squares whilst it is still on the specimen. (d)
The specimen is dipped into 15 to 25% nital for 1 hour. During chemical
etching the squares of carbon film, on which the carbides are extracted,
float into the nital. The separated squares are washed by acetone and
distilled water, and then fixed on a grid.
Method T ---- The two-stage technique
(a) The specimen surface is polished and etched same as method I. (b) The
first-stage replica is made by the acetylcellulose film. The carbides on
the specimen surface are extracted mechanically on this film. (c) The
second-stage carbon replica is made from the first-stage replica. The
extracted carbides are transferred from the first-stage replica to the

second-stage replica.
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3.3.2 Determination of the diffraction constants for the electron microscope

The wave length of electron beam, A

is given by the following equation. electron beam
A= ].h eE 1
(ZmOeE)7(1+2—? )2
Mo reflecting \|g
i 1]
_ 12.26 o lattice plane\%
T ea 8 10°E)+ (A) \
E2(1+ 0.9788 10 E)2 specimen i
(carbide)
h : Planck’s constant \
mo: mass of electron
charge of electron L bhg\R
light velocity diffracted
acceleration voltage beam
In the case of selected area .
. ) ] ) 0 iJP film
diffraction, the carbide on the replica main spot < I™diffracted spot
diffracts the electron beam. And the Fig.3 Electron beam diffraction

Bragg’'s law is formed. That is,

2d sinf= A
d : spacing of the reflecting lattice plane
® : Bragg's angle

As shown in Fig.3, a lattice plane of carbide crystal diffracts the electron
beam, and this diffracted beam gives a diffracted spot on the film. In the case
of electron beam diffraction, the wave length is very short in comparison with
the spacing of a lattice plane. Therefore Bragg's law can be rewrited as follows
approximately.

dr =LA
r : distance between the main spot and the diffracted spot

L : distance between the specimen and the film

Diffraction constants, LA of the electron microscope (Hitachi H-700H) were
determined using the evaporated film of copper as shown in Table 2.

If many particles of mono type carbide are present together in the selected
area, the diffracted beam formes Debye-Scherrer rings as shown in Photo.l. The
spacings of lattice planes can be calculated from the radii of the rings. While
if the diffracting particle is the single crystal, the diffracted beam forms

Laue pattern as shown in Photo.2. Inthis case, the spacing of the lattice plane

Table 2 Diffraction constants, L+ (mm'g)

acceleration|electron diffraction camera length control (C.L.)
voltage (kV) 1 2 3 4 5
75 12.70 21.74 44.10 60.81 80.49
100 11.00 18.90 38.58 52.25 68.92
150 8.69 15.00 30.17 41.32 54.60
175 8.26 14.16 28.54 38.76 49.28
200 6.93 12.42 25.13 34.69 40.23
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main
spot
O

Photo.l Debye-Scherrer rings Photo.2 Laue pattern obtained
obtained by many particles by single crystal
of mono type carbide
Table 3 Carbide types formed in tempered Cr-Mo steels determined by
X-ray analyses
Shaed - teﬂperlng temperature Epd t;mg
; - 500°C 600°C 700°C
\ 2Mo | \ I I (| —
No |®MO|2CE | 54 hr| 100hr | 1hr | 5hr | 24 hr [ 100hr | 1hr | 24 hr| 100hr
|a-0| 0 | M3C n.p. | M3c | M3C M2C 1 M2C M3c | Mac | MpC
‘ | M2C J M3C J M3C
___4 . RSN | — . B | I
|Aa-1| |0.6 n.p. | M3C M3C | MaC | MaC M3C M3C M3C
L } | MacC M3C | M3C | |
[a-2 (1.1 | M3¢ | n.p. | M3C M2C M2C | M3C M3C | M3C |
| | | | M3C | M3C M7C3 | M7C3 |
0.5 | M7C3 | M7C3 M23Cg | M23Cg |
|a-3 1.8 [ Mm3c | M3cC Mic | M7C3 | M7C3 | M7C3 | M3C | M7C3 | M7C3
| ! M7C3 | M3C | | M7C3 | M23Cg | M23Cg
A—Q‘ 2.6 | n.p. | M7C3 | M7C3 | M7C3 | M7C3 | M7yC3 M7C3 M7C3 M7C3
} | ‘ M23Ce | M23Ce | M23Ce | M23Cs | M23Ce | M23Ce
A-5 | 5.3 | M7C3 M7C3 | M7C3 | M7C3 | M7C3 ! M7C3 M7C3 | M23Cg | M23Cq
1 M23Ce | M23Cq M23C6 | M23Ce6 | M23Ce | M23Ce ‘
|
_ N - | | L .
B-0 0 n.p. n.p. ‘ M2C | MaC ; MaC f MaC | MaC M2C \
| | ‘ M3c | | M3C M3C* | M3C* |
|B-1 0.5 | n.p. n.p. | M2C MaC MaC | M32C | M2C | Ma2C 7 W
; M3C M3C M3C | | MaC M3C | \
|B=2 | 1.1 | n.p. ngb. ‘ MaC Z-MQE____ﬁéc : M3C ? MaC qﬁﬁaégigrii == |
‘ M3C M3C M3C M3C M3C M3C |
1 | M7C3 | M23Cg |
| ‘ | M7C3
L f— o — | =S Seimaiaiinit
B-3 il.d n.p. n.p. M3zC MaC MaC M7C3 M7C3 M23Cp
. | M3C | M7C3 M7C3 MaC M23Cg
B-4 ‘2.0 n.p. n.p. i MaC M7C3 M7C3 ‘ M7C3 -_M23C6 )
| M3C | MaC M23Cg | M23Cpg
‘ - M23Cg 5
B-5 |4.3 [ n.p. n.p. | M7C3 M23Cg | M23Cq M23C6! M23Cg | M23C6g |
‘ | | | M23CG| M7C3 |
5 ¢ No diffraction pattern was obtained.
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can be calculated from the distance between the main spot to the diffracted
spot. And the crystal structure of carbide and Miller indices of the spots are
determined. The vectors of OP and 0OQ in Photo.2 are equal to the reciprocal
vectors of the lattice planes; (hi,k1,11) and (hp,k2,12) which reflect the spots of
P and Q respectively. Therefore the angle between spot P and spot Q from main
spot O is the angle between the two lattice planes of (hi,ki1,11) and (ha,k2,12) .

