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SUMMARY

A study was made of the corrosion behaviour in the
ASTM standard Nitric acid and Oxalic acid tests, of
two commercial AISI type 304L steels in the as-
received condition and after various heat treatments.

Optical microscopy and SEM, TEM and STEM in conjunc-
tion with energy dispersive x-ray analysis, were used
to correlate the corrosion behaviour of these steels
with their microstructure. Some evidence of phosphorus
segregation at grain boundaries was found, The
corrosion behaviour at microstructural level was
studied by examining on the TEM thin foils of steel
that had been exposed to boiling nitric acid.

Banding attack in the nitric acid and oxalic acid tests
was studied using SEM and EPMA and found to be due to
the micro-segregation of chromium and nickel.

Using two experimental series ' 'of 304L, one a 17% Cr,
9% Ni steel with phosphorus additions from 0.006% to
0.028%, the other a 20% Cr, 12% Ni steel with boron
additions from 0.001% to 0.0085%, the effect of these
elements on corrosion in the nitric acid test was
studied. The effect . of different cooling rates and
different solution trecatment temperature on the
behaviour of these steels was examined. TEM and
STEM in conjunction with energy-dispersive x-ray
analysis were again used to study the microstructure
of the steels. Phosphorus was found to affect the
corrosion behaviour but no effect was found with
boron.

Key words: austenitic stainless steel, intergranular

corrosion, nitric acid, segregation
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Introduction

The breakdown of stainless steels in strong acids as a
result of intergranular corrosion occurs regularly and
often unpredictably in practice. Despite much research
work the mechanisms of such attack have not been fully

explained.

This thesis covers experimental work on certain aspects of
the intergranular corrosion (IGC) of austenitic stainless

steel (mainly AISI 304L) performed by the author.

The first section of the work contains a review of the
literature on IGC relevant to the study. This is followed
by an experimental study of two commercial produced type

304L steels, oﬂe of which had shown an unusually high
corrosion rate in the ASTM standard nitric acid test. The
effect of various heat treatments on the performance of these
two steels in this test was investigated, and the metallur-
gical structures of the steels studied using optical and

electron methods.

The corrosion behaviour of two of the heat treated steels
was investigated on a microscbpic scale by exposing
transmission electron microscopy (TEM) specimens to boiling
nitric acid solution and then examining the microstructure

of the exposed specimens.

As well as the nitric acid test, the oxalic acid etch test
was used to assess the corrosion resistance of the treated
commercial steels and the results from this test were

correlated with the nitric acid test results on the same’

. .



steels.

A detailed optical and electron-optical study in
conjunction with electron probe microanalysis (EPMA) was
made of the micro-segregation that results in banded
attack in the nitric acid and oxalic acid tests. This is
followed be a review of the relevant literature on solute
segregation, which leads into a study of such segregation
in AISI 304L using scanning transmission electron

microscopy STEM and enegy dispersive Xx-ray analysis.

The corrosion behaviour in the nitric acid test of two
experimental casts of AISI 304L with controlled additons
of phosphorus and boron were studied after they had been
cooled at different rates from the solution treatment

temperature.

Short discussion sections are included after each main
expérimental section and these are augmented by a general
discussion. The main section of the thesis is followed
by the conclusions and appendices which discuss various

aspects such as specimen preparation.



1. Stainless Steels

One of the major reasons stainless steels are chosen for
particular applications in industry is their high resistance
to corrosion in a wide range of hostile environments.

To be "stainless'" an alloy must have a minimum of approxi-
mately 11% chromium. With a chromium content greater than
this, an alloy will tend to forh a-tenacious, protective
oxide in an oxidising environment such as air, and it is

this oxide which endows it - with its corrosion resistant

properties.

Many other elements as well as chromium are used in stainless
steels to give them a wide range of structures and properties.
The main elements used are nickel, molydenum,. titanium. and
niobium, and also sulphur and selenium when specific proper-

ties are required.

Chromium is a very strong ferrite stabiliser, i.e. increasing
the amount of chromium in a stainless steel increases the
tendency for that steel to produce a ferritic (body-centred
cubic) structure. Silicon, molybdenum, vanadium, titanium

and aluminium are also ferrite stabilisers..

Nickel, on the other.hand,.along with carbon, nitrogen,
cobalt and manganese, are austenite (face-centred cubic

atomic structure) stabilisers.

3 & .
* B

To achieve specific structure and properties it is’essential
to have the correct balance of ‘alloying elements. The

Schaeffler diagram (Fig. 1) illustrates the dependence of
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Fig. 1 Schaeffler diagram (Ref. 1 after Schaeffler and

Schneider)

structure on composition. This is a non equilibrium

diagram showing structures obtained after rapid cooling from

1050°C.

from the equations given by Pickering

% Ni equivalent

% Cr equivalent

n

The nickel and chromium equivalents can be obtained

(110) _

3Ni + %Co + 30(%C) + 25(%N) + 0.5(%Mn) +
0.3(%Cu) a

$Cr + 2(%Si) + 1.5(%Mo). + 5(%V) +

5.5(%A1) + 1.5(3Nb) + (1.5(%Ti) + 0.75(%W)

The differing compositions can result in four categories of

stainless steel, defined by their structure:

austenitic,

ferritic, duplex (austenite + ferrite) and martensitic.



Of the. four categories of stainless steel .the largest by -
far in terms of production and utilisation, is the austenitic
series. It is these steels which show the greatest general
corrosion resistance and in particular the greatest resis-

tance to corrosion in strong acids.

The austenitic steels consist of a single phase austenite

at room temperature and this structure is maintained by
having the correct balance of austenite and ferrite stabili-
zers. Commercial alloys of this type have compositions in

the range (weight per cent)

Ni 6 - 22
Cr 16 - 20
C 0.03 - 0.25

All the austeniﬁc alloys are variations of the classic 18/8
(chromium/nickel) theme with various compositional altera-
tions made to provide different mechanical and chemical

properties.

The austenitic stainless steels are typified by AISI type
304 steels with 18 to 20 per cent chromium and 8 to 12.per
cent nickel, 0.08 per cent carbon, 2 per cent manganese and
1 per cent silicon. (Fig. 2). Overall it is the higher
nickel t?pe alloys that have the greatést.Corrosion'resis—
tance. The 304 type alloy is so widely used that the
production for this type of alloy exceeds the combined
production total for all the non-austenitic stainless

. steels (1). The nickel is mainly responsible for the

austenitic structure and increasing the nickel content
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increases the stability of the austenite. The austenitic
steels are more ductile, are easier to weld than the
ferritic steels, and in general are easier to use.

Although the austenitic steels are superior in most aspects
they have one drawback when being considered for use in low

pH acids or very highly oxidising solutions.

It is now widely known and accepted that when an alloy of
the 18/8 type is heated in the temperature range 425 - 800°C,

"

or is cooled through this range it can undergq{certain !
metallurgical changes which result in a greatly increased
susceptibility to intergranular corrosion if subsequently
exposed to certain corrosive media, particularly highly

oxidising acid solutions, <

This treatment by which a steel becomes more susceptible

to intergranular attack is commonly known as sensitization.
In this work the word sensitization will be u§ed to |
describe heat treatments that can result in susceptibility,

but this does not necessarily imply susceptibility,

‘It is the effect of various heat treatments on the
sensitization of AISI 304L, the low carbon version of
AISI 304, and the subsequent corrosion of such steels in

boiling nitric acid, that this work is mainly concerned.



Lol - Intergranular 'Corrosion in Austenitic Stainless

Steel £ oy

Intergranular corrosion in austenitic steels nearly always
occurs in steels that have been sensitized, usually by
heating within the sen51t121ng range, although it can

occur after coollng through this range.

