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Abstract

Standard specifications set forth by the American Society for Testing and Materials
(ASTM) for the production of stainless steel castings require the castings to be heat treated
after welding. The post weld heat treatment (PWHT) is designed to dissolve chromium-
rich carbides that may form during welding. Chromium-rich carbides can precipitate on
grain boundaries in the heat affected zone (HAZ), depleting their immediate surroundings
of chromium, which is an essential element for corrosion resistance. This phenomenon is
known as sensitization. Even though sensitization-resistant grades have been developed
that mitigate this problem, the PWHT requirements in the ASTM standards do not
distinguish between improved and susceptible compositions, leading to potentially
redundant heat treatments. It has become necessary to investigate the possibility of waiving
the PWHT requirement for grades that may not need it. Two groups of cast stainless steel
(CF and CN grades) and their associated weld metals were investigated under different
welding conditions to determine their sensitization resistance using thermodynamic
simulation, HAZ simulation, electrochemical corrosion tests, and energy dispersive
spectroscopy (EDS) in the scanning electron microscope (SEM) and transmission electron
microscope (TEM). The alloys, which comprised CF3, CF8C, CF3MN, CF8, CN3MCu
and CN7M, were selected to include sensitization-resistant grades. The results showed that
the high carbon grades CN7M and CF8 together with their weld metals were strongly
sensitized as expected and therefore need the post-weld solution anneal. The low carbon
grades (CF3 and CN3MCu) and the niobium-stabilized grade (CF8C) were only mildly
sensitized. Their degree of sensitization (DOS) values were low enough to potentially

permit use in the as-welded state for applications where corrosive attack is not severe. It



was however recommended that the PWHT requirement be maintained for them to pre-
empt serious attack in more corrosive environments. Although not sensitized, the as-
deposited welds for CF3 and CF8C (made with E308L and E347 filler metals respectively)
experienced boundary dissolution, which was eliminated after the PWHT. It was concluded
that the change in ferrite morphology and amount caused by the post-weld solution anneal
contributed to mitigating the corrosion earlier observed. The CN3MCu welds (made with
E320LR) had excellent resistance to sensitization. Results from thermodynamic and kinetic
modelling suggest that adding nitrogen to CN3MCu can potentially improve its
sensitization resistance to levels that would permit the CN3MCu/E320LR base metal/weld
pair to be used without PWHT. The nitrogen-bearing CF3MN and its weld metal E316L
showed the best resistance to intergranular corrosion without PWHT. None of their samples
reactivated in the corrosion tests nor showed any boundary dissolution. Further tests are
recommended for this base metal/weld metal pair to generate more comprehensive data on

sensitization resistance before the PWHT requirement is completely removed.



Chapter 1: Literature Review

Stainless Steels

Stainless steels are ferrous alloys that contain the minimum chromium content required to
form a protective passive layer in a particular environment. Eleven (11) wt% is the
minimum amount of chromium required for corrosion resistance in an unpolluted
atmosphere.!! 3! Stainless steels are very popular for the corrosion resistance they offer in
various services. The chromium oxide layer which is very stable and self-healing in a lot
of atmospheres, acts as an effective barrier between the metal substrate and the
environment to prevent corrosion of the metal.[* %! Stainless steels are also known for their

good mechanical properties, which allow them to be used in structural applications.!”8!

Stainless steels are classified according to their microstructure at room temperature. The
major classes are austenitic, ferritic, martensitic, duplex and precipitation hardened
stainless steels. Austenitic and ferritic grades are mostly austenitic and ferritic at room
temperature respectively. The major alloying element in ferritic grades is chromium, with
type 430 (17 wt% Cr) being the most basic.!!! Ferritic stainless steels are known to possess
good resistance to chloride stress corrosion cracking, pitting corrosion, and crevice
corrosion but do not have impressive mechanical properties.*!° Some of problems with
using ferritic grades are high ductile-to-brittle-transition temperatures, high temperature
embrittlement, formation of sigma, chi and laves phases at elevated temperatures and low
impact strength.[!'"!* They are often used in applications where corrosion resistance is
more critical than mechanical strength. Austenitic stainless steels on the other hand are

known to have good mechanical properties, they are popular in cryogenic applications



because they have good low temperature toughness.'>1®! They also do well in applications
requiring good atmospheric or elevated temperature corrosion resistance. The primary
alloying elements here are Cr and Ni, with type 304 (18 wt% Cr, 8 wt% Ni) as the most
basic grade.l’”! The martensitic grades are designed to have a fully austenitic structure at
elevated temperatures that transforms to martensite under a wide range of cooling rates,
even by air cooling. The requirement to stabilize austenite at high temperatures means these
steels cannot contain a lot chromium.!"”! Type 410, which is the most traditional martensitic
stainless steel, has 12 wt% chromium. The main alloying elements here are carbon and
chromium. The low chromium level means corrosion is not stellar in this grade, but they
do have high hardness values because of their relatively high carbon content. Type 410 has
0.15 wt% carbon. The martensitic grades are used in applications that require high hardness
and corrosion resistance in ambient atmospheric conditions. The duplex grades are
designed to contain about 50% austenite and 50% ferrite. They combine the strength and
toughness of the austenite phase and the superior corrosion resistance of the ferrite phase.
They offer good strength to weight ratios.!!3!°! This combination of desirable properties
makes them popular in industries where structural components are exposed to aggressive
service fluids like in the oil and gas industry. Type 2205 is a popular duplex stainless steel,
which has a nominal composition of 22wt% chromium, 5-6wt% nickel, 3wt%
molybdenum and 0.2wt% nitrogen. Nitrogen is an important austenite-stabilizing addition
to these steels that helps achieve the required phase balance. Precipitation-hardened
stainless steels are able to deliver exceptional tensile strength and toughness values, with
corrosion resistance comparable to some austenitic grades. Most of their strength is from

precipitates that form upon heat treatment.>?!! They can be further subclassified as



martensitic, austenitic or semiaustenitic according to their predominant microstructures at
room temperature. A popular member of this family of stainless steels is 17-4PH. They are
used in select applications, like nuclear submarine launch tubes or space shuttle engines,

where high strength steels do not provide enough corrosion resistance.

The most commonly used stainless steel naming system was designed by the American
Iron and Steel Institute (AISI). It has 3-digit designations for wrought stainless steel grades
that are very popular with industry. Under this naming system, austenitic stainless steels
are assigned to the 200 and 300 series, while ferritic and martensitic are assigned to the
400 series. Some of the commonly used austenitic grades are 201, 304 and 316. Type 304
is the most basic of the 300 series with a nominal 18-8 composition (18wt% Cr and 8wt%
Ni). Adding 2-3 wt% of molybdenum to 304 gives type 316, which has a higher resistance
to corrosion in harsh chemical environments. The low carbon version of these grades, 304L.
and 316L, are popular for welded applications because they minimize the precipitation of
chromium carbides in the heat affected zone (HAZ) and reduce the risk of intergranular
corrosion. The most popular AISI designated ferritic and martensitic grades are 430 and
410 respectively. Duplex and precipitation-hardened stainless steels are known by trade
names or their Unified Numbering System (UNS) designation except AISI type 329. An
example of this is the precipitation-hardened stainless steel type 630 which is very
commonly referred to by its tradename 17-4 PH. It is worth mentioning here that there
seems to some ambiguity about the proper use of the term “duplex” when referring to
stainless steel grades. There are texts that refer to some austenitic grades as duplex because
they have some ferrite (about 10-20 vol %) in their austenitic structure at room temperature.

While this is technically correct, it should be noted that the duplex grades mentioned in



standards refer to stainless steel grades that have been designed to have approximately 50%
austenite and 50% ferrite at room temperature. Austenitic grades are not designed this way,
but they are processed to retain a little ferrite to improve weldability. Figure 1-1 shows the

various grades of stainless steels with their major alloying elements and properties.

The American Society for Testing and Materials (ASTM) adopts designations originated
by the Alloy Casting Institute (ACI) for cast stainless steels in some of its specifications
like ASTM A743, A744 and A351. Table 1 shows the ACI designations and composition
ranges for heat-resistant and corrosion-resistant cast stainless steels. The names of
corrosion-resistant alloys begin with “C” in the table. The third column in the table shows
wrought equivalents of the cast alloys but it should be noted that the chemical compositions
of the wrought and cast equivalents are not necessarily the same. Some alloying elements
can have significant influence on workability or castability, and so different amounts of
such elements may be specified to enhance mill processes.?! Among the different cast
stainless steel families, the CF grades are some of the most commonly used. They have a
nominal composition of 19-9 (19wt% Cr and 9wt% Ni) and are austenitic, with about 10-
20 vol% ferrite.l*>! The CF8 and CF8M grades are the cast equivalents of 304 and 316
respectively. Their low carbon versions, CF3 and CF3M, are also equivalent to 304L and
316L respectively. Examples of other cast stainless steels are CN7M (20Cr, 29Ni) from
the fully austenitic CN series, CA-6NM (13Cr, 4Ni) from the martensitic CA series and

CD-4MCu (26Cr, 5Ni) from the duplex CD series.!?’!

Cast stainless steels are used for complex-shaped parts that need to be corrosion resistant,

like valve and pump casings, flanges, pipe fittings and other pressure containing parts.
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Figure 1- 1:Various grades of stainless steels showing alloying additions and properties. [!!



Table 1- 1: ASTM alloy designations and chemical composition ranges for heat-resistant

and corrosion-resistant castings. 1?2}

Table C-1 ACI Alloy Designations and Chemical Composition Ranges for Heat- and Corrosion-Resistant

Castings
Wrought

Cast alley

elloy UNS type Compositivn{s)—percent (balance Fe}

designation Moo {seeNote A) C Mn Si r s Cr Ni Other dlements

CA-15 191150 410% 0.15 1.00 1.50 004 004 11514 1 Mo 0.5(b)

CA-15M 191151 0.15 1.00 065 004 004 11.50-140 1.00 Mo 0.15-1.00

CA-40) 91153 0% 0.20-040 100 1.50 004 004 11514 1 Mo 0.5(b)

CA-6NM 91540 FoNM® 0.06 1.00 1.00 004 003 115140 3545 Mo04-1.0

CA-6N 191650 0.06 0.50 1 0.02 002 105120  A0-E0

CB-10 191803 a1 0,30 1.00 150 004 0.04 1821 2

CR-7Cu-1 192180 17-4" 0.7 0:70 100 0035 003 140155 4558 Cb0.15-0.35, N 0,05, Cu 2.5-3.2

CB-TCu-2 92110 15-57 0.07 070 10O 035 003 140155 4555 Ch 0L15-00.35, N 0,05, Cu 2.5-3.2

CC-50 12615 446" 0.50 1.00 150 004 0.04 26-30 4 max

CE-30 93423 o 030 150 2.00 ons o 26-30 B-11

CF-3 Jo2s00 3mMLY 0.0 1.50 2.00 o040 17-21 B-21

CF-8 J92600 4% .08 1.50 200 004 004 18-21 811

CF-20 1926002 ¥ 020 1.50 2.00 004 00 18-21 811

CF-3M 12800 316LY 0.03 1.50 1.50 nod 0 17-21 .13 Mo2.0:3.0

CF-8M 192000 DIYI&Y 00§ 1.50 2.00 004 004 18-21 912 Mo 2.0-3.0

CF-8C 12710 M 0.0% 1.50 2.00 ond 004 18-21 %12 Ch & % C min, 1.0 max

CF-16F 192701 ¥ 0.6 1.50 2.00 o7 0 18-21 812 Mo 1.5, 5e0.20-0,35

G2 193001 0.12 1,50 200 0.04 004 20-23 10-13

0G-EM 153000 3™ 008 1.50 1.50 oM 0o 18-21 513 Mo3.0-4.0

CH-20 193402 e 0:20 1.50 2.00 0.04 04 22-26 12-15

CK-20 194202 g 0.20 2.00 2.00 0 004 23-27 19-22

CN-TM NOR007 007 1.50 1.50 0.04 0.04 1922 275305 Mo2.0-3.0,Cu 3.0-4.0

CM-TMS 14650 0.07 100 250350 a0 03 13-20 22-25 Mo 2,0-3.0,Cul 520

CY-40 NG040 0.40 1.50 3,00 0.0 0.03 14-17 Bal Felln

CZ-100 NO2100 1.00 1.50 200 0 003 Bal Feil.Cy125

HA 020 035065 100 0.04 004 &-10 Mo 0,60-1,20

HC 446% 0.50 1.00 200 004  00a 26-30 4 ok Mo 0.5(b)

HD kil 0.50 1.50 200 0.04 0.04 2630 a7 Mo 0.5(b)

HE 0.20-050 200 200 004 004 26-30 811 Mo 0.5(h)

HF ameY  020-040 200 2.00 00s 0 18-23 B-12 Mo 0.5(k)

HH £l 0204050 200 .00 044 0.4 24-24 11-14 Mo 0.5(b) N 0.2

HI 020050  2.00 200 004 0 26-30 1418 Mo 0.5(b)

HK 0¥ 020060 200 2,00 0.04 0,04 24-28 18-22 M 0.5(h)

HL 020060 200 2.00 004 DaM 2832 1§-22 Mo 0.5(b)

HN 0.20-050 200 200 004 oM 19-23 2327 Mo 0.5(b)

HP 0.35-0.75 2.00 2.50 0.04 0,04 24-28 337 Mo 0.5(b)

HP-50WZ 0.45-055 200 2.00 004 004 2428 3337 W4.0-6.0. Ze 0.2-1.0

HT 330V 035075 200 250 004 004 15-19 3337 Mo 0.5(h)

HU 035075 200 2.50 004 oM 17-21 37-41 Mo 0.5(b)

HW 035075 200 2.50 004 004 10-14 SE-62 Mo 0.5(b)

HX 035075 200 2.50 004 004 15-19 -6 Mo 0.5(b)

CAZEMWY 191422 422¥ 020-028 050-100  LOG 0030 0030 110125 050-1.00  Mo0.90-1.25, \;rg‘.]ml.zs. V.20

CD4MCU & 1A 193370 2557 0.04 1.00 100 0040 D040 245265 475600 Mo1.75.2.25, Cu2.75-3.28

CESMN &2A 193345 0.08 100 150 0040 DA 225-255  BOO-17.00 Mo 3.00-4 50, N 01.10-0.30

CD6MM 3A 193371 0.06 1.00 100 0040 D040 240270 4.00-6.00 Mo 1.75-2.50, N 0.15-0.25

CI3MMN 44 w2205 2205¥ 0.03 1.50 1.00 004 0020 200235 4565 Mo25-35 Col00max, N0 10-030

CE3MN 5A 193404 0.0 1.50 100 004 004 240260 6080 Mo 4.0-5.0, N 0.10-0.30

CF105MnN 2972 Nimonic&0* 010 700900 350450 0060 0030 160180  R090 N 0.08-0.18

COEMMN 193790 Nitronic S0 006 400-600 100 004 003 205235 115135 Mo E'S&%%’ﬁhuoiﬁﬁ'w' 10-

CE3MCuN 193254 2548MOPE 0a2S 1.20 100 0045 0010 195205 17.5-195 Mo6.0-7.0,Co005-1.00, N 0,180-0,24

CNIMN o ALEXN 003 200 100 0dd0 0010 200220 235255 Mob0-70,000.75 max, N 018026

CWZM N26455 CAY 0.02 1.00 (1] 0.0 003 150175 Bal  Mol50-17.5, Fe2 0max, Cb 1.0 max

CWEM N30T 0.07 100 100 0040 0030 17.0-200 Bal Mo 17.0-20.0, Fe 3.0 s

CWEMC N26625 625° 006 1.00 100 0015 0015 20.0-23.0 Bl Mo 8.0-10.0, F:i.gmzx,(}b 315

CWIIMW NI c 012 1.0 100 0040 0030 155175 Bal Mo 16,0-18.0, Fe 4.5-7.5, W 3.75.
5.25,V0.20-0.40

CX2IMW N26022 cnY 002 1.00 080 0025 0035 200225 Bal Mo lz.s-u_s,gc?_uﬁ.ﬂ.w 2535,

V(.35 max
CYS5SnBiM N26055 0,05 1.50 05 0.03 003 110140 Bal Mo 2.0-35, g; %% r;n&:. Bi 3.0-5.0,
M255 N240025 025 150 3545 003 003 Bal Cu27.0-33.0, Fe 3.50 max
(continued)




Table 1-1 (contd): ASTM alloy designations and chemical composition ranges for heat-
resistant and corrosion-resistant castings**!

