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Improvement of Delayed Fracture Strength of High Strength
Steels by Intergranular Ferrite Precipitation

Jun Waranage, Kenichi Taxarand Michihiko Nacumo

Synopsis : A new method for improving delayed fracture strength by the precipitation of ferrite along prior austenite grain
boundaries has been demonstrated with high strength steels of 1300 MPa in tensile strength. Intergranular fracture
which is characteristic to the delayed fracture of tempered martensitic steels is suppressed and is changed to quasi-
cleavage by the intergranular ferrite precipitation. Hydrogen thermal desorption analysis has revealed that the amount
of diffusive hydrogen increases under loading. The mean hydrogen occlusion rate rather than the hydrogen absorption
under no loading or the amounts of hydrogen at the time of failure corresponds to the delayed fracture strength levels.
The mechanism of the effect of intergranular ferrite on the hydrogen embrittlement based on the accumulation of

lattice defects has been discussed.

Key words : high strength steel; delayed fracture ; hydrogen embritlement ; intergranular ferrite ; hydrogen thermal desorption ;

hydrogen analysis.
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Table 1. Chemical compositions of the steels.
(mass%)

Steel C Si Mn P S C Mo V Nb Ti N

A 035 048 146 0.0020.0014 0.3 0.002 0.15 0.002 0.002 0.0147
C 035 051 145 0.0010.0013 0.3 0.002 0.05 0.001 0.11 0.0147

Table 2. Heat treatment conditions for the steel
series.

L.

1R (sec)

Tr(K)
Wo 1hr Te(K)
/r_—\yc
Designation| Material TR(K) tR(sec) TE(K)

Al A 873 60 633
A2 A 823 30 623
A3 A - - 693
C1 C 873 30 603
C2 C - - 693

Fig. 1. Optical micrographs of steels with inter-
r;mular ferrite precipitate, (a) Al, (b) A2,
c) CL
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Table 3. Mechanical properties of the steel series.

Designation Ten(s{\l/e[ %gggm Elor(log/ji)twn RA(%) Microhardness for

Vickers
Al 1313 13 14 427
A2 1303 12 20 422
A3 1284 10 41 410
C1 1352 15 22 432
C2 1421 11 50 438
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Fig. 2. Delayed fracture diagrams by the FIP test.
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Fig. 3. Schematic illustration of the fracture sur-
face of specimens (a) with and (b) without
intergranular ferrite precipitation.

IG : intergranular, QC: quasi-cleavage,
MVC : multiple void coalescence, SL : shear lip.
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Fig. 4. Typical fractographs at (a) IG, (b) QC, (¢)
MVC areas of an A3 steel.
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Fig. 5. The IG areal fraction at varied applied
stress A3 and C2 for martensitic steels.

Fig. 6. Fractographs at (a) QC1 and (b) QC2 areas
of an A2 steel failured at the applied stress
level of 0.550%.
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Fig. 7. Size (mean diameter) d of QCl area at
varied applied stress.
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Fig. 8. Hydrogen thermal evolution curves of speci-
mens dipped in the FIP solution for 24h
without loading.
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Table 4. Diffusible hydrogen contents of the steels
dipped in the FIP solution for 24h without

loading.
: . Peak temperature |Diffusible hydrogen quantity
Designation K (ppm)
Al 366 0.290
A2 378 0.454
A3 378 0.191
C1 392 0.192
Cc2 391 0.204
18.00 T T T L T T

{~w- A1 42hr rupture
i—e— A2 4.6hr rupture
=0~ A3 1.6hr rupture
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Fig. 9. Hydrogen thermal evolution curves of speci-
mens failured by the FIP test at the applied
load of 0.8¢5%.

Table 5. Diffusible hydrogen contents of the steels
failured by the FIP test at the stress of

0.80%.
Designation Time t((f1 gacture Peak tenﬁperature lefu51ble(lg(g)r2§le)n quantity
Al 4.2 380 0.516
A2 4.6 399 1.084
A3 1.6 381 0.722
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Fig. 10. Mean hydrogen occlusion rate in 1h by the
FIP test at the applied load of 0.805.
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Fig. 11. Arrhenius plot of Eq. (1).
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