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The Effect of P and Si Segregation to Grain Boundary on the
Intergranular Corrosion of Type 304L Stainless Steel
Kishu Hosol, Tsunenobu YOKOSUKA, Toshimi YOSHIDA,
Isao MASAOKA and Yasuhiro SASADA
Synopsis :

The correlation between grain boundary segregation and intergranular corrosion in solution heat treated
Type 304L stainless steel was examined. Grain boundary composition was analyzed with a high resolution
analytical electron microscope (HRAEM). Intergranular corrosion susceptibility was tested in 9 kmol/m3
nitric acid solution containing 1 mol/m® Ru at 373K for 1.8 Ms. The followings are found : (1) The
amount of phosphorus segregation to grain boundaries in solution heat treated stainless steels were
successfully measured quantitatively with HRAEM. The amount of phosphorus segregation increases with
higher phosphorus content, and the phosphorus concentration of grain boundary becomes about a hundred
times of that of grain interior. (2) Phosphorus and silicon additions cause intergranular corrosion. The
correlation between amount of phosphorus segregation and intergranular penetration depth is seen in low
silicon content steels. But high silicon content steels show deep intergranular penetration depth, in spite
of the small amount of phosphorus segregation. (3)Assuming McLEaN’s model of equilibrium segregation,
the segregation free energy of phosphorus at 1 323 K is estimated as about 57 kJ/mol.
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Table 1. Chemical composition.

Chemical composition (mass %)
C Si Mn P S Ni Cr

0.006 0.01 1.38 0.011 0.011 10.99 18.69
0.018 0.02 1.39 0.022 0.014 10.98 18.80
0.012 0.02 1.41 0.043 0.014 10.96 19.09
0.010 0.04 1.38 0.080 0.011 10.92 18.73
0.009 0.05 1.3¢ 0.20 0.010 11.08 18.68
0.014 0.02 1.44 0.007 0.010 11.03 18.83
0.015 0.03 1.36 0.013 0.015 10.92 19.00
. . 1.46 0.010 0.018 10.78 19.35
0.010 0.10 1.37 0.009 0.015 10.98 18.85
0.015 0.21 1.33 0.010 0.014 10.93 18.97
0.012 0.46 1.35 0.009 0.013 10.88 19.05
0.018 (.48 0.83 0.008 0.002 9.64 18.62

5 0.82  0.015 0.003 9.96 18.31
.68 1.23 0.036 0.005 10.42 18.63

6 0.80 0.031 0.008 9.59 18.22
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Fig. 1. Effect of P additions on the intergranular
corrosion depth of Type 304L stainless steels in
9 kmol/m® HNO;+1 mol/m® Ru at 373K for 1.8 Ms.
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Fig. 2. Effect of Si additions on the intergranular
corrosion depth of Type 304L stainless steels in
9 kmol/m® HNO3+1 mol/m® Ru at 373K for 1.8 Ms.
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Fig. 3. Effect of P and Si additions on the inter-
granular corrosion depth of Type 304L stainless
steels in 9 kmol/m® HNO; + 1 mol/m® Ru at 373K
for 1.8Ms (Numbers in circles represent IGC
depth in pum).
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Fig. 4. Concentration profiles across a grain
boundary of Type 304L stainless steel thermally
treated at 1323 K for 1.8ks, as measured by EDX
with 5 nm probe (Steel N).
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Fig. 5. Increase in P concentration at grain
boundary analysis points as a function of P content.
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Fig. 6. Increase in Si concentration at grain

boundary analysis points as a function of Si
content.
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Table 2. Monte-Carlo and least square analysis
results of the concentration profiles near grain
boundaries measured by EDX.

Amount of segregation (monolayers)
Steel
P Si Cr Fe
A 0.07+0.012% —0.02+0.04 0.23+0.069* —0.33+0.12*
C 0.11+0.025*%  0.01£0.01 - 0.17+£0.14* —0.27+0.013*
D 0.22+0.065*% —0. osoj:o ]04 0.284+0.27* —0.43+0.18*
—0,11
L {-0.02+0.04 0.03+0.03  0.2140.12* —0.05+0.05*
N 0.0740.04 0.0 £0.005 0.13+0.059* —0.15+0.12*
0 0.07+0.04* 0.0 £0.02  0.3140.074* —0.27+0.069*
1) Mean+standard deviation 2)% : Detected with significance
3) [ ) : Significantly detected at one boundary
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Fig. 7. The depth of intergranular penetration
plotted as a function of the P segregation to grain
boundary in Type 304L stainless steels thermally
treated at 1323K. The corrosion occured during
9 kmol/m® HNOz+ 1 mol/m® Ru at 373K for 1.8 Ms
test.
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Fig. 8. Fitting of McLean type of equation for
the phosphorus segregation data. C and X are the
molar fraction and the grain boundary coverage of
phosphorus respectively.
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Fig. 9. Effect of Si content on segregation free
energy of P at 1323K in Type 304L stainless
steels.
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(a)Low Si content and low P segregation (Steel A) (b)Low Si content and high P segregation (Steel D)
(c)High Si content and high P segregation (Steel N)

Photo. 1. The attack produced by boiling 3 kmol/m® HySO,4, 180s test on Type 304L stainless
steels thermally treated at 1323 K.

(a)Low Si content and low P segregation (Steel A) (b)Low Si content and high P segregation (Steel D)
(c)High Si content and high P segregation (Steel N)

Photo. 2. The attack produced by boiling 5kmol/m® HNOz+ 0.15 kmol/m® Cr®*, 21.6ks test on
Type 304L stainless steels thermally treated at 1323 K.

60 . .
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