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The Effects of Phosphorus Segregation at Grain Boundaries and
Boron Addition on the Impact Toughness of Medium Carbon
Tempered Martensite Steels with 150 kgf/mm? Strength Level

Tsuyoshi INOUE and Yoshio NAMBA

Synopsis :

Effects of phosphorus content and boron addition on impact toughness of medium carbon steels with an
ultra-high strength level over 150 kgf/mm?® have been investigated. The toughness is deteriorated by two
independent fracture modes, that is, intergranular fracture and Tempered Martensite Embrittlement (TME).

Intergranular fracture is greatly enhanced with the increase in phosphorus content of steel, whereas the’
boron addition is effective in reducing it and increases toughness over the whole range of tempering temper-
atures below 400°C. However, phosphorus content and boron addition have no significant effect on TME.

Auger Electron Spectroscopic (AES) observation reveals that boron addition reduces the intergranular
fracture by reducing the phosphorus segregation at the grain boundaries. The estimation by diffusion
calculation and McLean's grain boundary equilibrium segregation model shows that boron segregates to
grain boundaries much faster than phosphorus does at austenitizing temperatures and reduces the boundary
energy for phosphorus segregation.

Key words : medium carbon steel; impact toughness; tempered marten51te, low temperature tempering;
grain boundary segregatlon of phosphorus; boron addition.
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Table 1. Chemical compositions of steels (wt% ).
Steel C Si Mn P S Cr Al Ti N B
HP 0.32 0.25 0.72 0.027 0.009 1.00 0.033 0.020 0.0048
HPB 0.35 0.25 0.73 0.026 0.007 1.00 0.030 0.032 0.0058 0.0017
MP 0.33 0.25 0.73 0.013 0.009 1.00 0.030 0.021 0.0061
MPB 0.32 0.25 0.72 0.013 0.008 0.78 0.035 0.020 0.0048 0.0014
LP 0.32 0.25 0.72 0.002 0.008 1.07 0.033 0.018 0.0038 o
LPB 0.32 0.25 0.74 0.002 0.009 1.00 0.036 0.018 0.0035 0.0015
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 Fig. 2. Tensile strength wvs. tempering tempera-
ture for all steels investigated.
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Fig. 3. Variation of Charpy V-notch energy at

room temperature as a function of tempering
temperature for specimens austenitized at 850°C.
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Fig. 4. Variation of Charpy V-notch energy at
room temperature as a function of tempering
temperature for specimens austenitized at 1 100°C.
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Photo. 1. Scanning electron micrographs of fracture surface of specimens austenitized at 850°C

and tempered at 350°C.
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Photo. 2. Scanning electron micrographs of fracture surface of specimens austenitized at 1100°C

and tempered at 350°C.
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Table 2. Driving force (@) in McLean’s equation
for grain boundary segregation of phosphorus at

1100°C.

Boron-free steel Boron-added steel

Steel Q (keal/mol) Steel Q (kcal/mol)
HP 10.3 HPB 6.9
MP 8.1 MPB 5.7
LP 10.2 LPB -
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