1T £ L - - a

The‘temperetures most likely to result in susceotibiiityc

to intergranular‘corrosion are those in the.middle of the
sensitizatioo range, but this is also dependent on the time
of exposure. Long times may be required in the lower part
of the fange while-very short times ma} fe;ult in suscep-
tibilioy in the upper part of the rahge. Fof an 18/8 steel
containing 0.08 per cent carbon, heated for one minute, the
most dangerous temperature is 750% (2) (Fig. 3). If the
heating time is one hour the cr1t1ca1 range will extend from

550 to 740°C, and if of the order of one thousand hours the

range of maximum susceptibility shifts to 550 to 650°C.

900
OC = o
o
700|
0
-]
500}
(=1
1 7 1 1 [ q
10. 102 _. .10° 10F . 107 . 10° cec

® TIntergranular attack in Strauss solution.

¢ No intergranolar attack.

Fig. 3 Effect of time and temperature on sensitization of
an 18/8 steel.



Slow cooling through the sensitizing range can induce
susceptibility but rapid cooling such as quenching prevents

this occurring.

Sensitization can also arise during welding and when
failure due to intergranular corrosion results, it usually
occurs along a line parallel to the weld, but a slight
distance from it, where the sensitization temperaturé has
been reached. This type of failure is commonly referred

to as weld decay.

If an 18/8 steel is held for various lengths of time at a
given temperature it is found that sensitivity at first
increases, reaches a maximum and then falls off. Thus at
650° the maximum sensitivity is reached after 100 hours,
and on holding at that temperature for 1000 hours or longer

the sensitivity will decrease so as to be negligible-(s).

»
o &
S 3
S0
- 0
~
Z
20L
=1
A 15
- A
(04
H
5 10}
o
Q
ja? 5-
By
2
5 or
=
s
£
¥
H 1
2
o
-~

Holding time (min.)

Fig. 4 Sensitisation and recm‘rery of 18/8 steel.




Intergranular corrosion susceptibility in the austenitic
steels increases with increasing carbon content. Whereas

the carbon solubility during the annealing of an 18/8
austenitic steel is about 0.15 per cent at 1000°C, it has
very restricted solubility at lower temperatures. At 900°C
the solubility 1limit is 0.06 per cent, at 800°C it is 0.03
per cent and at 500°C it is about 0.01 per cent (4).

Rapid cooling by quenching from the annealing temperature
results in supersaturation of carbon in solution in austenite.
As we shall see, the susceptibility to intergranular corrosion
is strongly associated with the precipitation of chromium
carbides formed as a result of the carbon coming out of
solution. An 18/8 steel containing 0.1 per cent carbon may

be severely sensitized after five minutes at 600°, whereas

a similar alloy containing 0.03 per cent carbon and given

the same treatment, may suffer no appreciable ‘damage when
exposed to a highly corrosive environment such as hot nitric

acid.

Other alloying elements can also have an effect on the
sensitization behaviour of austenitic steels. The suscep-
tibility to intergranular attack increases with increasing
nickel content. This is due to nickel lowering the
solubility of carbon in austenite. This was demonstrated
by Tedmon et al (5) and Cihal (6) who also demonstrated

that chromium increasesthe solubility of carbon.

-« 10 =
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Molybdenum is usually added to steels such as AISI type

316-at - the 2 to 3 per cent level to increase resistance

to pitting attack. In acidified copper sulphate solution

(such as the Strauss test) this level of molybdenum will

réduce the tendency to sensitization €73, However, in

nitric acid solutions such as the Huey test high rates of

intergranular attack can be observed in sensitized 316

even at very low carbon levels when carbide precipitation

would not be regarded as a problem (83. Although the

molybdenum slightly decreases carbide precipitation, it

does enhance the formation of sigma phase (9’10), but there

is still considerable doubt as to whether the attack- is

due to attack of the so called "sub-microscopic" sigma, or

to a solute segregation effect.. Molybdenum containing

grades such as-316L and 317L are not usually selected for

e D -



nitric acid service as type 304L (which is cheaper) has

a better resistance to corrosive attack in nitric acid.

Niobium and titanium are frequently used alloying
additions in austenitic stainless. Their main role is

as '"carbon getters', to combine with carbon and thus
prevent the precipitation of chromium carbides associated
with intergranular corrosion. Titanium has a strong
affinity for carbon and it produces titanium nitride and
carbide both of which may be deleterious in steels used in
strong oxidising media such as nitric acid due to possible

dissolution (11’12).

This carbide will usually result in
a pitting mode of attack, though close to the fusion
temperature such as found in welding, a continuous film of
titanium carbide (TiC) can form along the weld/parent

metal interface which may result in subsequent intergranular

attack.

Niobium also combines strongly with carbon to form its
carbide NbC which by reducing the level of free carbon is
beneficial. The NbC can however form stringers during hot
working which enhance the possibility of end grain attack.
Although this is not likely to give problems under service
conditions, it may lead to spurious results in laboratory

tests (13)

, such as the Huey test where a relatively large
end grain area is exposed. If an excess of niobium is
present intermetallics such as Fesz may be formed; and
this may lead to enhanced attack. Niobium is preferred to

titanium as a carbon getter by steelmakers as it can be

T o A



added in the melting furnace allowing time for analysis
and corrections whereas titanium has to be added to the
ladle at the pouring stage, due to its high activity.

The amount of titanium or niobium reqﬁiréd to ensure
complete stabilisation are higher than indicated by the
formulae of the carbides. In the carbide TiC the

ratio Ti : C is 4 : 1, but a propoftion of titanium Temains
in solution in the steel, and some reacts with nitrogen.

(14) jindicated that a Ti : C ratio of

Rosenburg and Darr
6 : 1 would be required to ensure complete elimination of

the M23C6 reaction during sensitization.

Nitrogen is added in small quantifies (typicaliy 0.15 per
cent) to stainless steels mainly as an austenite stabiliser
or to increase the strength of the alloy. The effect of

the nitrogen on sensitization depends mérkedly on the

amount present. Binder et a1 (7) found that for a 304 steel
containing 0.02 - 0.03 per ceét carbon, a maximum:iﬁtér-
granular penetration rate was found at’'0.04 péf cent
nitrogen. Scharfstein (13) found that dbubiiﬁg and tripling
the nitrogen content of 304L had no deleterious effect in
the Huey test, although he concluded thaf.precipitate&_'
nitrides were probably harmful to corrogibn resistance.
Silicon, always present in the steel as it is a'widely"

used deoxidising agent,can hétﬁboth for ahd.égainst{ﬁorfbsion
resistance. Several workers fls;lg).ﬁaﬁe_shoﬁn it to

decrease resistance to intergranular corrosion.

"
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Armijo (18)cunsidered that the deleterious effect of
silicon on the corrosion rate peaked at approximately

0.7 per cent when investigating high purity Fe-Cr-Ni
alloys. Providing the silicon remains in the matrix and
does not form harmful silicates or induce the formation
of ferrite 3-4% silicon will enhance the resistance of
austenitic steels to intergranular attack, but few of these

steels are produced commercially due to difficulties in

hot working.

The effect of phosphorus on the intergranular corrosion of
austenitic stainless steel is one area in which much work
has been done. It is only presenf in the steels as a
residual element and most workers agree on its deleterious
effect on intergranular corrosion. Armijo (18) in his

work on high purity alloys with controlled levels of
phosphorus found that the corrosion behaviour changed from
general corrosion at P < 0.01%, to intergranular attack when
the concentration exceeded that figure. Briant (19) found
that high purity 304 and 304L alloys doped with phosphorus
showed a greatly increased corrosion rate over undoped alloys
when subjected to the Huey test. This attack was inter-
granular and was most pronounced in a 304 steel sensitized

at 600°C. Similar steels sensitized at 650°C and 750°C
showed a 10wer_corrosion rate and a "healing" effect'" after

500 and 1000 hours sensitization., Overall the sensitized
304L had a lower corrosion rate than the 304; with the
sensitization at 600°C giving the highest.corrosion rate in

in both cases. . The phosphorus doped 304L steels sensitized

0 § =
at 650° and 700°C gave a corrosion rate similar to or lower

o Yl -



than that of the high purity alloys given a similar
treatment. This indicates that the action of phosphorus

is more harmful in the higher carbon 304 type steels,

when measured by the Huey test although the phosphorus
additions were found not to affect the corrosion behaviour

of these steels in the Strauss test (CuSO4/HZSO4). Joshi (20)
has shown that in a 304 type steel phosphorus will tend to.

segregate at grain boundaries resulting in a change in

boundary chemistry.

