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Synopsis

The susceptibility of experimental low-nickel Cr-Mn-N stainless
steels to hot cracking, sensitization, and pitting corrosion in the
as-welded condition was investigated. These steels were developed
for deep-drawing applications and are similar in composition to
type 201 stainless steel. In order to obtain good formability, the
rapid rate of work-hardening (characteristic of the 200-series
steels) was decreased by the addition of copper. The behaviour of
two sets of alloys during fusion welding was investigated:
17Cr-7Mn-4Ni-o.5Cu steels containing 0.001 to 0.27 per cent
nitrogen, and 17Cr-7Mn-2Ni-o.1N steels with copper contents
varying between 0.01 and 3.11 per cent. All the steels in these two
sets initially solidify as b-ferrite, which transforms partially to
austenite during cooling. As the nitrogen level increases, the
microstructure of an autogenous-weld metal ranges from large
amounts of b-ferrite, martensite, and Widmanstiitten austenite, to
austenitic structures with small amounts of vermicular b-ferrite.
The formation of b-ferrite during solidification and the presence of
ferrite retained in the weld metal indicate that the experimental
alloys will not be susceptible to hot cracking during welding.
Except for the alloy with 0.27 per cent nitrogen, the reslstance to
pitting corrosion of the experimental steels in the as-welded
condition is inferior to that of type 304 stainless steel. None of the
experimental steels is susceptible to intergranular attack in the as-
welded condition. The alloys with 0.19 and 0.27 per cent nitrogen
have properties (corrosion and microstructure) similar to those of
type 304 stainless steel in the as-welded condition.

Introduction

The comparatively high price of nickel in recent
years has led to a situation in which the cost of

this alloying element constitutes a significant part

of the total cost in the production of stainless
steels!. For this reason, there is an incentive to
produce an alloy that has properties similar to

those of the 18Cr-8Ni stainless steels but with
cheaper elements replacing most of the nickel.

The primary function of nickel in the 18Cr-8Ni
steels is to ensure that the alloys are austenitic at
room temperature. Nickel is both an excellent
austenite-former (it enlarges the austenite phase
field at elevated temperatures)2 and an austenite-
stabilizer (it stabilizes the austenite against the
formation of martensite by lowering the

Ms-temperature)3. In addition, nickel contributes

to the corrosion resistance of these steels!.
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Nitrogen is a very effective substitute for
nickel because it is both an excellent austenite-
former and austenite stabilizer2. Unfortunately,
not all the nickel can be replaced by nitrogen;
this is because of the limited solubility of
nitrogen in iron alloys. Manganese is known to
increase the solubility of nitrogen in molten
and solid steels, and this constitutes the main
reason for the addition of manganese as an
alloying element to nitrogen-alloyed stainless
steels4.

The AISI-200 series stainless steels are
well known examples of low-nickel austenitic
stainless steels alloyed with manganese and
nitrogen. In these steels, about half the nickel
of the 300-series is replaced with manganese
and nitrogen. Just enough nickel is added to
form austenite at elevated temperatures and
enough manganese to ensure that the
austenite is stable at room temperature (the
Ms-temperature is below room temperature)!.
A possible drawback of these steels is that
they exhibit a rapid rate of work-hardening,
and are generally stronger than the nickel-
containing alloys that they are intended to
replace3. This is primarily due to the decrease
in nickel content, which leads to lower
austenite stability and a decrease in stacking-
fault energy (SFE)5, which, in turn, leads to
higher rates of work-hardening, adversely
affecting formability.

The increasing interest in a stainless steel
that combines low cost with good formability
has led to the development of a series of
experimental Cr-Mn-N stainless steels at
Mintek3,6. The steels were designed as cheaper
substitutes for the austenitic steels that are
commonly used where good formability, and
especially deep drawability, are important.
Some envisaged applications include stainless-
steel kitchen sinks, serving dishes, and
cutlery. The experimental steels were designed
to be similar in composition to type 201
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stainless steel, with manganese and nitrogen replacing part
of the nickel in the 300-series austenitic stainless steels. To
decrease the rate of work-hardening inherent in these steels,
copper was added. Copper is the only commercially available
element other than nickel that is known to decrease the rate
of work-hardening in austenite by raising the SFE5. It is also
effective in stabilizing austenite against the formation of
martensite3.

