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Intergranular Segregation and the Resultant Embrittlement in P-doped
2.25 wt% Cr Steels with Variations in Mo and C Contents

Tadahisa NAKAMURA, Tetsumori SHINODA, and Hiroshi WATANABE

Synopsis:

In P—doped 2.25 wt% Cr steels with variations in Mo and C contents, isothermally aged (embrittled)
at 773 K for times up to~1 000 h, the intergranular segregation and embrittlement behavior has been
examined by means of Auger electron spectroscopy and instrumented Charpy impact tests. G, Cr, and
Mo, together with P, segregated to the grain boundaries, but their segregated concentrations were believed
to vary widely in different grain boundary facets. In contrast to the enrichment of the intergranular P
concentration, depletion of the grain boundary C concentration was found during the first step of aging.
In addition to the retardation effect of Mo on the segregation to grain boundaries of P, it also had an effect
of suppressing the decrease in intergranular fracture strength due to P-segregation (*“Direct strengthening
effect”). The brittle fracture load (Lg) vs. temperature diagrams were divided into the lower temperature
region (Region I) where Ly was independent of test temperature and aging time, and the higher temper—
ature region (II) where L increased rapidly with test temperature, and also a further brittle region (I1I)
which was specific to the high C steels. The transition temperature from region I to IT was very sensitive
to aging time in one steel but was not so in the other steel. The reason for this has been discussed.
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Table 1. Chemical composition (wt. pct)

Steels C Si Mn P S Cr Mo
3 0.30 0.28 0.49 0.050 0.007 2.29 0.01
4 0.28 0.30 0.49 0.050 0.008 2.26 0.48

5A, 5B 0.30 0.30 0.49 0.052 0.008 2.28 0.98
6 0.008 0.30 0.49 0.053 0.008 2.24 0.01
7 0.002 0.30 0.49 0.054 0.008 2.29 0.49
8 0.003 0.30 0.50 0.053 0.007 2.23 0.99

Al<0.005, Sn<0.003, Sb<0.001, As<0.006, Cu<0.1 and Ni<0.01
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Table 2. Grain Boundary P Concentrations, by AES (pct P.H.)

Steels As-tempered 10h 30h 70h 290/370h* 1000/ 1 300 h **
(1) 14 18 21 15 20 20
, (2) 12.94 24.09 27.36 26.91 28.19 28.66
3 (3) 2.81 5.19 5.28 3.72 8.30 5.34
(4) 15.74 29.28 32,64 30.64 34.77 34.00
(59 10.13 18.89 22.09 23.19 21.62 23.32
(1) 19 10 10 15 15 35
(2) 12.51 18.51 22.77 27.02 27.23 26.30
4 (3) 3.00 4.26 3.40 4.17 5.38 5.70
(4) 15.51 22.77 26.17 31.19 32.62 32.00
(5) 9.51 14.26 19.36 22.85 21.85 20.60
(1) 21 23 20 10 10 20
(2) 12.70 20.72 29.64 27.87 27.87 26.98
5A (3) 3.70 4.00 5.28 2.89 3.00 5.32
(4) 16.40 24,72 27.91 30.13 30.87 32.30
(5) 9.00 16.72 17.36 24.98 24.87 21.66
(1) 3 16 20 21 17 23
(29 10.47 14.00 19.43 22.19 24.26 29.94
5B (3) — 1.68 4.74 4.66 5.40 6.47
(4) — 15.95 24.17 26.81 29.66 36.40
(5) — 12.02 14.68 17.53 18.85 23.47
(1) 21 17 25 23 23 25
(2) 14.60 27.60 31.17 30.98 29.68 29.79
6 (3) 3.70 1.22 5.04 5.98 7.96 8.83
(49 18.30 33.11 36.21 - 36.96 37.64 38.62
(5) 10.89 22.15 26.13 25.00 21.72 20.96
(1) — 2 1 — — 2
. (2) — 16.17 7.15 — — 19.26
(4) — 16.17 — — — 20.96
(5) — 16.17 — — — 17.66
(1) 3 6 3 1 3
8 (2) 18.00 24,74 26.34 15.62 27.93
(4) — 22.66 27.57 29.64 — 39.57
(5) — 15.21 13.17 22,28 — 6.60