4. Sequences of carbide precipitation during tempering
Results of X-ray analyses on the extracted carbides are shown in Table 3.

The following two types of sequences are recognized on the progress of tempering,

that is elevating the temperature and passing the time.

M23C6  -————— T~ (1)
M3C —= Mzc'/27
TS Mjcr mmemee o (1"
M3C —> M7C3 —= M23Ce -~~~ —~——- (2)

M,C precipitation (M3C —s= M2C), which is the first step of carbide reac-

tions (1) or (1'), was recognized in steels containing relatively smaller chro-
mium. M2C carbide was transferred to M23Ce generally. But the carbide reaction
(1") (MaC —= M3C*) was recognized in only 0%Cr-1%Mo steel, which had high Mo/C
content ratio and low Cr/Mo content ratio.

carbide reaction (2) was recognized in steels containing high chromium. In
the high chromium steels the molybdenum carbide M2C was not recognized.

In the steels, which had medium chromium content (1.1%Cr-0.5%Mo steel and
1.1 to 2.0%Cr-1 %Mo steels), both carbide reactions (1) and (2) occurred

simultaneously.
5. Carbide morphologies observed by electron microscope

M3C carbide generally precipitates from martensite after the formation of
c-carbide at the earlier stage of tempering. But in many Cr-Mo steels, M3C
carbide is already present in bainite structure under as-quenched condition.
Fine M3C carbide precipitating in bainite structure is shown in Photo.3 for
as-quenched 1.1%Cr-0.5%Mo steel. M3C carbides precipitated also on the lath
boundaries of martensite in the same steel as shown in Photo.4-(a). The shape
of this M3C carbide is large film-like. Fine M3C carbides in bainite structure
remained up to the tempering temperature of 600°C. While, large film-like M3C
carbide grew with the progress of the tempering as shown in Photo.4-(b).

M7C3 carbides were recognized in 1.1%Cr-0.5%Mo steel tempered at 600°C for
5 hours as shown in Photo.5-(a). M7C3 carbides were fine rod-like carbides.
Photo.5-(b) was the Debye-Scherrer rings obtained from the selected area shown
by the circle in Photo.5-(a). Diffraction pattern of M3C was also super imposed
on that of M7C3 in the photograph.

M2C carbides precipitated uniformly in both grain interior and grain
boundary. M2C carbides were fine needle-like in shape as shown in Photo.6,which
was the micrograph of 1.1%Cr-0.5%Mo steel tempered at 600°C for 5 hours. Photo.
7 also shows needle-like M2C carbide present in 03%Cr-1%Mo steel tempered at
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spacings of l§E£iEé

planes _(Aa)
observed | standard
(Fe3c)
2.52 2.54
2.36 238
2.08 2.06
2.03 2.01
1.89 1.87
1.83 1.85
1.69 1.68
1.59 1.58

: ST
Photo.3 Electron micrograph of extracted replica taken from as-guenched
1.12Cr-0.53%Mo steel showing the fine M3C carbides precipitating

in bainite structure

]