Chemical compositions of the experimental steels

A base alloy (723) was designed with a composition falling
within the limits specified for type 201 stainless steel (Table I),
except for the addition of 0.54 per cent copper to reduce the

rate of work-hardening. Three reference steels were used, the

chemical compositions of which are also shown in Table I. The
first reference steel is a commercially available AISI type 304

stainless steel with more than 9 per cent nickel. The other two
reference steels are laboratory melts with compositions falling

within the range specified for type 201 stainless steel. Type
201A was designed to be similar in composition to the base
alloy, but without the addition of copper. Type 2018 is higher

in nickel, but lower in manganese.

With the composition of the base alloy (723) as a basis,

two further sets of alloys were produced. The first set, the

nitrogen-containing steels, was designed to show the

influence of nitrogen additions (0.001 to 0.27 per cent) on

the properties of steels similar to the base alloy. The chemical
compositions of the nitrogen-containing steels are shown in
Table Il. The second series of alloys, the copper-containing
steels, was designed to show the influence of copper
additions (0.01 to 3.11 per cent) to alloys similar to the base
alloy except for the nickel content, which, in this case, was
reduced to 2 per cent. The chemical compositions of these
steels are given in Table Ill.

The mechanical properties and corrosion behaviour of the
experimental alloys listed in Tables Il and III have already
been reported3.6. Copper additions to the experimental alloys
result in a reduction in the proof stress and ultimate tensile
strength3. Nitrogen additions raise the proof stress and the
elongation, and depress the ultimate tensile stress (by about
30 MPa for each 0.1 per cent added) owing to the austenite-
stabilizing effect of the nitrogen6. Copper and nitrogen
additions reduce the rate of corrosion in 10 per cent HZSO4,
but do not have any significant effect on the rate of corrosion
in simulated minewater or synthetic seawater3.6.

The current study deals with the solidification behaviour
of the experimental steels and their behaviour during
autogenous fusion welding. As deep-drawn products are often
welded by the use of autogenous processes (that is, without
the use of a filler metal), it is important that such welding
behaviour should be assessed. The aims of the project were as
follows:

TableI
Composition range of AISI type 201 stainless steel, and the chemical compositions of the base alloy developed
by Mintek and the three reference materials used in the investigation (percentage by mass)

Si

1.00
max.

0.45

0.19
0.51

Table 11

Chemical compositions of the steels developed to show the influence of nitrogen additions (percentage by mass)

Table 11/

Chemical compositions of the steels developed to show the influence of copper additions (percentage by mass)
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(1) to infer the susceptibility of the experimental steels to
solidification cracking from an investigation of the
weld-metal microstructures and the balance between
austenite and I\-ferrite at elevated temperatures under
equilibrium conditions

(2) to evaluate the corrosion properties of the steels in the
as-welded condition and to compare the results with
those obtained for the reference materials.

Susceptibility of the experimental steels to hot
cracking during welding

Fully austenitic weldments are highly susceptible to hot
cracking7. Hot cracking, or solidification cracking, occurs
during the final stages of solidification, at or above the
solidus temperature of the lowest melting phase present.
Owing to the over-critical presence of sulphur, phosphorus, or
silicon, low-melting liquid films form at the grain boundaries,
where segregation tends to be most extensive8, when the
material is subjected to thermal strains during cooling, its
low strength, due to the presence of the liquid grain-
boundary films, may result in the formation of hot cracks.
It is generally recognized that a small amount of I\-ferrite
retained in the weld metal, present as a non-continuous
network, effectively limits the propagation of solidification
cracks9,1O.More recent research indicates that the presence of
ferrite is not a sufficient condition to decrease the suscepti-
bility to hot cracking in austenitic stainless-steel welds. The
most important condition for preventing hot cracking is
primary ferritic solidification11-14, If these two conditions are
met, the steels should not be susceptible to hot cracking.