Table C-1 ACI Alloy Designations and Chemical Composition Ranges for Heat- and Corrosion-Resistant

Castings (continued)
Wrought

Casl alloy

alloy NS fype C ition (a)—percent (balance Fe)

designation No.  (seeNote A) C Mn Si P 5 Cr Ni Other elements

M30C N24130 .30 150 1020 003 003 . Bal  Cu26.0-33.0, Fe 3.50max, Cb 1.0-24

M30H N24030 0.30 150 2737 003 003 i Bal Cu 27.0-33.0, Fe 3.50 max

M35-1 MN24135 400" (L35 150 1.25 o3 0143 5l Hal Cu26,0-33.0, Fe 3.50 max, Ch .5
max

M35-2 NO4020 4007 035 150 200 003 003 o Bal Cu26.0-33.0, Fe 3.50 max, Ch 015
max

N-TM NI0GOT7 B2¥ 0.07 1.00 100 0040 0020 1.0 Bal Mo 300.0-33.0, Fe 3.00 max

M-1ZMY MN30012 BY w2 1.00 1.00 0040 0030 1.0 Bal o 26.0-30.0, Fe 4.0-6.0, V 0.20-0 60

DgMWCuN& 193380 0.03 1L.00 100 0030 0025 240260 6585 Mod0-4.0,Cu05-10,W05-1.0,N

A 0.20-0.30

CUSMC el ar R25" nos 100 100 1030 oo 195215 IRO440 Mo 25-3.5, Co 1.50-3 50, Ch .60
120

CFIMN 192804 ITALN 0.03 1.50 150 0040 0040 170220 S0-130 Mo 2.0-3.0, N 0.10-0.20

{a) Mazimom, unless Range is given, (b) Molybdenum not intentionally added. Designations with the initial letter “C" indicate alloys generally used 1o resist
corrosive attack st temperatures less than 1200 *F Designations with the initial letter “H™ indiicate alloys generally used under conditions where the metg! temperamune
isin excess of 1200 °F. The second Jetter represents the nominal chromium-nickel type; the nickel content increasing in amount from “A™ 10 *Z." For example, "F"
stands for the 19% Cr-9% Ni, K" for the 25% Cr-20% Ni, and “W™ for the 12% Cr-60% Ni alloy types. Numerals following the lerters indicate the maximum carbon
content of the corrsion-resistant alloys; carbon content may also be designated in the heat-resistant grades by follewing the letters with a numeral o indicate the
mudpoin ofa H0.05% carbon range. 1f special elements are included in the composition they are indicated by the addition of a letter 1o the symbol. Thus, “CF-8M" is
an alloy for corrosion-resistant service, of the molybdenum-containing 19% Cr-9% Ni rype with a maximum carbon content of 0L08%. Mode A: Wrought alloy type
numbers are listed only for the convenience of those who want 1o defermine corresponding wrought and cast izdes. Because the cast alloy chemical composi
runges ane not the some as the wrought composition ranges, buyers should use cast alloy designations for proper identification of castings. Note B: Most of the standard
grades listed are covered for general applications by American Society for Testing and Materials specifications A 743, A 890, and A 247, ASTM specifications A 217,
A5 AT, A4S, A452 A T4, and A 75T also apply to some of the grades, Note C: For additional alloy designations consuli the current SFSA Handbook
Supplerent on specifications. W: Common description, l)c.wrlnly used by AIS1, X Propretary trademark, (1) Armeco Inc. (2) Avesia Shefficld AB. (3) Allegheny
Ludlum Corp, Y: Common name used by two or more producers, not a rademark, Z: ASTM designation

Sensitization

Sensitization is a condition in welded stainless steels or stainless steels subjected to
elevated temperatures where chromium carbides precipitate along grain boundaries and
cause the regions next to the carbides/grain boundaries to be depleted in chromium.!?42%!
If the chromium in the depleted zone falls below the minimum required to form a stable
protective passive layer, that region becomes susceptible to corrosive attack. The sensitized
material then suffers intergranular corrosion (IGC) when exposed to corrosive media. For
intergranular corrosion to occur, there must be some interaction between a corrosive

medium and the chromium-depleted area that leads to degradation. For example, in the

heating and cooling of a very thick steel plate section, sensitization could happen at the



center of the plate where cooling is very slow, but apart from exposed plate edges,
intergranular corrosion may not be observed in such a part since the sensitized area at the
center of the plate is shielded from the environment.””! Another possible phenomenon is
that, precipitation of chromium carbides may not result in detrimental chromium depletion.
The decreased chromium content may not always fall below the minimum required for
passivation. There would be no risk of intergranular corrosion in such a situation.*”? This
is why identification of chromium carbide through metallographic examination alone may

not be enough to conclude that sensitization has occurred.

In austenitic stainless steels, chromium carbides are known to precipitate in the 500°C-
900°C temperature range.?® 3% Sensitization happens when there is the right combination
of composition and thermal cycle to promote chromium carbide precipitation. This can
happen in the part of a weld heat affected zone where the peak temperature falls within the
chromium carbide precipitation temperature range. It can also happen in stainless steels
that have been exposed to temperatures within the precipitation temperature range either

in service or through a heat treatment.

The amount of carbon in solution has significant influence on the kinetics of the carbide
formation. Therefore, one of the ways to prevent sensitization is to reduce the amount of
carbon in solution. Low carbon stainless steel grades like 304L, 316L, CF3 and CF3M
contain a maximum carbon concentration of 0.03 wt%, which has been proven to slow
down the precipitation kinetics enough to prevent chromium-rich carbides from forming
within the timescales seen in welding.!*!*2! Another way to prevent sensitization is to tie
the carbon up with niobium or titanium before it can be precipitated as chromium carbide.

Titanium and niobium carbides form in the temperature range 870°C-1150°C while
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chromium carbide forms in the 500°C-900°C temperature range. Thus given a high enough
temperature, titanium and niobium carbides will form preferentially to chromium carbides,
preventing the problem of chromium been drawn out of the matrix.!? 3% Stainless steels
designed to avoided sensitization by precipitating titanium or niobium carbides are called
stabilized grades. Examples of such grades are AISI 321, which is alloyed with titanium,
and AISI 347, which is alloyed with niobium and tantalum. Stabilized grades are known to
be susceptible to another form of intergranular corrosion known as Knife-line attack.!3334
This happens in the part of the HAZ closest to the fusion line where peak temperature is
high enough to dissolve the niobium or titanium carbides and prevent their re-precipitation

due to the rapid cooling conditions.

If the steel has already been sensitized, a solution treatment at temperatures high enough
to dissolve the carbides and eliminate the chromium depletion, followed by quenching or
rapid cooling, is usually enough to restore the corrosion resistance of the steel. The solution

anneal temperature recommended for most grades in ASTM A744 is 1040°C.

In most texts, sensitization is defined in relation to the formation of chromium carbides.
However, the phenomenon of chromium depletion that results in the destabilization of the
protective layer, is not exclusive to chromium carbide formation.>! It is possible that the
formation of chromium-rich intermetallic phases, like sigma phase, could pull enough
chromium out of solution to make a material vulnerable to intergranular attack.[3>3¢
Sedriks et al.l*”! found that intergranular attack did not happen in 316L exposed to seawater
except when it was heat treated within the sigma phase formation temperature range. Part
of the results from this work is shown in Table 2 below. The results show which heat

treatment produced intergranular attack in 316, 316L and 317 after exposure to seawater.
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This suggests that sigma phase can lead to chromium depletion in the surrounding matrix.

Tests that characterize susceptibility to intergranular corrosion in stainless steels based on

the instability of the oxide layer in chromium-depleted areas may not be able to show the

cause of chromium depletion. Further metallographic examination would be required in

such a situation to identify the cause of the chromium depletion. Therefore, if the several

chromium-rich phases are present in a sample, the researcher should consider that any of

them could contribute ton sensitization and intergranular corrosion.

Table 1- 2: Shows the effect of thermal history on occurrence of intergranular attack in
316, 316L and 317 in seawater. [*7]

Intergranular
Type Condition®* allack?
3161 Amnealed HNo
1 h, B75°C, AC No
4 h, 870°C, AC + 1 h, 675°C, AC Yesl
As welded, matching filler No
Welded + 1 h, 705°C, AC Nao
Welded + 1 h, 870°C, AC Yest
316 Annealed No
2 h,820°C, AC No
1 h, 675°C, AC No
As welded, matching filler No
Welded + 1 h, B70°C, AC Yes
At Annealed No
4 h, 595°C, AC Ko
1 h, 675°C, AC Yes
As welded, matching filler Na
Yes

Welded, 1 h, T05°C, AC

*AC Afr cooled following indicated heat treatment.

TAttack often initiated in the erevieed area of the mounting hole before
spreading along grain boundaries,
1o may form at 870°C in Type 316L,

Factors that affect sensitization in cast stainless steels

Following the classical definition given above, most researchers focus on chromium

carbide precipitation when investigating sensitization. Stansbury et al.’*®! looked at the
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effects of carbon content, molybdenum content and ferrite content on sensitization in cast
stainless steels subject to weld repair. Their work investigated welding-induced
sensitization in CF3, CF3M, CF8 and CF8M using ASTM A262 practice A, ASTM A262
practice B, Single Loop Electrochemical Potentiokinetic Reactivation (SL-EPR) test and
Double Loop Electrochemical Potentiokinetic Reactivation (DL-EPR) test. The ASTM
Practice A is the oxalic acid etch test, and Practice B is the ferric sulfate-sulfuric acid test.
The SL-EPR test results showed that the Mo-bearing (CFM) grades containing up to
0.08wt% carbon were immune to sensitization. For Mo-free (CF) grades, only samples
containing up to 0.03 wt% carbon were immune to sensitization. This showed that
molybdenum helped sensitization resistance. They concluded that the presence of Mo has
two different effects on sensitization; in the beginning of sensitization, Mo delays the onset
of chromium carbide precipitation, but at longer sensitization times or for more severe
sensitization conditions, the effect of Mo is related to its contribution to the formation of a
more stable passive layer. The second effect is corroborated by the work of other
researchers who found that Mo is present in the passive layer of Mo-bearing stainless
steels.l*”) Aside from this positive influence of Mo in reducing sensitization, they noticed
that in the CF8M, the molybdenum encouraged the formation of what could be sigma phase
within the ferrite pools, which then became sites for corrosive attack. In general, the Mo-
bearing samples seemed to provide better protection against sensitization. Another
observation they made was that, increasing ferrite content reduced susceptibility to
sensitization. The researchers made samples with three different ferrite numbers; 5, 12 and
18 to represent low, intermediate, and high ferrite content respectively. The different ferrite

numbers were achieved by changing the Cr/Ni ratio. They found that for CF grades with
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carbon above 0.06 wt%, only the samples with high ferrite numbers resisted sensitization,
while the intermediate and low ferrite CF samples were sensitized. This observation was
explained as follows: in stainless steels like the CF/CFM grades that have both austenite
and ferrite phases, the austenite-ferrite boundaries are the most preferred for chromium
carbide precipitation, followed by austenite-austenite boundaries and then twin boundaries.
Since in an austenitic stainless steel, the austenite-austenite boundary network is the most
pervasive, precipitation of chromium carbides at this boundary can easily lead to a
continuous network of chromium-depleted areas. If there are enough austenite-ferrite
boundaries, they could serve as preferred precipitation sites instead of the austenite-
austenite boundaries. Care must be taken however to avoid a continuous ferrite network.
The right amount of ferrite will form just enough discontinuous austenite-ferrite boundaries
to prevent a chromium carbide network. This is why they observed better sensitization
resistance at high ferrite numbers. They however did not establish an upper limit for ferrite
content beyond which sensitization resistance would be reduced. The practical application
of this effect of ferrite is that, designers can find the critical ferrite content that creates
enough ferrite-austenite boundaries but avoids a continuous ferrite network. The ferrite-
austenite boundaries will attract all or most of the carbides, but since the ferrite is only in
discrete pools, there would be no continuous path of chromium depletion around grains to
cause grain dropping. Lastly, this study further confirmed that lower carbon content
provides better resistance to sensitization. Lower carbon is known to slow the kinetics of

chromium carbide formation and prevent its formation in most welding operations. !

McCaul et al.**! investigated the sensitization susceptibility of CN7MS, which is a fully

austenitic cast stainless steel. The CN7MS and CN7M alloys, unlike the CF grades, are
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fully austenitic and contain very little to no ferrite. The ASTM A744, which is the standard
for Fe-Cr-Ni stainless steels used in severe corrosive applications, requires heat treatment
after weld repair without considering whether a particular grade’s composition makes it
resistant to sensitization or not. The requirement for heat treatment after welding only
considers the extent of repair and the nature of the surface on which the repair was done.
It has been argued that the call for heat treatment after welding may be overreaching and
redundant especially for grades that are not susceptible to sensitization. Manufacturers may
be spending money on unnecessary heat treatments with its attendant high scrapping rate
due to dimensional distortion. All this could be avoided if the heat treatment requirement
in ASTM A744 can be properly streamlined. Producers of fully austenitic stainless steels
like CN7M and CN7MS stand to benefit a great deal, especially if it is proven that any of
the fully austenitic grades does not require heat treatment after welding. This would not
only benefit foundries but field construction activities too if field welding can be performed
on these cast stainless steel products without the need to heat treat afterwards. This was the
motivation for McCaul’s™® work on the sensitization susceptibility of CN7MS. The study
used four CN7MS plates, all with maximum carbon and sulfur content at 0.03 wt% and
0.015 wt% respectively. He tested for corrosion susceptibility using ASTM A262 Practices
A and B and used acceptance criteria of 1.22mm/year for the Practice B test results. ASTM
A262 does not set acceptance criteria for any of its weight loss tests, however, Brown!*"!
conducted an extensive evaluation of Practices A, B and C and concluded that a maximum
corrosion rate of 1.22mm/year in Practice B corresponded to absence of sensitization.
McCaul used this acceptance criteria and found that, none of the samples was sensitized

after welding. It was then concluded that CN7MS could be used in the as-welded state
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without any loss in corrosion resistance in the weld or heat affected zone under the
following conditions: that the carbon content of the parent material should be below 0.03
wt% and that low carbon filler metal should be used and the interpass temperature must be
strictly monitored. Interpass temperature and heat input were limited to 93°C and 1180

Jmm! in this study.

In another study, Beck et al.!*’! studied the effects of ferrite and sensitization on the
intergranular corrosion behavior of cast stainless steels. They studied intergranular
corrosion in solution annealed and sensitized versions of CF3, CF3M, CF8, CF8M, CF20,
CF8C using ASTM A262 Practice C, which is the nitric acid test. For each alloy, ferrite
number was varied between 0 and 40. Ferrite number in this study loosely translated to
volume percent of ferrite phase. A fundamental finding of this study was that, lowering
carbon levels in the Mo-free (CF) grades helped curb corrosion rates in the sensitized
samples. This agrees well with the effects of carbon found by other researchers. %3331 For
the Mo-bearing (CFM) grades however, carbon seemed to have the opposite effect. Lower
carbon samples rather saw bigger jumps in the corrosion rates comparing the solutionized
and sensitized states. This is an unusual observation as lower carbon is traditionally known
to produce lower levels of sensitization and hence lower intergranular corrosion rates. It is
also contrary to the outcome of other works described above. It is worth noting that all the
works reviewed so far used ASTM A262 Practices A and B while Beck used practice C.
Nitric acid (used in practice C) is known to be among the most oxidizing corrodents. There
are corrosive attacks on stainless steels that are unique to nitric acid service. An example
is that nitric acid in known to attack sigma phase in Mo-bearing stainless steels.[*!! This

could be linked to the unusual effect of carbon in the cast Mo-bearing samples. Beck’s!?’!
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study also covered wrought grades 316 and 316L in the solutionized and sensitized states.
The observation in the wrought grades was as expected, where the lower carbon samples
exhibited smaller jumps in corrosion rate between the solutionized and sensitized samples.
The other outcome of Beck’s work!?®! was that increasing ferrite content helped reduce
susceptibility to intergranular corrosion in all solution annealed alloys. Again, this is in
good agreement with Stansbury’s*®! work. However, in the sensitized alloys, increasing
ferrite content only reduced sensitization in the Mo-free (CF) samples. The sensitized Mo-
bearing (CFM) alloys showed increased susceptibility to intergranular corrosion with
increasing ferrite content. Molybdenum is a ferrite former, and also encourages the
formation of sigma phase in sensitized stainless steel.*®! Increasing ferrite content in the
presence of molybdenum, and exposing such a material to a sensitization treatment will
lead to profuse sigma phase formation which will then be attacked by the nitric acid used
in this study. This is could explain why increased ferrite content in the sensitized Mo-

bearing stainless steels did not reduce intergranular corrosion.

So far, the major factors that have been seen to influence sensitization and intergranular
corrosion in cast stainless steels are carbon content, molybdenum content, ferrite content,

history of thermal cycle and the environment (or more specifically, the corrodent).
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Tests to Detect Susceptibility to Intergranular Corrosion in
Cast Stainless Steels

Weight Loss Tests

Hot Acid/ boiling acid/ weight loss tests are very popular ways to test susceptibility to
intergranular corrosion caused by sensitization. The first boiling acid tests were developed
as simulated service tests, to help predict a material’s response to a particular corrosive
service fluid.[**! Over time, their use has changed from directly predicting service life to
detecting the presence and severity of factors that cause intergranular corrosion, but they
can still be designed to directly predict service life. This is one of the reasons the acid
immersion tests are popular. They usually require measuring weight loss after a period of
immersion in boiling acid. The weight loss is then converted to corrosion rate. The
relatively simple interpretation of the test results is another reason hot acid tests are
popular. To get appreciable levels of intergranular corrosion, ASTM A262 requires that
hot acid tests are conducted on sensitized steel. ASTM A262 is the ASTM standard for
detecting susceptibility to intergranular attack in austenitic stainless steels. All but one of
the corrodents in ASTM A262 attack areas with reduced chromium levels associated with
chromium carbide precipitation. The exception here is oxalic acid in practice A, which
attacks the chromium carbides directly.*® Nitric acid in practice C additionally attacks
sigma phase, submicroscopic sigma phase precursors, other carbides, and sigma phase
constituents.[263841:43] Ag expected, materials may exhibit different corrosion behaviors in
different corrodents, therefore, results of a hot acid test may not be directly applicable in

predicting corrosion response a certain service fluid. For example, a nitric acid test may
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not be suitable to predict service life in hydrochloric acid. A thorough understanding of the

material’s interaction with the acid is very essential in designing an effective test.

