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AEBSTFACT
The mechanical properties of Zeron Equipment of this nature, particularly
100 duplex stainless steel of mominal that associated with offshore oil
composition 25 wt¥% Cr, 7.5 wt% Ni, 3.5 drilling platforms, must be designed to
wt% Mo, Q.5 wtZ W, 0.5 wt% Cu, 0.25 wt¥% keep weight to a mivimum thus reducing
N  have bLeen determined and compared the cost of the supporting structure.
with those of IUranus S0. The alloy To satisfy the criteria outlired akove,
prhases present were identified bty the materials used for the manufacture
optical and transmission electron of such machirery must combine high
microscopy, electron and X—ray strength—to-weight ratios with good
diffraction and electron microproke corrosion resistance. The latter
analysis. In the solution heat treated regquirement has hecome increasingly
condition, the microstructure of Fhoth important in  recent vyears due to the
alloys consists of Widmanstatten necessity of drilling in ‘sour' wells
austenite 1in a ferrite matrix. Several conmtaining increasing gquantities of H=S
other phases can form, including o, and COz.
M-X, Mz+Ce and a' following heat Work has Lbeen undertaken by Mather
treatments in the temperature rarge 400 and Platt Ltd., in co-operation with
to 1000eC. the University of Marchester / LIMIST
After short rperiods of ageing at Department of Metallurgy and Materials
475C . a' formation results in an Science, to develop a duplex stainless
increase 1n  tensile strerngth which is steel (Zeron 100) based orn 25 wt% Cr,
accompanied by a decrease in toughriess. 7.2 wt% Ni, .5 wt¥% Mo, 0.5 wt% W, 0.5
Sigma-phase formation occurs during wt? Cu, 0.253 wt% N to meet the
ageing in the temperature rarnge 750 to reguirements outlined above. In the
1000°C. An excellent correlation has course of this work it has been
hheen oktained between isothermal necessary to determirne the effect on
transformation data (TTT curves) for mechanical vproperties of variations in
sigma—-phase generated using alloy content, rarticularly of Mn, Mo,
metallographic +techrniques and impact N, Cu armd W wvia their influerce on
properties. Sigma-phase formation phase transformations. These
during continuous cooling, as  would transformationrs involve the formation
occuwr  during casting or cooling from of o, a', Mz=C., and Yo {refs 1-3). In
heat treatment, is retarded relative to this investigation, the effect of heat
that predicted from the isothermal treatment on these transformations, and
transformation data. hence on mecharical properties has heen

studied for Zeron 100 and compared with
those ohtaired hy other workers for
Urarnues S0 (refs. 4 and =

1. INTRODLICTION 2. EXPERIMENTAL

| Centrifugal pumps and associated mﬁ_'mfyghﬁgggggsition of the alloy used
pipework for seawater, oil and in this imvestigation is given in table
geothermal power _purposes are 1 along with that of Uranus S0. The
frequently used in cornditions of high Zeron 100 was supplied in a forged
flow rates C(up to 100,000 US gal./min.) condition which had experienced a

and  high pressures (differential heads
of up to 10,000 ft.) in addition to
hostile chemical envirornmerits.
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reduction ratio of 9il1. Solution heat
treatment was carried ocut at 1150=C in
directly into

argon hefore quenching
the ageirny medium for isothermal heat
treatment. Continuous cooling

transformation was preceded by solution
heat treatment at either 1150 or 1300°C
in air. Isothermal ageing heat
treatment was carried out in air in
fluidized beds for up to 20 hours at

temperatures of between 400 and 1000°C,
heat

whilst continuous cooling
treatment was carried out by furnace
cooling.

Specimens for optical

metallography were prepared by grinding
and mechanical polishing followed by
electrolytic etching in 10 % KOH at
either 2 or 10 wvolts. GQuantitative
metallography was carried out using a
'Quantimet' 720 image analyser.

Thin foil specimens for
transmission electron microscopy were
prepared by electropolishing in a
'Struers? Tenupol jet polisher at
betweern 30 and 40 volts in a solution
of 10 % perchloric acid in acetic acid
at roam temperature. Transmission
electron microscopy (TEM) was carried
out at 100 keV with a Philips EM 301 or
at 120 keV with a Philips EM d400T
analytical electron microscope.