(1) No. of observed facets, (2) Mean, (3) Standard deviation, (4) Maximum and (5) Minimum values

* 290h for steels 3, 4, 5A and 5B. 370h for the others
sk 1 300h for steels 3, 4, 5A and 5B. 1000h for the others
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Fig. 1. Scatter in the intergranular P content for
different grain boundary facet faces for
Steel 6. Solid circles denote the average
P concentrations.
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Fig. 2. Aging temperature dependences of the equi-
librium intergranular concentrations of P, Cr,
and Mo for various steels. Dotted (1) and
dash-dotted (2) lines are the calculated
curves for Steel 6, based on Eqs. [1] in Ref.

4 Full lines are the experimental data for
Steel 6.
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Fig. 3. Change in the average intergranular C
contents as a function of aging time for va-
rious types of steels.

The data points marked by (*) are the ones
at 2X10-1 Torr and the others are at lower
than 7x10-1t Torr.
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Fig. 4. Examples of the shift in the absorbed en-
ergy transition curve due to embrittlement.
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Table 3. DBTT(°C) as a function of embrittling time. |

Steels Non-aged 10h 30h 70h ~300h* ~ 1 000**
6 0 85~125 105 174 174 110~150
7 ) —29 —22.5 —25 —27.5 —15 -9 J
8 —12.5 7.5 —2.5 12.5 7.5 12.5 ks
3 70 230 250 250 250 225 f
4 20 130 150 160 160 155
5A 20 120 140 160 160 200 -
5B —-30 - —20 12.5 40 50 100
* : Strictly, 290h for steels 3, 4, 5A and 5B. 310h for the others s
%% : 1300h for steels 3, 4, 5A and 5B. 1000h for the others -
4
350 400 450 500 (K) T T :—’Vj
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"6’ E |~ o E
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J«jf § Iy 1 e |
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3 | 20 380 B = }‘I\I— Steel 4 ‘ R 3
< a: 70 h y wol T i
] A-g: 2900 A ;]
g $713007h 1 »
56 00 150 ' : 0 L I\I Steet 3 ﬁ
— 200 250 (°C) < eel !
,f_” 10- 3bo abo 4o’ oK) % T F—1— 5
% (b) Steel 5A E g 250"_ i 'I —‘- ¥
L% Ni g _‘{\E - Steel 5B i At “
E 5 " e E H -5% {
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Fig. 5. Further examples of the shift in the ab- ) i |
Aging Time(h ) at 773K N

sorbed transition curve due to embrittlement.

Fig. 7. Changes in hardness as a function of
embritiling (Aging) time.
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o during impact tests (Schematic illustration). <
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tergranular P content for various types of . v Lo . ;
alloys. The number in the round brackets % DRIEADIE S0 & 2HRL T3l LeT (‘Tk}: i |
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Fig. 9. Change in fracture load as a function of
test temperature for steel 6.
The vertical lines indicate the DBTT for
different embrittling times; e.g.T3(O) me-
ans the DBTT for the specimens aged 10h
and so forth. The mark in the round
brackets, O in the. example, denotes the
symbol used for that data, the 10h embrit-
tled specimens in the example.

20 ' g

Lyat 273K

S

)
i

I

{

I

I

|
i

1

]

]

i

!

'
g

>rOe

Fracture Load (kN )
o
re

N
Q
T

\
AY
1

8
1o§/ £ at 135 K
5 L1 | 1
0 0.5 1.0

Mo Content (Wt.pct)

Fig. 10. Effects of Mo on the brittle fracture load
at 77K or 135K in the very low C type of
alloys variously embrittled (aged). Solid
line shows the effect of Mo on the general
yield load, Ly.

LAY TAEER(I) 2y ohns. DBTTR LG

VIR E R I EAL S e b, EEMEREE(C.D.)