Experimental procedure

The chemical composition, specifically the balance between
austenite- and ferrite-formers, is the principal factor
determining the mechanism of solidification in austenitic
stainless steels11. Since chromium and nickel are the
principal alloying elements in most austenitic stainless steels,
the Creq/Nieqratio is the dominant factor controlling the
solidification mode12, The chromium and nickel equivalent
values for the experimental steels were calculated according
to Espy's equations ([1] and [2])15, which are expressed in
percentage by mass:

Creq= (%Cr) + (%Mo) + 1.5'(%Si) + O.s'(%Nb)

+ 5' (%V) + 3' (%AI)

Nieq= (%Ni) + 30'(%C) + 0.87(for Mn) + 0.33' (%Cu)

+ (%N - 0.045)'X,

where X =30 when N is between 0.0 and 0.2 per cent

X =22 when N is between 0.21 and 0,25 per cent
X =20 when N is between 0.26 and 0,35 per cent.

It is interesting to note that Espy makes use of a f1Xed

number (0.87) to account for the influence of manganese,

regardless of the actual manganese content. The weak austenite-

forming ability of manganese results in its having very little

influence on the composition of the weld-metal phase15.
Depending on the chemical composition, an austenitic

stainless steel can solidify by primary separation of austenite

or I\-ferrite from the liquid13,14. The possible sequence of

phase transformations during solidification under equilibrium

[1]

[2]
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conditions can be approximated by the selection of a vertical
section at 70 per cent iron of the Fe-Cr-Ni ternary system14.
The pseudo-binary phase diagram is illustrated schematically
in Figure 1. Although the experimental alloys are multi-
component systems, the pseudo-binary phase diagram in
Figure 1 gives a good approximation of the solidification
process.
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Figure 1-Vertical section at 70 per cent Fe of the ternary system
Fe-Cr-Ni, illustrating the effect of composition on the austenite-ferrite
morphology in austenitic stainless-steel weld metal

The ferrite-austenite phase distribution after annealing at
a range of temperatures can be used to give an indication of
the position on the pseudo-binary phase diagram (Figure 1)
of a specific alloy relative to the M(I\+austenite) and
(I\+austenite)/austenite phase boundaries. In order to
determine the I\-ferrite content of the experimental alloys at
different temperatures, samples of every alloy were annealed
at temperatures ranging from 950 to 1390°C. An annealing
time of 15 minutes was determined to be sufficient to reach
equilibrium17. After being annealed, the samples were
quenched rapidly in water so that they would retain the high-
temperature microstructures. The phase balance in each
structure was determined by use of a point-counting
technique.

Figure 1 indicates that the structure of the weld metal
after autogenous welding (especially the I\-ferrite
morphology) also gives an indication of the solidification
mode and the position of the alloy relative to the phase
boundaries. For the investigation of the ferrite morphology in
welds, samples of each alloy were welded by an autogenous
gas-tungsten arc-welding (GTAW) process.The process
variables were adjusted to produce GTAW welds with partial
penetration, and are shown in Table IV,
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Table IV

Welding process variables

1 mm
2% thoriated tungsten electrode
Classification: EWTh-2
2mm
Ground to a 90° included angle
2mm
Direct current, electrode negative (DCEN)
3,4 mm/s
Argon, flow rate 30 I/min

39 to 42 A
8.4 to 10.1 V
47 to 54 J/mm

Results and discussion

Nitrogen~containing steels

The Creq/Nieqratios of the nitrogen-containing experimental
steels are shown in Table V. The alloys can be arranged in
three distinct groups according to the Creq/Nieqvalues. Alloys
689 (0.001 per cent nitrogen) and 690 (0.047 per cent
nitrogen) have similar Creq/Nieqvalues. For this reason, the
amount of retained I)-ferrite after annealing and the weld
microstructures are similar. Alloys 723 (0.09 per cent
nitrogen) and 703 (0.13 per cent nitrogen), and alloys 692
(0.19 per cent nitrogen) and 693 (0.27 per cent nitrogen) can
be grouped together for the same reason.