Thin foil microprobe analysis of
the various alloy phases was performed
ir the Philips EM dO00T electron
microscope using an EDAX energy
dispersive X—ray detector.
Cuantification was by the ratio
technique (ref.é&) wusing experimental

l-factors.

X-ray diffraction was performed to
determine the lattice parameters of
sigma-phase on a specimen solution heat
treated and subsequently aged at 800-C
for 100 hours using a Philips PW 1380
horizontal diffractometer.

Foom temperature tensile testing
was carried out on the 1sothermally
heat treated specimens using an
‘Instron® TTD screw driven ternsile
testing machine at a cross—head speed
of 0.3 mm./mir. Charpy impact testing
was carried out at -10°C on similarly
heat treated v-notch specimens.

3. RESULTS AND DISCLISSION

An example of the
of forged Zeron 100 is shown in
Typically, the alloy contains

microstructure
flg-l-
S-d45 %

ferrite compared with 30-50 % ferrite
for Uranus S0 (ref.7), although these
figures would depend on the exact

chemical composition.

11 d475°C Embrittlement
-1.1 Microscopical Observations

A A

Fig.2 shows a transmission
electron micrograph of Zeron 100,
solution heat treated at 1150~C, water

quenched, aged at d47%°C for & hours and

water gquenched. The structure consists
of a matrix of ferrite with plate-lile
precipitates of alpha-prime. The

ferrite can he identified hy electron
diffraction and thin foil microprohe
analysis spectra of the type shown in
fig.3(k>. Comparison of the relative
heights of the Cr and Fe kg—-peaks can
he used to distinguish ferrite from

austenite, although quantitative data
was ohtained arnd is shown in takle 2.
3.1.2 Effects of Alpha-prime orn

Mechanical Properties
The effects of alpha-prime
formation on the mechanical properties
of Zeron 100 can be seen in figs. d4, 5,
& and 7. 0Of the three temperatures
chosen to indicate the ageing response,
that of d475°C 1led to the greatest
increase in 0.2 % proof stress (fig.d),
UTS (fig.S) and the greatest drop in
impact energy {(of 200 o below the
as—forged value in fig.6). This is also
born out by the C-curves shown in
fig.7, which were constructed so as to
contain proof stress wvalues within
given ranges. The increase in proof
stress associated with d475=C
embrittlement is most marked after
ageing at this temperature for 20
hours. (The longest time used in this
investigation). The increase in ©proof
stress and decrease in impact energy
appear to he associated with the early
stages of alpha-prime formation.
Wher impact data for Zeron
compared with that of Uranus

100 is

S0,
(oktained by Solomon arnd Devine, fig.8,
ref.d>, it «can be seen that an impact
energy drop of S0 ft.lbs. (67.23)
occurs after ageing for about 2 hours
at d47%7C far koth alloys. In addition,
a similar drop in impact energy after
ageing at d400°C occurs after ahout 10

hours. The 0.2 % proof stress of Uranus
0 after ageing at d75S°C for 2 hours
shows an increase of 24 ksi. (1&5 MPa)
from S& to 20 ksi. (3”6 tao 552 MPa>,
(tabile 3). When Zeron 100 was similarly
aged, this caused a rise in proof
stress from an as-forged value of S70
MPa to 722 MPa; an increase of 152
MPa.{(table d). For both alloys, the

equivalent heat treatment
give rise to similar increases in proof
stress, although that of Zeron 100 was
significantly higher in the as—forged
condition.This is prokahbly due to the

effects of an

alloy's higher austenite and nitrogen
content, leading to higher rates of
strain hardenirng. The effect of

nitrogen on the strength of stainless

steels is well known (refs. 3, 9 and
100,
To summarize, d75°C embrittlement

increases in proof
stress and decreases in impact strength
in koth Zeron 100 and Uranus S0Q; Zeron
100 has higher proof stress values at
all tempering temperatures.

leads to similar

<2 Sigma Phase Formation

2.1 Microscopical Ohservations

The microstructure of forged Zeron
aged at 200°C for 12 hours is shown
in fig.%9¢ad. The specimen was etched
Just sufficiently to reveal sigma-phase
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without also etching the untransformed
ferrite. When compared with the
as—received structure shown in fig.