Aust et al (21) suggested, as a result of grain boundary
hardening measurement, that phosphorus was a species that
segregated to grain boundaries of a high purity, solution-

treated austenitic stainless steel.

9-

8- l
G 1
. enera p » TGA
1 Corrosion l
6 -

Corrosion Rate ( mg/cmz—h )

2 3
10
Phospho rous codlentration (ppm) 10

Fig. 6 Effect of phosphorus additions on the intergranular
corrosion resistance of annealed high purity 14/14 Cr/Ni

stainless steel in HNO, + cr*o (after Ref 18)
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Sulphur on the whole does not appear to be deleterious
with respect to intergranular corrosion, the main problem
being the:formation of sulphides which can result in
pitting. Briant.(lg) found that the rate of corrosion in
the Huey test of sensitized 304 -and ‘304L steels doped
with 0.03% S, and sensitized at temperatures between 600°C
and' 700°C, did not differ significantly from the rate of

corrosion of a high 'purity specimen, similarly treated.-

The effect of boron on the intergranular corrosion of
austenitic steels is ndt at all clear, and there is.
considerable disagreement. It is usually found in concen- .
trations of -.< .001% although it may be added to improve
hot workability. Voeltzel (22) found that a boron level
greater 'than .006% was detrimental in.304 while Farrell Led)
found that for. 304 in boiling nitric acid a level: of. .007%
boron gave the minimum corrosion rate.: Robinson-(24)
compared two 304 type steels one with no 'boron, the other
with 4 ppm boron. There was little difference in Huey test
corrosion behaviour of the two steels in the solution
treated state, but when the steels had been sensitized-at -
750°C and 650°C the:corrosion resistance of the boron con-
taining steel was'vastly superior. This was attributed to
the boron retarding the carbon precipitation during sensi-
tization. Costello (25) stated that boron increased
resistance to sensitization of a type 304 alloy containing
additions of 0.0016 per cent boron and 0;15 pe;:ﬂiobium,
over a 304‘containing only niobium additions, which in turn

had increased resistance over a standard 304 with no

additions. Boron contents above 0.002 per cent were found

- 16 -



to intensify intergranular precipitation of carbides.

Although no Huey test results for alloys containing more
than 0.0016 per cent boron are quoted , hot nitric/
hydrofluoric (10%/3%) tests on welded 304 sheet showed
increasing intergranular weld decay (associated with
carbide precipitation) with increasing boron levels above
0.0016 per cent. However therewas some variation in the
carbon level of these steels.

(26, 27) have shown that boron tends to

Several workers
segregate to grain boundaries in heat treated 316 austenitic
stainless steels containing less than 100 ppm boron. No
precipitates were visible by electron microscopy and the
presence of the boron at the grain boundaries was detected
by auto-radiography. The segregation was found only when
the steel was slow cooled, and the segregation increased

on cooling from higher temperatures. This is discussed in

more detail later.

While investigating pure iron containing 25 - 100 ppm boron
Brown et al (28) found continuous segregation of boron at
the grain boundaries in steels quenched from the y field
and the degree of segregation decreased with increasing

temperature.
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Levitin:(zg) showed that when the boron level exceeded
0.01 per cent it can form complex chromium (60 %)

iron (25%) carboborides at the grain boundaries on solidi-
fication from ‘the melt. "He also considered that the
effect of boron increases as the carbon content -of" the
steel is reduced. Sumner (50) considered: that the effect
of boron is due to its interaction with dislocations'to

provide nucleation sites for carbide. precipitation.

- 1 « 4
[

During sensitization'the physical metallurgy of the austenitic
steels and their mechanical properties change only"slightly.:
They becomé'slightly stronger and"if any precipitation of
carbides occurs at the grain boundaries, they become slightly
less ductile. Even though precipitated ‘carbides are present

a 'steel need not show subsequent intergranular corrosion in
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service. Damage to a steel will depend on

1. The chemistry and physical metallurgy of the grain
boundaries being in a favourable condition for attack,

and

2. The environment that the metal is exposed to being
likely to cause intergranular attack.

(31) showed that the corrosion

Stickler and Vinckier
resistance of a sensitized stainless steel will return
when the steel is heated for extended periods in the
sensitizing range and they attributed this recovery to a
change in morphology of the grain boundary carbides from a
thin sheet formation along the boundaries to arrays of
thick geometrical particles. Similar results were found

(21)

by Aust whose work will be discussed in more detail

later on.

For a given steel damage will only occur when exposed to
specific corrosive environments. The severity of the

attack will depend on the environment as well as the prior
heat treatment and alloy composition. When the attack is
only superficial, its effects are confined to shallow
penetration along grain boundaries and slight cracking

upon bending the material. If the penetration is very deep,
so much grain boundary material may be removed that 'grain
dropping'" can occur and in cases of very severe sensitization

this can result in the metal disintegrating into powder.

Many solutions will result in intergranular attack of

sensitized stainless, and some will even cause intergranular

10 -



attack of solution treated stainless steels.

Hot nitric acid solutions with more than 50 per cent
nitric acid, sulphuric acid media especially those contain-
ing copper salts or ferric ions, and mixtures of nitric-
acid with sulphuric acid or :hydrofluoric acid are liable
to cause intergranular attack in sensitized steels. Inter-
granular attack of solution treated stainless steels has
only been found in highly oxidising acid solution such as
boiling nitric acid with dichromate ion addition.’

Chaudron (32)

and Armijo (18) in showing that high=-purity
steels were immune to attack in such solutions, demonstrated
that the attack on the grain boundaries of solution treated
steels cannot be attributed to geometric factors at the
boundaries alone.

Warren (9, 10)

compiled a comprehensive 1list of media that
have been reported to have caused problems; sea water,

crude petroleum, chlorinated solvent, as well as lactic,
acetic, oxalic, citric and phosphoric acids, were among the
media found to result in intergranular corrosion and
accompanying deterioration of A1S1 type 316 steel. However,
although such lists of dangerous media have been published,
the ability of a corrodent to cause problems is dependent on
the specific alloy, its degree of sensitization, and corro-
dent variables such as concentration; temperature, impurity
levels and so on. Most examples of intergranular corrosion
in practice have occurred in oxidising “organic or inorganic

acids (33).'



Much work has been done on the intergranular corrosion

of austenitic stainless steels and several theories have

been proposed to account for all the different observations

that have been made.

accounts for all the known facts.

None of the theories successfully

The main points to be

accounted for to enable a theory to be plausible are:-

6.

Susceptibility to attack arises after heating within
or slow cooling through the temperature range

400°C to 850°C (sensitization)

Rapid cooling of the metal (quenching) through the

above range usually prevents susceptibility arising.

The degree of intergranular attack in a given medium
depends on the sensitization temperature, time at

temperature and alloy composition.

The degree of intergranular attack subsequent to
sensitization is strongly dependent on the carbon
content of the alloy, high carbon alloys being more
easily sensitized and strongly attacked.
Sensitization is characterized by the formation of

M23C6 carbide precipitates at the grain boundary.

A healing effect occurs, restoring corrosion resis-

tance, after long heat treatments at the sensitizing

temperature.