Table V

Chromium and nickel equivalents for the experi-
mental steels calculated from Espy's equations15

Creq CreqlNieq

17.74
17.90
17.94
18.24
18.10
18.31
17.78
17.74
17.82
17.82
17.67

2.8
2.9
2.3
2.1
1.7
1.7
3.0
2.9
3.1
3.0
2.7

The amount of I)-ferritepresent in alloys 689 and 690 at
specific annealing temperatures is shown in Figure 2. Even
after having been annealed at temperatures as low as 950°C,
alloys 689 and 690 still contain a small amount of I)-ferrite.
Thecompositionof these steels seem to fallwithin the dual-
phase ferrite-plus-austenite region of the phase diagram
(Figure 1) at these lower temperatures. At temperatures
higher than 1250°C, there is an abrupt increase in the ferrite
content. Owing to the position of the austenite/(austenite +1))
phase boundary on the phase diagram (Figure 1), an
increase in the ferrite content with increasing temperature
precludes the possibility of primary austenitic solidification.
At temperatures as high as 1350 and 1390°C, the structures
still contain appreciable amounts of austenite, and are
probably still within the austenite+1) phase field.
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Figure 2- The amount of b-ferrite after the annealing of alloys 689
(0.001 per cent NI and 690 (0.047 per cent NI at specific temperatures

The microstructures of the weld metal confirm this
conclusion. A photomicrograph of a typical example of the
weld microstructures of these alloys after autogenous
welding is shown in Figure 3. The microstructures of the
weld metal contain appreciable amounts of I)-ferrite (grey
etching phase), together with some martensite and austenite,
predominantly in the form of Widmanstiitten needles (light
etching phase). This indicates that the high Creq/Nieqratios of
these alloys (Table V) shift their compositions into region 4
on the phase diagram (Figure 1), where a Widmanstiitten
structure is present. A small amount of acicular I)-ferrite is
also visible, showing that the alloys probably lie very close to
the boundary between regions 3 and 4.

The amount of I)-ferrite after the annealing of alloys 723
(0.09 per cent nitrogen) and 703 (0.13 per cent nitrogen) at
progressively higher temperatures is shown in Figure 4.

At temperatures below about 1250°C, the alloys have fully
austenitic structures and are situated in the single-phase
austenite region of the phase diagram (Figure 1). Annealing
above 1250°C results in dual-phase austenite-ferrite
structures, with the amount of ferrite increasing as the
annealing temperature increases. Again, this indicates that
primary austenitic solidification does not occur. On the other
hand, even at 1350 and 1390°C, the steels contain appreciable
amounts of austenite and are probably still within the dual-
phase austenite-plus-ferrite region. From the schematic phase
diagram of Figure I, it is evident that alloys 723 and 703
solidify by primary separation of I)-ferrite from the liquid. A
typical example of the weld microstructures of these alloys is
shown in Figure 5. The weld microstructures consist of an
austenite matrix with some acicular 1)-ferrite (black). A small
amount of this ferrite of vermicular morphology is also
present. The presence of this transition microstructure
indicates that these alloys are probably situated in region 3
close to the boundary with region 2 (Figure 1).

The amount of I)-ferrite obtained after the annealing of
alloys 692 (0.19 per cent nitrogen) and 693 (0.27 per cent
nitrogen) at progressively higher temperatures is shown in
Figure 6. At temperatures below 1300°C, the alloys are fully
austenitic. At temperatures above 1300°C, the amount of
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Figure 3- The microstructure of the weld metal in alloy 689 (0.001 per cent N) after autogenous welding
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Figure 4- The amount of b-ferrite after the annealing of alloys 723

(0.09 per cent N) and 703 (0.13 per cent N) at specific temperatures

(i-ferrite increases, indicating that primary austenitic solidifi-

cation does not take place. At 1390°C, the steels contain less

than 20 per cent ferrite and are probably still within the dual-
phase austenite-plus-ferrite region. This indicates that the

compositions of the alloys must lie close to the eutectic

triangle (Figure 1), as expected from the low Creq/Nieq ratios.