it can he seen that sigma-phase . has
formed in the ferrite regions, often
adjacent to the ferrite / austenite
phase boundaries. In the TEM, the dark
etching regions hbetween neighbouring
austenite laths can be seen to consist
of 'light' and ‘dark' phases (fig-10).
Energy dispersive X-ray microprobe
analysis of the 'dark' phase produced a
spectrum of the type shown in fig.
3(c)- Ruantification yielded the

chemical composition shown in table 2
which was in close agreement with that
of previous workers for sigma-phase
(ref-1). X—-ray diffractometry yeilded
lattice parameter values for thg same
phase of a=2.842 and c=4.5&66 A which
agree with previously published data
for pure FeCr sigma-phase of a=8.8 A
and c=d4.57 A (ref.11). Thin foil
microprokbe analysis of the lighter
components of the 'cellular!? structure
resulted in data of the type shown in
fiz-2{ai which gave Jquantitative data
consistent with that of previous
workers for austenite (table 2 and
ref-2). Electron diffraction further
confirmed the identity of the cellular
structure as f.c.c. and body centred
tetragonal (sigma-phase) with an
orientation relationship of
(111, lcooty, 5 (it0l,lirito],
This orientation relationship (fig.11)
1s the same as that found by Nenno and
co-workers (ref.12) and by PBeckitt
(ref.11>. Fig.12 shows a particle of
s1gma-phase nucleated on a ferrite /
austernite interphase boundary and
apparently growing into the ferrite
region. Figs. 13 and 14 show ‘fingers'®
of sigma projecting outwards from the
austenite into the ferrite phase
regions. In fig.15 sigma growth has
reached an extent where the cellular
structure has formed, as in fig. 10.

Nucleation of sigma-phase occurs
on ferrite / austenite boundaries,
presumably due to the good
crystallographic match of the (001)
plane of sigma and the (111) plane of
austenite, which results in the 'Nenno’
type orientation relationship (ref.12).
Preferential growth of sigma-phase into
ferrite occurs hbecause the ferrite is
Cr-rich, and as these sigma-phase
fingers grow, the surrounding ferrite
Lecomes depleted in Cr and Mo leading
to the 1nstability of ferrite and
nucleation of austenite. This results
in the co-precipitation of austenite
and sigma to give a cellular structure.
This mechanism of sigma-phase formation
1s 1in  agreement with that proposed by
othenr worlers (ref.17). The
transformation is similar in many
respects to the eutectoid decomposition
1in plain carbon steels 1e.
FeY supersaturated with carbon —

FexC + Fe,
Feq supersaturated with chromium —
g(FeCr) + FEY
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T3.2.2 Isothermal Heat Treatment

Isothermal ageing heat treatments
were performed at temperatures hetween
&S0 and 1000°C and for times hetween
0.5 min. and 10 hoursj; the specimens
were examined on the optical microscope
to detect sigma—-phase formation. In the
graph shown in fig-16&, the open circles
indicate the aksence of sigma-phase
whereas the dark circles represent heat
treatments where the phase was
ohserved.

14

1.2.3 Continuous Cooling Treatments
Continuous cooling treatments were
carried out in which specimenrs were
furnace—-cooled from the solution heat
treatment temperatures and withdrawn at
temperatures hbetween 1000 and &00°C.

The metallographic information is
summarized in fig. 13 where the
formation of sigma-phase under CCT

conditions has heen superimposed on the
% sigma C-curve associated with the
TTT heat treatment. Samples have hbeen
cooled from koth 1150 and 1300°C.

The major difference between the
CCT and the TTT results is that
sigma-phase formation in- the CCT is
retarded with respect to the TTT.
Increasing the solution heat treatment
temperature prior to tomtinuous cooling
also has the effect of inhibiting the
formation of sigma-phase, as can hbe
seen from the curves in fig.13.

