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Abstract

Super duplex stainless steel (SDSS) is considered as a composite formed from a microstructure of
an approximately equal mixture of two primary constituents (y-austenite and a-ferrite phases)
and the secondary precipitates (sigma, chi, alpha-prime, etc.). While the formation of these phases
affects the properties of SDSS, however there are no rules that govern the relationship. In this
work, the relationship between toughness as well as corrosion behavior of SDSS (UNS 32760) and
the microstructure constituents has been experimentally investigated, and analyzed in view of the
composite principles. Another two stainless steels namely; fully austenitic SASS (UNS N08367) and
fully ferritic FSS (UNS S42900) are considered to simulate the constituent’s primary components
in the composite which are austenite y and ferrite a phases respectively. Samples of the composite
and constituent’s steels are first subjected to solution annealing, where the composite steel has a
microstructure of y austenite and « ferrite grains. They were then subjected to similar different
isothermal heat treatment cycles, for the formation of secondary phase precipitations within the
transformation temperature ranges of each of y and a primary grains. Impact toughness and cor-
rosion (specific weight loss) tests were conducted on the annealed and isothermally treated sam-
ples. The composite rule of the mixtures (ROM) is used to analyze the relationship between the
toughness and corrosion properties in the composite SDSS and the SASS and FSS constituent’s
steels. The analysis indicates that in case of toughness, ROM applies well on the composite and
constituents’ steels in the solution annealed and in isothermal treatment conditions, where better
matching between experimental and calculated results is observed. When applying ROM for cor-
rosion weight loss, a great difference is found between the experimental and calculated results,
which is much reduced for solution treated samples ferritic and austenitic temperature ranges of
480°C - 500°C and 700°C - 750°C as for ferrite and austenite respectively.
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1. Introduction

Duplex stainless steels are formed from a microstructure of an approximately equal mixture of two prime phases,
which are y-austenite and a-ferrite phases, thus they are named austenitic-ferritic stainless steels. The merits of
the two phases are granted, which are the high corrosion resistance and ductility of the austenitic phase, plus the
high mechanical strength of the ferritic phase [1]-[7]. Their higher strength and corrosion resistance make them
suitable for very demanding applications with very aggressive environments, such as oil and gas, seawater and
marine engineering, chemical and food industries.

However, the disadvantage of austenite-ferrite mixture is the susceptibility to precipitation of secondary in-
termetallic phases when exposed to temperatures ranging from 350°C to 900°C [1] [2] [8]-[15]. These precipi-
tates are dangerous intermetallic phases resulting in detrimental effects on impact toughness and corrosion re-
sistance [1] [2] [9] [10]-[15].

Various intermetallic phases (o-phase, y-phase, carbides and nitrides) have been found to occur at the a/y in-
terface [1] [2] [9]-[15]. Other authors [16] [17] suggest that the precipitation of o-phase is associated with the
precipitation of y-phase. If the alloy with 15 to 75 Cr % is heat treated or used in the temperature range 350°C -
550°C, spinodal decomposition occurs within a matrix as a decomposition into o and ¢ [15]. Due to the embrit-
tling effect of &, a serious decrease in toughness occurs, which is known as 475°C embrittlement [15]. Carbide
and nitride precipitation in the ferrite-austenitic steels occur in the temperature range 550°C - 800°C. Chromium-
rich precipitates, which are formed in the grain boundaries can cause intergranular corrosion and, in extreme
cases, even a decrease in toughness [15]. However, after only short times in the critical temperature range, the
risk of precipitation is very small for the low-carbon stainless steels.

In this work, super duplex stainless steel (SDSS) grade UNS S32760, which is one of the most superior upper
duplex stainless steels, is considered. It has the chemical composition shown in Table 1, granting a high corro-
sion resistance, especially against pitting corrosion. This SDSS has higher tendency to precipitate intermetallic
phases than other common duplex and austenitic stainless steels. This is due to the high Cr and Mo contents and
high diffusion rates in the ferrite phase. In a previous research, microstructure variation and secondary phase
precipitations were studied versus precipitation of UNS N08367 and UNS S42900 (super austenitic and ferritic
stainless steels respectively). Secondary phases were identified by the microhardness and X-Ray Diffraction
tests. An attempt to correlate between the type of phases versus toughness and corrosion resistance after aging
was made.

