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Abstract

The effect of deformation on sigma phase occurrerfias been studied
in two stainless steels, a duplex stainless steal a ferritic stainless steel. The
samples were deformed by rolling at “ZDand —198C and subsequently annealed
at 700C for up to 48 hours. Results show that tige - )5 reaction precedes the
sluggish sigma ¢) phase occurrence. Howevgs latter becomes enveloped loy
and the growth of the former is inhibited. The efft of deformation is increased
rate of @ - ) reaction. This results in more sites for the precipitation; o

precipitates at% and%, boundaries. The effect of deformation
2

therefore is to increase the rate of occurrenceamf

pp 327 -330

1.0 Introduction

The duplex (austenite + ferrite) steels BeeCr-Ni alloys. They provide a favourable combination of
the properties exhibited by the single-phase aiigtefy) and ferritic ¢) alloys with respect to corrosion
resistance and mechanical properties [1-3].

These advantages notwithstanding, duplex stairdéssls are susceptible to precipitation of other
phases during solidification of the alloy, subsequeeat treatments, welding and other processes(4ke such
phase is the sigma phase first detected in 1927 T sigma phase is an intermetallic compourath, iri Cr
and Mo, with tetragonal structure and non-magnetic [5,8].is hard and brittle and its occurrence alss ha
deleterious effect on corrosion resistance [7-I0}e mechanism, times and temperature range ofrecwe of
the sigma phase have been reported widely [6,11-Ng8it much work has been done concerning the effec
deformation.

The present work is on the kinetics of the sigrhase occurrence during the annealing, essentddlly,
previously cold-worked materials.

2.0 Experimental procedure
The composition of the duplex and ferritic all@are shown in Table 1 below:

Table 1: Alloy compositionsag%)

C Cr Ni | Mn| S My | Cu S P
Duplex alloy | 0.026] 20.60 662 160 046 245 1J64.018| 0.031
Ferriticalloy | 0.002] 2435 625 061 05 3D 43.00a | 0.008

[y

=

The alloys were supplied as 4mm thick plates. [Sasnabout 2@m x 5mm x 4mm were cut from the
materials and solution treated for one hour at 10%thd 1308C respectively for the Duplex and ferrific alloys.
This was followed by water quenching.

These samples were then cold-rolled to 20 and &@fction at —19E. For the sub-zero temperature
bath of liquid nitrogen was used. The samples wea annealed at 780 for up to 48-hours.
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For transmission electron microscopyr discs were thinned electrolytically in 10% perctdacid
in ethanol at 1%, 0.5amp and ice water temperature. Changes in ferromagoentent were determined using
a Suchsmith magnetic balance [14].

3.0 Results and discussion
The changes in ferromagnetic content of the allaysa function of time of annealing at ?00is
summarized in Table 2 below.

Table 2:
log t (min) Duplex Ferritic Ferritic
(20% reduction) (20% reduction) (80% reduction
0 45 100 100
0.5 35.5 89 83
1 32.5 65.5 55.5
15 32 55.5 275
2 26 41 145
25 20 16.5 8
3 9 6.5 0.3
35 4.5 3 0.1

For all the alloys the ferromagnetic content desesawith time. The decrease is expectedly fakiethe
heavily deformed (80% reduction) condition of tkeritic alloy. The possible reactions that woutd@unt for
the decrease are:

(a) reversal of the deformation-induced marter(sity to austenitey) i.e. @* - ).

a' is magneticy is non-magnetic. This reaction would occur onlyhie duplex alloy.
(b) ferrite @) — austeniteyb). o is magneticy, is non-magnetic.
(©) precipitation of the sigma phas®.( o is non-magnetic.

However structural evidence shows that in thesedimf annealing the' laths have only largely recovered
(plate 1). This rules owt'-y reaction making any significant contribution.
Concerningy,, some precipitation of this phase occurs earilief3 minutes annealing of 80% deformed ferritic
alloy. At longer timew precipitation becomes evident (plate 2). Extemgixowth of thes phase is observed
and the previously formeg precipitates are surrounded. Tdrenatrix is largely consumed. The implication
of this is that the growth, with time, @ is inhibited by the occurrence of Therefore any complications of
the kinetics of the phase occurrence lyyformation andx’ - y reaction are minimal.

The Johnson-Mehl [15] equation can be applied énstudy of the kinetics of the occurrence of éhe
phase. The generalized equation, relating tosthinérmal kinetics of transformation in metalsiigeg as:

X =l-g®' (3.2)
whereX = fraction (ofa in the present work) transformed in titne
nandk = time exponent and rate constants respectively.
This equation has been applied in the treatmerdiféfision-controlled precipitations, and shown tosely
approximate the time-dependence of precipitationsfconsiderable fraction of the reaction time 17§
This equation yields:

log log (ﬁ]:nlogﬁnlogk—logzs 3.2)

If the reaction conforms to the Johnson-Mehl equrta graph ofoglog [ﬁj vslogt is linear. The graphs
for the duplex alloy (previously deformed to 20%lwetion) and the ferritic alloy deformed to 20 a8@Pb
reduction) are presented in Figure 1. Considerstadter of the points is noted, possibly due tmmaations
arising from thex - y, and anya’ - yreactions. This have already been referred tocandidered minimal.
However linear portions may be observed for appi®eiintervals of time.

Values ofk obtained for some portions of Figure 1 are preskint Table 3.
Table 3: Rate constark)(for portions in Graph 1
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Alloy/Portion of graph Rate values
k(min?)
Duplex (20% deformation)/A 2.25x 10°
Ferritic (20% deformation)/B 1.35 x 107
Ferritic (20% deformation)/B 8.39x 1C°
Ferritic (80% deformation)/C 3.37x10
Ferritic (80% deformation)/C 1.28 x 10

Thek-values found in the present work are some ordemsagnitude greater than those reported by Beetge

Plate 1: Extensive recovery in the

original @' -laths of the duplex alloy
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1
Figure 1: Graph otoglog [ﬁj vslogt for duplex and ferritic alloys deformed

20/80% at —1960C and annealed at 7000C up to 48 I fraction of ferrite transformed)
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[18]. The different would be due to deformatiohtbe samples (as done in the present work) pior t
annealing.
Although theo precipitation is sluggish the occurrenceyohas considerable effect on it.
Deformation introduces dislocations and the assediatored energy provides driving force for the
precipitations which is of nucleation and growthaimenism, obeying the following law:
M= Aexp| - -2 3.3
P~ =r (33)
where M = nucleation rate
A = constant

Q = activation energy
R andT = gas constant and absolute temperature
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This deformation-induced greater rateypprecipitations implies greater nucleation site&{ boundary) foro.
Deformation ofa would also result in recovery in tlematrix leading to increasedfa boundaries. It is to be
noted that precipitation initiates a4, as well ast/a boundaries. Furthey, precipitation would result in Cr-
enrichment of thex and this favoure precipitation. That deformation promotes theeaction is consistent
with the k-values being greater for 80% reductimemntthe 20% reduction condition of the ferriticogll In fact

the 20% reduction condition of the ferritic allogshgreater k-value than the same condition of thpdest. This

is because, for the same condition of over-all cédo thea-phase in the duplex would be less deformed, as
straining would be largely confined to the softgghase.

4.0 Conclusion

Deformation has been found to increase the ratsigoha phase precipitation in the stainless steels.
Deformation results in greater ratewf- Y, reaction and recovery of tlee during subsequent annealing thus
creating more sitesify, ando/a boundaries) foio precipitation. y, occurrence, promoted by deformation is
also associated with Cr enrichment of theand this also favours precipitation.
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