The decrease in the rate of
sigma-phase formation in the CCT as
compared with that observed in the TTT
is probakly associated with the

relative solute supersaturation
produced during the two treatments. In
the TTT treatment the solute

supersaturation characteristiec of the
ageing temperature is produced almost
instarntaneously, which leads to a high
nucleation rate of sigma-phase. After
an extended time at the  ageing
temperature, a large numhbenr of
moderately sized regions of sigma—-phase
will develop as seen in fig.9(ad-. In
the specimens which have been given the

CET treatment ’ the solute
supersaturation gradually increases as
the temperature falls. The initial

nucleation of sigma—-phase may occur at
a higher temperature than in the TTT
treatment, but the number of
s1gma-phase nuclei formed will he less.
These nuclei will grow, but produce
fewer particles than in the TTT sample,
as shown in fig.9¢h).

The solution heat treatment
temperature prior to cooling determines
the grain size and phase halance of the
alloy. At 1300°C the structure is
almost wholly ferritic with only small
regions of austenite, compared with
approx S0/S0 austenite / ferrite at
1150=C. This in turn affects the
chromium concentration of the ferrite
due to preferential partitioning of
chromium. The lower chromium
concentration in ferrite following
1200°C solution heat treatment will



decrease the rate of growth of the
sigma-phase.
In forging operations and the

production of large castings where the
comporient remains at an elevated
temperature over a period of time, it

.is more appropriate to use CCT cCurves
rather than TTT curves as a basis for
controlling heat treatment to limit the
formation of sigma-phase. If CCT data
were used, there would be greater
freedom for alloy design and heat
treatment without incurring the
penalties of sigma-phase formation and
the attendant fall in toughness.

S:2-d Effect of Siqma Phase on
Mechanical Properties

The room temperature mechanical
properties of Zeron 100 after
isothermal ageing at S00°C are shown in
tabkle d. From this it can be seen that
0.2 % proof stress and LTS retain the

same wvalues indicating no ductility
whatsoever. This is also reflected in
the elongation and reduction in area
figures which were almost invariably
immeasurakbhly low. In contrast, the data
for Uranus S0 (table 3I) shows some
ductility even after ageing at 800°C

for & hours. Yeilding occurs before the
LTS is reached and the reduction in
area is much higher at 35 %. The proof
stress of Zeron 100 after a & hour
ageing heat treatment is 732 MPa which
is considerakly higher than the wvalue
of 5% ksi. (=3&% MPa) quoted for Uranus

Z0. This is probakly due to the
superior as—-forged proof stress of
Zevron 100 of S70 MPa compared with that
of ZZ& MPa for Uranus S0 (ref.d).

The time taken for a S0 ft.lb-.
(7.2 JH decrease imn impact enerqgy
after ageing at 900°C is 0.1 hour for

Uranus SO whereas an equivalent ageing
heat treatment for Zeron 100 shiows no

decrease in impact energy hbelow the
as—forged wvalue of 292 J. This
indicates that sigma-phase forms more
readily in Lhrarnus S0 than Zeron 100.
Fig3.17 shows the effect of
sigma-phase formatiom on the impact
energy of Zeron 100 after isothermal

treatments. An e:cellent
exists between this and the

ageing heat
correlation

C~curve shown in fig.l&. Since fig. 14
was plotted wusing wvalues of volume %
sigma—-phase from metallographic
specimens, this suggests that impact

energy is critically dependant on the
volume fraction of sigma—-phase in the
microstructure. The fact that impact
energy is so dependant on the presence
of sigma-phase has been reported
previously by many workers (refs.9, 15
and 14) and as a consequence of this,
it is particularly useful in following
the extent of the phase transformation.

d. CONCLUSIONS
1. a7%°C embrittlement causes similar
decreases in toughness in Zeron 100 and
Lranus S0, although the impact strength

of the former is higher initially.

2. Sigma-phase 1n Zeron 100 forms at
temperatures betweer 750 and 1000°C on
ferrite / austenite boundaries and
grows into the ferrite, resulting in a
sigma / austenite cellular structure.

excellent correlation exists in
Zeron 100 between sigma-phase C-curves
obtained both by quantitative
metallographic and Charpy impact test
techniques.

d. The isothermal ageing behaviour of
Uranus S0 and Zeron 100 in  the range
necessary for sigma-phase formation is
similar. However the toughness as
measured by impact testing, of Zeron
100 after ageing at 900°C is maintained
for slightly longer than for Uranus S0.