The relation between the impact and corrosion behavior of solely phased stainless steels; austenitic UNS
N08367 and ferritic UNS S42900 and the composite steel SDSS UNS 32760 was studied based on the compo-
site rule of the mixtures (ROM). The ROM which is known as to enable the estimation of composite properties

Table 1. Chemical composition of the specimens, Fe = balance.

Element [%] © Si Mn P S Cr Ni Mo Cu W N
Composite SDSS Standard
UNS S32760 ASTM A240 0.03 1 1 0.03 0.01 24-26 6-8 3-4 05-1 05-1 0.3
Feedstock 0.013 058 0.66 0.016 0.01 26 7 3.8 0.93 0.6 0.2-0.3
y austenite constituent Standard ) ) R i
SASS UNS N0B367  ASTM A240 0.03 1 2 0.04 003 20-22 235-255 6-7 0.75 0.18-0.25
Feedstock 0.02 035 0.86 0.014 0.03 215 253 6.1 0.7 - 0.2

o ferrite constituent Standard

FSSUNS S42000 ASTMA240 12 11 004 003 14-16 - - -

Feedstock 0.009 02 02 002 0001 157 - - -
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in terms of its constituent’s properties and their volume fractions ROM and its modifications due to microstruc-
tural considerations has been approved for mechanical properties but also for some other physical properties
such as electrical and thermal ones.

2. Methodology

SDSS UNS S32760 is considered as a composite material, which is formed from two prime phases (constitu-
ents); the » austenite and « ferrite. The y austenite is the solely primary phase in the super austenitic stainless
steel (SASS) UNS NO08367, while « ferrite is solely primary phase in the ferritic stainless steel (FSS) UNS
S42900.ROM is applied to model the SDSS properties.

3. Experimental Work
3.1. Material

The standard (ASTM) and feedstock’s chemical analyses, of the composite SDSS UNS S32760 steel and the
constituent’s, SASS UNS N08367 y and FSS UNS S42900 « steels are given in Table 1. The feedstock dimen-
sions are 50 x 40 x 15 mm.

3.2. Heat Treatment

Two heat treatments with different targets were subsequently applied on the feedstock specimens, as follows:

1) Solution annealing, is mandatory to dissolve any retained secondary precipitates and to relieve any residual
thermal stress in the feedstock specimens. It is used, for the purpose to measure toughness and corrosion weight
(CWL) on samples with solely primary y austenite or « ferrite phases without any secondary precipitates. Solu-
tion annealing was performed for the feedstock specimens of the SDSS UNS S32760 and SASS UNS N08367
materials, as per materials specification ASTM A240 [2]. In case of FSS ASTM A240, the feedstock is supplied
in the annealed conditions, as mill’s final treatment for the ferrite stainless [2].

2) Isothermal heat treatment is conducted to precipitate the secondary precipitates at their formation tempera-
ture ranges. This is for the purpose to test toughness and weight loss corrosion test on composite SDSS and con-
stituent’s SASS and FSS samples with secondary precipitates. The isothermal heat treatment was conducted on
specimens cut from the feedstock pieces, after their solution annealing with size of 2.5 x 10 x 5 mm.

The Isothermal heat treatment of the composite SDDS was conducted, at a low temperature range of 350°C -
500°C (« ferrite transformation) and at a high range of 700°C - 950°C (y austenite transformation), as shown in
Table 2. This is for the formation of secondary precipitates at the ferrite and austenitic transformation zones re-
spectively. The treated samples are named hereafter as SDSS_r and SDSS _,, respectively as indicated in Table 2.
Similarly, the specimens of FSS and SASS constituent’ steels, were also isothermally heat treated for the forma-
tion of secondary precipitates at the lower and higher temperature ranges as shown in Table 3 and Table 4, re-
spectively. Based on TTT diagrams of the austenitic and ferritic steels [18] [19], a scheme for the isothermal

Table 2. SDSS Isothermal heat treatment conditions.

Specimen No. Temperature (°C) Time (min) Specimen No. Temperature (°C) Time (min)
SDSS-F (ferrite temperature range) SDSS-A (austenitic temperature range)
10 350 116.0 2 700 17
11 350 166.0 6 700 33
12 350 333.0 7 700 4.7
8 430 45.0 16 860 0.7
1 430 55.0 17 860 0.8
9 430 67.0 18 860 1.0
13 500 59.0 3 950 17
14 500 75.0 4 950 25
15 500 92.0 5 950 33
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Table 3. SDSS isothermal heat treatment conditions.