The conclusion can be drawn that the alloys solidify in region

2 of the phase diagram (Figure 1), (i-ferrite being the leading

phase. The weld microstructures (a typical example is shown

in Figure 7) confirm this conclusion in that they consist
predominantly of austenite with a small amount of vermicular

ferrite (black).

Copper-containing steels

The amounts of strong austenite-forrning elements (nickel,

carbon, and nitrogen) are similar for all the alloys in this series

of copper -containing steels. The only element that varies signif-
icantly is copper, which is known to be a weak austenite-

former2. For this reason, copper is not expected to influence the

solidification behaviour and weld-metal microstructures ofthe

steels to any large extent. This is conflfmed by the data given in
Figure 8 in which the amount of (i-ferrite present at different

temperatures is shown for the alloys with the minimum (0.01

The Journal of The South African Institute of Mining and Metallurgy

Figure 5-The microstructure of the weld metal in alloy 703 (0.13 per cent N)after autogenous welding
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Figure 6- The amount of I)-ferrite after the annealing of alloys 692

(0.19 per cent N) and 693 (0.27 per cent N) at specific temperatures

per cent) and maximum (3.11 per cent) copper contents. The
b-ferrite content of the two alloys is almost identical,
emphasizing the weak austenite-forming ability of copper.

On cooling, the copper-containing steels retain dual-phase
austenite-ferrite microstructures down to very low temper-
atures' suggesting that these alloys remain in the austenite-
plus-ferrite phase field down to ambient temperature without
being transformed to fully austenitic structures. The amount
of b-ferrite in all the steels increases significantly at annealing
temperatures higher than about 1300°C, the structures being
almost fully ferritic at a temperature of 1350°C. The
conclusion can be drawn that, at 1350°C, the compositions of
these steels are in the single-phase ferrite region located on
the chromium-rich side of the ferrite solvus line (Figure 1).
The results indicate that the high Creq/Nieqvalues shift the
positions of the copper-containing steels into region 4 of the
pseudo-binary phase diagram, with b-ferrite the primary
phase during solidification. The microstructures of the welds,
of which a typical example is shown in Figure 9, confirm this
conclusion.The structures are all essentiallysimilarowing to

Figure 7-The microstructure of the weld metal in alloy 693 (0.27 per cent N) after autogenous welding
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Figure 8-The amount of I)-ferrite in alloys 713 (0.01 per cent C) and

717 (3.11 per cent Cu) after autogenous welding
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the weak austenite-forming ability of copper. The weld metal
contains b-ferrite (grey etching phase), and some martensite
and austenite (light etching phase) in the form of
Widmanstatten needles growing into the ferrite.

Pitting corrosion of welded joints

Experimental procedure

Electrochemical pitting-corrosion tests of welded samples
were carried out according to ASTM Standard G61-86 for the
conducting of cyclic potentiodynamic measurements18. The
samples examined were chosen in such a way that the weld,
the heat -affected zone (HAZ), and the surrounding base
metal were exposed simultaneously to the solution. At least
two tests were performed for each alloy. The samples were
immersed in a de-aerated 3.56 per cent NaCIsolution for one
hour before scanning commenced. After one hour, the
corrosionpotential (Ecorr) was noted, and the scan proceeded
from the corrosion potential in the noble direction at a
scanning rate of 0.6 V/h. The onset of pitting is indicated by

The Journal of The South African Institute of Mining and Metallurgy
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Figure 9-The microstructure of the weld metal in alloy 713 (0.01 per cent CuI after autogenous welding

an abrupt increase in the corrosion rate that occurs above a

certain potential, the pitting potential (Epit). The scanning
direction is reversed when the current reaches 5 mA/cmz, and

the scan continues until the corrosion potential is reached or

the hysteresis loop closes. The potential where the hysteresis

loop closes is termed the protection potential (Eprot). An

example of a typical cyclic polarization diagram with EcoIT'Epit,

and Eprot indicated is shown in Figure 10. The pitting potential

(Epid is used to characterize the pitting behaviour of an alloy.