7. Solution treated steels with no visible precipi--
tation at the grain boundary undergo intergranular
attack ‘in highly oxidising:acids, although high

purity alloys do not exhibit such attack.

The earliest theory, and thé most plausible to

account for these observations was the chromium depletion
theory proposed by Bain et al (3),a1though,at that time

not all of the above observations had been made. These
workers suggested that sensitization of austenitic stainless
steel occurs as a result of chromidm carbide precipitation,
accompanied 5§ﬁcﬁ;6midﬁ depletiﬁn in rééions adjacent .to

the boundary.

e

After solution treatment at 1100 °C followed by quenching
all the carbon is in solution in the austenite. The systenm
is no longer inﬁeqﬁiiibriﬁmlﬁéiéw the carbon solubility
line and on reheating to a temperature above 450 C, the
carbon atoms are able to diffuse and form chromium carbide
in the higher energy regions of the grain boundary. The
formation of the chromium carbide particles.results.in the
austenite .immediately adjacent to the carbide being denuded
of chromium. The diffusion of chromium is too slow to
replenish the denuded areas with chromium from the bulk.
The denuded,area with its lower chromium levels has a,
lower resistance to corrosion and is attacked preferentially

in certain media.
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Bain considered that once the chromium level had fallen
below 12 per cent in the denuded area subsequent inter-

granular attack could take place.

A
Q
e}
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= o
L
(@]
18

Minimum level for

12 =T T/ FPm e B e e

corrosion resistance

Boundary

Diagram showing chromium concentration in region of a

carbide particle in a sensitized 18/8 steel.
Fig. 8

If the heating islcontinued for long periods, chromium
diffusion”will continue, although only slowly and the
denuded zones will be replenised. Much work has been done
to establish the existence of a chromium depleted zoné,
but so far the results have been conflicting in the
support of this theory and there is no direct evidence of
a depleted zone. Alﬁland Kiessling (54) detected regions
of chromium depletion in steels treated to exaggerate the
effect using electron probe micro-aﬁalysis (EPMA) .

Fleetwood (35) using micro radiographic measurements
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indicated that such depletion existed although Weaver (36)

using EPMA could detect no depletion in treated steels.

Stickler and Vinckier (31) considered that the width of
metal attacked in intergranular corrosion was too wide to
be attributed to attack of depleted material. Although
the depleted zone is narrow, once attack has commenced
there may not be sufficient resistance to passivate an
actively corroding surface and the band of metal being

attacked could widen.

One of the main objections of the chromium depletidn
theory is that it does not satisfactorily explain the
sensitization of steels in very short times. In some cases
during welding operations it is possible for_this to occur
in a few seconds and this would preclude the diffusion of

chromium ions.

The second theory proposed to account for intergranular
corrosion associated with precipitated carbides was the
electrochemical theory proposed by Kinzel (4) and supported
by Stickler and Vinckier (31) They suggested that the
intergranular attack is an electrochemical reaction between
the carbide particles and the matrix, which proceeds
rapidly along the grain boundaries. There is some.con-

(4, 37, 38) as to whether

tradiction between researchers
chromium carbides are more noble than the bulk material,
but it is known that the nobility depends on the corrodent

involved. For example in the Huey test solution of boiling
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nitric acid, the austenite is more noble than the carbide,
the reverse being true in the Strauss (acidified copper
sulphate) test solution. The main objection to the electro-
chemical theory is that in an aqueous oxidising solution
the carbide and the matrix should be at essentially the
same potential. Aust et al (66) pointed out that it is
possible to heat treat a steel so that grain boundary
carbides precipitate while the steel remains immune to
attack. The electrochemical theory does not account for
this but the chromium depletion theory does: the chromium
" concentration in the alloy adjacent to the carbide has not
been depleted to a level below that required for passivity.
However where depletion has occurred beyond this level
there will be a difference in potential and this could be
an accelerating factor in intergranular attack.

The third theory in the strain theory proposed by Kinzel (4).
He observed that the intergranular corrosion of sensitized
austenitic stainless was accompanied by narrow edge attack
on one side of the carbide/matrix interface. This attack
is attributed to corrosion of the distorted crystal lattice

adjacent to the precipitate. Streicher (39)

also suggested
that the:strain energy provided the driving force for
intergranular corrosion. This theory is difficult to prove
or disprove, but it is known that the corrosion rates in

the bulk material do not alter much with applied strain.

The most recent theory described by Aust et al (21) is

the solute segregation theory which associates intergranular
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corrosion with the presence of a continuous grain boundary
path of either second phase particles e.g. carbides, or
solute segregahfs'other than carbon e.g. nitrogen,
phosphorous, sulphur, boron or silicon. The theory was
put forward to account for attack in non-sensitized steels
and only secondary consideration is given to sensitized
steels. It is known that some highly oxidising solutions
such as nitric acid containing dichromate ions gause
intergranular attack in solution treated steels even when
carbon 'getters' such as niobium or titanium are present
or the carbon content is very low. Streicher and Coriou (40)
considered that the oxidising ions present in .those solutions
tend to act as cathode depolarisers, raising the open

circuit potential of the system and thus accelerating the
anodic attack in the grain boundary reglon. Aust_;ongiders
that in austenitic steels in thquolution treated condition
there would be a continuous grain_boundary path for attack
provided by the solute segregatibﬁ. This is shown diagra-
matically in Fig. 9a Providing the composition is within
the necessary limits, when the steel is quenched from the
sensitizing temperature range (450 - BOOOC) continuous

grain boundary carbides or second phase are formed,

producing a continuous path fsr 1nté¥§;;;uiérmé;rro§;6n

(Fig. 9b). In steel heat treated and quenched from 900°C
isolated cagbides are formed at the grain boundaries (Fig.9c ).
This treatment reduces intergranular corrosion as there is
no continuous path. In a high purity alloy with no segre-
gation or érgcipitation at the grain boundaries, a low

' cqrrésioﬁ-rate would be exﬁectédh(Fig.Qd Js
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(a) -Segregated
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(b) Sensitised

(c) Stabilised

(d) Clean.

g

Schematic illustration of intergranular corrosion mechanism

proposed by Aust et al. (Ref. 21)

Fig. 9




Several workers (18, 41, 42)

have emphasised the need to
keep the residual elements present in the steel as low

as possible, to prevent any segregation to the grain
boundaries that may increase intergranular attack. There
is very little direct evidence to associate solute
segregation of ahy particular species with intergranular
attack, although more recently acquired analysis techniques
such as electron probe microanalysis (EPMA), and scanning
transmission electron microscopy (STEM), Auger spectroscopy,

are changing this situation due to their high spatial

resolution.

None of the theories so farproposed can account for all the
known facts. The chromium depletion theory is based
mainly on tests using the weakly oxidising Strauss test
solutions, while the solute segregation theory is based on
strongly oxidising solutions such as that used in the Huey
test and variations of it.

(43)

Joshi and Stein considered that the mechanism operating
depended strongly on the corroding solution and the impuri-
ties present in the solution. They found chromium depletion
was supported by Strauss tests and that the corrosion
properties in a highly oxidising nitric/dichromate solution
related well with the solute segregation theory. It is

most probable that intergranular corrosion can occur due to
a combination of the proposed theories, the predominance

of a given mechanism being governed by the nature of the

metal and the nature of the corroding solution.



In this work it is with the solute segregation theory
that the work is most closely involved and this theory

will be examined in more detail later on.

- 29 -



1.2 Need to determine Susceptibility to Intergranular

Corrosion

As we have seen, in certain circumstances, usually when
the steel has become sensitized, austenitic stainless
steels can become susceptible to intergranular corrosion.
Prior to using austenitic steels in environments that
could result in, or have in the past produced intergranular
attack it is essential to test the steel to ascertain its
susceptibility. Because failure under service conditions
may not occur for months or even years after installation
it is impractical to perform the test under such conditions
and time limitations dictate that an accelerated test must
be used. It is essential to have a test that can be per-
formed rapidly on a laboratory size test specimen that will
give a reliable indication of the corrosion resistance of
the steel to intergranular attack. This invariably means
that a much more aggressive medium must be used for testing

than exists 1in service conditions.

