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Fracture Toughness of Temper-Embrittled Medium Carbon Steels

Shoichi Fuxur and Norioki UEHARA

Synopsis:

In order to find a clue to establish the relationship between fracture toughness and metallurgical
factors, macroscopic energy (Gic) for intergranular fracture of temper embrittled 0.39,C-19,Mn-19,Cr-
0.029,P-0~39%Ni steels was investigated and it was compared with the surface energy of a crack (7:
true surface energy, 7, : plastic strain energy in front of a crack) introduced from Griffith-Orowan’s
thermodynamic and/or microscopic criterion. To obtain the exact fracture toughness (Gic) correspond-
ing to intergranular fracture due to temper embrittlement, it is required not only to exclude the in-
fluence of stretched zone formation or normal rupture in front of fatigue pre-crack, but also to consi-
der the influence of pre-crack path on fracture toughness. Fractographic studies were carried out in
detail with a scanning electron microscope to find the exact energy for intergranular fracture mentioned
above.

It was found that fracture toughness (Gic) corresponding to intergranular fracture due to temper
embrittlement ‘was in the order of 10°J. m-2, Gj;c was much bigger than yg (surface energy) and yp
(grain boundary energy), and it was found to be close to yp. If itis assumed that Gjc corresponds
to 7p, the reasons for the increase of degree of embrittlement (4 FATT) and the decrease of Gic with
Ni content in embrittled steels (P content is constant) are considered as follows. Intergranular fracture
due to temper embrittlement is mainly caused by the decrease of yp, and the decrease of yp is consider-
ed, from AES analysis, to be due to the segregation of impurity elements and to the segregation of

alloying elements’such as Ni and Mn to austenite grain boundaries.
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7z- Fig. 1. Heat treatment.
Table 1. Chemical composition of steels.
Chemical composition (wt.%)
Steel C Si Mn P S Cu Ni Cr Mo Sn Sb As Bi
M32pP 0.32 0.22 1.02 0.017 0.010 <0.02 0.02 1.00 <0.02 <0.002 <0.002 0.004 <0.002
M41P 0.33 0.24 1.00 0.016 0.012 0.05 0.97 0.96 <0.02 <0.003 <0.002 0.002 <0.002
M42P 0.32 0.25 0.93 0.017 0.011 0.05 3.12 1.00 0.03 <0.003 <0.002 0.003 <0.002
M44 0.29 0.26 0.03 0.024 0.015 0.02 2.92 1.01 <0.02 <0.003 <0.002 <0.002 <0.002
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Fig. 2. Changes in tensile properties with test tem-
perature. gy, op ¢ is 0.2%proof stress,
tensile strength and reduction in area respe-
ctively.
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(a) Unembrittle

(b) Embrittled

Photo. 1. Fractography of tensile specimens. (0%Ni steel, tested at —100°C)
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. 3. Changes in Charpy impact absorbed energy
with test temperature.
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Fig. 4. Influence of Ni content on FATT and
4 FATT of 0.3C-1Mn-1Cr-0.02P steels.
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Photo. 2. Fractography of a fracture toughness spe-
cimen. (39Ni steel in embrittled condi-
tion, tested at room temp.) Stretched
zone and normal rupture are observed
between fatigue pre-crack and intergra-
nular crack.
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Fatigue ————»i» Rpfd Fracture

Photo. 3. Fractography of a fracture toughness spe-
cimen. (39 Ni steel in embrittled condition,
tested at —100°C) Intergranular fracture
is seemed macroscopically to occure dire-
ctly from the front of fatigue pre-crack.
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Photo. 4. Detail of the fracture surface shown in
Photo. 3. Stretched zone is observed in
front of fatigue pre-crack.
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Fig. 6. Changes in stretched zone width of unem-
brittled 0.3 C-1 Mn-1 Cr-1 Ni-0.02P steel
with test temperature.
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Fig. 7. Influence of Ni content on crack release
rate (Gic) at —180°C.
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Fig. 8. Schematic illustration of crack extension in
front of fatigue pre-crack. (3%Ni steel in
embrittled condition, tested at —100°C.)
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T 5 X 5 TSR WIRE CRIERMERBR 21T D
Th, FEHUPHAA—ZRTFFHA PRNEZEELTHETL
TWAHEITIE, LOELEAPLROEVIHA -7+
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Photo. 5. An example of intergranular pre-crack
introduced by fatigue at Ky (max) : 56.4
MPa-m¥2. (M44steel in embrittled con-
dition)

Table 2. Influence of pre-crack path on fracture
toughness. (M44 steel)

Fatigue Cracking

Temperature Room temp. Room temp.
K¢ (max), MPa-mi/2 31.9 56.4
Crack path Transgranular Intergranular

Fracture toughness

Test temperature (°C) —180°C —180°C
K¢, MPa-m/2 53.0 48.4
Gic, x 103]-m~—2 12.4 10.4

Heat treatment : 1200°C O. Q.+650°C oil cool+500°C x 100h A.C.
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WX DOTHEANL, £ DRE—OFMA CHEEEIERR 21T
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PhRIEE (Kp(max.)) AUNI WA T ES X 2430H
F—2FF4 FRNE, HAX—AFTF4 bRB+HITk
%<, 7o Kf (max.) St @A ICIEEA — 2
FHA4 MUREEDSZEERAH LADT, RERICEV
Ty M44 $R& AT 1200°C 2»5EAR L, HA —
2FF4 MUERSE 25 L3 EECHE L%, 1R
A—27F4 MENERBRD TFEREEBEAT L7201 Ky
(max) % 31.9MPa-mV2, %7z2[H%—2FF4 MR
BEDTFEHPIEAT 5 720ic Kp(max) % 56.4 MPa.
ml/2 TERE Lic. BB OLEMET EA L B mo —
#|% Photo.b 7R3 . FDfEHE Table 2 R+ Xk 51T
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Fig. 9. Effect of Ni and P content on Auger
spectroscopy of P and FATT.
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