Because a wide range of alloys was used and both EcOIT and

Epit vary depending on the type of alloy, the difference (Epit-

EcOIT) gives a better indication of the resistance of the alloys

to pitting6. The larger the difference between these potentials,

the higher the resistance to pitting corrosion.
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Figure 1o-A typical cyclic polarization scan in 3.56 per cent NaCI
(alloy 714)

Results and discussion

Nitrogen-containing steels

The influence of increasing nitrogen contents on the pitting
corrosion behaviour of the nitrogen-containing steels as
given by the (Epit - Ecorr ) values is shown in Figure 11. The

average (Epit- EcOIT) values obtained for type 304 and the

two type 201 stainless steels are also indicated. (All values
for the electrode potential are given relative to the Ag/AgCI
reference electrode.)
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Figure 11-The influence of nitrogen on the resistance to pitting
corrosion (as given by Epit - Ecorr ) of the nitrogen-containing steels

The nitrogen-containing steels show an increase in

resistance to pitting with increasing nitrogen content. This is

consistent with the findings of other investigations, which

showed that the presence of nitrogen appreciably increases

the resistance of manganese-containing steels to pitting19,ZO.

The mechanism responsible for this greater resistance to
pitting could not be identified. It is known that pitting

represents a localized breakdown of the passive film21.
Apparently the passive film contains more chromium and

molybdenum when nitrogen is present, reducing the rate of

breakdown. With these reduced rates, an increase in effective

potential is needed to initiate pitting corrosion22. After pit

initiation, nitrogen also plays a role in retarding pit growth.

As the metal dissolves in the pitting solution, the dissolved

nitrogen consumes an H+ ion in the pit to form an ammonium

ion. This prevents the lowering of the pH in the pit and helps

to passivate the pit in the earlier stages of pit formation23.
Nitrogen also plays a small role in reducing the rate of active

corrosion in a pitZ3. If the experimental steels in the as-welded

condition are compared with type 304 stainless steel, it is

evident that very high nitrogen levels are required for the
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resistance to pitting of the experimental steels to be
comparable with that of type 304, (An average value for
(Epit- Ecorr ) of 455 mVwas obtainedfor type304 in the
same test.) Except for the alloys containing less than 0,1 per
cent nitrogen, the steels compare well with type 201 stainless
steel,where averagevalues for (Epit- Ecorr ) of 363 mVfor
type 201A, and 273 mV for type 20lB were obtained.

Copper-containing steels

The influence of increases in copper content on the tendency
of the experimental steels to pitting corrosion as given by
(Epit - Ecorr) is shown in Figure 12.
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Figure 12-The influence of copper on the resistance to pitting
corrosion (as given by Epit - Eeorr ) of the copper-containing steels

The addition of copper to stainless steels is known to have

a beneficial effect on their resistance to pitting corrosion. This

is due to a reduction in the rate of active corrosion in the

presence of copperZ3. Up to a copper level of 1 per cent, the
copper-containing alloys also show this tendency, An increase

in the copper content of the experimental steels to levels
higher than 1 per cent seems to have slight negative effect on

their resistance to pitting corrosion, Even the maximum value

of (Epit - Ecorr ) at 1 per cent copper does not compare well

with the average value of 455 mV for type 304 in the same
test. Except for the alloys containing 0,5 and 1 per cent
copper, the steels do not perform well compared with type 201
stainless steel.

The decrease in resistance to pitting at higher copper
levels (more than 1 per cent) is probably the result of a
significant surface enrichment of metallic copper, which has
been detected in both copper -containing ferriticZ4and
austeniticZS,Z6stainless steels exposed to chloride-containing
solutions. The metallic surface layer of copper dissolves as
cupric ions (Cu =CUZ++ 2e) in the passive potential range,
This dissolution of metallic copper has a detrimental effect on
the stability of the passive film by producing a number of
active sites from which local dissolution of the passive film
starts. As a result, the presence of significant amounts of
copper (more than 1 per cent) in the experimental steels may
result in a decrease in resistance to pitting corrosion.
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Susceptibility to sensitization and intergranular
corrosion in the as-welded condition