T E % T & T OBREE (T*) i drshrki »
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LT DORRFERT. 77K T3 Ly 12 Mo B X O
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g s & RFEIRENE VW4 L 55 Mo Boinic & %
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Fig. 11. Change in fracture load with test temper—
ature for steel 3.
The vertical lines indicate the DBTT.
The symbols used have the same meanings

in Fig. 9.
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Fig. 12. Effect of Mo on the fracture load at 77
K in the high C type of alloys. The sym-

bols used have the same meanings in Fig.
10.

TVWABLTYWS. Zhix Mo o Hme & iz T*
PMMERAICBET 5720 TH 5. 135K TSR
Bl oL Ly FCHERIDEZRES X 5icks. I
¥ Fig.10 @ Ly 34HERRELZRL, Ly ® Mo &
XD NS W 2R LTWS.

Fig. 11 53X 12 135 CH#D Steel 3 iz oWTO
BREFERETT. B C D Le-T oMo 1 o1
Ly 282 7o E/KEE T AR O e RsER a3 ke (FHIRI)
T5HC LT, BENTO Le v Ly X FBIEEDH &
LHIEA L, TDLtkE UToKEIESIER OB
EEDTETLTCNWB L THS. ILTHBIED L
WL O DOREER R CIEMBERCES (Fig. 11).
BHOBE2ORIEEICE 3725 T OB/ ISz
LTHB. TDZLEEHCHMD DBTT pEhic L oC
KRELEETHZLENETELEETREATHS.
BmCHD Mo BB bick 375 Le %L (Fig. 12)
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BECMDo L (Fig. 10) LEHLTWH DD, B
%1k Mo Bozibict 758 I o Ly WETO
ZHEBD OB ETH 5. Ui UEHRN R ER
I L 3ECHMoLNE KET R (Fig. 12).
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X 51 75~430K DRWIREHIFIZ 22T, L 23F
FR UKD D Z EBEND.
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BIRET 5720, PRRIUAZBEIRE LTO Cr 0
WEDOFE & BBRED L Z g L7z, Table 4131
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Table 4. Comparison of the scatter on Cr
concentration on two kinds : of
fracture surface.

On cleavage On intergranular

Specimen surfaces surfaces
Steel 5B,
aged 30h 5.040.47* 9.374+2.03*

* : Mean -Standard Deviation (pct P.H.)
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Xxiz Cr X0 Mo DORIWEDREERF®EP O
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#£S3ChonkdswBbhs. Tibb Cr XU Mo
7 ORI RTERERTDH C L oEFIE IR
Vs TE, Lo > TRITE DIREREES/NE L
HHDTIR WD, F72 Cr 2 Mo 2&THE, #Hlx
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500°C (773K) TORZNRE T X D BITRESIOKRE L P
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FIFED BAhC L3528k A TE5HTHS
9.

Wiz P ORIFEE T 5 Mo D& OWT—FT
%. McLEaN ORI FURSTRERDIC XL, RITE/R
ShisRidhs (Fig. 1 £88) X 0 {RITTE O RENT OIRE

44r7 l 1

0 0-5 1
Mo (wt.pct)

Fig. 13. Effect of the bulk content of Mo on the
apparent diffusion constant of P, Dy, cal-
culated from McLEeaAN’s eq.[Ref.11].

Full line is for the very low C type of
alloys and dotted line for the high G type
of alloys. A denotes the diffusion con-
stants for Fe and Fe-0.479% Mo[Ref. 13].
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4.3 L:-T Bifg LW RBEHEETL

fEx DEBREDIE S DX % — 5 LT3 Wiz Le-T
HifR (Fig. 95X R11) OF#MEE L D2 LKDE 5T
55, 1) BRI O L 13RER X ORI 77
EFIRIE-EEZ LS. 2) fHK] & I OERIERE T+
REIRFICBUIE TH 0, — RIS o#Mme & 3
CRIRBIA~BEITS. 3) fERI O Le WEED LR
LIRSS 4) EHRID L 13 Mo 8523
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i TR T O MEERSEETS. - 2T
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RIS ERIVEEE (Y 7 1« 244 ©°H
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Fig. 14. Schematic illustration of the temperature
dependences of various stresses.
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