£
2 o LY L e e e
Photo.4 Electron micrographs of extracted replicas taken from 1.1%Cr-0.5%Mo

y

steel showing the large film-like M3C carbides precipitating on the

martensite lath boundaries (a)as-quenched (b) tempered at 550°C

;; _*:Qﬁiti

Ebaéings of lggtiéé pfaiégi(ij

i’?1.¢ﬁ}*¢“ observed standard
. IS g‘f' | terrea) rese)
TRV AL 2.70 2.68
b 2l 5ES 2.39 2.35 2.38
L 2.22 2.22
I A D 2.17 2.14
e ,?,‘*”;:‘it* ' i.os igg 2.06
At T o R I 1:3? 1.90 E=
b R %'?‘:de T Al 1.87 1.84 1.87
F ﬂ‘.&f;fi’z"' . 1,77 1.78 1.76
et “1,;'3, 1.70 1.71 1.68
AR TR 1.60 | 1.2 1.58
¢ BEET 1.55 | 1.51 1.54
K Th g W‘i‘ 1.34 1.38
T Tl ok 1.19 1.19 1.19
e e - B i B 1.17 1.17

=
e n. o TR 1.13 113
iﬁs)‘&l‘h{-ﬁ: : 1.1 Toll

Photo.5 Electron micrograph of extracted replica taken from 1.1%Cr-0.5%Moc
steel tempered at 600°C for 5 hours showing the fine rod-like
carbides (a), and diffraction pattern by these carbides (b)
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ébacings of i;fticé

planes (a)

observed | standard
J (Mo3C)
2.61 2.60
2.:31 2.28
1.76 .75
150 150
1.28 127
0.96 0.96

Photo.6 Electron micrograph of extracted replica taken from 1.1%Cr-0.5%Mo

steel tempered at 600°C for 5 hours showing the fine needle-like M3C

S
re 0.5p
Photo.7 Electron micrograph of extracted replica taken from 03%Cr-1%Mo steel

tempered at 600°C for 5 hours showinq the needle-like MyC carbide

spacings of lattice planes (&)
| standard
: spot‘ observed \(FeleOZCG)(hkl)
= 1 1
\ A 1 22 L.23 (751)
B iz L9 1.17 (911)
c | 2.29 2.38 (420)
i e el
L

éﬂgle_between_lattice planes {°3
spots|observed | calcurated

A-B 315 29.0
B-C | 71.0 | 69.9

Photo.8 Electron micrograph of extracted replica taken from 4.3%Cr-1%Mo

steel showing the large rod-like M33Cg carbide

47
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600°C for 5 hours. These needle-like M3C carbides were recognized in the
beginning stage of M3C precipitation.

Photo.8 shows M33Cg carbides present in 4.33%Cr-1%Mo steel tempered at 600
°C for 24 hours. M23C6 carbide was also rod-like in shape and larger than M7Cjy
carbide .

The special carbides, such as M2C and M7C3 were very fine at the beginning
stage of their precipitations. Therefore they were recognized at ealier stage
of tempering (lower tempering temperature or shorter time) by the electron
microscopic examinations than that by electrilytic extraction and X-ray analy-
sis. These results were included as the complementary plots of the carbide

phase diagrams mentioned in the later section.
6. Chemical analyses of extracted carbides
Although the lattice structure of the carbides found in tempered Cr-Mo

steels are same as those of Fe3C, Mo2C, Cr7C3, Cr23Ce and FepMoC, respectively,
the chemical compositions of those carbides are not same as that calculated

Table 4 Chromium and molybdenum concentrations of extracted carbides

steel extracted carbide
content in |tempering | concentration carbide tyzztimated
No steel (%) tempera- | i, carbide(z) | determined by from
ture and X-ray. chemical
Mo Cr time Mo Cr diffraction analysis
A-0 0 5.53 0.40 M2C
A-1 0.6 4.53 4.39 | M3C M2C
A-2 | oo 1.1 5.58 | 10.95| M3C M2C
A-3 . 1.8 4.87 16.61 | M3C
A-4 2.6 3.55 22.96 | M7C3
A-5 5.3 600°C 3.58 39.35| M7C3
B-0 o | Thour 500 | o0.43] mpc
B-1 0.5 18.10 3.48 | MaC M3C
B-2 1 1.1 23:00 8.25 | MaC M3C
B-3 1.4 13.28 | 16.15| MaC M3C
B-4 2.0 10.38 22.96 | Ma2C M3C
B-5 4.3 7.18 | 44.68 | M23Ce M7C3
A-0 o | 8.40 0.16 | M2C M3C
A-1 0.6 7.48 12.04 | MaC M3C
A-2 0.5 1.1 | 6.20 16.11 | M2C M3C M7C3
A-3 ) 1.8 | 4.22 33.50 | M7C3
A-4 2.6 3.30 46.48 | M7C3 M23Ce¢
A-5 5.3 600°C 3.34 55.70 | M7C3 M23Cq
B-0 o | 24 hours Moe30 1 0,99 | MaC Mac
B-1 0.5 26.10 10.02 | MaC M3C
B-2 1 1.1 25.25 19.68 | M2C M3C
B-3 1.4 20.60 24.26 | MoC M7C3
B-4 2.0 9.30 42.32 | M7C3 M2C M23Cg
B-5 4.3 17.55 64.06 | M23Cg
A-0 0 700°¢ 5.33 0.0 M3C MoC
A-1 0.6 1 hour 6.86 6.28 # M3C MoC
A-2 1.1 3.54 | 16.23 | M3C M7C3
0.5 700°C
. 6. | 24 hours | 2-97 | 13.79 |mM3C M7C3
700°C
100 hours - 16.65 | M3C M7C3
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Molybdenum content —>
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Tempering parameter ; P