The American Society for Testing and Materials (ASTM) has a number of specifications
that standardize tests to detect susceptibility to intergranular corrosion. Two of them that
are discussed in this review are ASTM A262 and ASTM G108. The ASTM A262 standard
was designed for austenitic stainless steels, it has five tests that help detect susceptibility
to intergranular corrosion in different corrodents, which are known as practices A, B, C, E
and F.[* Practice A is an oxalic acid etch test. This test is not a standalone test, rather it is
intended as a screening test for the other more lengthy tests in this specification. It can be
used to accept a sample but not reject one. Its purpose is to identify samples that will pass
the other longer and more expensive tests, and so save the researcher time and resources.
The test is done at room temperature and involves electrolytically etching a sample in 10%
oxalic acid for 1.5 minutes at 1 A/cm?. The severe etching conditions over-etch the surface
so that interpreting the etch structure is simple enough even for non-technical people. This
gives qualitative results that are solely based on the appearance of the etch structure. The
etch structure is classified as “step” for non-susceptible alloys, “ditch” for susceptible
alloys and “dual” for alloys that lie in between. The oxalic acid dissolves material at grain
boundaries with profuse chromium carbide precipitation. This creates “ditches” or
“grooves” around grains in sensitized materials. If one or more grains are completed
surrounded by ditches, the structure is classified as ditch structure. In materials that have
not been sensitized, the oxalic acid wears down adjacent phases and grains at different rates
and creates the “step” structure. The “dual” structure is assigned to materials that show a

mix of step and ditch structures, but there is no one grain is completely surrounded by a
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ditch. Figures 1-2, 1-3 and 1-4 show examples of the step, ditch, and dual structures
respectively. Samples that show ditch and dual structures need to be examined with the
other more comprehensive tests to establish the severity of the sensitization. The other
tests; practices B, C, E and F are the more comprehensive tests. With the exception of
method E, they all measure weight loss as a measure of susceptibility to intergranular
corrosion. Method E, which gives qualitative results, uses a bend test at the end of the
immersion period to evaluate susceptibility to intergranular corrosion. The sample is
embedded in copper shots or grindings in a boiling solution of copper sulfate and 16%
sulfuric acid for 15 hours. Acceptance or rejection is based on the appearance of fissures
that traverse the corroded grain boundaries after the bend test. The tests in ASTM A262
detect susceptibility caused by one or more of the following: chromium carbide
precipitation, sigma phase formation and end grain exposure.*!*?! Since end grain
corrosion is not a major concern in cast products, the tests for this study need not have the
ability to detect that. The alloys being investigated require that the tests be able to detect
intergranular corrosion from chromium carbide and sigma phase. Practices B, C, E, F are
all able to detect corrosion from chromium carbide but only Practices B and C can
additionally detect corrosion related to sigma phase formation.*¥ ASTM A262 also states
that Practices B and C are able to detect intergranular corrosion due to the formation of
sigma phase constituents in stabilized wrought grades 321 and 347.1*! Even though CF8C,
which is the cast equivalent of 347, is not explicitly mentioned in ASTM A262, it appears
that it can also be investigated with Practices B and C. Practice B basically involves 120-
hour exposure of the sample in a boiling ferric sulfate — 50% sulfuric acid solution,

followed by weight loss determination. The ferric sulfate is a specific additive that
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establishes and controls the corrosion potential. It is a corrosion inhibitor that causes
passivation in stainless steels in the presence of sulfuric acid.!*?! It was first derived during
a study of the acid corrosion of stainless steels and its inhibition by ferric sulfate.!*! It was
found that even though ferric salts effectively inhibited corrosion of stainless steels, they
could not prevent intergranular attack in sensitized material. This makes it excellent for
studying intergranular corrosion in stainless steels since this form of attack stands out in
this corrodent. Research has shown that the intergranular corrosion happens even though
the grain faces and grain boundaries of stainless steels in a ferric sulfate- sulfuric acid
solution are actually at the same potential, i.e the grain boundaries are not active relative
to the grains.*?! Robert Baboian!**! explains that in the passive state, the protective film is
in a dynamic process of dissolution and repair to maintain the film. The protective film
dissolves in the acid and is repaired by dissolving metal. In sensitized steel, the corrosion
current or dissolution of the chromium-depleted area surrounding chromium carbides on
grain boundaries is much more aggressive. A lot of the chromium-depleted material needs
to dissolve to keep up with the repair of the passive film. This is what causes the grain
boundary attack of sensitized stainless steels in the ferric sulfate-sulfuric acid solution.[**!
The corrosion rate in practice B is controlled by the reduction of the ferric ions to ferrous
ions. The copper sulfate in the sulfuric acid solution in practices E and F play the same role
as the ferric sulfate in practice B. Practice C is a 240-hour exposure in 65% nitric acid,
followed by weight loss determination. In this corrodent also, Baboian[*?! asserts the grain
faces and grain boundaries of stainless steels in nitric acid are at the same potential. Nitric
acid is known to be very oxidizing and attacks stainless steels in ways not seen in other

acidic corrodents. Nitric acid is known to attack directly sigma phase and precursors of
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sigma phase in stainless steels, even in the absence of chromium carbides.[*!! It also
dissolves other carbides like titanium carbides in stabilized grades, creating pits that
exacerbate corrosion rates. Hexavalent chromium, which is a corrosion product in nitric
acid, is known to increase corrosion rate.*! This is why ASTM A262 recommends that the
nitric acid solution be changed every 48 hours when doing the nitric acid test (practice C).
The dissolution of titanium carbides and other inclusions, and subsequent rise in the
concentration of hexavalent chromium in the resultant pits, makes materials prone to end
grain attack in nitric acid.'***! Cross sections of these elongated inclusions and carbides
are exposed to the nitric acid at cross sections of hot worked products. Due to the severely
oxidizing nature of practice C, the nitric acid test, ASTM A262 advises that it be used when
the material being tested is intended for a nitric acid service. Table 3 shows a summary of

all the tests in ASTM A262, Practice D has been withdrawn.

Figure 1- 2: Step structure in ASTM A262 Practice A, oxalic acid etch test. 500x 411
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Figure 1- 3: Ditch structure in ASTM A262 Practice A, oxalic etch test. 500x [4!]

Figure 1- 4: Dual structure in ASTM A262 Practice A, oxalic etch test. 250x 1]
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Table 1- 3: Summary of tests methods in ASTM A262. Practice D has been withdrawn. [4*]

Designation Test Temperature  Testing Time Applicability Evaluation Method
Practice A Oxalic Acid Etch ambient 1.5min  Chromium carbide Microscopic Examination;
Screening Test sensitization only Classification of etch structure
B Ferric Sulfate-50% boiling 120h Chromium carbide Weight-loss/carrosion rate
Sulfuric Acid
€ 65% Nitric Acid boiling 240 h Chromium carbide Weight-loss/corrosion rate
and sigma phase
D 10% Nitric-3% Hydrofluoric ~ 70°C 4h Chromium carbide Ratio of corrosion; Rates of
Acids (This test is being in 316, 316L, 317, “unknown” over that of a solution
removed from A 262) 317L annealed specimen
E 6% Copper Sullate boiling 24h Chromium carbide Examination for fissures after bending
16% Sulfuric Acid with
metallic copper
F Copper Sulfate hoiling 120 h Chromium carbide Weight-loss/corrosion rate
509% Sulfuric Acid with in cast 316 and 316L
metallic copper

Electrochemical Potentiokinetic Reactivation (EPR) Tests

The EPR test was designed as a fast, quantitative, and non-destructive method for detecting
the presence and /or extent of sensitization.[*?! It produces results in about 15 minutes
compared to the 15 hours — 240 hours required for the immersion tests. It uses an
electrochemical cell to polarize the sample through the active region and record the highest
corrosion current as a measure of sensitization.[*”! There are two versions of this test
currently in use; the single loop EPR (SL-EPR) and the double loop EPR (DL-EPR). The
single loop test has been standardized in ASTM G108 for 304 and 304L alloys. For the
single loop test, the sample must be prepared to a 1pum diamond polish, and tested in a
solution of 0.5M sulfuric acid and 0.01M potassium thiocyanide at 30°C +/-1°C.1*%! The
potassium thiocyanide is added as an activator to increase the corrosion currents. The test
involves first identifying the corrosion potential, Ecorr Of the sample in the prescribed
solution, which has been found to be approximately -400mV vs saturated calomel electrode

(SCE) for type 304 stainless steel. Then the sample is held at a potential of +200mV vs
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SCE (in the passive region) for about two minutes to form the passive layer. After this, the
potential is reduced back to the corrosion potential at a scan rate of 6V/hour. The reduction
reactivates the sample, causes a preferential break down of the protective film at grain
boundaries that have chromium carbides and produces a big jump in the corrosion current.
The single loop test involves only one scan from the passive region towards the corrosion
potential as shown in Figure 1-5 below. Figure 1-5 is a plot of potential at the anode vs log
of the corrosion current at the anode. The area under the loop generated is proportional to
the total charge, Q passed in coulombs. A sensitized sample will produce a bigger loop and
Q value because it will record a higher corrosion current. The bigger the area under the
loop, the more sensitized the material is. The total charge, Q is then normalized with the
area from which the charge originated, which is assumed to be the grain boundaries. The
formula to normalize the charge is shown below!*®!

P. = Q/X, where;

P. = normalized charge

Q = total charge which is equal to area under the loop

X = total grain boundary area = A, [5.1 x 107 €]

As = specimen area (cm?2)

G = grain size at 100x (in accordance with Test Methods ASTM E112)

The assumptions made in this test and calculation are as follows:*!

a) The corrosive attack is restricted to only grain boundaries
b) The attack is distributed uniformly over the grain boundaries

¢) The width of each attacked grain boundary is 2 x (5 x 10”) cm
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Since the charge is assumed to be coming from only the grain boundaries, the normalization
is done with only the grain boundary area. This may not actually be the case in a sample
that has a lot of pitting or inclusions on the surface. Nonmetallic inclusions, pits and even
uniform corrosion can contribute to the corrosion current, so it might be necessary to
examine the sample under a microscope to confirm the type of corrosion that was
responsible for the measured charge. The single loop test is known to be sensitive to
sample surface finish**!, which is why a 1um diamond polish finish is required, but this

requirement makes it difficult to apply this procedure as a field test.

The double loop test was developed to work with a less stringent surface finish. It has been
asserted that the double loop test can work with a 100 grit SiC paper finish.!*3! It uses the
same set up and test solution as the single loop test with slight modifications to the process.
The double loop test involves two scans; the first scan starts at the corrosion potential (-
400mV vs SCE for type 304 stainless steel) and proceeds in the anodic direction into the
passive region (+200mV vs SCE). As soon as the potential in the passive region is reached,
the scan direction is reversed and the potential reduced back to the corrosion potential.!347!
Both scans are done at a rate of 6V/hour. Figure 1-6 below is a plot of the potential at the
anode vs log of the corrosion current at the anode, it shows a schematic diagram of the
double loop forward and reverse scans. Because the first scan begins in the active region
without the passive layer and proceeds in the anodic direction, it generates a big loop due
to the high corrosion current. The maximum current for this scan direction is denoted ..
The reverse (reactivation) scan generally produces a lower current and loop because of the
passive layer that formed when the sample reached the passivation potential. The size of

the second loop depends on the presence and severity of sensitization. Severely sensitized
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steel will generate a large loop while a non-sensitized steel will generate a smaller loop,
with a maximum current I. The degree of sensitization is evaluated with the ratio I/I.. A
bigger ratio signifies more sensitization. Normalization by the total grain boundary area is
not required for this test. The advantages of the double loop over the single loop method
are that, it is independent of surface finish, results are not affected by pits, it is more

reproducible than the single loop and it is less sensitive to changes in scan rate and solution

composition. !
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Figure 1- 5: Schematic diagram of single loop EPR reactivation scan.

27



-+

W

(=)

O

3

<
|

ifmodic Scan

Potential Versus SCE
I
1% ]
[4%]
o
3
<

ECorr -
(~—400 mV)| Scan Rate =6 V/h

Log Current

Figure 1- 6: Schematic diagram of doble loop EPR forward and reverse scans.

Comparing results from EPR tests and immersion tests

In deciding which test to use in sensitization studies, it is important to know how results
from the different tests compare with each other, especially for the material being tested
and the test conditions to be used. This helps to ensure consistency and reproducibility of
results. Studies by Lackner et al.[*¥! and Majidi et al.!** comparing the ferric sulfate-sulfuric
acid test, oxalic etch test and the EPR test show good agreements among the results
produced by these tests as seen in Figurel- 7. Both investigations concluded that the boiling
acid tests and the EPR tests produce identical results when there is enough corrosion in the
acid test to cause grain dropping. The boiling acid tests detect susceptibility to intergranular
corrosion by weight loss caused by grain dropping. Even though intergranular attack is the
more dominant form of corrosion in sensitized steel, dissolution of the grain boundaries
alone does not lead to discernible weight loss. Material dissolved at the grain boundaries

is so little that it does not result in appreciable weight loss. Grains need to fall out for the
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test to produce quality data in terms of weight reduction. For the grains to fall out, there
needs to be enough corrosion of the grain face in addition to the intergranular corrosion.!?!
This could be a source of discrepancy when comparing results for the same sample from
the weight loss test and EPR test conducted on cast products. Due to the large grain sizes
of cast products, it may take considerably more wear and time for grains to be completely
surrounded and for them to drop. So even though a cast stainless steel may be severely

sensitized, it may not drop as many grains as a wrought product.

Majidi et al.™! and Stansbury et al.!> found that both the single loop and double loop were
very sensitive in detecting little or mild levels of sensitization but the boiling acid test does
not show much sensitivity in that range because grain dropping is not profound under such
conditions. However, at medium and severe levels of sensitization, the boiling acid test
shows more sensitivity than the EPR test, which levels off at high sensitization levels.
Figure 1-8 from Majidi’s!*” work shows results from the oxalic acid etch test, the ferric
sulfate — sulfuric acid test and the double loop EPR test conducted on the same sample. It
is observed that there is good agreement among the results of all three tests. The ditch
structure in the oxalic acid test, which signifies severe sensitization, corresponds to the
highest corrosion rates from the other tests. The samples that showed step and dual
structures in the oxalic acid test were only mildly sensitized, and they rightly corresponded
to low corrosion rates in the other tests. But it is noticed that the double loop EPR test does
a better job distinguishing these samples than the boiling acid test, hence the conclusion
that the double loop EPR test is very sensitive to low and mild levels of sensitization. As
corrosion rates increase into the regime of ditch structure samples, the double loop test

measurements of corrosion rate level off and does not distinguish very well among samples
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in this band. The ferric sulfate — sulfuric acid test rather does a better job in this range. The
oxalic acid test is seen here to be a good indicator of the sensitization state of a sample, but
since it is qualitative, the other tests are needed to predict the corrosion rate. Figure 1-9,
also from Maj idi’s™®! work, shows results from the oxalic acid test and the ferric sulfate —
sulfuric acid test compared with the single loop EPR test. The major difference between
the results in Figure 1-8 and 1-9 is that, there is an overlap between the step and dual
structure samples. Another overlap is seen between the dual and ditch structure samples.
The researchers concluded that the overlaps were due to currents contributed by pits on the
surfaces of the sample. Pitting is known to affect the results of single loop EPR tests.!%!
Clarke et al.*’! selected 2.0 coulomb/cm? as the upper acceptance limit for incoming

stainless steel. The limit ensured “a lack of discernible intergranular carbide precipitation”.

Majidi et al.!*! found that this limit agreed well with the findings of their work.