Specimen No. Temp (°C) Time (min)
1 350 5.0
2 350 60.0
3 350 180.0
4 350 600.0
5 475 5.0
6 475 60.0
7 475 180.0
8 475 600.0
9 550 5.0

10 550 60.0
11 550 180.0
12 550 600.0

Table 4. SASS isothermal heat treatment conditions.

Specimen No. Temp (°C) Time (min)
2 750 100.0
3 750 300.0
4 750 700.0
5 860 70.0
6 860 200.0
7 860 500.0
8 925 100.0
9 925 300.0
10 925 700.0

heat treatment conditions applied on the composite and the two constituent’s steels is shown in Figure 1.

3.3. Tests

Impact toughness of the notched specimens with a cross section (2.5910 mm?) was conducted according to
ASTM A370. Corrosion weight loss test was conducted by use of ferric chloride solution according to ASTM
G48 [20].

4. Results and Discussion

4.1. Measured Impact Toughness and Corrosion Wight Loss

Specimens of solution annealed and isothermal heat treated SDSS composite and both FSS and SASS constitu-
ent’s steels have been tested for the impact toughness (according to ASTM A370) and specific weight loss cor-
rosion (according to ASTM G48 practice A). This is given in Table 5 and Table 6 for solution annealed and
isothermally heat treated specimens respectively.

4.2. Modeling of SDSS Properties Applying ROM
In this work, ROM is applied to model the impact toughness of SDSS UNS S32760 as a composite including
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Figure 1. Isothmeral heat treatment scheme for SDSS, FSS and SASS.

Table 5. Measured toughness and corrosion specific weight loss (CWL) of solution annealed SDSS, FSS and

SASS.
No. Steel Heat treatment Toughness (J) CWL (mg/cm?)
19 SDSS Ferrite tempt_eratu_re ran_ge—SDSS.F 23.0 0.0169
Time =1 min
19 SDSS Austenitic tem_peraiure rz_ange—SDSS,A 23.0 00169
Time =1 min
13 FSS Ferrite temperature range (as received) 21.0 11.7252
1 SASS Austenitic temperature range 25.0 0.0000

y-austenite and a-ferrite as constituent phases. A trial is also made to use it for estimating the specific weight
loss corrosion.

Since the volume fraction of each of the constituent’s y-austenite and a-ferrite phases in SDSS is 0.50%, then
the basic ROM for the relationship between the composite SDSS property and the constituents o-ferrite and
y-austenite phases, can be described by the following equation:

Propertygpes = 0.5% (PrpertyFSS + Property, ASS) Q

In this equation, FSS and SASS denote the constituent’s FSSUNS S42900 and SASSUNS NO08367, respec-
tively. The properties obtained from testing both steels under similar heat treatment conditions as for the com-
posite steel SDSS UNS S32760 are considered representing a-ferrite and y-austenite phases in the composite
steel respectively. In Equation (1), “Property” denotes either toughness or weight loss corrosion. This is consi-
dered for three heat treatment conditions on SDSS composite and FSS and SASS constituent’s steel. These cor-
respond to solution annealing, similar isothermal heat treatment and different isothermal heat treatment with
similar secondary precipitates.

4.2.1. Case of Solution Annealing (SA)
As shown in Figure 2, the microstructure obtained in the solution annealed (SA) SDSS is composed of primary
austenite y and primary ferrite o (ferrite matrix is darker), without any secondary precipitate [21].

In this case, ROM for calculating toughness is written as follows:

Toughnessgass = 0.5x (Toughnessi’gS + Toughnessiﬁss) )

In the solution annealing conditions (SA), the measured toughness values of FSS and SASS are 21 Jand 25 J

()
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ingots after solution annealing, showing y and a phases with
absence of any secondary precipitates.

Table 6. Measured impact toughnessand corrosion specific weight loss (CWL) of SDSS thermally treated on different
specimen with different temperatures (T) and time (t).

No. T(C) t(min) Toughness (J) CWL (mg/cm®)  No. T(C)  t(min) Toughness (J) CWL (mg/cm?)

