Original Article
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Abstract

AISI 316L austenitic stainless steel pipes employed in a petrochemical industry for 100,700 hours at 720 °C
were examined in this study. During this exposure, the microstructure changed significantly, and the toughness of the
pipe decreased dramatically. Detailed microstructural analyses revealed that although several phases precipitated during
service, sigma phase precipitation at the grain boundaries was primarily responsible for the observed decrease in toughness.
Nonetheless, the decreased toughness did not hinder the operation of the pipes until the anticipated deadline of the project.
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Queda de tenacidade em tubulacao de AISI 316L apds
exposi¢ao em servico a 720 °C por 100.700 horas

Resumo

Tubulagdo de ago inoxidavel austenitico AISI 316L foi utilizada em uma industria petroquimica por 100.700
horas a 720 °C. Durante esta exposi¢do, a microestrutura do aco mudou significativamente e a tenacidade dos tubos caiu
drasticamente. As analises realizadas neste trabalho mostraram que, embora diversas fases tenham precipitado durante a
operagdo, a precipitagdo da fase sigma nos contornos de grao foi a principal responsavel pela queda de tenacidade. Contudo,
vale ressaltar que a queda de tenacidade ndo impediu que as tubula¢des continuassem normalmente em operagio até o

prazo limite previsto no projeto.
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1 Introduction

Stainless steels constitute approximately 3% of total
steel production by weight; however, their share in terms of
income is significantly higher. Among the various classes of
stainless steels, austenitic steels are the most commonly used
owing to their excellent ductility and toughness. While there
are several compositions of austenitic stainless steels (ASSs)
available in the market, six compositions are particularly
prevalent: AISI 304, 304L, 316, 316L, 321, and 347. Among
these, 316 and 316L are the most used at high temperatures,
ranging between 550 and 750 °C [1]. For instance, solution-
annealed 316L steel exhibits an engineering strain exceeding
60% in the tensile test [2] and absorbed energy above 100 Joules
in the Charpy impact test at room temperature [3].

Three primary situations, all related to the usage
conditions of the material, specifically in 316L steel, can

lead to significant reduction in toughness: i) stress corrosion
cracking, examined in a recent paper published by the current
authors [4]; ii) neutron irradiation during the operation of
nuclear reactors [5-7], which is out of the scope of this paper;
and iii) precipitation of deleterious phases during service at
high temperatures, which is the central focus of this article.

During high temperature exposure of AISI 316 and
316L steels, two types of carbides rich in chromium and
molybdenum (M,,C, and M C) along with three intermetallic
phases (sigma, chi, and Laves) can precipitate via nucleation
and growth involving atomic diffusion [8-17]. Additionally,
silicide precipitation, referred to as phase G (owing to its
recurrent occurrence at the grain boundaries), is occasionally
mentioned [16,17]. Table 1 summarizes the main characteristics
that are useful for identifying the aforementioned phases.
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Table 1. Crystal structure, lattice parameters, and composition (estimated stoichiometry) of carbides and intermetallic phases that precipitate

in AISI 316 and 316L steels [17]

Phase Crystal structure Typical lattice parameters (nm) Composition
M,C, fec 1.057 - 1.068 (Fe,Cr,Mo),,C,
M.C fec 1.095-1.128 (Fe,Cr,Mo) C
Sigma (o) tec 0.87-0.92 (Fe,Ni), (Cr,Mo),
Chi (y) bee 0.8807 —0.892 (Fe,Ni), .Cr, Mo,
Laves hep 0.473 - 0.474 (Fe,Ni),(Mo,Si)
G fec 1.122-1.124 Ni Nb,Si; Ni Ti Si,

Table 2. Chemical composition (wt.%) of the AISI 316L pipe (average of three analyses)

C Si Mn P S Cr Ni

Co Mo Ti \ Nb Cu W N

0.022 0342 1.703  0.021  0.020 16.481 11.592

0.089

2.105  0.002 0.049 0.003 0252 0.064 0.036

According to Johansson and Lind [18], it is likely that in
the past, n-nitride (having a diamond cubic structure; Fd3m
space group) was indexed as the M C carbide and/or as the
silicon-containing G phase. Moreover, Maziasz [19] detected
the presence of n-nitrides in a batch of 316 austenitic stainless
steels containing 0.050 wt.% nitrogen and 0.8 wt.% silicon
exposed to thermal aging or irradiation environments.

In general, the precipitation of carbides occurs
quickly (in minutes), while the precipitation of intermetallic
phases from austenite is slow and requires hundreds or even
thousands of hours [8-17], as illustrated in Figure 1.

However, the most common ASSs are not fully
austenitic in the solution annealed condition and may
contain delta (3) ferrite between 0.5 and 7 vol% [20-22].
The presence of delta ferrite in the microstructure enables
the rapid formation of sigma phase (in a few hours) via
eutectoid decomposition: 6 — ¢ + v’ [23,24].

This paper has two main objectives: i) characterize
in detail the microstructure of a thick-walled 316L ASS pipe
used in the petrochemical industry for 100,700 hours at a
temperature of 720 °C and ii) evaluate the toughness drop
caused by the microstructure modifications.

2 Materials and methods

The results of the chemical analysis of the steel
investigated in this study are listed in Table 2.

Charpy impact tests were performed at room temperature
using notched specimens with standardized dimensions
(10 x 10 x 55 mm). The Charpy impact test was repeated
three times to ensure the reproducibility.

Microstructural characterization was performed using
optical microscopy (OM), and scanning electron microscopy
(SEM) combined with energy-dispersive spectroscopy
(EDS). The metallographic sample preparation comprised
grinding, polishing with diamond suspension of 6, 3, and
1 um followed by etching, electrolytic and chemical.
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Figure 1. Time-Temperature-precipitation (TTP) diagram for an AIST
316 steel [15]. The red point indicates the conditions of exposure in
the present study.