ExperirnentalpMOcedu~

Stainless steels are potentially susceptible to sensitization
and intergranular attack. The susceptibility of welded
samples to these phenomena was evaluated according to
Practice B of ASTM Standard A262-93a for the detection of
the susceptibility to intergranular attack in austenitic
stainless steelsz7, The more commonly used oxalic acid test
(Practice A) could not be used because of the presence of
large amounts of (\-ferrite in the weld metal of most
specimens, Practice B describes the procedure for the ferric
sulphate-sulphuric acid test. It detects susceptibility to
intergranular attack associated with the precipitation of
chromium carbides in unstabilized austenitic stainless steels.
This method was selected because it is suitable for small
specimens, and the quantitative nature of the results
facilitates comparison between different alloys. The samples
tested contained welds, but were cut in such a way that no
more than a 13 mm width of base metal was included on
either side of the weld.

Results and discussion

Nitrogen-containing steels

The influence of increasing nitrogen levels on the corrosion
rate of the experimental steels during testing in a boiling
ferric sulphate-sulphuric acid solution is shown in Figure 13.
The average corrosion rates measured for type 304, 210A,
and 20lB stainless steels are also indicated,

It is generally recognized that the presence of nitrogen in
stainless steels decreases their susceptibility to sensitization
by retarding the growth of MZ3C6 precipitatesZO,z8. This is

probably due to an increase in the concentration of chromium
at the carbide interface, which lowers the concentration
gradient between the austenite matrix and the grain
boundaries, Since the diffusion of chromium in austenite is
rate-controlling, sensitization is retardedzO, The expected
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Figure 13- The influence of nitrogen on the corrosion rate of weld-
ments during the ferric sulphate-sulphuric acid test on sensitization
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beneficial effect of nitrogen is not evident in the experimental
steels, probably because the samples display general
corrosion but are unsensitized. The differences in corrosion
rate merely reflect differences in passive current density. This
conclusion is based on the following observations.

The average corrosion rate obtained for type 304
stainless steel during testing was 0.69 mm/year. This value
is less than the maximum corrosion rate generally used in
the case of type 304 as a criterion to determine whether
sensitization took place, which is 1.2 mrn/year29. The
conclusion can be drawn that autogenous welding of type
304 does not render the structure susceptible to intergranular
corrosion. This was confirmed by examination of the
corroded samples under a scanning electron microscope
(SEM), which revealed some evidence of carbide precipitation
at the grain boundaries, but no evidence of intergranular
corrosion. The nitrogen-containing experimental steels show
corrosion rates of the same order as that of type 304
stainless steel, and SEM investigation confirmed that these
steels are not sensitized in the as-welded condition. Hence,
the differences in corrosion rate between the alloys are
probably due to differences in passive current density.
Although the experimental alloys perform slightly worse than
type 304, the corrosion rates during testing compare well
with that of type 201 stainless steel.

Copper-containing steels

The influence of increasing copper levels on the corrosion
rate in a boiling ferric sulphate-sulphuric acid solution is
shown in Figure 14.

Copper does not seem to have a significant influence on
the resistance of the experimental alloys to intergranular
corrosion. The low corrosion rates of the alloys indicate that
the steels are not sensitized in the as-welded condition. The
results obtained for alloy 717 (3.11 per cent copper) are not
included in Figure 14 since an incorrectly performed solution
heat treatment prior to welding resulted in severe sensiti-
zation and intergranular corrosion of the base-metal
structure.
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Figure 14- The influence of copper on the corrosion rate of weldments
during the ferric sulphate-sulphuric acid test on sensitization
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Hardness profiles across welds

Hardness profiles across autogenous welds indicate that the
difference in hardness between the base material and the weld
metal of the experimental steels is much less pronounced than
in the case of type 304 stainless steel!7. The difference in
hardness between the base material and the weld metal of
type 304 stainless steel is around 20 Vickers, while in most
cases the difference is less than 12 Vickers in the case of the
experimental steels. The conclusion can be drawn that
autogenous welding does not have a significant influence on
those mechanical properties which are related to hardness.