Most tests that have been devised do not attempt to dupli-
cate service conditions but are intended to indicate in a
short time the existence of metallurgical factors that may

result in increased intergranular attack.

These conditions may arise in steels actually in service
if the wrong grade (e.g. 304 instead of 304L) is used, or
if the final works: annealing and quenching operations have
been ineffective or even non existent and have thus not
kept all the harmful carbides and nitrides in solution.

Incorrect or insufficient use of 'carbon getters' such as
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Nb and Ti, and heating -of the steel-during welding or
fabrication can also result in sensitized steels being

used in service conditions.
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1.3 Tests for Susceptibility to Intergranular Corrosion

Ideally, a test for susceptibility to intergranular corrosion
must be quick, easy to perform and inexpensive. It must’
pass all steels that would show no intergranular attack

under service conditions, and must fail any steels that

would show such attack.

Because of the widely varying nature of media which can
result in intergranular attack it is almost impossible to
develop a test that will conform to the ideal. Several
different tests have been developed over the years to
detect susceptibility to intergranular corrosion and these
vary in severity and in sensitivity to different metallurgi-
cal conditions.

The first tests devised were Hatfield's(106)in 1926 using
sulphuric acid containing copper sulphate, and Huey's
boiling 65 per cent nitric acid test in 1930 (44). These
tests were at first developed to detect susceptibility to
intergranular attack due to the presence of grain boundary
chromium carbides, but it was soon found that the nitric
acid test was sensitive in some cases to the presence of
another component of the steel. As we shall see some
workers attributed this to "sub-microscopic'" sigma phase
at the grain boundaries. Gillette (45) in 1949 considered
that the methods in use at that time for evaluating
susceptibility to intergranular corrosion-were incapable
of truly appraising the steel for a given service condition
as such tests may discard perfectly satisfactory material.

The nitric acid test and the sulphuric acid/copper sulphate test
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sometimes known respectively as the Huey and Strauss tests,
both take a considerable time, the actual testing time for
the Huey test being ten days. The nitric acid test is

also very sensitive to dissolved impurities in the acid.

More recently, the oxalic acid etch test and the ferric
sulphate/sulphuric acid etch-test were devised to detect
the presence and extent of chromium depletion associated
with chromium carbide precipitation whilst overcoming some
of the problems of the nitric acid and sulphuric acid/
copper sulphate tests. These tests have been standardised

by ASTM and incorporated into ASTM A262-79 (46)

As can be seen from Table 1, the standard tests vary in
nature and sensitivity. The oxalic acid test is a very
rapid ctching test to screen out specimens that would
pass the nitric acid test with no difficulty. The Ferric
sulphate/sulphuric acid test is a severe test which is
fairly quick, insensitive to "sub-microscopic sigma'" and is
unaffected by build up of corrosion products. The nitric
acid test, although widely used for many years in America
as one of the severest tests, has several disadvantages.
It is sensitive to the existence of some phases other than
chromium carbides, it is affected by build up of corrosion
products, and it is comparatively lengthy and expensive.
The nitric-hydrofluoric acid test does not attack sigma
phase and is used to differentiate between the effects of
chromium carbides and sigma in molybdenum ;teels such as
316, 316L, 317, 317L. The current sulphuric acid/copper

sulphate test involves contact of specimen with metallic
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copper during testing which increases the severity of

testing over the original Hatfield/Strauss test.

Each of the corrosion tests operates at a different

potential and they cover a wide range of potentials.

2.4
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Fig. 10 Operating potentials of the tests for susceptibility
to intergranular corrosion, for a sensitized 18/10
stainless steel in a hot reducing acid. (after Ref. 60)

The oxalic acid test operates in the high transpassive

region, the nitric acid test on the boundary between the

passive and transpassive region, the ferric sulphate/

sulphuric acid and the copper sulphate/sulphuric acid

operate in the passive region and the nitric/hydrofluoric

"test operates close to the boundary of the passive/active
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regions. The actual test selected for use will depend

on requirements and past practice.

The nitric acid test has been the most widely used since
its inception in the 1930's as it-is a severe test that
gives a quantitative result. It is most useful for
assessing steels for nitric acid service. The ferric
sulphate/sulphuric acid test is more recent and also

gives a quantitative result. The Fe2(504)2 inhibits
general attack on the grain surfaces whilst grain boundary
regions with lowered resistance due to chromium carbide
precipitation are attacked. The oxalic acid test and the
copper sulphate/sulphuric acid tests are both assessed
qualitatively by surface appearance after the test. The
oxalic acid test does not reject material, it only passes
steel that is resistant to intergranular attack. Any
steel that does not pass must be tested by one of the
other standard tests,usually the nitric acid test. The
nitric/hydrofluoric test is used only for Mo containing
steels. The hazards due to HF and the high rate of general

corrosion during this test have limited its popularity.

Streicher (47) in his paper on evaluation tests-concluded
that because of problems such as end grain attack connected
with build up of hexavalent chromium, and the time and
expense involved, the nitric acid test should be used
primarily as a simulated service test for alloys to be used
in nitric acid. He also concluded that tﬂere was much
duplication with all the different tests and that some

could be removed such as the nitric-hydrofluoric test.
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1.4 The Boiling 65% Nitric Acid Test

With the occurrence of intergranular corrosion in austenitic
steels in certain media during the first half of the present
century, the need arose for a test that would identify
affected steels prior to their being put into service. In
response to the need to evaluate the susceptibility of these
alloys to sensitization, many evaluation tests have been

devised.

The 65% Nitric Acid or Huey test which utilized boiling
65 per cent nitric acid was described by W.R. Huey (44)

It has been the most widely used of all the evaluation tests
and it has been adoped as an ASTM standard test (A262-79
Practice C) (46). The test is performed on a specimen of
known weight and surface area in a wide mouthed Erlenmeyer

flask with a cold-finger condenser to prevent evaporation

loss. The specimen is held in the acid in a glass cradle.

[ D ——

—e cold water

cold finger condenser

1000 ml Erlenmayer
flask

=

4 heat 4

65% HNO specimen in glass cradle

3

Fig. 11 Experimental set-up for Boiling 65% Nitric Acid Test.
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Increase in corrosion rate of AISI 316 in boiling 65% nitric

acid due to build-up of corrosion products in the acid.

(Experimental data obtained by the author, 1979)
Fig. 12

 Evaluation of susceptibility is based on two parameters,
corrosion rate calculated frﬁm weight loss readings, and
visual appraisal of specimen surface with respect to
grain dropping. The test is performed over five 48 hour
periods in the boiling 65 per cent nitric acid solution.
The test solution volume to Qpecimen surface area ratio
should be a minimum of 125 ml/in2 and.the acid solution
should be changed for fresh solution at the end of each
48 hour period. This changing of acids is necessary to
prevent build-up of impurities, as the corrosion rate of

stainless steels in boiling nitric is sensitive to the
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level of chromium present in solution as shown by

(493, and Shirley and Truman (SOl Other investi-

DeLong
gators (51-54) have shown that the cause of accelerated
corrosion in such situations is the presence of the
hexavalent chromium ion Cr6+. This ion is formed by the
chromium entering the nitric acid as divalent ions which
are rapidly converted to trivalent ions, which in turn are
oxidised to the hexavalent state. The critical level of
chromium in solution above which rapid acceleration of the
corrosion rate occurs was shown (49) to be 0.004%. With

2 surface area in

an 18.5 per centCr specimen of 19.3 cm
600 ml of test solution, the 0.004% chromium level in the
solution would be reached after 48 hours, with a corrosion
rate of approximately 0.0071 in/month (°°). This level

of corrosion rate is unlikely to be approached in typical

tests.

