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Temper Embrittlement Characteristics of 2!/,Cr-1Mo Steels

Toshio TAKAMATSU, Yasuo OTOGURO,

Kazuhide SHIOTSUKA, and Katsukuni HASHIMOTO

Synopsis :

Influences of impurities, alloying elements and grain refining elements were investigated systematically
in relation to high temperature strength and temper embrittlement of 21f, Cir—1Mo steel which was widely
used for high temperature chemical equipments such as a desulphurization reaction vessel of heavy oil.

The following results were obtained.

1) The degree of the temper embrittlement increased remarkably with increasing the amount of im—
purites such as P, Sb and Sn. It was also larger with higher C content, cooling rate at quench and strength
level. However, relative ratio of their degree of the embrittlement among various impurities was nearly
constant.

2) Effective element for high temperature strength was generally harmful to temper embrittlement.

3) Steels with fine grain size had less susceptibility to temper embrittlement than those with coarse
grain size. Accordingly, addition of grain refining elements such as Ti, Nb, Te and Al decreased the
susceptibility.

4) TRare earth elements lowering the content of P on grain boundaries decreased the susceptibility.

5) Both high strength at elevated temperature and less susceptibility to temper embrittlement was ob—

tained with steel containing a combination of Ti, B and REM,
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Table 1. Chemical compositions of steels used in
experiment part I. (wt%)
Steel Sn Sb P base composition

HC1 | 0.002 [<0.002| 0.007
HC2 | 0.023 {<€0.002| 0.007 | C :0.145, Si :0.45
HC3 | 0.046 [<0.002| 0.006 | Mn :0.55 , Cr :225

HC4 | 0.002 | 0.020| 0.006 { Mo : 1.00 , Cu:0.11
HCH5 | 0.002 | 0.037| 0.007 | Al : <0.002
HC6 | 0.002 | 0.002| 0.027 | N :0.010

HC7 | 0.002 [<0.002| 0.047
LC1 | 0.002 |<0.002| 0.006
LC2 | 0.015 {<0.002{ 0.006 | C :0.080, Si :0.25
LC3 | 0.046 |<0.002| 0.006 | Mn : 0.50 , Cr 1225

LC4 | 0.002 | 0.020| 0.006 | Mo : 1.00 , Cu:0.11
LC5 | 0.002 | 0.039| 0.005 | Al : <0.002
LC6 | 0.002 [<0.002| 0.028 [ N :0.010

LC7 | 0.002 |<0.002| 0.040
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Table 3. Chemical compositions of steels used
in the experiment part II. (wt%)

C Si Mn Cr Mo

others
A1 ]0.085)| 0.40 | 0.53 | 2.19 | 0.92
A2 [(0.150| 026 ] 062 ] 219 095 | P :0.007
A3 [0.162] 055 | 0556 | 221 090 | S :0.006

A4 10.167 0.16 | 0.49 | 2.22 [ 0.91 | Cu:0.15
A5 [0.169| 0.41 { 0.27 | 2.19 | 0.95 | Ni :0.15
A6 [0.164| 0.44 | 0.54 | 1.88 | 0.90 | Al : <0.02
A7 [0.156| 0.45 | 0.65 | 2.60 | 0.95 | N : 100ppm
A8 |0.164| 0.30 | 0.54 | 2.17 | 0.87
A9 |0.161| 0.40 | 0.54 | 222 | 1.04

Table 4. Heat Treatments of steels used in the
experiment part II.
Quench Temper S.R. T.P.
930°C X 2hr . . .
60°C /min (800 » 4007 ) |095C X5M=AC. sgocng.n FC 20.7
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Table 2. Heat Treatments of steels used in experiment part I.