W M,,C,+Laves+ o

Electrolytic etching was carried out at 6 V for 10 s
using 10% oxalic acid (by volume) and 90% distilled water.
Chemical etching was carried out using the V2A reagent
solution containing 100 ml H,O, 100 ml HCI, 10 ml HNO,,
and 0.3 ml Vogel’s special reagent [25].

3 Results and discussion

Initially, residual ferromagnetism in the pipe was
measured using a ferrite detector with a detection limit of
0.1%. The measurements revealed no detectable delta ferrite.
However, prediction of delta ferrite by plotting the chemical
composition from Table 2 on the Schaeffler diagram, revealed
the presence of delta ferrite. The predicted percentage of delta
ferrite (%F) [22] was calculated to be 5.7% using Equation (1).

2/8



Toughness-drop in AISI 316L pipe after service exposure at 720 °C for 100,700 hours

%F =135Cr + 039Si + 88 Mo + 4017Ti — (1)
1478 C — 0.65 Mn—1.72 Ni — 13.88

Three standardized Charpy tests conducted at room
temperature, yielded very low values of 8, 9, and 8 Joules.
Subsequently, the microstructure of the cross-section of the
Charpy specimens was analyzed (Figure 2).

Figure 2 illustrates precipitation at grain boundaries
(Figure 2a) and the presence of transformed delta ferrite
stringers (0 — ¢ +v’) crossing several grains (Figure 2b).
On the other hand, the electrolytic etching using oxalic
acid removed most of the precipitates. Figure 3 shows
the microstructures obtained after chemical etching using
the V2A reagent, preserving the precipitates. The gray

(a)

(b)

Figure 2. SEM (a) and (b) images of the cross-section of a Charpy specimen obtained using backscattered electrons after electrolytic etching

with 10% oxalic acid solution.

(a)

(b)

Figure 3. SEM (a) and (b) images of the cross-section of a Charpy specimen obtained using backscattered electrons after chemical etching

with V2A.
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phase present at the grain boundaries and in early delta
ferrite stringers is likely the sigma phase, whereas the
smaller and whitish particles present inside the grains and
at the grain boundaries likely correspond to a phase rich
in molybdenum, possibly the Fe,Mo type Laves phase
(Table 1 and Figure 1).

The fracture surfaces of the Charpy specimens were
observed under a SEM with backscattered and secondary
electrons, as shown in Figures 4 and 5, respectively.
The micrographs reveal granular microstructures with broad
regions exhibiting brittle cleavage-type fracture interspersed
with a few ductile dimples.

The second objective of this study was to identify
the phase responsible for the cleavage-type fracture and low
toughness measured in the Charpy test. Figure 6 presents
the SEM image of the fracture surface and corresponding
EDS analysis of the brittle phase.

Weiss and Stickler [8] and Weiss et al. [9] analyzed,
with the aid of the SEM-EDS technique, the chemical
composition of the phases present after aging in AISI 316 and
316L stainless steels and concluded that it is possible to
identify the different phases in the steel microstructure (see
Figure 7) based on the respective relationships (Mo/Cr)
and (Fe/Cr). Table 3 presents the chemical composition of

Figure 4. SEM images obtained using backscattered electrons at a) 500X, b) 1000X, ¢) 2000X, and d) 5000X.
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(c)

(d)

Figure 5. SEM images obtained using secondary electrons: a) 2000 X, b) 5000X, ¢) 10000X, and d) 15000X.

Table 3. Chemical composition (wt.%) of the brittle phase (see green rectangle in Figure 6a) determined by EDS

Phase/Element Fe Cr Ni

Mo Si Mn

Fe/Cr Mo/Cr

Brittle phase 53.43 30.67 4.57

8.82 1.04 1.47 1.74

0.288

the brittle phase shown in Figure 6. From Table 3, based
on the criteria suggested by Weiss and Stickler [8] and
Weiss et al. [9], the brittle phase can be considered as the
sigma phase.

For 100,700 hours of exposure at 720 °C, the TTP
diagram shown in Figure 1 suggests the presence of three

Tecnol Metal Mater Min. 2024;21:¢3080

phases: M,,C,, sigma, and Laves phases, with the presence of
the Chi phase is considered uncertain. By contrast, analysis
using the Thermo-Calc (TCFE10 database) program, presented
in Figure 8, suggests the presence of four phases at 720 °C:
M,,C,, sigma (less than 0.03 volume fraction), Laves, and

the nitride Cr,Ni,SiN (7).
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Figure 6. Analysis of the fracture surface with SEM/EDS: (a) SEM image obtained using secondary electrons and (b) EDS spectrum of the area
inside the green rectangle marked in Figure 6a.
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Figure 7. Intensity ratios of characteristic X-ray radiation obtained by energy-dispersive X-ray spectrometry of matrix and various phases in
solution treated and aged type 316 austenitic stainless steel samples [9].

Tecnol Metal Mater Min. 2024;21:¢3080 6/8



Toughness-drop in AISI 316L pipe after service exposure at 720 °C for 100,700 hours

ol -C14_LAVES
8008 -ETA_MSSIN
So07 -M23C6_D84
So0s - SIGMA_D8B

- CHI_A12

L i I
650 700 750 800 850 900 950
Temperature [°C]

Figure 8. Variation in the percentage of phases as a function of
temperature calculated using the Thermo-Calc computer program
with TCFE10 database.

4 Conclusions
Although the TTT diagrams from the literature and

predictions by the Thermo-Calc (TCFE10) program suggest
the presence of multiple phases in the microstructure of the
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