Delong (49) devised a method of the multiple testing of
specimens simultaneously inthe same container. His
apparatus consisted of a double container, an inner vessel
holding the specimens surrounded by an outer vessel, both
containing boiling nitric with a common condenser. The
pure condensate is returned to the inner vessel which
overflows, carrying the corrosion products into the outer
vessel, thus preventing the build up of corrosion products
in the testing solution and the associated problem of

accelerated corrosion rates. *

Because of the variation in attack between the top, end and

edge faces the dimensions of the specimens are chosen to
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1imit the amount of end and edge faces exposed to the

acid. End grain attack can be quite catastrophic due to
localised attack on inclusion stringers resulting in the
formation of pits where corrosion products such as Cr6+
can build up and cause accelerated attack. ASTM standard

A262 stipulates that the exposed cross section shall be

less that 50% of total surface area.

A typical test specimen would be 25 x 40 x 3 mm. The
specimen is ground over the complete surface to give a

180 mesh grit finish and it is then measured accurately,
degreased in a non-chlorinated solvent, and then weighed
accurately prior to the test. At the completion of each
48 hour test period the specimen is washed and dried,
degreased and then reweighed. Individual weight losses
are recorded for each of the five 48 hour periods and the
average corrosion rate is calculated giving a quantitative
measure of the degree of sensitization for compartive

purposes.

The Nitric acid test has been used over many years to
detect the presence of harmful carbides usually chromium
carbides that had precipitated on the grain boundaries.
It was thought at first (56) that austenitic stainless
steels that contained no precipitated carbides would be
free from intergranular attack in the Nitric acid test.
However in certain circumstances the low carbon grades of
austenitic stainless steel, specifically éesigned to have
a carbon content below that required for formation of
grain boundary carbides such as 316L, 304L have shown

intergranular attack in the Nitric acid test. Some
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(8, 57, 39) assumed this attack to be due to the

workers
presence of sub-microscopic sigma. Although concrete
evidence for such ; phase is lacking, it can-Be identified
in the 316L type alloys after long heaf treatment at the
sensitizing temperature. However sigma phase in this

form has no effect on the corrosion rate.

The grain size of the metal can have an effect on the
corrosion rate in the Nitric acid test and Tupholme and

Bouchier (59)

showed that a iarge grained structure was
more resistaﬂt in the Nitric acid tesf than a small grained
one, in both AISI 316L and 304L. ‘They state that grain
size ASTM 4 is a desirable size with regard to inter-

granular corrosion resistance. Streicher (1??

also found
a greater corrosion rate in nitric acid with a small grain

size, although Couriou (58) found the opposite effect.

The ASTM standard A262 stipulates a surface polished to
a 120 mesh finish prior to testing in the Nitric acid
test. -Tupholme et al (39) found that the corrosion rate
in these tests was lower with a-polished surface that
with than a plain descaled surface. Streicher (39)
studied the effect of several different surface finishes
on the Huey test corrosion rates (Fig.l3). A sand
blasted surface gave the highest corrosion rate, an 86
mesh grit ground surface an intermediate ratejyand the
smooth surface obtained by polishing'or bright pickling
gave the lowest corrosion rates. He attributed these

differences to absolute surface area exposed by each

method of preparation and not to any surface stress involved,
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Influence of surface finish on the corrosion of an annealed

and water quenched AISI 304 steel in boiling 65% nitric

acid. (After Ref. 39)
Fig. 13
and noted that the different surface finishes did not

affect the electrode potential of the steel in the nitric

acid solutions.

The Nitric acid test operates at a electrochemical
potential of approximately 1.10 Voyp @lthough Briant (12)
states that this potential can alter during the test.

This potential is very close to the transpassive region.
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Fig. 14 Potentiodynamic anodic polarization curve for type

304 in 1IN H2§94 showing wide passive range.

(after Ref. 114).

and a small change in potential can lead to a large

change in the current density.

Figures for corrosion rates in the nitric acid tests are
quoted either as a weight loss per unit area e.g. mg/cmz/hr
or as a rate of penetration e.g. in/month or mm/year.

The penetration rates, calculated from weight loss
measurements are misleading as the nature of the attack

is intergrénular'and is not uniform. Considerable pene-
tration along the grain boundaries can occur without any {

accompanying large scale weight loss.
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The calculation for penetration figures mm/year is

mm/y = 87488 x W
A: 8+ ¢t
where t = exposure time in hours
A = specimen surface area in cm?
W = weight loss in grams
d = density (g/cm3] of specimen

The Du Pont Co (°3) adopted maximum permissible corrosion
rates in the nitric acid test which have shown good
correlation with subsequent service experience. For

various grades of steel, these rates are:

Max. corrosion rate

Grade Condition mm/y in/mth mg/cm2/48h
304 As received 0.45 0.0015 1.98
304L 1h at 677?C 0.61 0.0020 2.68
316 As received 0.45 0.0015 1.98
347 ‘1h &t 677°C 0.61 0.0020 2.68

The nitric acid test can be performed with either an
Allihn condenser or a cold-finger condenser. Truman (52)
showed that the cold-finger condenser gives a lower rate
of corrosion assuming all othef factors are the same.

He attributed the lower corrosion with the cold-finger
condenser to the retention of a gaseous oxide of nitrogen
which kept the concentration of hexavalent chromium down

in the nitric. The Allihn condenser allows the’ gaseous

products to escape more easily.
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In this work the figures for corrosion rates in the
nitric acid test are mainly quoted as a weight loss per
unit area in a 48 hours period. A given test result will
normally be the arithmetic mean of the weight losses per
unit area (mg/cmz) in the five consecutive 48 hour

periods that constitute the nitric acid test.
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i Variations in Results from Nitric Acid Tests

on AISI 304L

Many consumers of austenitic steel intended for use in
environments known to cause intergranular attack still
specify that steel must be tested using the standard nitric
acid test ASTM A262-79 Practice C for evaluation. It is
essential that the steel supplied should perform consistently
well in the test from both the supplier's and the consumer's
point of view. However, variations can occur between differ-
ent melts of steel due to céuses which are not readily
recognisable. These variations can cause a wide spread of
corrosion rates in the nitric acid test results, some tests
actually resulting in corrosion rates higher than the accepted

level which are usually agreed between supplier and consumer.

Two commercially produced casts that showed this variation
were two type 304L steels produced by the AOD process.. Both
casts had followed the same production route and had been
made to the same specification. The only ostensible differ-

ence was that they were produced by different shifts.

The composition of the steels, analysed by wet analysis*

was as follows

C Si Mn P S Cr Mo
Cast A .019 25 1.69 .020 .006 18.06 = .10

Cast B .017 + 25 1.45 .026 .007 18.10 «d

-

*Carried out by the British Steel Corporation, Sheffield.

Laboratories.
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Ni Cu Sn Al N Ti L B
Cast A 11.8 .05 .02 .06 .043 .005 .04 .0025
Cast B 11.68 3.0 .02 011 037 .010 .04 .0015

After the hot rolling to the required section both casts
were given a works softening treatment of 20 minutes at
1090°C followed by quenching in water sprays.

2.1
Experimental Procedure

Previous investigation* of these casts indicated thét

Cast B had a much lower resistance to intergranular corrosion
when tested in the nitric acid test. Both casts were tested
in the standard ASTM nitric acid test in the as received
condition, having been” works softened. The steel was cut
to suitable size for the test, taking care that no excess
heating of the sample occurred during the cutting operation.
The surface on all faces of the sample was ground on wet

SiC papers to a 180 mesh grit finish to ensure that all
traces of oxide and other surface defects such as rolled in
inclusions had been removed. This also ensured that all the
samples had an . 1dentical surface finish for comparison

purposes.