Fig.4 Weight fraction of the individual carbide extracted from tempered

Cr-Mo steels

from such the chemical formulas, because those carbides contain iron, molybdenum
or chromium as solid solution. Therefore chemical analyses of chromium and
molybdenum were carried out on the extracted carbides according to the standard
methods of J.I.S.. Because the decomposition of carbides was difficult by the

acid recommended by J.I.S., the following mixed acid was used.

Nitric acid i sulfuric acid + Perchloric acid 10 mg of
20 ml 5 ml 5 ml extracted carbide

Table 4 shows the concentrations of chromium and molybdenum in extracted
carbides.
According to the ternary equilibrium phase diagrams of Fe-C-Cr and Fe-Mo-C,

the solubilities of chromium and molybdenum in M3C carbide are 15 and 3wtg,
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respectively. Therefore, the M3C carbide specimen containing larger chromium or
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AM23Ce

Note; OM3C

®M)C  AM7IC3

molybdenum than each solubility can be considered the mixture of M3C-M7C3 or

M3C-M2C. Carbide types estimated from chemical analyses are shown in Table 4.

7.

Carbide phase diagrams of Cr-Mo steels during tempering

Because the carbide reaction (carbide phase change) in steel are caused by

the diffusions of carbon and other alloying elements, such as chromium and

molybdenum, it is thought that the progress of carbide reaction is expressed by

the tempering parameter; P defined by the following equation.

P=T(log t+¢c)
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Fig.6 Carbide phase diagrams of Cr-1%Mo steels during tempering
Note; OM3C ® M2C AM7C3 A M23Cé6 O M3C*

T : tempering temperature (°K)
t : tempering time (sec)
c

constant which is dependent on the material

The value of constant, c is altered by the chemical compositions of the
steel. In this study, the constant, c was found to be about eight.

Fig.4 shows the weight fraction of the individual carbide for each Cr-Mo
steel using the tempering parameter as the abscissa. From this figure the fol-
lowings can be pointed.

(i) In the chromium free or low chromium steels, MpC carbide dominantly
precipitated.

(i) As the chromium content was increased, the precipitation regions of M7C3
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carbide expressed by tempering parameter, P extended and the precipitation
time was advanced.

(iii) As the molybdenum content was increased, the precipitation region of Mj)C
carbide extended. Conversely the precipitation of the chromium carbide M7C3
was suppressed.

(iv) M23Cg carbide was stabilized not only by increasing chromium content but
also by increasing molybdenum content.

Fig.5 and Fig.6 show the carbide phase diagrams of Cr-0.5%Mo and Cr-1%Mo
steels respectively. The plots in these figures included the results of X-ray
analyses, electron microscopic observation and chemical analyses of extracted
carbides. The tempering temperature-time regions were divided by some curved
lines at which the each carbide precipitated and disappeared.

8. Conclusions

Precipitation of carbides during tempering were investigated for the Cr-Mo
steels of 0 to 53Cr and 0.5 to 1%Mo. A series of experimental method, which con-
sisted of electron beam diffraction on extracted replica, X-ray diffraction and
chemical analysis on extracted carbide,and electron microscopic Observation,was
established in order to confirm the carbide phase change in Cr-Mo steels. The
results are summarized as follows.

(1) Carbide phase change (carbide reaction), M3C —= M2C —= M33C6 or M3C* was
found in 0 to 1.1%Cr-0.5%Mo and 0 to 2.03Cr-1%Mo steels. And the other carbide
phase change, M3C —= M7C3 —= M23Cg was found in 0.6%Cr-0.53%Mo and 1.1 to 4.3%Cr-
1%Mo steels. Both the carbide phase changes were recognized in 0.6 to 1.1%Cr-
0.5%Mo and 1.1 to 2.0%Cr-13%Mo steels

(2) The sequence of carbide precipitation in each Cr-Mo steel was described in

the carbide phase diagram shown in the tempering temperature-time diagram.
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