The other boiling acid tests work much the same way as the ferric sulfate-sulfuric acid test,

so the comparisons discussed above may be extended to those as well.
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Chapter 2: PWHT-Free Cast CF Stainless Steel Grades

Abstract

The sensitization susceptibility of four CF grades and their associated weld metals was
evaluated using heat affect zone simulations, electrochemical corrosion testing, scanning
electron microscopy and transmission electron microscopy. The goal of this investigation
was to determine if the post weld heat treatment (PWHT) requirement in industry standards
can be waived for three of the alloys which are known in industry as sensitization-resistant.
The CF3 and CF8C base metals showed low levels of sensitization under the welding
conditions tested, indicating potential acceptable performance in mild environments. Their
weld metals, E308L and E347, exhibited higher degrees of sensitization due to preferential
attack of the austenite phase. The PWHT was found to improve the corrosion resistance of
the welds by changing their ferrite morphology and amount. It also served as a stabilization
treatment for E347, which is often recommended for stabilized grades to avert knife-line
attack. The CF3MN and E316L base metal/weld metal pair presented the best resistance to
sensitization under the welding conditions tested. They did not reactivate in the corrosion
test or show any evidence of intergranular attack. It was recommended that the PWHT
requirement be maintained for CF3, CF8, CF8C and their weld metals. Wider corrosion
testing is encouraged for CF3MN/E316L pair to generate more comprehensive data on its

sensitization resistance.
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Introduction

Stainless steels are ferrous alloys that contain a minimum of 11wt% chromium, the amount
required to form a stable protective layer in unpolluted atmospheres.[!3 Cast stainless
steels are manufactured into components like pump casings and valve bodies for use in the
chemical processing industry. Among cast stainless steels, CF grades are popular because
they are relatively low-alloyed but perform well in many media.[*! Since stainless steels
are usually specified for their corrosion resistance, it is desired that they achieve and
maintain passivity during fabrication and service life. A condition under which these alloys
lose their passivity is sensitization. Sensitization is a condition where chromium-rich
phases (usually carbides) form along grain boundaries in a stainless steel, depleting the
surrounding matrix of chromium.[®”] The depleted area is unable to maintain a stable
passive layer and becomes vulnerable to selective attack in corrosive media. Since the
carbides form on grain boundaries, the dissolution is often along these areas and is known
as intergranular attack (IGA). Sensitization can happen in austenitic stainless steels during
fabrication or in service when they are heated between 500°C and 900°C where these
carbides are stable.'y Welding can therefore be problematic for austenitic stainless steels
since the heat affected zone (HAZ) experiences temperatures from the liquidus to room
temperature. Grades more amenable to welding have since been designed to avoid
sensitization, and they include low-carbon, stabilized and nitrogen-bearing austenitic
stainless steels. Limiting carbon concentration to 0.03wt% has been found to significantly
retard carbide formation during welding.!®”! Stabilized grades use potent carbide formers,
usually titanium or niobium, to tie up the carbon before it has the chance to combine with

chromium.!'*")" Adding up to 0.2wt% nitrogen also helps mitigate sensitization by
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inhibiting chromium diffusion in austenite.['>!¥] These types of alloys have become popular
in industry because of the considerable success they have exhibited. However, the
American Society for Testing and Materials (ASTM) standards, A743 and A744, that
regulate the production of cast stainless steels require post weld solution annealing for all
grades, including the alloys with improved compositions. The post weld heat treatment
(PWHT) is designed to restore corrosion resistance by dissolving any carbides that may
have formed during welding. Some consider this requirement overreaching because
experience in industry has shown that PWHT may be redundant for some grades. Also,
heat-treating large castings can cause dimensional distortion, resulting in high scrap rates.
The complex equipment set up makes PWHT difficult to execute in the field, so removing
this barrier will open new possibilities for field fabrication and installation of cast
components. It has therefore become necessary to investigate the possibility of waiving

PWHT for the applicable grades.

These alloys already have a well-established reputation of being resistant to welding-
induced sensitization. Time-temperature-sensitization (TTS) diagrams are often developed
for low carbon grades to demonstrate their efficiency in this area. The results used to
construct TTS diagrams come from qualitative tests such as ASTM A262 method E where
corrosion test samples are bent and inspected for fissures in an optical microscope at 5x to
20x magnification.['*! The absence of fissures is interpreted as sensitization resistance.
While these diagrams are widely used in industry, it is important to acknowledge their
limitation in conclusively ruling out intergranular attack. Other researchers also employ
weight loss tests to investigate sensitization resistance and often conclude that corrosion

rate below a certain threshold signifies sensitization resistance. Again, this may not be
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sufficient to determine general PWHT requirements for several reasons. First, low
corrosion rates observed in laboratory tests are not always guaranteed in operating plants
because service fluids often have contaminants that accelerate corrosion beyond results
obtained in laboratory tests. These contaminants could be metal cations, which Streicher

[15] Secondly, a mildly sensitized

found to increase corrosion if present in certain amounts.
sample that has chromium carbides may exhibit low corrosion rates in a weight loss test if
the depletion zone is not wide or deep enough to cause grain dropping, but such samples
can still corrode aggressively in media like oxalic acid, which attack chromium-rich
carbides instead of chromium depleted zones. Stansbury et al. found that similarly
processed CF8M and CF8 were equally attacked in oxalic acid even though the CF8M had
performed better in an electrochemical corrosion test.!'®) Thirdly, components that have
pre-existing chromium carbides have been shown to be susceptible to further sensitization
even at temperatures below the classic sensitization range. This phenomenon is known as

low temperature sensitization (LTS).[7:18

Low temperature sensitization makes a
component progressively more prone to attack even though the component may have
exhibited low rates at the time of installation. For these reasons, a more rigorous proof of

“no sensitization” is needed to modify existing standards and make generic PWHT

recommendations.

Sensitization testing should also include all the different regions of a welded assembly
under different welding conditions. The regions that will be investigated in this project are
unaffected (solution-annealed) base metal, base metal heat affected zone (BM-HAZ), as-

deposited weld and weld metal heat affected zone (WM-HAZ). A weld fusion zone
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typically has residual solidification-induced segregation, which is expected to make the

fusion zone more susceptible to sensitization relative to the base metal.

Experimental Procedure

The alloys selected for this investigation are listed in Table I along with their chemical
compositions determined by optical emission spectroscopy (OES) except for the nitrogen
concentrations, which were determined by inert gas infusion — thermal conductivity
method. The alloys include a low carbon grade (CF3), a niobium-stabilized grade (CF8C),
a nitrogen-bearing grade (CF3MN) and a high carbon grade (CF8). These base metals are
paired with their respective weld wires as determined from foundry polls. The pairings are
CF3/E308L, CF8/E308L, CF8C/E347 and CF3MN/E316L. The cast plates were solution
annealed in the foundries according to ASTM A743/A744. The CF3 and CF8 plates were
heated at 1066°C (1950°F) for one hour, CF8C was held at 1093°C (2000°F) for two hours
and CF3MN was held at 1107°C (2025°F) for 2 hours. All the plates were quenched in
water at the end of the heat treatment. Sensitized samples were included in the corrosion
tests as controls. The sensitization treatment was done at 675°C for two and half hours and

quenched in water.

Ten welding procedure specifications (WPS) designed for these base metal/weld metal
combinations where sourced from foundries around the country. From each, the maximum
heat input was calculated and used to generate HAZ thermal cycles with peak temperatures
from 500°C to 900°C in the SmartWeld program!!®l. For each cycle, the total time spent in

the sensitization range was calculated and plotted against peak temperature as shown in
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Figure 2-1. Thermal cycles with peak temperature of 900°C were found to be the most
deleterious (i.e., spent the most time in the sensitization range) and selected to be applied
in the Gleeble 3500 thermomechanical simulator at three heat input levels of 0.8 1kJ/mm,
1.78kJ/mm and 3.75kJ/mm, representing low, intermediate, and high heat inputs as
calculated from the WPS’s. Gleeble samples were ¢12mm x 110mm long with threaded
ends. All the Gleeble work was done under zero force conditions to avoid plastic
deformation. After the thermal cycling, samples were cut at the point of thermocouple wire

attachment, mounted and metallographically prepared.

All-weld metal samples were made by overlaying gas metal arc welds (GMAW) on 304L
base plates to a thickness of 32mm with samples extracted from the top 16mm. Samples
were machined to @12mm x 110mm long as stated above. The welds were made with a
Miller Jetline automated GMAW welder using 1.0kJ/mm heat input, 177°C(350°F)

maximum interpass temperature and 98% Ar + 2% O shielding gas.

The Double Loop Electrochemical Potentiokinetic Reactivation (DL-EPR) test was used
for corrosion testing. Samples from the Gleeble test were cut, mounted in conductive
Bakelite powder and metallographically prepared with silicon carbide paper, and then
polished with 0.05microm colloidal silica. They were then thoroughly rinsed with
deionized water to remove any contaminants. The corrosion tests were done with a
saturated calomel electrode (SCE), Gamry 1010E potentiostat and Gamry ParaCell kit for
flat specimens. Sample masks were used to isolate 1cm? of the sample surface for testing.
The scan speed was 1.67mV/s, and the potential was cycled from the open circuit potential
(around -400mV) to 200mV and back in a 0.5M H2SO4 + 0.01M KSCN solution at ambient

temperature (approximately 24°C). The electrolyte was prepared with ASTM type I
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deionized water. After the corrosion testing, the samples were rinsed with deionized water

and ethanol, dried and examined in the scanning electron microscope (SEM).

Time Spent in Sensitization Temp Range (500°C - 900°C)
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Figure 2- 1: Time spent in the sensitization time range vs peak temperature in HAZ. Time
periods were calculated from thermal cycles generated with SmartWeld program.

Imaging was done in a Hitachi 4300 SEM with a backscattered electron detector and an
Everhart Thornley secondary electron detector. All energy dispersive spectroscopy (EDS)
line scans and maps were taken with the EDS detector in the same equipment using 15kV

accelerating voltage and 7.68us process time.

The transmission electron microscope (TEM) samples were prepared with a FEI Scios dual
beam FIB using the standard lift-out procedure. A Jeol 2100 TEM operating at 200kV was

used to take selected area diffraction (SAD) patterns. An aberration-corrected cold field
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emission scanning transmission electron microscope Jeol ARM 200CF operating at 200kV

was used to image ferrite pools in the welds and collect EDS line scans and maps.

Table 2- 1: Chemical composition of base metals and deposited weld metals. All values
in weight percent.

CHEMICAL COMPOSITION OF BASE METALS.

! C Mn P S Si Cr Ni Mo Nb Cu N Fe

CF3 0.03 | 1.21 | 0.023 | 0.001 | 1.76 | 17.58 | 9.01 | 0.24 | 0.02 | 0.29 | 0.07 | Bal
CF3MN | 0.02 | 0.79 | 0.022 | 0.003 | 0.78 | 20.23 | 9.39 | 2.19 - 0.25 | 0.19 | Bal
CFS8C 0.03 1092 0.030 | 0.002 | 1.28 | 1844 | 9.70 | 0.29 | 0.43 | 0.32 | 0.11 | Bal
CFS8 0.05 | 1.19 | 0.023 | 0.001 | 1.74 | 17.83 | 9.04 | 0.24 | 0.02 | 0.29 | 0.07 | Bal

CHEMICAL COMPOSITION OF DEPOSITED WELD METAL. All values in weight percent.
E308L 0.04 | 1.49 | 0.023 | <0.001 | 0.33 [ 19.59 | 995 | 0.14| 0.02 | 0.16 | 0.05 | Bal
E316L 0.02 | 1.67 | 0.021 | 0.005 | 0.39 | 18.14 | 12.36 | 2.69 | <0.01 | 0.19 | 0.03 | Bal
E347 0.07 | 1.60 | 0.011 | 0.009 | 0.40 | 19.56 | 10.69 | 0.10 | 0.56 | 0.02 | 0.06 | Bal

Results

Sensitization Mechanism

The chromium-rich carbides that cause sensitization mostly precipitate at grain boundaries
or other interphase boundaries. Research has shown that the nature and shape of the
interface affect carbide nucleation kinetics, with the austenite-ferrite boundary reported as
the most preferred site for precipitation.[?°?! The sensitized CF8C samples were examined
in the SEM to determine if the NbC boundaries in CF8C make any difference in this
hierarchy. Figure 2-2 shows images of various boundaries in sensitized CF8C and EDS

line scans taken across them. Figures 2-2A and 2-2B are for an austenite-NbC boundary,
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Figures 2-2C and 2-2D are for an austenite-austenite boundary, and Figures 2-2E and 2-2F
are for an austenite-ferrite boundary in a sensitized CF8C sample. Only niobium
enrichment is seen at the austenite-NbC boundary while no enrichment exists at the
austenite-austenite boundary. The austenite-ferrite boundary however shows chromium
enrichment higher than was measured in the ferrite phase with the same EDS set up. This
signifies the presence of chromium-rich carbides at that interface. A similar level of
chromium is seen at an identical boundary in sensitized CF8C when the electron probe hits
the M23Cs as clearly seen in Figure 2-3. The WinX-Ray version 1.4.2.1 program was used
run Monte Carlo simulations for CF8C using 15kV accelerating voltage and 10nA beam
current. It predicted an interaction volume width of approximately 1um, which is larger
than the niobium carbide in Figure 2-2 and chromium carbides in Figure 2-3. This means
the electron and xray signals do not emanate exclusively from these particles when the
electron probe hits them. This is why Figure 2-2B for example shows about 45wt% Nb in
NbC instead of Nb greater than 80wt% as known for this phase. This notwithstanding, the
set-up is still able to show relative element profiles across the region of interest. The
concentrations shown on the y-axes in Figures 2-2B, 2-2D and 2-2F were generated with
the EDAX Genesis software using a standardless quantification method. The concentration
values are not intended as the actual amounts of the elements, they are only used
comparatively to show element enrichment across the boundaries. Considering that the line
scans are taken in the same region (approximately 2um apart), and yet only austenite-ferrite
interface shows chromium enrichment suggests that it is the preferred site for chromium
carbide precipitation in CF8C. These results are significant because dissolution at this

boundary in the corrosion test can be interpreted as sensitization.
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B Sensitized CF8C: Austenite-NbC Boundary
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Figure 2- 2: SEM images of various boundaries in CF8C with corresponding EDS line
scans across them. (A): Image of austenite-NbC boundary. (B): EDS line scan across
austenite-NbC boundary. (C): Image of austenite-austenite boundary. (D): EDS line scan
across austenite-austenite boundary. (E): Image of austenite-ferrite boundary. (F): EDS
line scan across austenite-ferrite boundary.
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B Sensitized CF8C: Austenite-Ferrite Boundary
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Figure 2- 3: SEM image and EDS line scan across ferrite pool in sensitized CF8C. (A):
SEM image of Cr-rich carbides at austenite-ferrite boundary in sensitized CF8C (B): EDS
line scan across ferrite pool in sensitized CF8C.

Corrosion Test Results

The DL-EPR test starts at the open circuit potential (OCP) and proceeds with a continuous
change in potential up to +200mV (in the passive region), then the potential scan direction
is reversed and potential decreased continuously back to the OCP. The peak current during
the reverse scan (Ir) is divided by the peak current during the forward scan (Ia) to establish
the degree of sensitization (DOS). The forward scan begins in the active region where there
is no passive layer, the current measured during this stage comes from uniform corrosion
of the entire surface. The reverse scan on the other hand begins in the passive region where
the entire sample surface is covered by the protective oxide layer. As the potential scan re-
enters the active region, the oxide layer over chromium-depleted areas dissolve
preferentially as it is more unstable. Therefore, the anodic current measured during the
reverse scan mostly comes from areas of localized corrosive attack. The I./I. ratio thus

gives a measure of passive film break down during the test.[*}] A sample may reactivate or
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not in the DL-EPR scan. An example of a test with no reactivation is shown in Figure 2-
4A. In this Figure, the anodic current continuously decreases from the beginning of the
reverse scan until it is overtaken by a cathodic current around +30mV, which then persists
throughout the rest of the reverse scan. The absence of an anodic current during this stage
of the test generally signifies that there was little to no localized corrosion. Reactivation
generally depicts sensitization, and the size of the loop indicates the severity of IGA. Figure
2-4B is an example of a test where reactivation was observed. Tests that show no
reactivation are the best assurance of the absence of sensitization, although this must be
confirmed by post-test SEM examination. Currents measured in the DL-EPR test are net
currents at the sample surface.*¥ Therefore the cathodic current observed during the
reverse scan in Figure 2-4A is actually a net cathodic current. A net cathodic current does
not signify the absolute absence of an anodic reaction, it only indicates that the anodic
current is very small and surpassed by the cathodic reaction. Following this, an anodic
current of 100nA/cm? is used to calculate DOS for tests where there is no reactivation. This
figure was arbitrarily selected because it is close to the lowest anodic current measured by
the potentiostat before the current switches over to a cathodic current. It suggests that the
residual anodic reaction rate is around this figure when measurement changes to a net
cathodic current. Other researchers assign a DOS of zero for tests where there is no

reactivation,?>

I but this may not be an accurate depiction of the balance of reactions on
the sample surface as it implies that there is no corresponding anodic reaction for the
cathodic current measured. Current readings in Figures 2-4A and 2-4B span eight orders

of magnitude covering different corrosion conditions, and the current drops by three orders

of magnitude as the sample transitions from peak active corrosion to passivity. Even in
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active corrosion alone, current varies from 1pA to about 40mA. Consequently, if a material

is significantly more sensitized than another, it is expected that their DOS values will vary

by at least one order of magnitude. Samples with only small variations are considered as

similarly sensitized.