SDSS-A (austenitic temperature range) SDSS-F (ferrite temperature range)
2 700 17 31.0 0.2769 10 350 116.0 16.0 0.1874
6 700 33 17 0.0153 11 350 166.0 20.0 0.3561
7 700 4.7 19.0 0.3939 12 350 333.0 27.0 0.1524
16 860 0.7 220 0.1051 8 430 45.0 18.0 0.1218
17 860 0.8 13.0 1.3540 1 430 55.0 18.0 0.0927
18 860 1.0 13.0 0.9637 9 430 67.0 6.0 0.0153
3 950 17 23.0 0.0000 13 500 59.0 27.0 0.0751
4 950 25 14.0 0.0600 14 500 75.0 13.0 9.0932
5 950 33 7.0 0.0326 15 500 92.0 22.0 2.4988
SASS (austenitic temperature range) FSS (ferrite temperature range)

2 750 100.0 24.0 0.1822 1 350 5.0 21.0 29.9938
3 750 300.0 25.0 0.0267 2 350 60.0 21.3 10.0257
4 750 700.0 24.0 0.2353 3 350 180.0 20.0 13.4866
5 860 70.0 220 0.0391 4 350 600.0 20.6 7.3370
6 860 200.0 17.0 0.0000 5 475 5.0 22.3 28.8082
7 860 500.0 12.0 0.3535 6 475 60.0 220 16.7761
8 925 100.0 16.0 0.0133 7 475 180.0 220 10.6719
9 925 300.0 10.0 0.0363 8 475 600.0 21.6 12.8679
10 925 700.0 7.0 0.0411 9 550 5.0 21.3 12.5479
- - - - - 10 550 60.0 240 6.7079
- - - - - 11 550 180.0 26.0 7.8159
- - - - - 12 550 600.0 240 11.9562
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respectively (Table 5). These are used in Equation (2) where the calculated toughness of as-annealed SDSS
composite, is found similar to the experimentally measured value of 23 J (Table 5). Thus the basic ROM is
found to describe the measured toughness data in SA case, where there are no secondary phase precipitates in
composite and constituent’s steels.

4.2.2. Case of Isothermal Heat Treatment (IT)
Table 7 shows the main secondary precipitations detected in SDSS, UNS NO08367 which was isothermally
treated within the lower 350°C - 500°C, and higher 700°C - 950°C temperature ranges for a-ferrite y-austenite
transformations respectively. In order to investigate the impact of these phases on the toughness and corrosion,
two concepts are used for applying ROM. First; considering the composite and constituent’s steels as subjected
to similar heat treatment conditions. This is although that in the case of isothermally heat treated samples, the
composite and constituent’s steels may differ in their secondary precipitations. Secondly, considering the com-
posite and constituents steels having similar secondary precipitates after any heat treatment.

First Concept: Similar Isothermal Heat Treatment

In this case, ROM is applied considering composite and constituent’s steels as subjected to similar heat treat-
ment conditions, where the secondary precipitates may be different. The role of each precipitation group at low
and high temperature transformation ranges is investigated.

Toughness

The role of precipitation group at the austenitic transformation range is investigated based on calculating
toughness of SDSS which is subjected to isothermal treatment within the austenitic higher temperature range
of 750°C to 925°C ( Toughnessgyes » ), in terms of toughness of SASS subjected to similar treatment
(Toughnessg,gs ), While the toughness of FSS is that of the solution annealed (Toughnessis, ). This is expressed
as follows:

Toughnessgpgs_, = 0.5x (ToughnessSASS + Toughnessﬁg‘s) 3

The experimental and calculated values are listed in Table 8, while they are represented for different heat
treatment temperatures in Figure 3. The trend is that toughness decreases with increasing temperature, while
both experimental and calculated data at any temperature are generally found within the same range. Calculated
toughness is found to be 30% higher than the experimentally measured value. It is to be noticed that application
of ROM ignored the detrimental effect of each of the formed secondary precipitate which may differ from each
other as well as their variation in the similarly treated composite and constituent’s steels. The ¢ phase and which
forms at 700°C - 950°C upper temperature range is very harmful to toughness [15] [21]. With increasing iso-
thermal treatment temperature and time, formation of & phase is associated with y-phase formation [21], which
is even most harmful.Carbide and nitride precipitates occur in the temperature range 550°C - 800°C which are
also harmful to toughness. Thus the decrease of toughness with temperature increase could be explained.