3. An

S. Sigma-phase formation urder
continuous cooling conditions in Zeron
100 is retarded relative to that
predicted from isothermal

transformation data and is additionally
retarded when the solution heat
treatment temperature is raised from
1150 to 1300-=C.
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2. TEM micrograph of Zeron 100,
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d. Effect of ageing time on 0.2 % proof
stress of forged Zeron 100 after
solution heat treatment at 11S0-c
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7. C-curves for d475°C embrittlement for
Zeron 100 based on wvalues of 0.2 %
proof stress (in MPa)
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water quernched.
revealed by lightly etching in 10 % KOH

1150=C and water
after 22 min. (x100)
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8. Temperature time relationship for a
given decrease in Charpy energy for
Uranus S0 {(refs. d and & b
1ft.lb.=1.35& J)
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9. Sigma-phase formation in Zeron 100.
(a) Solution heat treated at 1150°C for

1 hour, aged at 200°C for 12 min. and

Sigma-phase has heen

at 2 volts to prevent etching of
untransformed ferrite (xd00). (L) As
above, but slow cooled <(CCT> from

quenched from £00°C
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10. TEM micrograph of sigma / austenite 12. Sigma-phase particles on ferrite /

cellular structure in forged Zeron 100, austenite boundary growing into ferrite

aged at Z00°C for 12 mins. (x3&00) in  forged Zeron 100, aged at 200<C for
£ mins. (xnZ2L00)

11+ SAD pattern showing orientation 12. Sigma-phase nucleated as in fig.12
relationship between (001) and (111) and growing into ferrite along ferrite
i Zeron 100, aged at 300°C for 100 sub boundary, after heat treatment as
hours 1in f].l;- 12
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1d. 'Fingers? of sigma-phase growing
into ferrite from ferrite / austenite
boundary, in forged Zeron 100, furnace
cooled from 1150°C thern water gquerched
after 1& mins. from F00°C (x&200)
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quantitative metallographic data (vol %
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15 Formation of cellular sigma /
austenite structure from interphase
bourndary sigma of the type shown 1n
fig. 12 in material heat treated as 1in
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17. C-curves for sigma-phase formation
in forged Zeron 100 hkased on Charpy
impact values (in J)
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O.2% UTS Elong— Area Age ¢ ’i
Proof Stress ation FRedn.
(hsi) (ksi) (%) C%D
0.0 110.5 =27 72 475=C/
2 hr
SE.0 =7 .0 o7 =0 none
53.0 FELS 17 35 200=C/
& hr
Strain rate = 0.1 in/min.
1 ksi = &.894% MNm—=
Takle 2+ Tensile test results for
Lranus S0 (ref.d4)

Ageing Time at 200°C (hours)

Lirarmnus S0O%* Zeron 100
Cr Z0.0 -22.0 2d.0 —26.0
Ni S.5 - 3.0 &.0 - 2.0
C Q.07 masn 0.07 max
N Q0.2 max 0.2 - 0.3
S4 na 1.0 max
Mn rna 1.0 max
S na 0.015 max
P na 0.025 max
Mo 2.0 - 3.0 Z.0 - 4.0
Cu na 0.5 - 1.0
W na 0.5 - 1.0
Table 1. Composition of Zeron 100 and
Lhrarmus S0 (*¥ref.&)
Ferrite Austenite Sigma
Si i £ Z.083 4.50
Q.2 0.2 0.4
Mo Z.0A 1.20 .95
0.13 0.10 0.1
Cr 23.24 Z5.52 T2.73
Q.57 0.53 0.81
My 0.75 1.073 0.5
0.09 0.11 0.10
Fe £1.16 £2.72 S5.76
0.873 0.25 1.02
N1 d4.09 725 .51
Q.27 0.22 Q.22
Takle s Chemical compositions
austemnite, ferrite and sigma rphases
from thin foil microprobe arnalyses
(error figures correspond to 9%
confidenrnce limits)
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0.5 1 2 q 5 3 10 20
0.2%
prroof  BO% 228 750 784 732 &£93 - 771
stress
(MPa)
LTS 209 828 750 724 772 93 - 731
(MPa)
#“El. 0.1 © 6] o] o} o] - o]
% Area 0.4 0O 0 0 0 o] = 0]
Redr .
Impact
Energy d d 3 da 3 a 3 3
I
Table d. Mechanical properties of
wrought Zeron 100 after isothermal
ageing at =00°C