Practical implications

Thenitrogen-containing experimental steels are not partic-
ularly susceptible to hot cracking or sensitization during
welding. Autogenous welding does not influence the
mechanical properties of the alloys to the same extent as in
the case of type 304 stainless steel. The alloys with lower
nitrogen contents (689, 690, 723, and 703) will besuitable
in applications where excellent corrosion resistance is not an
important requirement. The high-nitrogen steels (692 and
693) are very suitable for welding. These steels display
pitting-corrosion resistance comparable with that of type 304
stainless steel, fineweld microstructuressimilar to that of
type 304 (which will make the steels especially resistant to
hot cracking), and mechanical properties in the weld similar
to that of the base metal. The high-nitrogen alloys should be
excellent low-costsubstitutes for type 304 stainless steel.

The weldability of the copper-containing steels is not as
goodas that of the nitrogen-containing steels.Althoughthe
steels have good resistance to hot cracking due to the presence
of {\-ferrite and primary ferritic solidification, the coarser
microstructuresand largeamounts of {\-ferrite in the weldmetal
will to some extent decrease the resistance to hot cracking.
Autogenous welding does not render the steels susceptible to
sensitization, and the mechanical properties of the welds are
similar to those of the base metal. These steelswillbe suitable
for applicationswhere lowcost is importantand corrosion
resistance inferiorto that of type 304 can be tolerated.

A portion of the Espy diagram!5 for the predictionof weld
microstructures is shown in Figure 15. The positions of the
base alloy (723), the alloys with the minimum and maximum
nitrogen levels (689 and 693), and the alloys with the
minimumand maximumcopper levels (713 and 717) are
shown on the diagram, as well as the positions of some
commercially availablefillermetals. Mostof the commercially
availablefillermetals for austenitic stainless steels are
suitable for the weldingof the experimentalsteels. Types
3161 and 3091 stainless steel can be used successfully as
fillermetals, but 3081 should be avoided in the steels with
lowernitrogen levels (689,690, 723, 703, and the copper-
containing steels) because it could result in the presence of
martensite in the weld metal. Althoughthe position of type
310 stainless steel is not shown on the diagram because of
the reduced scale, it should be avoidedas a fillermetal since
it will result in fully austenitic weld microstructures, which
will be susceptible to hot cracking.

Conclusions

(1) All the nitrogen-containing steels solidify primarily as
{\-ferrite.The morphology of the {\-ferriteretained in the
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(2)

weld metal changes from a predominantly
Widmanstatten structure to acicular and, finally,
vermicular ferrite as the nitrogen content increases. The
presence of /I-ferrite during solidification will make the
nitrogen-containing steels more resistant to hot cracking.
Steels in the copper-containing series solidify primarily
as /I-ferrite. The weld microstructures consist of large
amounts of /I-ferrite, Widmanstatten austenite needles,
and a small amount of martensite. The presence of
/I-ferrite at elevated temperatures, and retained in the
weld metal at ambient temperature, indicate that the
copper-containing steels will not be particularly
susceptible to hot cracking.
Nitrogen additions increase the resistance to pitting
corrosion in the nitrogen-containing steels. Only the
alloy containing 0.27 per cent nitrogen shows
resistance to pitting comparable with that of type 304
stainless steel. Except for the alloys containing less
than 0.1 per cent nitrogen, all the nitrogen-containing
steels compare well with the pitting resistance of type
201 stainless steel.
Copper additions increase the resistance to pitting of
the copper -containing series up to a copper content of
1 per cent. At higher copper levels, pitting resistance
decreases. The pitting resistance of the copper-contain-
ing steels is far inferior to that of type 304 stainless
steel. With the exception of the alloys containing 0.5
and 1 per cent copper, the pitting resistance is also
inferior to that of type 201 stainless steel.
Increasing nitrogen and copper levels do not have a
significant influence on the rate of corrosion in a
boiling ferric sulphate-sulphuric acid solution. None of
the experimental alloys shows any evidence of sensiti-
zation in the as-welded condition.

(3)

(4)

(5)
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