However, toughness should be considered as a function of isothermal heat treatment parameters; namely
temperature and holding time. This could be represented by a polynomial function of the second degree corre-
lating the toughness with temperature and time as represented by the following equation:

Toughness = ax x* +bxxxy+cxy’ +dxx+exy+ f (4)
where, x: temperature (in °C) y: time (in min) a, b, ¢, d, e and f are constants.

Table 7. Main secondary precipitates detected in IT samples of SDSS.

Primary Phase Transformation

Zone Formation Temperature (°C) Detected Phase Average Microhardness (HV)
700 - 950 o-phase 664 - 674
y-austenite )
700°C - 950°C, 700 - 950 o+ y-phases
700 o, iron nitrides and carbide phases 1080
a-ferrite 350 ¢ 298
350°C - 500°C, 350 - 500 Aged ¢ 372

()
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Table 8. Experimental and calculated Toughnessgyss ,.

Isothermal Treatment Experimental Calculated
No. Temperature, Toughness . Toughness,e
rel [l o]
6 700 17 23.0
7 700 19.0 225
17 860 13.0 19.0
18 860 13.0 16.5
4 950 14.0 155
5 950 7.0 14.0
25
20 Calculated
L 4
2 15 T
® : ®
§ Experimen
© 10
©
£
= 4
5 At any given Temperature:
Calculated Toughness = 1.3 Experimental Toughness
0
600 650 700 750 800 850 900 950 1000

Temperature (°C)

Figure 3. Calculated and experimental Toughness,, , at austenitic high temperature (isotherml
treatmnt times in min. is indicated between brackets).

The curve fitting process can be carried out to describe both the experimental and model results. Different fit-
ting functions (power, trigonometric and polynomial) are tried and a polynomial function of the second degree is
found to be fair for reaching a high regression of more than 97 %. This is shown in Figure 4, which presents the
case of SDSS,, where the experimental (a) and model data (b) data for Toughnessyyss » as well as the devia-
tion % between them (c) are indicated. It is remarkable that each of the plotted curves follows a C-curve similar
to the TTT diagram. This is taken as indication that toughness values are affected by the formation of secondary
precipitations. At isothermal treatment conditions of 700°C and long holding times, Figure 4(a) and Figure 4(b),
show that high Toughnessg,s , Values are obtained, while Figure 4(c) shows that the percentage deviation
between the experimental and calculated results in this case is small.

The role of precipitation group at the ferritic transformation range is investigated based on calculating tough-
ness of SDSS which is subjected to isothermal treatment within the ferrite lower temperature range of 350 to
500°C (Toughnessyyss ), in terms of toughness of FSS subjected to similar treatment ( Toughness. ), while

the toughness of SASS is that for solution annealing ( Toughnessga, ). This is expressed as follows:

Toughnessgyes = 0.5x (ToughnessFSS + Toughnessgﬁss) 5)
The experimental and calculated values are listed in Table 9, while they are represented for different heat

treatment temperatures in Figure 5. The trend is that toughness remains almost constant with increasing tem-
perature, while both experimental and calculated toughness data at any temperature are generally found within
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Figure 4. Second degree curve fitting for (a) experimental Toughnessspss a- (b) modelled Toughnessspss.a
(c) deviation% between the model and the experimental results.
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Table 9. Experiment and calculated Toughnessg .

Isothermal Treatment Experimental Calculated
No. Temperature, Toughnessg, - Toughness, -
ral ] [l
10 350 16.0 23.0
11 350 20.0 225
8 430 18.0 23.7
9 430 18 235
14 500 13.0 24.5
15 500 22.0 23.2
30
25 E
i i m— Calculated
*
= 20 L 4
é * Experimental
2 15 *
2
= 4
3
£ 10

Atany given Temperature:
Calculated Toughness = 1.3 Experimental Toughness

200 250 300 350 400 450 500 550 600

Temperature (°C)

Figure 5. Calculated and experimental Toughness,., , at ferrite low temperature (isother-
ml treatmnt times in min. is indicated between brackets).

similar range. Calculated Toughness is found to be 30% higher than the experimentally measured value, similar
to Toughnessg,es , - It sSeems that the o’ and the associated aged «’, which form at 350°C - 500°C low tempera-
ture range [15] [21], has similar harmful effect to Toughnessg,s - as Toughnessg,es » , While it is difficult to
separate their effect from each other.

