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Transmission Electron Microscopy Study of
Stress-Ruptured Aged 304H Stainless Steel after
Prolonged Exposure in Service

A. Sengupta and M. Balogh

Type 304H stainless steel is widely used for long-term, high-temperature applications, e.g., superheater
tubes in steam generators. The 304H stainless steel tube in the present investigation has been exposed in
service to a temperature range of 565 to 595 °C for a prolonged period (in excess of 20 years).

Metallographic and transmission electron microscopic analysis was carried out on exposed material to
study the nature and type of precipitates formed in this material after prolonged exposure in service.
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1. Introduction

AGED 304H stainless steel is widely used for critical high-tem-
perature applications in the utility industries, e.g., superheater
tubes in steam generators where it can undergo extensive creep.
Prolonged exposure in service at high temperature can cause
precipitation of carbides (Ref 1-4), resulting in degradation of
metallurgical microstructures. This can influence the creep be-
havior, i.e., cavity growth (Ref S, 6), steady-state creep rate,
rupture time, and stress-rupture properties of the material (Ref
7-9). Investigation of the degradation of aged 304H stainless
steel after long-term exposure in service will be helpful in pre-
dicting the remaining life of such structural components.

The aim of the present study was to examine and evaluate
changes in the metallurgical microstructure of aged 304H
stainless steel after prolonged exposure in service. Detailed
transmission electron microscopy (TEM) was carried out on
exposed material to determine the nature and the type of the
precipitates formed after long-term service exposure.

2. Material and Experimental Procedure

The unexposed material was an ASTM grade A213 (Ref 10)
austenitic stainless steel. The chemical composition of the ma-
terial studied is shown in Table 1. The material was taken from
a superheater tube which had been exposed to an elevated tem-
perature of 593 °C for over twenty years. The metallographic
techniques employed in this study consisted of microstructural
examination by Phillips EM430 TEM operated at 300 KeV.
Specimens were cut by a diamond wafer blade to approxi-
mately 0.5 mm thickness. These specimens were mechanically
polished to a thickness of approximately 300 um. A 3 mm disc
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was then punched and mechanically thinned down to 100 um
for electropolishing. For electropolishing, a Fishione twinjet
electropolisher was used with a voltage of 35 V at a temperature
of 0 °C. The electropolishing solution was a mixture of 6% per-
chloric acid, 35% butylcellusolve, and 59% methanol. At least
two specimens were examined to characterize the precipitate

types.

3. Results and Discussion

TEM analysis of the exposed material showed both intra-
granular and grain boundary (GB) precipitates. The intragranu-
lar precipitates are shown in Fig. 1. The intragranular
precipitates are cube-shape and of the order of 100 nm across.
The precipitates were identified by electron diffraction to be
Mj;C¢ type. The electron diffraction pattern from the area
shown in Fig. 1 is shown in Fig. 2. The precipitates have a cube-
on-edge orientation with the austenite matrix of:

(11136l (111)y

[110]pp93c6/! [1101y

The cube-on-cube orientation has been observed by others (Ref
11). Elemental x-ray maps shown in Fig. 3 confirm the pres-
ence of chromium-rich M,;Ce-type precipitates. EDX spot
analysis shows higher concentration of chromium in the pre-
cipitate, as shown in Table 2.

Tablel Chemical composition of the material

Element wt%
C 0.05
Mn 0.5

S 0.0003
Cr 18.3
Mo 0.2
Si 0.62
P 0.023
Ni 8.5
Cu 0.14
Fe bal
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Fig.1 TEM micrograph of precipitates. 80,000x
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Fig.2 Selected area diffraction pattern of the precipitate. Zone © 250 nm
axisis <111>. Fig.3 Digital X-ray mapping of precipitate. 40,000x
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Fig.4 TEM micrograph at the grain boundary. 80,000x

Table2 Energy dispersive spectroscopy analysis

Site %Ni %Fe %Cr %Si %P %Mo

Precipitate, matrix 6 48 42 0.4 0.1 1.2
Precipitate, near GB 4 33 59 04 <0.1 1.7
GB 5 64 28 04 <0.1 0.8
Matnix 9 73 15 05 0.2 0.2
Matrix, near GB 9 77 13 0.3 <0.1 0.1

TEM micrograph in Fig. 1 shows interaction between pre-
cipitate and dislocations. The dislocations act as the preferen-
tial sites for nucleation of M;C precipitates within grains. The
driving force for this massive precipitation appears to be car-
bon supersaturation (Ref 12), enhanced diffusion of the chro-
mium and carbon rejected by the austenitic matrix (Ref 13).
The diffusion of chromium and carbon is further enhanced by
nonequilibrium vacancies generated during exposure to high
temperature.

The GB precipitates are shown in the TEM micrograph in
Fig. 4. The precipitates appear to be large plate type approxi-
mately 100 nm thick. Electron diffraction data show that the
GB precipitates are of the M,;Cg type. Precipitates adjacent
to the GB show Moire fringe, indicating coherent precipi-
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tates (Ref 14). Elemental x-ray maps collected at the GB are
shown in Fig. 5. The GB has a higher chromium concentration,
as shown in Table 2. The iron concentration is higher at the in-
terface of matrix and GB precipitates and low within the GB.

4. Conclusions

¢ Long-term exposure of 304H stainless steel at elevated
temperatures produced both intragranular and grain bound-
ary precipitates.

e Both intragranular and grain boundary precipitates were
found to be of My;Cq type.

¢  Precipitates were found to be chromium rich.

e Intragranular precipitates were found to be cubic in shape
and have a cube-on-cube relation to the matrix.

¢ Highiron concentrations were observed at the grain bound-
ary precipitates and matrix interface.
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Fig.5 Digital X-ray mapping of grain boundary. 40,000x
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