The corrosion test is followed by examination in the SEM to confirm intergranular attack.
Figure 2-5A is a solution annealed CF3 sample that did not reactivate in the test and shows
no dissolution at the ferrite boundary, while Figure 2-5B is a sensitized CF3 sample that
reactivated and shows dissolution around the ferrite. The cavities seen in the ferrite phase

in both samples likely come from general active dissolution during the forward scan.
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Figure 2- 4: Typical DL-EPR test results plots showing potential vs log of current density.
(A): DL-EPR plot showing no reactivation. (B): DL-EPR plot with reactivation.
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Figure 2- 5: SEM image of CF3 after DL-EPR corrosion test. (A): solution annealed CF3
showing no IGA (B): Sensitized CF3 with dissolution around the ferrite.

CF3 Base Metal and Welds Made with E308L Filler Metal

Figure 2-6 shows the DOS vs heat input plot for CF3/E308L. All base metal samples are
shown in blue and weld samples in red. Results from tests conducted on the solution
annealed CF3 base metal, which did not reactivate during the test, are shown for
comparison. The degree of sensitization generally increases with increasing heat input.
Higher heat input processes cool more slowly and allow more time for nucleation and
growth of the chromium carbides. There was no reactivation in the solution-annealed and
0.81kJ/mm samples but DOS rises to 2.5x10* and 1.4x10™ after one thermal cycle at
1.78kJ/mm and 3.75kJ/mm respectively. Figures 2-7A and 2-7B are SEM images of CF3
thermally cycled at 0.8 1kJ/mm and 3.75kJ/mm respectively, and both samples show attack
in and around the ferrite phase. The solution annealed sample showed no boundary attack
while the 0.81kJ/mm sample did show attack at the boundary, even though they both did
not reactivate. The all-weld metal samples generally exhibited higher DOS values than the

base metal samples. The as-deposited weld produced a DOS of 4.9x10* while the low,
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medium, and high heat input all-weld samples had 2.3x10%, 2.5x10* and 1.4x107
respectively after one cycle. The higher DOS values suggest that the all-weld metal
samples sensitize more readily than the base metal samples. The welds were expected to
be more sensitive because fusion zones typically have residual segregation, which will
accelerate sensitization. Images of the as-welded and 3.75kJ/mm E308L samples are shown
in Figures 2-8A and 2-8B respectively. A different type of local attack is seen in the
austenite surrounding the ferrite in Figure 2-8A. In the sensitized base metal, some
dissolution can be seen both in austenite and ferrite but in the as-deposited weld, only the
austenite appears attacked while the ferrite is preserved. This is clearer when Figure 2-8A
is compared with the sample before corrosion test (Figure 2-9). The corrosion pattern in
the weld sample thermally cycled at 3.75kJ/mm appears similar to the pattern observed in
sensitized base metal where dissolution is present in both the austenite and ferrite phases.
From the plot shown in Figure 2-6, all the E308L samples reactivated in the test. Even at
low heat input where the base metal DOS was negligible and similar to the solution treated
base metal, the weld was attacked. Therefore, there is no heat input level at which the

welded assembly can be said to be corrosion-free.
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Figure 2- 6: Degree of sensitization vs heat input for CF3 and welds made with E308L
filler metal.
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Figure 2- 7: SEM image of CF3 samples after DL-EPR test (A): CF3 thermally cycled at
0.81kJ/mm showing boundary dissolution (B): sample thermally cycled at 3.75kJ/mm
showing boundary dissolution.
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Figure 2- 8: SEM image of E308L samples after DL-EPR test (A): As-welded E308L
showing preferential attack in austenite surrounding ferrite (B): E308L thermally cycled at
3.75kJ/mm showing apparent dissolution in both austenite and ferrite.
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Figure 2- 9: E308L before corrosion test, showing lathy ferrite structure.
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CF8 Base Metal and Welds Made with E308L Filler Metal

The corrosion results of CF8 shown in Figure 2-10 depict similar trends as CF3.
Susceptibility to sensitization increases with heat input. The DOS values are generally
higher than CF3 due to the higher carbon content. This is not surprising as carbon
concentration is known to be a major influencer of sensitization kinetics. Unlike the CF3
results shown in Figure 2-6, the weld metal DOS values for CF8 are lower than the base
metal, which can be attributed to the lower carbon concentration in the weld metal. Despite
the expected sensitive nature of the weld microstructure, the DOS of thermally cycled
E308L is still an order of magnitude lower than CF8. Most of the dissolution in CF8§ was
confined to the austenite-ferrite boundaries as seen in Figure 2-11A but light attack was
also observed at some austenite-austenite boundaries (Figure 2-11B), which would have

contributed to the higher corrosion currents produced in this alloy.
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Figure 2- 10: Degree of sensitization vs heat input for CF8 and welds made with E308L
filler metal.
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Figure 2- 11: SEM images of CF8 after DL-EPR. (A): CF8 thermally cycled at 1.78kJ/mm
showing dissolution at austenite-ferrite boundary. (B): CF8 thermally cycled at 1.78kJ/mm
with light attack at austenite-austenite boundary.
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CF8C Base Metal and Welds Made with E347 Filler Metal

The corrosion test results of CF8C and E347 are shown in Figure 2-12. The solution
annealed sample did not reactivate and showed no boundary attack. The 0.81kJ/mm and
3.75kJ/mm samples also did not reactivate but their microstructure had sparse interphase
boundary dissolution as shown in Figure 2-13A for the 3.75kJ/mm sample. The 1.78kJ/mm
sample had a DOS of 9.7x10™* and showed some boundary attack, although not pervasive
as seen in Figure 2-13B. The E347 samples had DOS values very close to the sensitized
CF8C sample even in the as-deposited state, again suggesting that the welds were more
severely sensitized than the base metal. The SEM images of the all-weld sample shown in
low and high magnification in Figures 2-14A and 2-14B respectively, show localized attack
in the austenite surrounding the ferrite phase like in the E308L samples. All the E347
samples had a similar corrosion pattern. Here too, the DL-EPR plot shows that the welded
assembly cannot be considered as corrosion-free at any heat input value. Higher heat input
processes are known to be more sensitizing, but it is interesting that 3.75kJ/mm CF8C
sample did not show any reactivation. This “gain” is however nullified by the weld’s
response at the same heat input. It is not yet understood why only the 1.78kJ/mm sample
reacted in the corrosion test when the 3.75kJ/mm thermal cycle is expected to be

sensitizing.
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Figure 2- 12: Degree of sensitization vs heat input for CF8C and welds made with E347L
filler metal.
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Figure 2- 13: SEM images of CF8C after DL-EPR test. (A): CF8C thermally cycled at
3.75kJ/mm showing very little boundary dissolution (B): CF8C thermally cycled at
1.78kJ/mm showing little boundary dissolution.
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Figure 2- 14: SEM images of E347 after EL-EPR test. (A): low magnification image of
E347 thermally cycled at 0.81kJ/mm showing localized corrosion in the austenite around
ferrite. (B)high magnification image of E347 thermally cycled at 0.81kJ/mm showing
localized corrosion in austenite surrounding ferrite.

CF3MN Base Metal and Welds Made with E316L Filler Metal

The DL-EPR plot for the CF3MN and E316L is shown in Figure 2-15. None of the base
metal or weld metal samples reactivated in the corrosion test. The CF3MN samples were
thermally cycled to a peak temperature of 800°C to eliminate any dissolution effects, but
they also had the same corrosion results. This was expected as even the sensitized sample
did not generate any anodic current during the reverse scan. Multiple thermal cycle tests
were deemed unnecessary due to the result from the sensitized sample. The result obtained
agrees with the findings of Stansbury et al. that low carbon, high nitrogen CF alloys were
difficult to sensitize.['?) Scanning electron micrographs of the sensitized sample are shown
in Figures 2-16A and 2-16B at low and high magnification respectively. Unlike the other
sensitized CF alloys, there is hardly any attack at the ferrite-austenite boundary, and
dissolution appears to be confined to the ferrite as seen in the high magnification image.

The scanning electron micrograph in Figure 2-17 shows no dissolution in the CF3MN
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sample thermally cycled at 3.75kJ/mm. All the samples subjected to 800°C and 900°C peak
temperatures had similar microstructures as that shown in Figure 2-17 after the corrosion
test. Low and high magnification images of the as-welded E316L after the corrosion test
are shown in Figures 2-18 A and 2-18B. General (uniform) corrosion is seen in the austenite
while the ferrite appears unattacked. The adverse localized corrosion seen in the E308L

and E347 is absent here.
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Figure 2- 15: Degree of sensitization vs heat input for CF3MN and welds made with E316L
filler metal.
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Figure 2- 16: SEM image of sensitized CF3MN after corrosion test. (A): low magnification.
(B): high magnification.
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Figure 2- 17: SEM image of CF3MN cycle at 3.75kJ/mm after corrosion test.
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Figure 2- 18: SEM images of as-welded E316L after corrosion test. (A): low magnification
image of as-welded E316L (B): high magnification image of as-welded E316L showing
uniform corrosion in austenite.

Discussion

Despite being touted as sensitization-resistant, CF3 had some boundary dissolution even at
low heat input as seen in Figure 2-7A. That sample, with a DOS of 2.22x10°%, can be
classified as sensitized since the chromium-rich carbides are known to precipitate at this
interface. Other investigations have categorized such low DOS samples as unsensitized
following Majidi and Streicher’s?’! suggestion that a DOS of 1x107 or lower satisfies the
criterion of “no discernible sensitization” set by Clarke.?®) Majidi et al.*” found that such
low values corresponded with low corrosion rates in the ferric sulfate-sulfuric acid test.
However, the evidence of boundary attack observed in this investigation cannot be
overlooked when making general PWHT recommendations.?”] Such low corrosion rates,
in practice, may be acceptable for many applications as they may provide long service life
spans, but the implications of such seemingly innocuous corrosion rates need to be

accounted for in this process of formulating industry requirements. The E308L samples all
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showed localized dissolution in the austenite surrounding the ferrite. This appears to be a
different form of attack where the ferrite is preserved while the austenite is attacked, unlike
in the sensitized CF3 in Figure 2-5B where there is dissolution in both phases, congruent
with chromium depletion profiles measured by C.F. Willis!®! in sensitized 308 welds.
Willis observed that, although more severe in the austenite, chromium depletion existed on
both sides of the austenite-ferrite boundary in sensitized E308 welds. Chromium profile
measurements made by other researchers showed no indication of depletion in as-deposited
welds.?%321 Both the skeletal and lathy ferrite were equally attacked despite the known
higher crystallographic coherency at lathy ferrite boundaries.**! This preferential corrosion
of austenite in as-deposited welds observed in this and other investigations cannot be
attributed to “conventional” sensitization. Energy dispersive spectroscopy (EDS) was used
in the TEM to measure the composition across the austenite-ferrite interface in as-deposited
and E308L samples. No carbide was detected in the as-deposited weld as can be seen in
Figure 2-19A, and the line scan across the interphase boundary in Figure 2-19B also shows
no chromium enrichment at the interface. An EDS map of the area, shown in Figure 2-20,
and another area in the same sample shown in Figure 2-21, also did not show any chromium
carbide formation or chromium depletion in the vicinity of the ferrite, thus further
confirming this result. The lack of Cr depletion is consistent with measurements made by

other researchers.?%32

I The corrosion in the as-deposited weld could be galvanic attack,
and a mix of galvanic attack and sensitization in the thermally cycled ones. Ferrite typically
has a higher chromium concentration, which is known to produce a more stable oxide layer,

and lower anodic currents in the passive region.**! Therefore, in the passive region, less

dissolution is expected in the ferrite compared to the austenite. This is confirmed by the
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“step” structure observed between austenite and ferrite in the solution annealed CF3 sample
in Figure 2-5A. When thin strands of austenite are paired with ferrite, as in the lathy ferrite
structure, the effect of the higher anodic currents in austenite could be more profound due
to the austenite’s limited surface area. Notice in Figure 2-8A how the austenite between
the ferrite laths have completely dissolved. The as-deposited E308L weld was solution-
treated to find out if the PWHT offers any improvement to its IGA resistance since it did
not have any chromium carbides. The solution anneal was conducted at 1066°C (1950°F)
for one hour, which is the same process used for the CF3 and CF8 plates in the foundry. A
ThermoCalc simulated equilibrium phase fraction plot of CF3/E308L, shown in Figure 2-
22, confirms the solution anneal temperature lies in the austenite phase field. Since the
solution treatment happens in the austenite phase field, more ferrite transforms to austenite
during the process and there also appears to be some coalescing and spheroidization of the
ferrite, which would serve the purpose of reducing interfacial energy. AghaAli et al.
observed similar changes in ferrite volume fraction and shape during multi-pass welding
of 316L.1**) The morphological change described above is confirmed in the image of
solution annealed E308L weld shown in Figure 2-23. The solution annealed weld was put
through the DL-EPR test and it showed no reactivation. Considering that there was no
chromium carbide-induced sensitization before the heat treatment, the improvement in
corrosion resistance is attributed to the change in ferrite amount and morphology, which
eliminates small areas of austenite sandwiched between ferrite. Thus, it appears that the
PWHT improves the corrosion resistance of the as-deposited E308L weld by changing its

ferrite morphology and amount rather than dissolving carbides.
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The CF8C showed good resistance to sensitization. Only the medium heat input sample
reactivated with a DOS of 9.7x10, and all the samples showed only sparse boundary
dissolution. The DOS of a CF8C sample thermally cycled four times at 3.75kJ/mm
increased to 1.51x1073, suggesting the alloy becomes susceptible under multi-pass welding
conditions. However, the DOS is still low according to Majidi’s criterion?”]. The ability to
avoid PWHT for a niobium-stabilized stainless steel will not be comprehensive without
considering the possibility of knife-line attack (KLA). Since the HAZ experiences peak
temperatures from the liquidus to room temperature, there is always a slim band right next
to the fusion line where the temperature is high enough to dissolve the niobium carbides
and keep niobium in solution due to the rapid cooling conditions.*®3”) The referenced
dissolution of NbC in CF8C was simulated with a ThermoCalc equilibrium phase fraction
plot, which predicted NbC carbide to dissolve around 1290°C. Li et al. also confirmed NbC
dissolution in their investigation of NbC dissolution kinetics in 347 stainless steels.*®! This
area now becomes susceptible to IGA if heated to the sensitization temperature range. For
this reason, manufacturers of such alloys usually recommend a stabilization treatment after
welding to ensure maximum corrosion resistance. This is done by holding the alloy
between 900°C and 1000°C for a specified period followed by water quenching.***! Even
if CF8C resists sensitization in welding, the post-weld stabilization treatment defeats the
aim of “no PWHT”. The E347 exhibited a corrosion pattern similar to that observed for
E308L. Here too there is localized corrosion in the austenite around the ferrite even in the
as-welded condition. The ferrite appears preserved while only the austenite is attacked as
would happen in a galvanic couple. Sensitization typically causes chromium depletion in

both phases and leads to dissolution in both. Available literature on solidification of E347
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suggests that the weld is not sensitized in the as-deposited state.[*>*! The authors believe
this to be due to galvanic attack as explained for E308L. An as-welded E347 sample was
solution annealed and then inspected in the SEM. The same ferrite morphology change
observed in the E308L was seen here too. The skeletal and lathy ferrite structure in the
weld changed to isolated and mostly circular islands of ferrite. There was also more
proliferate NbC precipitation, suggesting that the “solution treatment” is more a
stabilization treatment for the weld. This sample did not reactivate in the DL-EPR test and
showed no boundary dissolution. Thus, the PWHT serves as a stabilization treatment for

the weld by promoting NbC formation and improving corrosion resistance.

The CF3MN presented the best resistance to sensitization among the alloys tested. None
of the samples reactivated, including the one sensitized at 675°C for two and half hours.
The CF3MN alloy is essentially CF3 with molybdenum and nitrogen additions, which are
proven here to have significant impact on sensitization resistance. Molybdenum is added
to stainless steel mainly to improve pitting resistance by stabilizing the protective oxide

44,45

layer.***1" Although not often recognized, Mo also limits anodic dissolution even in the

active state.[4047

I Figure 2-24 shows all the DL-EPR curves for the base metals sensitized
at 3.75kJ/mm. Notice that the forward scan peak current is around 20mA - 40mA for all
the samples except CF3MN, which is one order of magnitude lower. The same trend was
observed for the welds, where peak current for E316L was one order of magnitude lower
than E308L and E347. Stansbury et al.l**! and Pardo et al.*”! also noticed in their
investigations that Mo-containing stainless steels had lower active dissolution currents. In

a sensitized material, intergranular attack occurs in the active region by anodic dissolution

of the chromium depleted area. Molybdenum thus enhances IGA resistance by limiting the
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anodic current from the chromium-starved areas. Nitrogen is added to austenitic stainless
steels for pitting corrosion resistance*®*’! and to duplex stainless steels as an austenite
stabilizer.’%>!l Nitrogen also improves sensitization resistance by retarding chromium
diffusion in austenite.['?] In sensitized nitrogen-bearing dual phase stainless steels, ferrite

121 and this accounts for

becomes the sole source of chromium for chromium-rich carbides,
the observed dissolution only in the ferrite in the CF3MN sample in Figure 2-16B. Due to
the high chromium content in ferrite and chromium’s fast diffusion in ferrite, the depletion
caused by the carbide is thought to be replenished quicker in ferrite than in the austenite,
so that the final chromium profile is not as steep as usually seen in sensitized materials.[!?
The E316L samples also did not reactivate in the corrosion test. Examination in the SEM
showed general corrosion in the austenite, unlike the localized dissolution noticed in E308L
and E347. The Mo in 316L is believed to have inhibited anodic dissolution during the
reverse scan. The fact that cathodic current dominated the reverse scan signifies that anodic
dissolution was present but insignificant. This contrasts with what happens in E308L and
E347 where anodic current exceeds the cathodic component during the reverse scan. The
CF3MN/E316L pair possesses the potential to be used in the as-welded state without
significant concerns for intergranular corrosion. The authors however recommend testing
a multi thermally cycled E316L sample and subjecting the base metal/weld metal pair to

other sensitization tests like the weight loss tests in ASTM A262 to corroborate the results

obtained here.

