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Abstract

Phase transformation and growth of sigma phase in shot-peened duplex stainless steel (DSS)
S32205 was measured by X-ray diffraction during 64-min isothermal heat treatment at tempera-
ture between 600 °C and 700 °C. Quantitative analysis of phase in duplex stainless steel S32205
at elevated temperature was obtained by Rietveld method. Shot peening can facilitate the for-
mation of sigma phase in tnear surface layers at elevated temperature, which is due to domain
sizes refined. The content of sigma phase is most at layer depth of 10 ym rather than in surface
layer at temperature of 700 °C and mechanism of formation was discussed. Sigma phase is known
to adversely affect mechanical properties and corrosion resistance of DSS alloy. Therefore, it is
important to assess phase composition and performance in shot-peened DSS subsurface layer at
elevated temperatures.
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Introduction

As an effective and important surface treatment method, shot peening can introduce high residual
compressive stress and microstructure refinements at near-surface layers, thus enhance fatigue
properties of treated materials. With depth increasing, deformation variation decreases in defor-
mation layers [1, 2]. DSS are superior to single phase austenitic or ferritic grades because of their
improved corrosion resistance and increased strength. For this reason, DSS are considered as
excellent choice for various industrial applications. Enhanced mechanical properties of DSS are
partly due to fine-grained structure, where grain growth is restricted by two phases to certain de-
gree [3-7]. However, owing to their susceptibility to formation of dangerous intermetallic phases,
use of duplex stainless steels has to be restricted, especially when temperature is over 500 °C.
Generally, this embrittlement is attributed mainly to the formation of austenite, but also to other
intermetallic phases such as sigma phase and nitrides [8]. Therefore, formation of intermetallic
phases and their influence on toughness of DSS has been extensively examined [9-11]. Sigma
phase is more easily formed in high energy regions such as grain boundaries and interfaces, for
example, the smaller the grain size, the greater the tendency towards sigma-phase formation [11].
Rietveld method was successfully applied for determination of quantitative phase abundances of
composite materials containing several crystallographic phases [12]. The mechanism, time and
temperature range of occurrence of sigma phase has been reported widely [8-11]. But little atten-
tion has been paid to the effect of shot peening on the formation of sigma phase in shot-peened
samples at elevated temperatures. Therefore, influence of shot peening on the formation of sigma
phase in near surface layers at elevated temperatures has been investigated with X-ray diffraction
Rietveld method and formation mechanism of sigma phase was discussed.

Experimental procedure

The material used in this investigation was DSS S$32205 provided by Shanghai Baosteel
Group Corporation, and chemical composition is C (0.029), S (0.006), Si (0.42), Mn (1.27), Cr
(22.10), Ni (5.17), Mo (3.10), N (0.18), P (0.021), and rest Fe (all in wt. %). Shot peening treat-
ments were carried out on the samples by an air blasting machine (Shanghai, Carthing Machinery
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Company). Shot peening intensity (0.35 mmA) was measured by arc height of Almen specimen
(A type), which was controlied by jet pressure of nozzle, shot time and average ball diameter.
Diameter of peening nozzle was 15 mm and distance between nozzle and samples was 100 mm.
Coverage of shot peening was 100% in all samples. In order to investigate the translation phase
of shot-peened DSS, isothermal annealing treatments were carried out at 600 °C, 650 °C and 700
°C, respectively. During annealing, samples were sunk in alumina powders for a even thermal
environment. XRD investigation was conducted on the same zones of samples after cooling to
room temperature. The reflection profiles of materials were measured by Rigaku Ultima IV X-ray
diffractometer with D/tex 1D high-speed detector, which was operated at 40 kV/ 30 mA with Cu-
Ka radiation (A = 1.54056 A). Samples for depth XRD examination were electrolytically etched in
10 N KOH. Quantitative analysis of phase in DSS S32205 was obtained with X-ray diffraction
Rietveld method [13].

Method of analysis
In present investigation, Rietveld’s structure refinement analysis [14-17] of X-ray diffraction data
are adopted to fit accurately the whole X-ray pattern for micro-structural characterization of con-
stituent phases, including lattice defects measurement in homogenized samples. A diffraction pat-
tern is simulated from a series of structural parameters (cell, atomic co-ordinates, thermal vibra-
tion, etc.), micro-structural parameters (domain size and micro-strain), as well as specimen pa-
rameters (preferred orientations, eccentricity, thickness, transparency, absorptions, phase frac-
tions, et al.), peak shape and width parameters and background parameters, etc. A Rietveld’s
software MAUD 2.33 [13] is specially designed to refine simultaneously both structural and micro-
structural parameters through a least-squares method.
Being a linear combination of a Cauchyian and Gaussian functions, Pseudo-Voigt function is the
most reliable peak-shape function and is widely used in the Rietveld structure refinement software
[13-17]. Rietveld method was also successfully applied for determination of quantitative phase
abundances of composite materials containing several crystallographic phases [18-20]. There is
a simple relationship between individual scale factors determined, considering all refined structural
parameters of individual phases of a multiphase sample, and phase concentration (vol-
umel/weight/molar fraction) in the mixture. Weight fraction (Wi) for each phase was obtained from
the refinement relation:

W, =S,(ZMV), 1 S, S,(ZMV), (1)
where i is value of j for a particular phase among N phases present, Si is a refined scale factor, Z
is number of formula units per cell, M is atomic weight of formula unit and V is the volume of unit
cell [16-20].
Considering the integrated intensity of peaks as a function of structural and micro-structural pa-
rameters, a Marquardt least-squares procedure is adopted for minimizing difference between ob-
served and simulated diffraction patterns and minimization is monitored using reliability index pa-
rameter, Rwp (weighted residual error), and Rexp (expected error) defined respectively as

Rnp :[Zl w/,([() “[L)Z /Zl 1,1;’(10)2]1/2 (2)

R, =[N -P)/E,w,)]" (3)

where lo and Ic are experimental and calculated intensities, wi = (1/lo) and N are the weight and
number of experimental observations and P is the number of fitting parameters. This leads to the
value of goodness of fit (GoF) [14-17]:

GoF=R, /R, (4)

Refinement continues till convergence is reached with value of the quality factor, GoF very close
to 1 (varies between 1.1 and 1.4), which confirms the goodness of refinement. Microstructural
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parameters like domain size values of samples are also obtained from this analysis along with all
structural parameters.

Results and discussions

XRD profiles of shot-peened DSS $32205 annealed for 64 minutes at temperatures ranging from
600 to 700 °C are shown in Ref. [2]. It is clear that the peak intensity of ferrite is weakened with
increasing annealing temperatures while that of austenite becomes stronger, which is attributed
to the transform of ferrite into austenite at temperatures range of 600 and 650 °C. However, a new
phase appears under annealing temperature of 700 °C. Analysis data of new phase (sigma phase,
space group: P42/mnm, a=8.802 A, ¢=4.586 A) are obtained by Maud software with Retvield
method [2]. Sigma phase is an inter-metallic compound, rich in Cr and Mo, with tetragonal struc-
ture and non-magnetic. It is hard and brittle and its occurrence also has deleterious effects on
corrosion resistance [8-11]. The sigma phase appears only at temperature of 700 °C after anneal-
ing 64 minutes, which indicates that the formation of sigma phase depends on annealing temper-
atures. At initial annealing stage (0 - 16 minutes) at 700 °C, it is found on the surface layer that
ferrite phase content decreases with increasing annealing time, as shown in Fig. 1 (b), however,
sigma phase appears after 32 minutes annealing and its content increases with prolonged anneal-
ing time. It can be concluded that the formation of sigma phase at 700 °C takes a significantly long

time (more than 16 minutes).
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Fig. 1 XRD patterns of surface layer of shot-peened DSS under different annealing time at 700

°C.

XRD profiles of shot-peened DSS (annealed at 700 °C for 64 mins) with different depths are shown

in Fig. 2. It can be obtained that formation of sigma phase appears only in the near surfaces (within

depth of 75 um), which can be attributed to shot peening facilitated formation of sigma phase. In
near surface layers, shot peening can introduce microstructure refinements and results in sharp

increase of dislocation density.

+ Annesting 8t 700°C  for 64 mine éggtgnte
v
L » Sigma phase
P A ..
1 - -« -
SRt Ao, A_:WO mm
=
b= Uy
£ i . 10 mm
|
T SO WU SO L
*
t .
v i
+ p L 4 +
[N v £
s ?.4.-__.._.1.._._._.;;__}.“_)\&._.2_'...15 mm

0 5 sbzrne’;%mege})) %0 100 110
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The maximum of microstructure refinement lies in shot-peened surface layer and then decreases
as depth increases [2]. It is interesting that the maximum peak intensity of sigma phase exists at
depth of 10 um on the shot-peened surface. It can be obtained from a typical Rietveld plot shown
in Fig. 3 that weight fraction of sigma phase is 0.562 at depth of 10 pm, this will be discussed later
in this work.

After annealing at temperature of 700 °C for 64 minutes, quantitative phase analysis of shot-
peened DSS was carried out by Rietveld method and weight fraction along depth for each phase
are shown in Fig. 4. it can be found that (1) ferrite disappears at depth of 10 ym, (2) weight fraction
of sigma phase increases from 0.162 at surface to 0.562 at depth of 10 ym, then decreases. Sigma
phase disappears at depth of 75 pym. From data of Rietveld plot, it also can be obtained that shot
peening facilitate the formation of sigma phase at elevated temperatures due to microstructure
refinements. However, it is amazing that the maximum weight fraction of sigma phase exists at
subsurface but shot-peened surface.
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Fig. 3 Rietveld plot depth of 10pum of DSS annealed at 700°C for 64 minutes; Rwp:0.0612, Rp:
0.0985.
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Fig. 4 Distributions of weight fraction of DSS annealed at 700 °C for 64 minutes obtained by
Rietveld method.