Condition Quench Temper S.R. T.P. [
930°C X2hr - - ' e :
A 15°C /min (800 — 400°C ) | 865 X5h—~AC.1690T X 16h~F.C. 20.4
930°C X 2hr . © 5 18ho
B 60°C /min (800°C —400C ) 665°C X 5h—A.C. [690°C X 16h~F.C. 20.4
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Table 5. Chemical compositions of steels used in the experiment part III. (wt%)

Steels| ¢ | silm| P | s |cu|Ni|C M|V T‘,’;f" T‘l’\‘,a' sn | As | sb | Remarks

B1 |0.156|0.34 | 0.65 |0.009(0.006| 0.03 | 0.19 | 2.36 | 0.92 | 0.01 [0.003|0.0093]0.003}0.006[0.001

Commercial
steel

B2 [0.138!0.34 | 0.68 |0.008]/0.008| 0.05 | 0.17 | 2.25 | 0.92 | 0.02 |0.003|0.0153[0.008{0.008(0.003] 100kg ingot

B3 [0.147/0.35 | 0.59 {0.007(0.008| 0.05 | 0.17 | 2.31 | 0.93 | 0.02 |0.024(0.0161{0.008/0.008,0.004| 100kg ingot

3
Table 6. Heat Treatments of steels used in the experiment part III.

Norm. Quench Temper SR.
@ 930C
920°C X4hr @1050°C X200min 665°C Xbhr 690°C X 30hr
®@1200C
C.R.:4C/min | C.R.:40%C/min C.R.: 4C/min C.R.:560C/hr

Table 7. Chemical compositions of steels used in the experiment part IV.

(Wt%)

C Si Mn P S Cr Mo |Sol Al others
C1 |0.158| 0.38 | 0.60 |0.006|0.006|2.15 [1.02 |0.004
C2 |0.149| 0.40 | 0.60 |0.006|0.005|2.17 {0.98 |0.004|Cu:0.31
Cc3 |0.141]| 0.34 | 0.61 |0.006|0.006|2.17 [0.98 [0.002|Ni :0.50
C4 |0.145| 0.41 ] 1.21]0.006{0.006]2.19° |0.96 |0.002
Cb (0.175| 0.43 | 0.63 |0.006(0.005|2.21 [0.97 |0.002 Ti :0.017
C6 |0.177| 0.38 | 0.65 |0.004|0.0072.19 {0.97 [0.002|Ti :0.045
C7 |0.182]| 0.37 | 0.58 |0.005|0.005|2.16 |0.97 [0.002|Ce :0.039
C8 |0.180| 0.36 | 0.59 |0.006(0.006|2.19 {0.95 |0.002|Nb :0.027
C9 |0.168| 0.39 | 0.60 |0.006|0.006|2.11 |0.94 |0.002{Te : 0.036
C10 |0.170} 0.41 | 0.60 |0.006|0.006|2.12 |0.98 |0.002|{8B :0.0028
C11 (0.149| 0.44 | 0.65 [0.006{0.005]2.,19 |0.97 -|0.028] B :0.0036
C12 {0.154| 0.44 | 0.65 {0.006[0.005|2.14 |1.00 |0.079]| B :©0.0036
C13 |0.166| 0.42 | 0.63 |0.005|0.006|2.21 |0.92 [0.002|Ti :0.016, B :0.0033
-C14 |0.180| 0.42 | 0.63 [0.005]0.005|2.17 |1.00 [0.002|Ti :0.048, B :0.0036
C15 |0.166( 0.39 | 0.61 |0.004|0.005(2.17 |0.98 [0.012|Ti :0.050, Ce :0.060
D1 |0.139| 0.40 | 0.48 |0.064|0.006|2.258|0.993|0.037
D2 10.144| 0.49 | 0.48 |0.065{0.006(2.274|0.989(0.032|Ti :0.06, Ce:0.031

Table 8. Chemical compositions of steel E1 and E2.