A summary of the PWHT recommendations from the discussion so far is presented in Table

2-2.

65



B EDS Line Scan Across Interphase Boundary

Intensity

g

]

600 800 1000 1200 1400
Distance (nm)

o
g
g

Figure 2- 19: TEM examination of austenite-ferrite boundary in as-deposited E308L weld.
(A): HAADF image of ferrite pool in as-deposited E308L (B): EDS line scan across ferrite
in 19A.

Figure 2- 20: A TEM-EDS map of ferrite pool in as-deposited E308L showing chromium
enrichment in the ferrite. No chromium depletion associated with chromium carbide
precipitation was detected.
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Figure 2- 21: A TEM-EDS map of ferrite pool in as-deposited E308L showing chromium
enrichment in the ferrite. No chromium depletion associated with chromium carbide
precipitation was detected.
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Figure 2- 22: Equilibrium phase fraction plot of CF3/E308L calculated with ThermoCalc
2024a.
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Figure 2- 23: SEM image of “spheroidized” ferrite in solution annealed E308L.
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Figure 2- 24: DL-EPR plot of different CF grades thermally cycled with a heat input of
3.75kJ/mm.
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Table 2- 2: Summary of PWHT recommendations.

Base
metal/Weld Description PWHT Recommendation Comments
metal
CF8/E308L High C Malnta}n PWHT Significant dissolution observed in base
requirement metal and weld metal.
Light dissolution observed in base metal.
May be used without PWHT in mild
CE3/E308L Low C Mamta.m PWHT environments.
requirement
Significant dissolution observed in weld
metal.
Light dissolution observed in base metal.
May be used without PWHT in mild
environments.
CF8C/E347 | Nb-stabilized Maintain PWHT Significant dissolution observed in weld
requirement
metal.
PWHT also serves as stabilization
treatment for base metal.
Low C . . .
; PWHT can potentially be | * 1O Inerphase boundary dissolution
CF3MN/E316L Mo waived. More extensive '
1-'\-1 testing needed Light uniform corrosion observed in

austenite phase in weld metal.

Alloying Additions that Promote Sensitization Resistance

Table 2-3 below ranks the alloys tested in increasing order of sensitization resistance from
the top of the table to the bottom, based on the DOS values and SEM examination. The
CF8 alloy had the least resistance, CF3 and CF8C had good resistance, and the CF3MN
alloy had the best resistance to sensitization. The CF3MN alloy’s excellent resistance is
attributed to its low carbon, and molybdenum and nitrogen additions. The effects of these

alloying additions on sensitization factors were investigated with thermodynamic and

kinetic modelling.
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A well-known effect of increasing carbon concentration is that it accelerates growth of the
chromium carbides. Apart of its effect on growth kinetics, carbon concentration could also
have thermodynamic effects, which area has not received as much attention in research.
The thermodynamic effects of carbon concentration were studied by simulating dissolution
temperature and equilibrium volume fraction of M23Cs in a hypothetical CF grade (Fe-
19Cr-9Ni) with carbon additions from Owt% to 0.1wt%. Plots like the one shown in Figure
2-25 were made with ThermoCalc for each composition, from which dissolution
temperature and equilibrium volume fraction were obtained as demonstrated in the figure.
The data was then plotted against carbon concentration as shown in Figure 2-26. The
simulation exercise suggests that M23Cs is more stable at high carbon concentrations and
therefore has higher dissolution temperatures and volume fraction. Lowering carbon
concentration will thus improve sensitization resistance by, among other things, reducing

the dissolution temperature and volume fraction of the M23Cs.

It has been suggested in literature, based on the results of corrosion tests, that adding up to
0.2wt% nitrogen to austenitic stainless steels improves sensitization resistance by slowing
down chromium diffusion in austenite. To look at the matter more directly, Dictra was used
to simulate Cr homogenization in a Fe-19Cr-9Ni-0.03C steel with nitrogen additions from
Owt% to 1wt%. The Cr index of residual segregation was then calculated and graphed
against nitrogen concentration. Homogenization heat treatments are performed to rectify
the uneven distribution of elements in an alloy after non-equilibrium solidification. Index
of residual segregation, 9, is used to check the level of segregation after a period of
Cu=Cm

CZI, where Cyy and C), are the initial

homogenization. It is calculated with the formula o
M~*m

maximum and minimum concentrations respectively, while Cy and C,, are the
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instantaneous maximum and minimum concentrations respectively. Chromium’s residual
segregation index is used here as a measure of its mobility in the presence of varying
nitrogen concentration. A high Cr index of segregation indicates slow Cr diffusion, while
alow one represents fast Cr diffusion. The simulation covers Cr homogenization at 1200°C,
in the austenite and ferrite phases in a hypothetical 19Cr-9Ni-0.03C-Fe alloy, with initial
Cr concentration profile of 14wt% to 24wt%, over a distance of 10pum. Figures 2-27A and
2-27B are the simulated Cr concentration profiles for nitrogen additions of 0.1wt% and
1wt% respectively, after 0, 10, 100, 1000, and 3600 seconds. The 3600s curve is clearly
steeper in the 1wt% N alloy, indicating slower chromium diffusion. These plots were
repeated for nitrogen concentration from Owt% to 1wt% in 0.1wt% increments. Index of
residual segregation was then calculated and plotted against nitrogen concentration for the
austenite and ferrite phases in Figures 2-28A and 2-28B. As seen in the figures, the Cr
index of residual segregation generally increases with nitrogen in the austenite phase. In
the ferrite, nitrogen is not predicted to make a significant impact as all times beyond ten
seconds have a 6 of zero. This is likely due to the rapid diffusion of chromium in ferrite.
The effect of nitrogen concentration on Ni and Fe diffusion was also checked with the same
method to determine if this diffusion-related effect is peculiar to chromium. Figures 2-29A
and 2-29B show the influence of nitrogen concentration on nickel index of residual
segregation in the austenite and ferrite phase respectively, while Figures 2-30A and 2-30B
show the influence of nitrogen concentration on iron index of residual segregation in
austenite and ferrite respectively. An initial nickel concentration profile of 4wt% to 14wt%
was used for the nickel homogenization simulation, while 67wt%Fe to 77wt%Fe was used

for the iron homogenization simulation. Diffusion distance and homogenization
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temperature were 10um and 1200°C respectively. The plots predict that nickel diffusion in
austenite is independent of nitrogen concentration, while iron diffusion increases with
nitrogen concentration. The simulations also predict that iron and nickel diffusion in ferrite
are not significantly affected nitrogen concentration. In both ferrite plots, the nickel and
iron initial concentration profiles are completely homogenized for all times greater than
ten seconds. The simulation results suggest that, of the three main elements in a basic CF
grade (i.e. Fe, Cr, Ni), nitrogen only impedes chromium mobility. Nitrogen likely achieves
this by reacting with chromium to form chromium nitride. Stansbury et al. found CrN in
sensitized nitrogen-bearing CF grades, they hypothesized that forming CrN was more
beneficial for sensitization resistance than Cr23Cs because the former had a smaller Cr-
depletion zone.[*) Thermodynamic simulation also confirms CrN as one of the equilibrium

phases in CF3MN.

Molybdenum’s effect in limiting active corrosion current has already been discussed in
earlier paragraphs. Whiles some researchers suggest this effect could be due to
molybdenum impeding chromium diffusion, others also attribute it to a molybdenum oxide
layer present in the active region. The same kinetic simulation described in the preceding
paragraph was used to investigate the effect of molybdenum concentration on chromium
diffusion. The results, shown in Figures 2-31A and 2-31B, predict that molybdenum
concentration has no effect on the rate of chromium diffusion in the austenite and ferrite
phases in a Fe-19Cr-9Ni-0.03C alloy. From these results, molybdenum’s influence in
curtailing active corrosion current does not appear to be diffusion-related. It could be due

to the molybdenum oxide found by Pardo et al.[*”!
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Table 2- 3: Ranking of alloys’ sensitization resistance. Listed from least resistant at the
top of the table to most resistant at the bottom of the table.

Intermediate .
Alloy Description Phases Iﬁoztlil)egts Heat II;I] lgliltlggl; SEM Examination
P Input DOS P
Austenite Significant interphase
CF8 High C + 2.77x10° 4.11x10°3 9.37x10°3 & tnterphas
. boundary dissolution
Ferrite
Austenite No Light interphase boundar
CF3 Low C + "0 2.25x10% 1.36x10 ght interphase y
. Reactivation dissolution
Ferrite
CESC Nb- Austfmte No 0 74x104 No Light interphase boundary
stabilized . Reactivation ’ Reactivation dissolution
Ferrite
Low € Austenite No No No No interphase boundary
CF3MN Mo + .. .. .. . .
N Ferrite Reactivation | Reactivation | Reactivation dissolution
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Figure 2- 25: Equilibrium phase fraction plot for M23C6 in Fe-19Cr-9Ni-0.08C
Simulated with ThermoCalc 2024A.

73



Stabhility in Fe-19Cr-9Ni Stainless Steel
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Figure 2- 26: Effect of carbon content on dissolution temperature and volume fraction of

M23C6 in a Fe-19Cr-9Ni alloy.
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Figure 2- 27: Simulated Cr concentration profiles during homogenization of Fe-19Cr-

9Ni-0.03C with different nitrogen additions. (A): 0.1wt% N.
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Figure 2- 28: Simulated influence of nitrogen content on Cr homogenization in Fe-19Cr-
9Ni-0.03C. (A): Cr homogenization in austenite. (B): Cr homogenization in ferrite.
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Figure 2- 29: Simulated influence of nitrogen content on Ni homogenization in Fe-19Cr-
9Ni-0.03C. (A): N1 homogenization in austenite. (B): Ni homogenization in ferrite.
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Figure 2- 30: Simulated influence of nitrogen content on Fe homogenization in Fe-19Cr-
9Ni-0.03C. (A): Fe homogenization in austenite. (B): Fe homogenization in ferrite.
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Figure 2- 31: Simulated influence of nitrogen content on Mo homogenization in Fe-19Cr-
ONi-0.03C. (A): Mo homogenization in austenite. (B): Mo homogenization in ferrite.

Conclusion

Different CF stainless steel base metals together with their weld metals were examined

under different welding conditions for susceptibility to sensitization. The goal is to

determine if any of the base metal/weld metal pairs can be deployed in service without post

weld heat treatment. This investigation found that:
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Though touted as sensitization-resistant, the low carbon grade (CF3) exhibited low
DOS values under all heat input conditions and was considered mildly sensitized
with evidence of interphase boundary attack. Depending on the service conditions,
samples that exhibit such low levels of corrosion may be deployed without PWHT.
However, the PWHT requirements in the ASTM standards were recommended to
be maintained to ensure maximum corrosion resistance. The welds made with
E308L filler metal exhibited higher DOS values due to preferential attack in the
austenite. Post weld heat treatment is believed to improve the intergranular
corrosion resistance of the E308L weld by changing the ferrite amount and
morphology. It was concluded that both the CF3 base metal and E308L weld benefit

from the PWHT.

The niobium stabilized CF8C grades showed sparse interphase boundary attack
under all heat input levels and are considered quite resistant. However, stabilized
grades often require a post-weld stabilization heat treatment to prevent knife-line
attack, which defeats the goal of avoiding PWHT. The E347 welds exhibited higher
DOS values than the CF8C base metal due to localized preferential attack of
austenite in the weld. Post weld heat treatment is believed to improve the
intergranular corrosion resistance of the E347 weld by changing the ferrite amount

and morphology, and serving as a stabilization treatment.

The nitrogen-bearing CF3MN base metal and the welds made with E316L filler

metal did not reactivate in the corrosion test. They also did not show any interphase
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boundary attack after the test. This pair presented the best chance to waive PWHT.
More extensive corrosion tests are recommended for this base metal/weld metal

pair to generate more comprehensive data on PWHT requirements.
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Chapter 3: PWHT-Free Cast CN Stainless Steel Grades

Abstract

Molybdenum-bearing nickel-rich stainless steels are popular in the chemical processing
industry for their excellent resistance to pitting and chloride-induced stress corrosion
cracking. The CN7M alloy and its low carbon version CN3MCau fall in this group, and
additionally have great resistance to hot dilute sulfuric. This makes them popular for
making components like pump and valve bodies used in harsh environments. Industry
standards that regulate the production of these alloys require post weld heat treatment to
restore corrosion resistance. Manufacturing processes for these castings will benefit from
avoiding the post weld heat treatment (PWHT) since it can distort large machined castings,
leading to high scrap rates and operational costs. This research used a combination of heat
affected zone (HAZ) simulation, electrochemical corrosion tests, thermodynamic
simulation, and energy dispersive spectroscopy (EDS) to comprehensively investigate
sensitization resistance of the selected stainless steel grades in their base metal, heat
affected zone, and weld fusion zone, under different welding conditions. Evidence of
sensitization was found in the CN7M heat affected zone, and in the fusion zone of welds
made with E320 filler metal even at low heat input levels. The CN3MCu/E320LR base
metal/weld metal pair had no sensitization in the fusion zone and very little sensitization
in the base metal heat affected zone. Results from thermodynamic and kinetic modelling
suggest that adding nitrogen to CN3MCu could potentially improve its resistance to
intergranular corrosion, and possibly permit the CN3MCu/E320LR base metal/ weld metal

pair to be used without PWHT.
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Introduction

The CN7M alloy was first developed by M.G. Fontana in 1935 to be used in applications
that require sulfuric acid resistance.!'! It is part of a group of Ni-rich Cr-Mo-Cu fully
austenitic stainless steels known for their excellent resistance to pitting corrosion and stress
corrosion cracking.>#! It is often made into pump and valve bodies to be used in the
chemical processing industry.’’! Despite these excellent properties, it was found susceptible
to sensitization when exposed to the chromium carbide precipitate temperature range
(500°C — 900°C) for sufficient periods.[®! Sensitization is the condition where chromium-
rich carbides precipitate at grain boundaries in austenitic stainless steels, leading to a
depletion of chromium in the area adjacent to the boundary.l” The stability of the protective
layer in stainless steels depends on chromium concentration, %! therefore a reduction in
chromium makes the oxide layer unstable and renders the area susceptible to corrosive
attack. A low carbon version (CN3MCu) and a niobium-stabilized version (Alloy 20-Cb3)
have since been developed to mitigate the alloy’s susceptibility to sensitization, and there
is evidence available in literature that point to the success of these alloys.[*®! McCaul
investigated a CN7MS alloy with a 0.02wt% carbon concentration and reported that it
could be used in the as-welded state without any significant concern for intergranular attack
(IGA).[l He found that all the base and weld metal samples tested met the 1.22mm/year
corrosion rate threshold set by Brown!!”) as an indication of the absence of sensitization.
Other researchers have also reported a corrosion rate of 0.10mm/year for Alloy 20-Cb3 in
sulfuric acid concentrations up to 90% at different temperatures all below 100°C.H!]
Despite the successes of these alloys, the ASTM standards A743, 744, and A351, which

regulate the production of these alloys, require post weld solution anneal for all stainless
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s.12714 This requirement has been considered by some as redundant for

steel grades it cover:
certain grades considering their improved compositions and modern casting processes
cable of producing steels with extremely low contaminant levels. Furthermore, heat
treating large austenitic castings can dimensionally distort them because of the high thermal
expansion of these alloys, leading to high scrap rates. In light of this, it has become
necessary to consider modifying the PWHT requirements to reflect the current state of alloy
performance. To accomplish this, a thorough investigation of the sensitization resistance of
CN3MCu and CN7M is required. There is the need to establish the effect of different
welding conditions in each region of a welded assembly. A review of available literature
shows that previous sensitization studies are usually limited to the base metal or the heat
affected zone (HAZ) or fusion zone.!'>!¢ Since the welded structure is deployed as a unit,
it is necessary to establish the sensitization behavior of all weld regions, that includes the
base metal, base metal heat affected zone (BM-HAZ), weld metal and weld metal heat
affected zone (WM-HAZ). The fusion zone typically has residual element segregation not
found in a solution annealed parent metal,!!7!®! which is expected to significantly influence
its sensitization kinetics. In that sense, the HAZ in the fusion zone (i.e., the re-heated weld
metal) will behave differently from the HAZ in the base metal. Complete knowledge of the
alloy’s sensitization resistance is necessary to make generic PWHT recommendations. In
addition, much work done so far in this area usually concludes that the improved
compositions are unsensitized because they show low corrosion rates in weight loss

tests. (619,20

1 While low corrosion rates are acceptable in most applications, they cannot be
interpreted as the absence of sensitization. Boiling acid tests/weight loss tests measure

intergranular attack through grain dropping, which happens when the entire circumference
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of a grain dissolves. There must be enough attack to dislodge the grain before significant
weight loss can be detected. Materials with large grains (like castings), that are not fully
surrounded by the depletion layer may be erroneously judged as unsensitized since they
will not drop many grains. A similar phenomenon applies to slightly sensitized samples
where the depletion zone around the grain may not be wide enough to cause grain dropping.
This consideration makes the weight loss method relatively insensitive to low levels of

(21.22] To modify PWHT requirements in the applicable standards, it is

sensitization.
important that even mild levels of sensitization are detected. The type of corrosion
associated with sensitization is termed intergranular corrosion (IGC), and occurs when
sensitized material is exposed to a corrosive medium. The severity of the attack will
depend on many factors including the extent of chromium depletion and the medium’s
corrosiveness.[>*) Care must be taken in generalizing an alloy’s corrosion resistance based
on results obtained with a one medium under a specific set of conditions. Low corrosion
rates in a medium does not guarantee that the alloy is only slightly sensitized, and even if
it is, it can be still be attacked more aggressively in another medium. Thus, when
establishing general PWHT needs, the focus must be to detect any occurrence of IGA
associated with chromium carbide precipitation. The determination of a threshold corrosion
rate that qualifies a material to be put in service without PWHT must be done by owners
and suppliers based on the specific application. In this investigation, the double loop
electrochemical potentiokinetic reactivation (DL-EPR) test was used as the corrosion
testing method to indirectly detect chromium depletion since this test is known to be very

sensitive to low levels of sensitization.?* 21 The DL-EPR test measures corrosion current

emanating from areas of passive film breakdown during intergranular attack, and modern
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electronics make it possible to measure current down to the nanoampere range, making it
suitable for this investigation. This research aims to comprehensively examine all areas of
the weld in alloys CN7M and CN3MCu with a sensitive corrosion test and microstructural

examination to determine if the PWHT requirement can be waived under some conditions.