Similar to Toughnessgpss 4, @ polynomial function of the second degree is found to describe both the expe-
rimental and calculated results of Toughnesss,es - as shown in Figure 6. Again it can be seen that a skewed
C-curve, similar to that in the TTT diagram, is obviously remarkable. For the calculated results in Figure 6, the
C-curve is not complete and is less detrimental.

Corrosion

ROM s also used to estimate corrosion weight loss (CWL) of SDSS in terms of the experimental values of
SASS and FSS. CWL is considered, since more accurate results are obtained compared to potentiostatic testing
method as reported in a previous work on UNS S32760, UNS N08367 and UNS S42900 steels [21]. Similar to
toughens, ROM is applied to investigate the role of each of the austenitic and ferritic precipitation groups sepa-
rately.

The role of precipitation group at the austenitic transformation range is investigated, based on calculating
CWL of SDSS which is subjected to isothermal treatment within the austenitic higher temperature range of 750
t0 925°C (CWLgpes_n ), in terms of CWL of SASS subjected to similar isothermal treatment (CWLg,s ), while
the CWL of FSS is that of the as received( CWLY,). This is expressed as follows:
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Figure 6. Second degree curve fitting for (a) experimental Toughnessspss. (b) modelled Toughnessspss.F-
(c) deviation% between the model and the experimental results.

CWigpgs o = 0.5%(CWhgpes + CWLY ) (6)

The role of precipitation group at the ferritic transformation range is investigated, based on calculating corro-
sion CWL of SDSS as isothermally treated within the ferrite transformation temperature range of 350°C to
500°C (CWLgpgs ), in term of CWL of FSS subjected to similar treatment (CWL ), while CWL of SASS is

that of solution annealing (CWL,,)- This is expressed as follows:

CWegpss ¢ = 0.5%(CWls + CWLY s ) @

Experimental and calculated CWL, using Equation (7) and Equation (8) for CWLgy , and CWLgy (- are
given in 10 and 11, respectively (Table 10, Table 11).

The data is presented as shown in Figure 7 and Figure 8, for the cases of CWLg, » and CWLg,s . re-
spectively. Experimental and calculated data are generally far from each other. Corrosion is a surface related
phenomenon depending on the protective chromium oxide layer [1]. Precipitated secondary phase plays also a
detrimental effect on corrosion behavior of such alloys [1] [2] [9] [10]-[15]. However, the deviation between of
the experimental and calculated CWL is much decreased by values up to 50% for isothermal treatment at or close
to the nose of the austenitic and ferritic transformation ranges of 700°C - 750°C and 480°C - 500°C, respectively.

()
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Table 10. Experimental and calculated CWLeq 4 -

Isothermal Treatment Experimental Calculated
No. Temperature, CWL s o CWL s o
rcl (mg/cm?) (mglcm?)
2 700 0.2769 0.1080
6 700 0.0153 0.0303
7 700 0.3939 0.1346
16 860 0.1051 0.0364
Table 11. Experimental and calculated CWL gy -
Isothermal Treatment Experimental Calculated
No. Temperature, CWL - CWL . -
rcl (mg/cm?) (mg/cm?)
10 350 0.1874 9.151218
11 350 0.3561 0
12 350 0.1524 0.897638
8 430 0.1218 8.558423
1 430 0.0927 2.542368
9 430 0.0153 0
13 500 0.0751 0.428288
14 500 9.0932 0
15 500 2.4988 0
17 860 1.3540 0.0169
18 860 0.9637 0.1937
3 950 0.0000 0.0236
4 950 0.0600 0.0350
5 950 0.0326 0.0375
L6 14 spssa Corrosion - Experimental |
B SDSSA Corrosion - Modelled
14 ¥ 63)
12
£
& ECED)
E
208
Q
=
0.6
o)
=
0.4 4 (1167
¢ 167
0.2 W33
W o Grn 19
. e MG aen Wiy
600 650 700 750 800 850 900 950 1000

Temperature [*C]

Figure 7. Comparison between the experimental and calculted CWL,., , (isotherml
treatmnt times in min. is indicated between brackets).