In the tests the procedure followed was that laid out in

the ASTM standard ASTM A-262-79, practice C (#6). an acid
volume of 125 ml/in’ (19.4 ml/cm?) of sample surface area

was used to give a cénstant acid:volume/sﬁecimen surface
area.ratio.for all tests. .Anélar gra&e?nitric acid, supplied

by BDH was used and this was diluted with deionised water
*Carried out by the British Steel Corporation, Sheffield Labs.
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to give a 65% nitric acid solution. (see appendix 3)

After grinding and inspection the specimens were degreased
in an ultrasonic cleaner using a non-chlorinated solvent
such as acetone. They were then dried and weighed to

+ 0.25mg.The specimens were then suspended in the required
volume of nitric using a glass cage. All glassware was
thoroughly cleaned 1in nitric acid prior to the test, and
care was taken to avoid contamination of the sample prior
to the test. The loss in weight was calculated after each
48 hour period of the test and this enabled a corrosion
rate for each period to be calculated. At the end of

the fifth test period an average corrosion rate was
calculated and the surface condition of the corroded sample
was examined for any trace of grain dropping or end grain
attack.

2.2

Results

Two specimens of each cast were tested and the results were

as follows

Corrosion Rate mg/cm2/48 h Average
Cast A 0.92, 1.45 1.319
Cast B 11.48, 9.85 10.65

There was a considerable difference in corrosion rates
between cast A and cast B and this difference was found in
both tests. Examination of the surface of both steels
showed that the nitric acid test had resuited in much more
severe attack in cast B with more grain dropping, and end

grain attack., The difference in corrosion rates was far
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greater than would be expected from experimental spread,
or the slight difference in composition that existed
between the two metals. The two steels were examined
metallographically to establish the cause of the differing

corrosion behaviour.

Specimens of the two steels in the as received condition
were mounted and polished and then etched to reveal the
structure. Several different etchants were tried (see
appendix 2 ) to reveal the most information about the
structure, and the most effective was found to be an

electrolytic anodic etch in 10% Oxalic acid.

In the as-received condition there was no obvious difference
in metallurgical structure. There was an equi-axed grain
structure with numerous annealing twins. During etching
some pitting was observed on the grain boundaries of both
steels although no grain boundary particles were visible
under optical examination. One or two larger pits were
found within the body of the grains and these had probably

occurred where particles had been attacked. (Plates 1, 2)

Samples of the steel that had been subjected to the Nitric
acid test were then examined; They were mounted and polished
and then given a light electrolytic etch in .oxalic acid.
Both steels showed massive surface attack although cast B

was far worse and the corroded surface was far more irregu-
lar. Considerable grain dropping had occurred with cast B
whilst it was minimal in cast A. Penetration along grain
boundaries had occurred in both steels and where twin bound-

aries (both coherent and incoherent) had become exposed to
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the nitric acid solution, penetration had occurred along
these as well. Once the corrosion attack had penetrated
the grain itself, for instance, along a twin boundary,

it often branched out along certain crystallographic
planes within the grain. This occurred to such an extent
that large amounts of the interiors of these grains could
be dissolved. Both the intergranular and intragranular

attack were worse in cast B. (Plates 3, 4, 5)

In both casts massive pits that were parallel to the
rolling direction formed during the nitric acid test.
These pits were as much as 5 mm to 8 mm long and were

5 - 8 grain diameters in width. At pit initiation sites
intergranular penetration would occur to a much greater
depth than general surface intergranular penetration.
General surface intergranular penetration could be detected
to a depth of 1 - 3 grain diameters before grain dropping
occurred, but at pit initiation sites the penetration was
8 - 10 grain diameters for cast B and 10 to 12 grain
diameters for cast A, The pits appeared to an equal
extent in both steels with five pits appearing in one

particular cross-section with an area of 3 cmz. (Plate 6)

As well as optical examination, the two steels in the as-
received condition were examined using the transmission
electron microscope (TEM). The specimens for use with the
TEM, 3 mm diameter discs thinned down in the centre to
electron-transparency thickness, were preﬁared by the

method detailed in the appendix 1.
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This method was found to give reasonably good thin
electron-transparent areas, although in several specimens
the thin areas were found to have fractured during electro-
thinning procedures in a manner that resulted in a step-
like Specimeﬁ edge. Penetration and cracking also

occurred along the line of stacking faults, but not however
along the grain boundaries. Both steels had a relatively

high dislocation density.

Examination of the grain-boundary regions of cast A and

cast B by TEM showed that both of the steels were quite
clean. Cast B showed one or two small precipitates on

the grain boundaries but these were quite widely spaced

and a good search was necessary to reveal any. The
precipitates were very narrow, of the order of 0.05 u wide
and they extended along the grain boundary. The dislocations
in the as received metal tended to be arranged in linear
arrays across the grains. Most of the particles were too
small to obtain selected area diffraction patterns with the

available instrument. (Plates 7, 8)
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Plate 1 Cast A, 304L. As-received, works-softened
dbndition. Etched electrolytically in 10%

oxalic acid for 30 sec. at 4 volts x300

Plate 2 Cast B, 304L. As-received, works-softened
condition. Etched electrolytically in 10%

oxalic acid for 30 sec. at¢ : volts xBQO



Plate 3 Cast: A, 304L. As—receifed, works=-softened
condition. Cross-section of specimen surface
after nitric acid test. Etched electrolytically

in 10% oxalic acid for 30 sec. at 4 volts

x300

Plate 4 Cast B,'304L. As-received, works-softened
condition. Cross-section of surface after
nitric acid test showing pit initiation site.
Etched electrolytically in 10% oxalic acid for

30 secs. at 4 volts. x300

1
v
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Plate 5

Plate 6

- b -

Cast A, 304L. As gebéived, works-softened
condition. Cross-section of specimen after
nitric acid test showing attack along grain
boundaries, twin boundaries and in grain
interior. Etched electrolytically in 10%

oxalic acid for 30 sec., at 4 volts, x1500

bl
Cast A, 304L. As received, works-softened
condition. Cross-section of specimen after
nitric acid test. Pit has formed parallel
to rolling direction. Etched electrolytically
in 10% oxalic acid for 30 secs. at 4 volts.

x 300



Plate 7 Cast A, 304L. As received; works-softened
condition. TEM micrograph of triple point
with arrays of dislocations within the grain.
Several small particles can be seen on

boundary at left. X2.6K

Plate 8 Cast B, 304L. As received, works-softened
condition. TEM micrograph showing triple point.
Some particles can be seen extending along

the boundary on the right. X2.6K
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23 Causes of Intergranular Attack and the Difference

in Severity of Attack Between Two 304L Steels

The difference in corrosion rate between A and B is greater
than can be accounted for by compositional difference alone.
The nature of the attack on cast B and to a certain extent
on cast A indicated that there was a factor operating at

the grain boundary lowering the resistance to intergranular
attack. The incidence of precipitated particles on the
grain boundaries of cast B was very low and almost non-
existent in cast A. Although the presence of such particles
is indicative of diffusion of a solute species to the grain
boundary, there is such a small number of precipitates that
they alone, or a depleted zone connected with them, would
not be sufficient to account for the massive intergranular

attack that occurred.

As well as the intergranular attack on the steels during
the nitfic test, there was considerable penetration and
attack of the interior of grains close to the surface of
the specimens. Very few of the surface exposed grains
escaped this internal attack which was very often initiated
bylpenetratioq along twin boundaries. Once it had pene-
trated the interior of grains the attack would_branch out
along certain crystallographic planes so that the dissolu-
tion of the metal had a dendritic appearance. The crystall-
ographic nature of the grains, and the nature of the grain
and twin boundaries with their higher energy due to atomic
misfit, alone would be insufficient to account for the
attack. It is almost certain therefore that there are .

small precipitates, not easily detectable, or some solute
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segregation not visible by optical or electron-optical
means, which are distributed at the grain boundaries and
on certain crystallographic planes within the grains, and
which greatly reduce the resistance to attack during the
nitric acid test. Once the attack has penetrated into the
metal along a grain or twin boundary, the severity of
attack and rate of dissolution can increase. This 1is
because the nitric acid within the crevices will have a
rising level of dissolved chromium, undiluted by the bulk
solution, solthat the critical level of dissolved hexavalent
chromium, above which metal dissolution increases rapidly

will be reached relatively quickly.