C Si Mn P S Cu Ni Cr Mo | Ti Ce | B |SolAl| TN | Sb | Sn | As
£1]0.14| 0.48 | 0.58 |0.009|0.007| 0.01 ] 0.03 | 2.35 | 1.06 |<0.01] — | — |0.004|0.0149/0.003/0.002|<0.001
E2|0.13| 0.29 | 0.50 {0.008]0.0056|<0.01| 0.03 | 2.41 | 1.07 [0.054|0.016|0.0028/0.021|0.0152|0.002{0.002|0.002
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Table 9. Heat treatments of steels E1 and E2.

Normalizing Quench Temper S.R.
Heating rate 100°C /min 100°C /min 100°C /h 100C /h
Holding time 925°C X3.3h 925C X3.3h 665C X5h 6907C X29h
Cooling rate 4T /min 15, 30, 60°C /min 4°C /min 50°C /h
140 140 o Table 10. Shift of 4vTrts per 0.01 percent of
e at] ] impurities.
120 - teolo Te ] 120
C.R.(C/min) Sn Sb P
1% 1 "G 60 16.4(4.1) | 19.4(49) | 40.0(10.0)
50 S0l 15 5.9(3.3) | 11.7(6.5) | 18.0(10.0)
: . 2 60 39(2. 3(a. 710,
2 2wl Lo (26) | 6.3(43) | 14.7(10.0)
A S . 15 30(40) | 4.0(54) | 7.4(10.0)
I “of 2 “or 7 Number in parenthesis indicates the ratio compared
. /) ) . 4
ol /x ol A//Z ol /o with phosphorus (the ratio of P is 10)
s i -
0 laZ— : omEE—— obdel —
4] 002 0.04 Q 002 004 o] 002 0.04

Sn (%) Sb (%) P (%)

Fig. 1. Effects of the amount of impurities on

the degree of embrittlement.
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Table 11. Hardness of steels used in the
experiment part I.

Steel HC1~HC7 LC1~LC7?7
Heat Treatment A B A B
195~202[209~218| 143~ 150{ 181~ 189

Hardness
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Table 12. Shift of 4vTrs per 0.01 percent of
alloying elements.

element C Si Mn Cr Mo
coefficient]{ 4.3 1.5 1.3 0.6 0.7

a) HC1 B, b) LC3 B, c¢) HC7 B, d) HC7 A
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Fig. 4. Relation between 4v7Trs and g at 450°C.

Table 13. Austenite grain size of steels used in
the experiment part III.
930T 1060°C 1200
B1 36 i 150 p 290 &
B2 34 u 110 180 u
B3 8u 18pu 210p
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o .
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(2]
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2 Unembrittled
=20
_40 ] | I 1 L

10 20 50 100 200 500
¥ Grain Size (u)

Fig. 5. Relationship between unembrittled vT'rs,
embrittled vTrs, 4vTrs and prior austenite
() grain size.
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Fig. 6. Relation between 4vTrs and austenite
grain size for steels used in the experi-
ment part IV.

B bBERhE 5.

BRAEREY 2 5B THM LI REM, B 2%
13, REM, B & 03 & A SRR a s, By
WL & HR eV, —F, REM 3L
NS THHRYD D, BIEINE X OMRETER &
DEFEHRMD E B HDBHAE S REM il Lis WA
BN 10°C BESWEER/IEL L, kb s of
ZAA PRI TREVLED 0°C ¥ THE LES.

REM FRingl ok 7s & O\ b LR % o i A 5k
F OWEIIZDWT #3{-% D% Photo. 2 a)~d) iR
7. REM HmgAoER b) & REM k2@Rin Ligyv o
M a) XEEEHE L2 T bk, HERLE
RARRD NN b, BAMET LI I HEW
ILEIPHEINICO TN EADME. —HBEE TR

REM ¥/inél d) X EEH o) ARWOBABER TH S
DN L,

LA E~EBEBE TAH D, REM Fimk

Photo. 2. Microstructures of specimens before step cooling and scanning electron micrographs of
fracture surface of impact specimens after step cooling for steels Cl and C7

a) c) steel Gl, b) d) steel C7
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Fig. 7. Auger spectrum of fracture surface of
impact specimens after step cooling for
steel D2.