()



F. M. Elsabbagh et al.

9 | HQ) @ 75
mo
8
— 7
g
? 6 1 eSDSSA Corrosion - Experimental
2 5 || mSDSSA Corrosion - Modelled
S
54
)
E 5|
W 6y (92
2
1 %0
166 %‘?} o
0+ ; ; ‘ 5§2§ O 709 69— (60)(180)
O 400 450 500 550 600

200 250 300 350
Temperature ['C]

Figure 8. Comparison between the experimental and calculted CWLg, -
(isotherml treatmnt times in min. is indicated between brackets).

It seems that the associated yand the aged o’ phases are much more harmful to corrosion than the earlier formed
o and o at each of the temperature ranges respectively. Moreover, although the volume fraction of the y-phase
is not usually very high, it consumes significant amounts of Cr and Mo from the parent matrix, and the formed
y-phase becomes depleted of these elements. Hence, this usually decreases the pitting corrosion resistance [15]
[21].

Second Concept: similar secondary precipitates

ROM s applied based on selection of samples of SDSS composite steel and SASS and FSS constituent’s
steels, with similar secondary precipitates in each of the primary austenite and ferrite phases. This is regardless
of the isothermal heat treatment conditions conducted on each of these steels. This will help examining sepa-
rately the influence of each group of secondary precipitates formed at lower and higher temperature transforma-
tion ranges, i.e. ferrite and austenitic transformation ranges respectively. ROM will consider the volume fraction
(Vf) and toughness or CWL of each phase (property) as follows:

Propertyqpss = (VfSASS - Propertygagss + Vfiss - Propertygass + ::{“prhase(i) ~Propertyphase(i)) (8)

Where; “i” and “j” are the numbers of phases at any heat treatment.

However, since it is difficult to measure the volume fraction of each of the secondary precipitates, ROM is
applied considering secondary precipitates formed at each of austenitic or ferrite transformation zone as a group.

Toughness

ROM s used to calculate the toughness of SDSS composite after isothermal treatment within the austenitic
transformation range in terms of toughness of SASS after similar treatment (SASS,) and the toughness of FSS
in the annealed conditions (FSS.mneaed). This is in order to investigate separately the influence of secondary pre-
cipitates formed in j-grains within this range. Table 12 gives an example of the results, in case of isothermal
treatment at 860°C for 40 s and 200 min; on SDSS and SASS samples respectively where the secondary precipi-
tates formed in y-phase grains are o-phase, carbides and nitrides. The annealed FSS has a-phase grains only
without any secondary precipitates. The calculated SDSS, is found to be 17 J, while the experimentally meas-
ured value is a higher value of 22 J.

ROM is also used to calculate the toughness of SDSS composite after isothermal treatment within the ferrite
transformation range (SDSSg) in terms of toughness of FSS after similar treatment (FSSg) and the toughness of
SASS in the annealed conditions (SASSgneaied)- ThiS is in order to investigate separately the influence of sec-
ondary precipitates formed in a-grains within this range. Table 13, gives an example of the results, in case of
isothermal treatment at 500°C for 59 min on SDSS and at 430°C for 5 min on FS, where ¢ secondary precipitate
is formed in a-grains. The annealed SASS has j~grains only without any secondary precipitate. The calculated
SDSS is found to be 23.6 J, while the experimentally measured value is a higher value of 27 J.

It is to be noticed that the precipitates in the isothermally treated SASS, do not necessarily have the same size
and volume fraction of the constituents steels subjected to the similar heat treatment temperature and time condi-
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Table 12. Calculated (ROM) and measured toughness and CWL of SDSSa.

SASSA experimental FSS annealed SDSSA experimental SDSSA
Specimen (specimen 6, at 860°C for experimental (specimen 16, heated at

200 min (specimen 13, annealed ) 860°C for 40 s) calculated

Microstructure

s Y (S e 'y
%400 equiaxed grains, x400 equiaxed grains, x400 Arrayed grains
Secondary precipitates No secondary precipitates Secondary precipitates
Grain size differs Grain size differs Grain size differs
Grains: yphase, Grains: y-phase,a-phase
Phases Precipitates: o-phase, Grains: a-phase, equiaxed Precipitates: o-phase,
Carbides, nitrides Carbides, nitrides in ygrains
=0.5x (17 + 21)
Tgr‘;gzrg)ss =171 =21 =221 =197
p with 14 % deviation
=0.5 x (O +
11.7252)
CWL =Zero mglcm? 11.7252 mg/cm? 0.1051 mg/cm? =5.8626 mg/cm?
with almost 100 %
deviation

Table 13. Calculated (ROM) and measured toughness and CWL of SDSSk.