Experimental Procedure

Welding procedure specifications (WPS) designed for the alloys under investigation and
other austenitic stainless steels were sourced from foundries around the USA to help tailor
the weld simulations to industry practices. The CN7M base metal was paired with E320
weld metal, while CN3MCu base metal was paired with E320LR weld metal. The cast
plates were received in the solution annealed condition. The solution treatment was done
at 1177°C (2150°F) for two hours followed by water quenching. All-weld metal samples
were made with the filler metals by overlaying weld beads on a 304L plate to a thickness
of 32mm, Gleeble samples were then extracted from the top 16mm to avoid dilution from
the 304L plate. The E320LR weld metal samples were made with gas metal arc welding
(GMAW) using 100% Ar gas, 1.0kJ/mm heat input and 350°F maximum interpass
temperature. The E320 all-weld metal samples were made with submerge arc welding
(SAW) using a Lincoln Electric P200 subarc flux, 1.0kJ/mm heat input and 350°F
maximum interpass temperature. The SAW process was used to avoid porosity that
occurred when attempts were made to use the GMAW process. The E320 filler wire was
custom-made for this project as it is hardly available commercially now. The lack of a

standard manufacturing procedure may have led to the weld defects. The material
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certificate provided by the electrode manufacturer indicated a silicon concentration of
0.27wt% in the E320 filler metal, which was suspected to be insufficient to fully deoxidize
the weld. The flux was therefore chosen to further deoxidize the weld. The welds were

made with a Miller Jetline automated welder.

Table I shows the chemical composition of the cast plates and deposited weld beads as
determined with optical emission spectroscopy (OES). Nitrogen content was determined

by inert gas infusion-thermal conductivity method.

Ten WPS’s were received, all specifying different heat input ranges. For each WPS, the
parameters that produced the highest heat input were used to generate heat affected zone
thermal (HAZ) cycles in the SmartWeld program®’! with peak temperatures between 500°C
and 900°C. The maximum interpass temperature specified in the WPS (350°F) was selected
as the base metal’s starting temperature. The total time spent in the sensitization range was
calculated and plotted against peak temperature for each WPS as shown in Figure 3-1. For
each WPS, thermal cycles that reached a peak temperature of 900°C were determined to be
the most deleterious, i.e. the points in the HAZ that experienced these thermal cycles stayed
the longest in the sensitization temperature range (500°C — 900°C). These harmful thermal
cycles were selected for the heat input levels, 0.81kJ/mm, 1.78kJ/mm and 3.75kJ/mm, to
be applied to base metal and weld metal samples in the Gleeble 3500 thermomechanical
simulator. The Gleeble samples were @12mm x 110mm long with threaded ends. All the
Gleeble work was done under zero force conditions to avoid plastic deformation. After the
thermal cycling, samples were cut at the point of thermocouple attachments, mounted and

metallographically prepared.
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Corrosion testing was accomplished with the Double Loop Electrochemical
Potentiokinetic Reactivation (DL-EPR) test. Samples from the Gleeble were cut, mounted
in conductive Bakelite powder and metallographically prepared with silicon carbide paper,
diamond polishing compound and 0.05 micron colloidal silica. They were then thoroughly
rinsed with ASTM type I deionized water to remove any contaminants. The corrosion tests
were done with a Gamry 1010E potentiostat and Gamry ParaCell kit for flat specimens.
Sample masks were used to isolate 1cm? of the sample surface for testing. They were then
set up in the corrosion cell and allowed to stabilize for thirty minutes before testing. The
potential scan was done at 1.67mV/s from the open circuit potential (OCP) to 200mV and
back in a 2M H>SO4 + 0.5KCl solution at ambient temperature (approximately 24°C). The
OCP was usually between -300mV and -400mV, the auxiliary electrode used was saturated
calomel electrode (SCE). Plots of potential vs current were made for each test. Peak current
during the reverse scan, I: was divided by the peak current during the forward scan I. to

).[28301 The DOS is a measure of passive film break

establish a degree of sensitization (DOS
down during the reverse scan. The electrolyte was prepared with ASTM type I deionized

water. After the corrosion test, the samples were lightly rinsed with deionized water and

ethanol, dried and examined in the SEM.

Imaging was done in a Hitachi 4300 SEM with the backscattered electron detector and
Everhart Thornley secondary electron detector. All EDS line scans and maps were taken
with the EDS detector in the same equipment using 15kV accelerating voltage and 7.68us

process time

Electron Probe Microanalysis (EPMA) was used to measure concentrations of alloying

elements across dendrites in the fusion zone using a JEOL JXA-8900. Fusion zone samples
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were mounted in conductive Bakelite and metallographically prepared to a final finish with
50nm colloidal silica but were not etched. Measurements were made with a working
distance of 11mm, accelerating voltage of 20kV and a beam current of 30nA. Monte Carlo
simulations performed with WinXRay version 1.4.2.1 predicted an interaction volume of
2um in the alloys under investigation.*!] An accelerating voltage higher than 20kV will
generate an interaction volume upwards of 2um, which will not exclusively sample some
of the regions of interest. Quantification was done with the Xtreme Edition EPMA software
v. 12.8.1 using the Armstrong/Love-Scott matrix correction procedure and ISO-9001 and

17025 certified metal standards.[*?33!

Table 3- 1: Chemical composition of base metals and deposited welds. All compositions
in weight percent.

CHEMICAL COMPOSITION OF BASE METALS. All compositions in weight percent.

- C Mn | P S Si Cr Ni Mo | Nb Cu [N Fe

CN3MCu | 0.03 | 1.14 | 0.024 | 0.002 | 0.54 | 19.63 | 30.45 | 2.45 | 0.04 | 3.41 | 0.08 | Bal

CN"™™M 0.09 | 0.96 | 0.023 | 0.031 | 0.63 | 20.07 | 29.01 | 2.25 | 0.03 | 3.86 | 0.08 | Bal

CHEMICAL COMPOSITION OF DEPOSITED WELDS. All compositions in weight percent.

E320LR 0.01 | 1.95 | 0.012 | 0.007 | 0.1 19.74 | 32.92 | 2.38 | 0.31 | 3.27 | 0.03 | Bal

E320 0.04 | 0.66 | 0.023 | 0.008 | 0.42 | 16.78 | 36.02 | 2.17 | 0.69 | 4.22 | 0.03 | Bal
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Figure 3- 1: Plot showing time spent in the sensitization temperature range for each peak
temperature in the HAZ. Times were calculated from thermal cycles simulated with
SmartWeld.

Results and Discussion

Corrosion Test Results

The DL-EPR test was done with 2M H2S04 + 0.5M KCl because the alloys were found to
be passive in the commonly used 0.5M + 0.01M KSCN solution. Replacing the potassium
thiocyanate with potassium chloride lowered the open circuit potential into the active
region to allow for the polarization test. Figures 3-2A and 2B show example plots for two
types of results that can be obtained from the DL-EPR test. Figure 3-2A is the plot for
CN3MCu thermally cycled at with a heat input of 1.78kJ/mm, where the sample produced

a reactivation current I, while Figure 3-2B shows results for solution annealed CN3MCu

91



where there was no reactivation current. The absence of a reactivation current in the DL-
EPR test is the best assurance of the absence of sensitization. As seen in both plots, the
corrosion current varies by large factors depending on the applied potential. In the active
region alone, the measured current spans the interval from 100nA to 1pA as seen in Figure
3-2A. Corrosion current density can vary dramatically depending on the specific redox
reactions and the reaction conditions. For example, the exchange current density for H"
reduction to Hy is nine orders of magnitude higher on a platinum electrode than a mercury
electrode.['**! The same reaction on a Hg electrode in a SN HCl solution has an exchange
current density one order of magnitude higher than in a 1IN HCI solution.[**! Severely
sensitized materials are therefore expected to produce current densities significantly higher
than mildly sensitized or unsensitized materials. In this research, samples with DOS values
of the same order of magnitude are considered similarly sensitized. Where there was no
reactivation current, an anodic current of 100nA was assumed to calculate DOS. The
corrosion current measured in the test is actually a net current.>2¢! In Figure 3-2B where
there is no reactivation, the anodic current continuously decreases from the start of the
reverse scan until it is overtaken by the cathodic current around -10mV, which then persists
throughout the remainder of the test. The net cathodic current does not represent the
absolute elimination of anodic reactions on the sample surface. Rather, it signifies that the
anodic current is very small and has been overtaken by the cathodic component, which is
nicely illustrated by the diminishing anodic current and eventual switch to cathodic current.
The 100nA reactivation current used to calculate a DOS for such tests was selected to
represent the rate of the residual anodic reaction during the period when the potentiostat

measures a net cathodic current. The 100nA figure was selected because it is close to the
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lowest anodic current measured (in this research) before the change over to a net cathodic
current, suggesting that the residual anodic current is in the nanoampere range. This
approach of accounting for a residual anodic current in “no reactivation tests” is consistent
with the balance of reactions on the surface of the test sample. Other researchers assign a
DOS of zero for “no reactivation” tests, which implies the complete absence of an anodic

reaction during the period when the potentiostat measures a cathodic current.[*”-3]

CN3MCu - 1.78kJ/mm A Solution-Annealed CN3MCu B
200 200
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Figure 3- 2: Typical DL-EPR test plots showing potential vs log of current density (A):
DL-EPR plot of CN3MCu sample thermally cycled with a heat input of 1.78kJ/mm
showing reactivation during the reverse scan. (B): DL-EPR plot of solution annealed
CN3MCu base metal showing no reactivation during reverse scan.

CN7M Base Metal and Welds Made with E320 Filler Metal

Figure 3-3 shows the DOS vs heat input plot for CN7M base metal (in blue) and weld metal
made with E320 filler metal (in red). The DOS values are provided for as deposited weld
metal along with thermally cycled base metal and weld metal, solution annealed base metal
and sensitized base metal. The solution annealed and sensitized samples were included as

controls to define the upper and lower bounds for sensitization of the material.
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Sensitization treatments in this research were done at 675°C for 2.5 hours, which is known

3% As expected, the CN7M sensitizes easily

to rapidly sensitize austenitic stainless steels.
because of its high carbon concentration. Even the solution-annealed samples exhibited
some level of sensitization, suggesting that the solution treatment may not have been
adequate. All the CN7M samples reactivated and generally had higher DOS values than
the low carbon CN3MCu base metal. The risk of grain dropping is generally high in fully
austenitic grades like these because at the chromium-rich carbides mostly precipitate at the
austenite-austenite grain boundaries, unlike in dual-phase stainless steels where the
austenite-ferrite interphase attracts most of the chromium carbides, leaving the austenite
grain boundaries free of attack. No grain dropping was observed in the corrosion test
samples, likely because the test only lasts about 15 minutes, which is not long enough to
dislodge approximately 100pum-wide grains. In the weight loss tests where grain dropping
is often observed, the samples are held at the acid’s boiling temperature for periods ranging
from 24 hours to 120 hours.*®! Figure 3-4 is a scanning electron microscope (SEM) image
of CN7M sample thermally cycled with a heat input of 1.78kJ/mm. Figure 3-4A shows an
austenite grain at low magnification, fully surrounded by dissolution, while Figure 3-4B
shows the same phenomenon at a triple point at higher magnification. The particles at the
grain boundary in Figure 3-4B are too small to be characterized in the SEM but they are
suspected to be chromium carbides because an EDS map of similar grain boundary
dissolution, shown in Figure 3-5, showed chromium and carbon enrichment at the
boundary. All the welds made from E320 filler metal also reactivated, but with lower DOS
values. This is likely due to the lower carbon concentration in the E320 deposited weld,

which is only 0.04wt% C compared to 0.09wt% C in the CN7M base metal. The as-welded
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E320 sample had the lowest DOS among the CN7M/E320 base metal/weld metal samples.
Figures 3-6A and 3-6B are SEM images of the as-deposited E320 sample after the
corrosion test. No chromium carbides were observed in the E320 weld, but it had a Mo and
Nb rich secondary phase at grain boundaries around which scant and random dissolution
occurred. No other grain boundary dissolution was observed in the E320 weld metal. The
EDS map shown in Figure 3-7 confirms the Nb and Mo enrichment in the secondary phase.
The low DOS of this sample is believed to come from the sparse dissolution associated
with the secondary phase. The secondary phase is suspected to be laves based on simulation
done with ThermoCalc and evidence found in literature.*”) The Scheil solidification
simulation of welds made with E320LR and E320 filler metals are shown in Figures 3-8A
and 3-8B respectively. Figure 3-8B, which is the plot for E320, predicts the formation of
laves phase at the end of solidification. Niobium and molybdenum are both known to

(411 59 a Mo-

segregate to the liquid during solidification in super austenitic stainless steels,
Nb rich secondary phase forming at the end of solidification in a weld made with E320
agrees with the studied segregation behavior of this class of alloys. The thermally cycled
E320 samples had higher DOS values than the as-welded E320 samples, and more grain
boundary dissolution believed to be caused by the secondary phase and chromium carbides.
Examples of the grain boundary attack observed in the E320 weld thermally cycled with a
heat input of 1.78kJ/mm are shown in Figure 3-9A and 3-9B. The boundary attack is more
severe than the sparse dissolution present in the as-welded E320. Overall, the CN7M/E320

pair will benefit from the post-weld heat treatment as the process will dissolve both the

secondary phase and any chromium carbides present.
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Figure 3- 3: Degree of sensitization (DOS) vs heat input plot for CN7M base metal and
welds made with E320 filler metal.
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Figure 3- 4: Post-corrosion test SEM micrograph of CN7M base metal thermally cycled
with a heat input of 1.78kJ/mm. (A): low magnification image of grain boundary
dissolution. (B): high magnification image showing grain boundary dissolution at a triple
point.
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Figure 3- 5: An SEM-EDS map of a grain boundary triple point in sensitized CN7M base
metal showing chromium and carbon enrichment at the grain boundary.
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Figure 3- 6: SEM image of as-deposited welds made with E320 filler metal after corrosion
testing. (A): Image of as-deposited weld showing sparse dissolution around secondary
phase on a grain boundary. (B): Image of as-deposited weld showing sparse dissolution
around secondary phase on grain boundary.