Table 14. Results of Auger electron emission
analysis (Ix/Ige).

D1 D2

grain cleavage ( grain cleavage

boundary | surlface boundary | surface
Carbon 0.24 0.22 0.20 0.25
Sulphur 0.04 0.03 0.04 0.03
Oxygen 0.26 0.21 0.26 0.20
Phosphorus -0.20 0.03 0.16 0.04
Molybdenum 0.04 0.02 0.04 0.02
Chromium 0.10 0.03 0.10 0.03

AR b 0REE 5 2, NAPEMERHELT
W5 HDEHER i,

Lo Lishis REM % &7 Ui C7 i3 AR
MBS, FNAEHO #AL» cEitv. o T
Table 7 O TR R LI-PDEV 24§f& D1, D2 oy
T, A= B FOIEHWC LY REM oz ReTEL
7o
BMABEO A — 2 = BF LI OFERO—FI% D2
#Hvo\ T Fig. 7 @3, A7 bk P, S, Mo,
C, O, Cr &l S hicd, ThboTROMBREN
g oV-T REM 0% 55 i Table 14 i
D1, D2 Sk RE, ~TEEr>WT Fe L ofxm
B Ix/Ipe % D THRT-. FRENFEL P, Mo, Cr
WNTED bR D5 REMEMC X>TP o
R I D ZRD S hibohs.

ZRImoWT M. P. SEar® 30 REM * o k¥ o
BEXHEC I D FRELTG S5, RRCET 5P OR
EOETROWTIRZ O L5 @2 EF 2
bhsb. = :

Microstructure
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Ip/Ire
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Fig. 8. Normalized Auger peak intensities of P as
a function of Ar ion sputtering time for
the fracture surfaces of impact specimens
after step cooling.

‘___sterel E2 '

SEM

micrographs for steels E1 and E2.
(Cooling Rate 15°C/ min)

a) b) before plant test, c¢) d) after
plant test e¢) f) after step cooling. g)
h) after plant test
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TeBRAD BRA~NEAN DT O PBEREOHB S Ar =
Ry Z V) VI XOTHE L ERY Fig. 8 wmrRd
%, 12.5A (Y OMERPTCHEN LK 1/2 T2 ) T8
FERIC 21270 < 5. Mo, Cr wouTit 50A ofFE
FTIIZ EA E B B Ligv s, ~Z BHE<TO
X ZnENE 1/2, 1/4 THDDTIEEITD B\ LE
ARTREFTLTCWB EE2 RS, L LuTFhice X
REM oZhR% B TX% X 57 Mo, Cr o {Fifox
XTSRRI R B ey ot

RER, BEd & LEVEOEAD Sk REM & #0{LTT
ROBETENHIR S AN TH B0, BRSEOEEL S
EHIRALTTRD WIS SR S % T 2E W B8NS
D, RRMEETERTS DI B OERING X b AR
TALICBIENMEBETHEEELD. Thbb,
REM oBjHzinicy Uiz REM4+4PR{ETE+B o
A EHRHMD, BEBEXETIRDZ LRSS
LEVHERHE LB D HELEL bhD. Fciah
BRI I 1T B MRME TR B OBEA SRS X e b
FEBRA B Ti 23S £ <, REM+Ti+B offi st
MIWEELS.

3.5 5t BRIFBUAOBMEICDNT

HIET & CTOERD SEREE X RERMMOKEE L D ETF

BRDLZ L BED ELE VT HETLFER L LT,

Ti, B, REM OFENAFERATHS = Loiphdic. £
TZOTEMERE LT Ti+B+REM %% 5t BRI
THEL, #EHEEERYIT oL,

BN DRIz Photo. 3 a) b) 2 LB Hasvn X 51T,
HEH E1 Bzt — A5 71 FRIERIG 0 CTEH7 =
74 b REL N4 A PR ThHB. —F, Ti+B+
REM %D E2 $fiz A4 — A5 54 FRERLK 10 ¢ CHIMH
7 =4 FEIZ El e el din{ feoTunB.