SASS FSSF SDSSF
. . experimental experimental SDSSF
S|oseiie s ec?;%?]nflggfgale d) (specimen 5 heated at 430°C for (specimen 13, heated at 500°C for calculated
P : 5 min) 59 min)

Microstructure

% ol A ad. e e e £
%400 equiaxed grains x400 equiaxed grains %200 arrayed grains

No secondary precipitates Secondary precipitates Secondary precipitates
Grain size close Grain size close Grain size close
. Grains: a-phase Grains: y-phase, a-phase )
Phases Grains: y-phase Precipitates: «’-phase Precipitates: «’-phase in a-grains
=0.5 x (25 + 22.3)
Tg;’qgg”c‘i)ss =25 =223 =273 =236

P with 12% deviation
=0.5 x (0 + 28.8082)

CWL =Zero mg/cm? =28.8082 mg/cm? 0.0751 mg/cm? =14.4041 mg/cm?
with 100 % deviation

tions. While the shape of 5 and a-grains are equiaxed in case of SASS- and SFSS-constituent’s steels, it is in ar-
rayed form in case of SASS. Such differences are not considered in ROM applied, which are reasons for the devi-
ation between calculated and experimental results.

The calculated and measured toughness are more far from each other, in case of higher temperature isother-
mal treatment within the austenitic transformation range. This may indicate that the influence of o-phase, car-
bides and nitrides formed in the j~grains at this isothermal treatment is higher than the influence of o’-phase
formed at the lower temperature range in the a-grains. ROM applied considering the precipitates formed as a
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group, while the influence of each one is different. Previous report has reported that both o-phase and «’,
formed at austenitic and ferrite transformation ranges respectively, have drastic influence on toughness [1] [2] [9]
[10]-[15].

Corrosion

The experimental and calculated corrosion data(CWL), of SDSS with similar secondary precipitates in each
of the primary » and a-grainsin SASS and FSS respectively was obtained as indicated in Table 12 and Table
13 for austenitic and ferrite isothermal treatments respectively. Generally, the calculated and experimental CWL
values are greatly far from each other with a deviation of more than 100 %. As an example, in Table 12, for
SDSS,, isothermal treated at 860°C for 40 s, experimental CWL is 0.1051 mg/cm?, while the calculated CWL is
much higher with value of 5.8626 mg/cm?. An example is given in Table 13, for SDSSg, isothermally treated at
500°C for 59 min, and the constituent steel FSS isothermally heated at 430°C for 5 min while SAAS is annealed.
In this case the experimental CWL of SDSS is 0.0751 mg/cm?, while the calculated CWL is as high as 14.4041
mg/cm?. The deviation between calculated and experimental CWL, is more than 100% in both cases, however it
is much higher in case of ferrite transformation. This is an indication that a greater role is played by these con-
dary precipitates on corrosion which is even higher in case of ferrite transformation «'-phase compared to auste-
nitic transformation with o-phase, carbides and nitrides.

Corrosion resistance in SDSS is not related to mechanical mixing of composite constituents, but depends
mainly on resistance of the chromium oxide layer on the surface. Corrosion resistance is also dependent on the
individual resistance of the austenite and ferrite primary phases in the duplex structure. It is concluded that
ROM, although indicates the mechanical or toughness behavior, however it cannot be applied to calculate CWL.

5. Conclusions

1) ROM can be applied to express the toughness of super duplex stainless steel due to precipitation of inter-
metallic phases. The calculated toughness is 30% greater than the experimental data, due to detrimental ef-
fect of the secondary precipitates formed with isothermal heat treatment.

2) In case of corrosion, ROM results in a great deviation of more than 100% between the calculated and expe-
rimental specific corrosion weight loss. However, this deviation is found to be greatly minimized in case of
isothermal heat treatment at or close to the transformation temperature noses.
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