According to description above, it can be obtained that the formation of sigma phase depends
both on annealing temperatures and annealing time. Sigma phase transition only happens in the
near-surface layers (less than 75 ym from surface layer) after shot peening, which is due to the
microstructure refinement of surface layers. The smaller the grain size is, the greater the tendency
towards the sigma formation. Sigma phase is more easily formed in high energy regions such as
grain boundaries and interfaces [9, 21, 22]. The most content of sigma phase exists at the sub-
surface (depth of 10 ym) but the shot-peened surface in present study, which can be attributed to
the direction of heat transfer and time of sigma phase transition. In the process of annealing, whole
heat is always conducted across from surface to subsurface, in theory, the growth rate of grain
size in surface is faster than that in subsurface. What is more, the formation of sigma phase needs
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a long annealing time. Grain sizes in surface have enough time to increase, which results in the
bigger grain size in the surface than that in subsurface, therefore, the tendency towards sigma
phase formation in surface is reduced.

Sigma phase is known to adversely affect the mechanical properties [23] and corrosion resistance
[23] of DSS alloy. Content of sigma phase is most in the subsurface rather than in the surface
layer for shot-peened DSS in this work, which may degrade severely the performance of surface.
Therefore, to assess the phase composition and performance of shot-peened DSS $32205 ap-
plied at elevated temperatures, it is worth noting that not only the surface but also subsurface layer
should be paid attention fo.

Conciusions

Phase transformation analysis in shot-peened DSS $32205 under isothermal annealing was ob-
tained using Rietveld method. It can be concluded that the formation of sigma phase depends not
only on annealing temperatures but also on annealing time. After shot peening, microstructure
refinements in near surface layers (less than 75 pm) facilitate the formation of sigma phase. How-
ever, the most content of sigma phase exists at the subsurface (depth of 10 uym) but the shot-
peened surface. This can be attributed to the bigger grain size in surface than that in subsurface,
which hinders the tendency towards sigma phase formation.

References

[1]L Xie, C Jiang, W Luan, K Zhan, Y Chen, Mater. Sci. Eng. A 2011, 528, 3423.

[2] Q. Feng, X. Wu, C. Jiang, Z. Xu, K. Zhan, Nucl. Eng. Des. 2012, 10.1016/j. nucengdes.

2012.10.022.

] A. ltman Filho, J.M.D.A. Rollo, R.V. Silva, G. Martinez, Mater Lett. 2005, 59, 1192.

1 I. Gurrappa, C.V. Krishna Reddy, J. Mater. Process Technol 2007, 182, 195.

] C.M. Garzon, A.P. Mater. Sci Eng A. 2006, 441, 230-238.

] B. Deng, Y. Jiang, J. Xu, T. Sun, J. Gao, L. Zhang, W. Zhang, J. Li. Corros. Sci. 2010, 52:

969-997.

[7} J.M. Cabrera, A. Mateo, L. Llanes, J.M. Prado, M. Anglada. J. Mater. Process Technol 2003,
143-144, 321.

8] I. Calliari, M. Zanesco, E. Ramous, J. Mater. Sci. 2006, 41, 7643.

9] |. Zucato, M.C. Moreira, I.F. Machado and S.M.G. Lebrao, Mater. Res. 2002, 5, 385.

0] T.A. Debold, J. Metals.1989, 41, 12.

13
[4
5

[
6

1 0.U. Osuoji, NAMP journals 8, 327-330.
1 S.K. Manik, H. Dutta, S.K. Pradhan, Mater. Chem. Phys.2003, 82, 848.
] Lutterotti L, Maud version 2.33, 2011. http:/iwww.ing.unitn.it/~maud/.
] L. Lutterotti, P. Scardi, P. Maistrelli, J. Appl. Crystallogr.1992, 25, 459.
] H.M. Rietveld, Acta Crystallogr.1967, 22, 151.
] H.M. Rietveld, J. Appl. Crystallogr. 1969, 2, 65.
]1R.A. Young, D.B. Willes, J. Appl. Crystallogr. 1982, 15, 430.
1 P. Bose, S.K. Pradhan, S. Sen, Mater. Chem. Phys. 2003, 80, 73.
1 H. Dutta, P. Sahu, S.K. Pradhan, M. De, Mater. Chem. Phys. 2002, 77, 153.
201 S. Bid, S.K. Pradhan, J. Appl. Crystallogr.2002, 35, 517.
211 K Borst, M Pohl, Steel Res. 1990, 61, 258.
22] H Tanaka, M Murata, F Abe, K Yagi, Mater. Sci. Eng. A 1997, 234, 104.
[23] Y.S. Ahn, M. Kim, B.H. Jeong, Mater. Sci. Technol. 2002, 18, 383.

[
[
1
[11
[12
[13
[14
[15
[16
[17
[18
[19
[20
[21
[22

498