Figure 3- 7: SEM-EDS map of Nb-Mo rich secondary phase in as-deposited weld made
with E320 filler metal.
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Figure 3- 8: Scheil solidification path simulated with ThermoCalc 2024a. (A):
solidification path for welds made with E320LR filler metal. (B): solidification path for
welds made with E320 filler metal.
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Figure 3- 9: Post-corrosion test SEM image of weld made with E320 filler metal thermally
cycled with a heat input of 1.78kJ/mm. (A) Low magnification image showing grain
boundary dissolution. (B). High magnification image showing grain boundary dissolution.
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CN3MCu Base Metal and Welds Made with E320LR Filler
Metal

The corrosion test results for the CN3MCu base metal and welds made with the E320LR
filler metal are shown in Figure 3-10. The welds made with E320LR filler metal
outperformed the CN3MCu base metal as none of the weld metal samples reactivated in
the corrosion tests. In fact, subsequent DL-EPR tests showed that the welds made with
E320LR still did not reactivate after it was sensitized at 675°C for 2.5 hours. The DL-EPR
test scans for the E320LR weld samples that demonstrate their “no reactivation” results are
shown in Figure 3-11. This result made it unnecessary to test for multiple thermal cycles.
Examination in the SEM after corrosion testing also did not show any dissolution at grain
boundaries either. This is demonstrated in Figures 3-12A and 3-12B, which are SEM
images of welds made with E320LR in the as-welded condition and thermally cycled with
a heat input of 3.75kJ/mm. As shown in Table 1, the deposited E320LR weld had 0.01wt%
carbon compared to 0.03wt% in the CN3MCu base metal. The superior resistance to
sensitization is attributed to the extra low carbon concentration. This result suggests that
an extra low carbon E320LR fusion zone will not sensitize. Unlike E320, no Mo-Nb-rich
secondary phase was observed in the weld made with E320LR filler metal and therefore
no dissolution associated with secondary phases was seen. The E320LR filler metal was
first developed by Brown et al. to improve upon the solidification cracking susceptibility
of E320 welds.*”) They limited carbon to 0.025wt%, and lowered Si, Nb and P
concentrations.[*?! The elimination of the secondary phase is attributed to this improved
composition, especially the lower niobium levels. Line scans taken with EPMA across

dendrites in both welds showed that while other elements had similar segregation profiles,
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niobium varied from 0.2 1wt% to 0.84wt% in welds made with E320LR, and from 0.27wt%
to 1.74wt% in welds made with E320. The milder niobium segregation in E320LR likely
prevented the secondary phase from forming. The secondary phase was typically too small
to be measured with EPMA, but is believed to be laves phase based on evidence in literature
an ThermoCalc simulations, as earlier mentioned.[*”) ThermoCalc 2024 A predicts austenite
and laves to form in E320 welds, and only austenite to form in E320LR welds during non-
equilibrium solidification as shown in Figures 3-8 A and 3-8B. The simulation was done

with concentration values of Mn, Si, Ni, Cr, Mo, C and Fe found in Table 1.

All three thermally cycled CN3MCu base metal samples had DOS values between 1x107
and 4x107, Despite the low DOS values, examination of the CN3MCu base metal samples
in the SEM after the corrosion test showed grain boundary attack, and EDS maps of the
same samples depicted chromium and carbon enrichment at the grain boundaries. The SEM
images that confirm grain boundary corrosion in the CN3MCu base metal thermally cycled
with heat input levels of 0.81kJ/mm and 3.75kJ/mm are shown in Figures 3-13A and 3-
13B respectively. The EDS map of the 3.75kJ/mm CN3MCu base metal sample, which
depicts chromium and carbon enrichment at the attacked grain boundary is shown in Figure
3-14. The low carbon CN3MCu base metal was sensitized, with DOS values between
1.6x107 and 3.1x107, even when processed with low heat input. In the work done by
Majidi and Streicher, DOS values around 1x107 translated to approximate corrosion rates
of 10-20mils/year in the ferric sulfate-sulfuric acid test for 304L.1**] Other researchers have
adopted this DOS value as the upper limit for unsensitized samples. While such low
corrosion rates may support the ability to avoid PWHT in certain applications,!%*!

aggressive attack may occur in certain other media or further sensitization may occur at
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low service temperatures.!***! Sensitization has been found to be possible below the classic
carbide precipitation range in a phenomenon is known as low temperature sensitization
(LTS).[45461 Schmidt et al. found that chromium carbides that were present in the as-welded
condition grew during isothermal holds at 360°C for 72 and 2592 hours.[*” Girija et al. also
observed that DOS values increased in pre-sensitized 304L samples during LTS holds at
500°C for one and eleven days. They found that 0.02wt%C 304L was more resistant to LTS
than 0.03wt% 304L.*®) It is insightful that stainless steels with such low carbon
concentrations were still susceptible to this phenomenon. Once an alloy starts corroding in
an aqueous environment, the electrolyte gradually gets enriched in metal cations. These
cations, acting as oxidizers, raise the corrosion potential and corrosion current.!**% They
can possibly raise the potential into the passive region, but this is not guaranteed in most
applications since their release into the electrolyte is not controlled.!*! Therefore, the low
corrosion rates of mildly sensitized materials are not guaranteed to stay the same as cations
build up in the service fluid. In addition, the low corrosion rates observed in pristine
laboratory electrolytes cannot be guaranteed in the field if the component is exposed to a
spent service fluid already loaded with these cations. The carbides themselves can also be
attacked in certain environments. Stansbury et al. conducted different corrosion tests on
similarly processed CF8 and CF8M, and observed that while CF8M performed better in
the DL-EPR test, both alloys were about equally attacked in the oxalic acid test. They
concluded that since the oxalic acid test attacked the chromium carbides directly, the
benefit of the molybdenum in enhancing corrosion resistance was not realized in oxalic
acid test.’?! Thus, based on these considerations, the PWHT required in ASTM A744 for

CN3MCu appears warranted. Since the welds made with the E320LR filler metal did not
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sensitize in this research, more extensive testing is recommended to generate
comprehensive data on its PWHT needs. The DOS values obtained for the CN3MCu base
metal are low enough that marginal improvements to its intergranular corrosion resistance

might permit both the base metal and E320LR weld metal to be used without PWHT.
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Figure 3- 10: Degree of sensitization (DOS) vs heat input plot for CN3MCu base metal and
welds made with E320LR filler metal.
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Figure 3- 11: DL-EPR scans for weld metal samples with different thermal histories, all
showing no reactivation in the corrosion test. All the welds were made with E320LR filler
metal.
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Figure 3- 12: SEM images of E320LR weld samples after the DL-EPR corrosion test, both
showing no evidence of intergranular attack. (A): As-welded E320LR. (B) E320LR weld
sample thermally cycled with a heat input of 3.75kJ/mm.
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Figure 3- 13: SEM images of CN3MCu base metal samples after corrosion testing. (A):
CN3MCu base metal sample thermally cycled with a heat input of 0.81kJ/mm showing
grain boundary corrosion. (B) CN3MCu base metal sample thermally cycled at 3.75kJ/mm
also showing grain boundary corrosion.

Figure 3- 14: EDS map of CN3MCu base metal sample thermally cycled at 3.75kJ/mm
showing Cr and C enrichment at a grain boundary that was attacked in the corrosion test.

Proposed Improvement to CN3MCu Base Metal

Influence of Nitrogen Content on Cr Diffusion in CN3MCu

The CN3MCu comes close to avoiding sensitization as evidenced by the low DOS values,
but it must still be improved upon before PWHT can be completed waived. Carpenter

Technologies developed Alloy 20-Cb3 (UNS NO08020) in the mid 1900’s as an
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improvement of CN7M and CN3MCu (UNS N08007). The nickel content was increased
from 27-30wt% to 32-35wt% for better chloride stress corrosion cracking resistance and
niobium was added for sensitization resistance. Alloy 20Cb-3 has enjoyed considerable
success in the chemical processing industry, but like all stabilized grades, a post-weld
stabilization heat treatment is recommended by the manufacturer to maximize corrosion
resistance and prevent knife-line attack (KLA).1»?33) Knife-line attack is a well-studied
corrosion phenomenon that happens in stabilized stainless steels. During welding, there is
small area in the HAZ, usually right next to the fusion line, where peak temperature is high
enough to dissolve the niobium or titanium carbides and keep them in solution due to rapid

(54331 This area becomes susceptible to sensitization if later heated in the chromium

cooling.
carbide precipitation temperature range. Manufacturers usually recommend holding these

alloys between 900°C and 1000°C to precipitate the niobium/titanium carbides.53-657 A

post weld stabilization treatment defeats the aim of avoiding PWHT.

A promising solution lies in incorporating nitrogen in CN3MCu. Nitrogen addition up to
about 0.2wt% to austenitic stainless steels has been shown to improve resistance to pitting
corrosion and sensitization.’® Stansbury et al. investigated the role of nitrogen on
corrosion resistance in austenitic stainless steels and concluded that low carbon, nitrogen
bearing CF grades were very difficult to sensitize.’®! They noticed that in sensitized
nitrogen-bearing CF grades, the chromium-depleted layer shifted from the austenite side
of the interphase boundary into the ferrite as nitrogen content increased. Ferrite became the
main source of the chromium in the chromium-rich carbides as nitrogen impeded the
mobility of Cr in austenite. That chromium still diffused from ferrite to form the carbide

somewhat diminished the effect of nitrogen in dual phase stainless steels. However,
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chromium depletion was not severe because of its high concentration in ferrite. The
nitrogen advantage is expected to be more prominent in fully austenitic stainless steels as
chromium mobility will be uniformly hampered throughout the microstructure. Another
way they found nitrogen improved sensitization resistance is that it precipitated chromium
nitride whose depletion zone is relatively smaller. To investigate nitrogen’s potential effect
on chromium diffusion in CN3MCu, ThermoCalc was used to simulate Cr homogenization
in CN3MCu with varying nitrogen content. The simulations were done at 1200°C, over a
distance of 10um, and for 0.1wt% nitrogen increments from Owt% to 0.6wt%. Figures 3-
15A and 3-15B are examples of simulated Cr profiles in homogenized CN3MCu and
CN3MCu with 0.5wt% N respectively. The 1000-second and 3600-second curves are
clearly steeper in the nitrogen-containing composition, indicating slower Cr diffusion.
Similar plots were made for CN3MCu with nitrogen additions from Owt% to 0.6wt%. The
CN3MCu composition used was Fe-22Cr-30.5Ni-3Mo-3.5Cu-0.03C, picked from the
recommended concentrations in Table 2 of ASTM A744. An initial Cr profile of 17wt% to
27wt% was used. From the simulated homogenization profiles, Cr index of residual
segregation was calculated for each composition and time, and plotted against nitrogen
concentration. Index of residual segregation, o, is a measure of relative elemental

segregation over a distance (usually from the dendrite core to the interdendritic region)

Cyv—Cm
cy-cy’

after a period of homogenization. It is calculated with the formula where

Cy and Cp, are the initial maximum and minimum concentrations respectively, and
Cy and C,, are the instantaneous maximum and minimum concentrations respectively.
Chromium index of residual segregation is used here as a measure of chromium mobility

in each alloy. A high & means slow chromium diffusion, while a low  represents rapid
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chromium diffusion. Figure 3-16 is a plot of Cr residual segregation index in austenite
versus nitrogen concentration. The simulation predicts that chromium diffusion slows
down as nitrogen concentration increases. The potentially beneficial addition of nitrogen
to CN3MCu to improve corrosion resistance and avoid PWHT thus warrants further

investigation.

The Benefit of Lower Mo Content in CN3MCu

The CN3MN alloy is the only nitrogen-bearing CN grade in ASTM A743 and A744. Other
similar alloys in the standards are CK35MN and CK3MCuN. The CN and CK grades have
somewhat similar Ni/Cr ratios, and all the three alloys mentioned above have 6-7wt% Mo.
Such high Mo concentrations impart excellent pitting resistance but also make the alloy
vulnerable to sigma phase precipitation. DuPont et al. found that molybdenum segregation
in as-cast and as-welded CN3MN and CK3MCuN led to sigma phase formation and
reduced corrosion resistance.[*!! It is possible that the corrosion improvement benefits of
nitrogen were masked by molybdenum’s aggressive partitioning. No sigma phase was seen
in the as-cast CN3MCu studied in this research. The CN3MCu composition potentially
curtails sigma formation by increasing Ni to 27.5-30.5wt%, limiting Mo to 2-3wt% and
introducing 3-3.5wt% Cu. A similar compositional design is seen in other Ni-rich alloys
like Alloy 825. The copper and molybdenum combination imparts about the same level of
resistance to chloride-induced attack as the high Mo concentration.®) ThermoCalc 2024A
was used to predict sigma phase stability under equilibrium conditions in CK3MCuN
(20.5wt% Cr, 19.5wt% Ni, 7wt% Mo, 0.24wt% N) and CN3MCu with nitrogen (22wt%

Cr, 30.5wt% Ni, 3wt% Mo, 3.5wt% Cu, and 0.24wt% N). The results shown in Figures 3-
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17A and 3-17B predict that sigma will be stable in CK3MCuN from 440°C - 1215°C, and
in “CN3MCuN” from 550°C to 910°C. Further simulation with the same program predicted
a sigma phase volume fraction of 0.03 and 0.007 in CK3MCuN and “CN3MCuN”
respectively, under non-equilibrium cooling conditions. This suggests that sigma formation

may be limited in a “CN3MCuN” composition during non-equilibrium solidification.
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Figure 3- 15: Thermo-Calc-simulated homogenization of Cr profile in (A): CN3MCu and
(B): CN3MCu with 0.5wt% N.
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Figure 3- 16: Simulated influence of nitrogen on chromium homogenization in CN3MCu
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Figure 3- 17: Equilibrium phase fractions predicted with Thermo-Calc in (A): CK3MCuN
(7wt% Mo, 0.24wt% N). (B): CN3MCu with nitrogen (3wt% Mo, 0.24wt% N).
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Conclusion

Two base metal/weld metal pairs, CN3MCu/E320LR and CN7M/E320 were evaluated for
the possibility of waiving the PWHT requirement in ASTM A743 and A744. The research

produced the following findings:

1. Austenite boundary dissolution was seen in both CN7M base metal and welds made
with E320 after the corrosion test. It was determined that a solution anneal will be
beneficial for this pair to dissolve the chromium carbides in the base metal and weld
metal, and secondary phases in the weld metal.

2. The CN3MCu/E320LR base metal/weld metal pair generally had lower DOS
values. None of the weld metal samples made with E320LR reactivated in the
corrosion test, including the isothermally sensitized one, indicating excellent
resistance to intergranular corrosion. This was attributed to the extra low carbon
concentration (0.01wt%) in the deposited weld. Its base metal, CN3MCu, exhibited
very low DOS values, with IGA confirmed by the presence of boundary dissolution.
Although such low DOS values may permit use in mild environments, it is
recommended that the PWHT requirement be maintained since such materials
could still be attacked in other certain environments.

3. Results from thermodynamic and kinetic modelling suggest that adding nitrogen to
CN3MCu could potentially improve its resistance to intergranular corrosion, and
possibly permit the CN3MCu/E320LR base metal/ weld metal pair to be used

without PWHT.
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Conclusions

This project investigated the possibility of waiving PWHT among CF and CN grades of
cast stainless steels. Four CF alloys and two CN alloys were selected to include low
carbon compositions, niobium-stabilized compositions, and nitrogen-containing
compositions, which are popular alloy designs for mitigating sensitization. All these base
metals were paired with welds made with their corresponding filler metals. The double
loop electrochemical potentiokinetic reactivation (DL-EPR) test was used as the preferred
corrosion test for its ability to detect even mild levels of sensitization. The research

conclusions are as follows:

1. Though touted as sensitization-resistant, the low carbon grade (CF3) exhibited low
DOS values under all heat input conditions and was considered mildly sensitized
with evidence of interphase boundary attack. Depending on the service conditions,
samples that exhibit such low levels of corrosion may be deployed without PWHT.
However, the PWHT requirements in the ASTM standards were recommended to
be maintained to ensure maximum corrosion resistance. The weld metal made with
E308L filler metal exhibited higher DOS values due to preferential attack in the
austenite. Post weld heat treatment is believed to improve the intergranular
corrosion resistance of the E308L weld by changing its ferrite amount and
morphology. It was concluded that both the CF3 base metal and E308L weld benefit
from the PWHT.

2. The niobium stabilized CF8C base metal showed sparse interphase boundary attack
under all heat input levels tested, and are considered quite resistant to intergranular

corrosion. However, stabilized grades often require a post-weld stabilization heat
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treatment to prevent knife-line attack, which defeats the goal of avoiding PWHT.
The E347 welds exhibited higher DOS values than the CF8C base metal due to
localized preferential attack of austenite in the weld. Post weld heat treatment is
believed to improve the intergranular corrosion resistance of the E347 weld by
changing its ferrite amount and morphology. The PWHT also acts as a stabilization
treatment for both the base metal and weld metal.

The nitrogen-bearing CF3MN and welds made with the E316L filler metal did not
reactivate in the corrosion test. They also did not show any interphase boundary
attack after the test. This pair presented the best chance to waive PWHT. More
extensive corrosion tests are recommended for this pair to generate comprehensive
data on its PWHT needs.

The CN3MCu base metal exhibited mild levels of sensitization evidenced by low
DOS values. Intergranular attack was observed in this alloy through SEM
examination. The welds made with E320LR, on the other hand, exhibited excellent
resistance to intergranular corrosion, no grain boundary attack was observed in the
weld samples after the corrosion test. Results from thermodynamic and kinetic
modelling suggest that nitrogen additions to CN3MCu could potentially improve
its resistance to intergranular corrosion, and permit the CN3MCu/E320LR base

metal/weld metal pair to be used without PWHT.
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