HRG IR bORERS ERBRER, RO huE
B0, 75 v+ F A 0 EEY ##2T Table 15
Wy, E28ER, RO ERI KT, AR
HHEEOKEVFEIR T El 81X ) B EHEL 720
T %53 El 2B AREGEE /N E L Te Bk E
BETFTTHOK LT E2 S0OBEILS & A S TS
Wi\ iodd, FRIEM Y3 5 & HEE Ik T E1 8,
E2 MosiEzE 1T/ e oT\-5. ¥7:, 0.2% i
HIRE DK E VWIS W TEIcEL e <, E2 gRiME
A5 I [ IR % CRREE 2t e ikt LT EL 8 ah
EETHEZELL, BEMCHYTHHHEE 15°C/min
TILHEB T Skg/mm? §§, EHET 3kg/mm? 38 E2 £
X hfE B, ZnX 5k Ti+B+REM %l Clafesk
SRR KEEL VIR T 5 &0, BEASDINHEE K
LTIRIES RE LIC5IIREBES Bohb &5 250

Table 15. Mechanical properties of steels E1 and E2 before and after embrittlement
treatments.
‘ Tensile properties Impact properties
Heat Cooling -
Steel | yistory | rate R.T 432¢C vTrs vEo
(C/min)| Os | Co2| El Os | Oo2| El () (kg-m)
15 57.5/36.1| 34 |46.4|31.4| 19 —10 10.5
RAeSo 30 |b8.3{40.3| 32 |46.8|34.61 19 —15 10.0
60 (59.2|41.3| 33 [47.3|35.2| 20 —18 11.8
£ 15 |—|—|—|—|—|—]| +19 5.0
SP a0 [ — [ — | —[—|—|— | +18 | 52
cool.
60 — ||| — | — +21 5.2
Plant 15 |57.3(38.7| 32 (44.7|308] 22 | — 2 7.5
test 60 58.6|41.3| 31 |459|33.8| 22 — 5 8.1
15 57.5|140.9| 32 |46.1|34.8] 20 —25 13.2
gzc 30 [57.6(409] 34 [46.1]348] 20 | —30 | 14.1
60 57.1140.7| 37 {45.9|34.4} 20 —32 15.1
Eo 5 |[—|—|—|—|—]|—| —16 11.6
Stp T30 [ — [ — | — | — | —|—| =13 | 112
cool.
60 — | — || — | —|— ] —19 13.0
Plant 15 |57.8/40.8| 31 |45.0{33.6| 23 —21 10.8
test 60 |58.0(40.9| 32 [45.2(33.8] 22 —24 125
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WOV TRE W EAE TR Th oG HEE I
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°CLI xR L, Mo WEKHL., ok
Ti+B+REM ZREMTRERBROKRL BT, KEEEA
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EhRBETHD, FHic Ti+B+REM #ZfiE LToD
FIREL 7oL,

B, 73 v FFARIBOER 5 X step coo-
ling, 75 v FF A+ DY 4 L —THE% Photo. 312
Y. I virFAMEO EBT E1, E288L T
MBFTOBBCEEN, <A 74 FEEBI L ThOW 7 =
4 O LE LY, RERMNEYFZITicbo
A EGY B LTS, vy e —fmE: El i
step cooling Y%, 75 v 7 A MEESRABEERD
FhkE oo TWBOEE LT, E2 §§ix step cooling 4L
BHCRREENSPBEINDD, 77V FTAT
o~ XBEIET o TR AT B ST, Ti+B+
REM ZHoaw o bEHEDT R TWB I ER L EL
T 5.
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