The massive pits that were found in both steels after the
nitric acid test must have resulted from some micro-seg-
regation that occurred as a result of the hot rolling
operation. Although faint marks parallel to the rolling
direction could be seen on the specimen surface prior to
the test, in the places where pits subsequently formed,
metallographic examination revealed no difference in
strucYure or precipitation between the steel ahead of the
tip of the pit and the bulk of the metal. Similarly to
the deep intergranular attack,once a pit has formed,we
would expect it to extend more rapidly than general surface
attack due to build-up of corrosion products at the crack

tip.
Solute segregation is a possible explanation for these

observations because as a result of heat treatment or

process operation, deleterious species may have segregated
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to grain and twin boundaries and to certain crystallographic
planar defects within the grains, altering their compos~
ition and chemical behaviour, but not altering metallographic

appearance.

The higher corrosion rate of cast B can be accounted for by
it having inadvertently received an unspecified or incorrectly
applied heat treatment during processing. This could possibly
have given rise to conditions where diffusion and segregation

of a deleterious spccies took place.

To try to establish if the corrosion of cast B was due to
incorrect heat treatment, a series of heat treatmeﬁts was
devised to see if a similar large difference in corrosion
rate between cast A and cast B could be achieved under

laboratory conditions.
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3.1 Effect of various heat treatments on the

susceptibility to intergranular corrosion of two

casts of 304L in the nitric ‘acid test

The two steels were heat treated either at the solution
treatment temperature of 1050°C or the sensitizing tempera-

ture of 650°C or a combination of the two.

Table 2
Sample Cast ‘ Treatment
1 A 10 mins 1050°C WQ
2 A 100 mins 1050°C WQ
3 A 10 mins 1050°C AC
4 A 100 mins 1050°C AC
5 A 100 mins 650°C WG
6 A 10 mins  650°C wQ
7 A 100 mins 1050° WQ, 100 mins 650°  WQ
12 A 100 mins 1050° WQ, 10 mins 650° WQ
9 B 10 mins 1050°C WQ
10 B 100 mins 1050°C WQ
11 B 10 mins 1050°C AC
13 B 100 mins  650°C wQ
14 B 10 mins  650°C WQ
15 B 100 mins 1050° WQ, 100 mins 650°C WQ
16 B 100 mins 1050° WQ, 10 mins 650°C WQ
17 B 100 mins 1050°C AC
WQ - Water quenched AC - Air cooled

The cooling rate of the air cooled specimens was measured

using a thermocouple attached to the face of the specimen,

This gave - an approximate figure for cooling rate as
the temperature .varied slightly from that at the centre

of the specimen.



Table 3 Average cooling rates of air cooled specimen

Oc/sec
Between 1000 and 900°C 185
900 800 14.2
800 700 10.0
700 600 6.6
600 500 4.6
500 400 342

Where possible the heat treatment was performed in a vacuum
furnace. This was not possible for some specimens which
were treated in an electric muffle furnace. In the muffle
furnace an air-formed oxide resulted and this was entirely

removed afterwards by surface grinding.

The susceptibility to intergranular corrosion was assessed
using the standard Nitric Acid test using the procedure
detailed in previous chapters. The specimen surfaces were
ground to a 180 mesh grit finish prior to the test. An

acid/specimen surface area ratio of 20 cms/cm2

was used.

A specimen size was chosen to give a test volume of approxi-
mately 500 ml acid. The weight loss for each sﬁecimen was
determined to establish the corrosion rate. Each test was

performed twice.

During the nitric acid tests it was noted that the colour
of the boiling acid varied considerably from colourless
through straw to dark yellow. This is most probably due

to the tightness of fit of the condenser into the test flask.
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A tight fitting condenser will prevent the escape of
gaseous oxides of nitrogen (a yellow gaseous product
could often be seen in the flask) which Truman (52)
considers may act as an inhibitor to corrosion, whereas

a loose fitting condenser will allow the gaseous products

to escape and will allow access of air into the flask.

. -

Table 4

Nitric acid test corrosion rates of Cast A and B after

‘heat treatment

Corrosion rates in mg/cm2/48h (average of five periods)

Sample Cast A Sample - . Cast B

1 0.57, 0.74 9 0.57, 0.57
2 0.53, 0.13 10 0.57, 0.66
3 0.78, 1.53 11 0.66, 0.96
4 0.53, 0.61
5 j.13, 1.1 13 0.96, 1.58, 0.92
6 0.83, 1.75 14 3.02, 5.78, 5.08
7 0.88, 2.11 15 0.6, 0.70

12 0.96, 0.87 16  0.57, 0.70

Extended Heat Treatment

As well as the shorter heat treatments detailed previously)
three specimens of Cast B were given extended heat treat-
ments at the sensitizing temperature of 650°C as shown

in Table 5.
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Table 5 Extended heat treatments Cast B

Specimens Treatments

1E . 68 hours 650°C WQ
2E 168 hours 650°C WQ
"3E . . 700 hours 650°C wQ

These treatments were performed in an electric muffle
furnace and the specimens were prepared and then'subjected

to the nitric acid test in the same manner as those given

the shorter heat treatments.

Table 6 Nitric acid test corrosion rates. Cast B

extended heat treatment

Specimen Corrosion Rate mg/cm2/48h
1E 3.37
2E '22.03, 4.38
3E - " 4.86, 5.7

e

After the nitric acid tests had been completed, all of the
specimens were examined by étanning electron microscopy
(SEM) to assess the extent of the surface attack for
comparison with the quantitative weight-loss results of the
nitric acid test. The main factors investigated during the SEM
examination were depth of attack, width of boundary ditching

and extent of grain dropping.

1
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Results

Shorter Heat Treatments on Cast A and B

The nitric acid test results showed a wide variation in
corrosion rates between heat treatments and occasionally
between specimens that had received the same heat treat-
ment. As would be expected, the lowest corrosion rates
were found in the specimens that had been given a solution
treatment with a water quench (Nos 1, 2, 9 and 10). Both
Cast A and Cast B showed similar corrosioﬁ rates except

one specimen of cast A which had been given the longest
solution treatment and had the lowest corrosion rate of

all specimens tested. SEM examination of these specimens
revealed that the surface attack was very light. Preferen-
tial attack had occurred in some specimens at the grain
boundaries but there was no grain dropping, and two speci-
mens of the longer solution heat treatments showed very
little grain boundary attack whatsoever. The centre of the
grains showed some sign of attack and pitting, though this
was less marked with the specimens given the longer heat
treatment (100 mins) and on these specimens the original
abrasion marks were still visible. The 100 minutes solution
heat treatment resulted in a lower corrosion rate than the
10 minute treatment although the weight loss results for

cast B did not decrease as much as those‘for cast A.@Plhtg 9)

The specimens that had been solution treated and air cooled
instead of.quenching (3, 4 and 11) showed ‘a slightly higher
corrosion rate generally. This is to be expected as on

cooling the steel will pass more slowly through the
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sensitization temperature range and there will be more
time for diffusion and segregation to take place. As
‘well as having a higher weight loss, the severity of

the surface attack was greater with one or two small
grains dropping from the surface. One test on specimen 3
resulted in a much higher weight loss and more severe
attack of the grain boundaries, with an increased amount
of grain dropping. In this specimen attack in the centre
of the grains was more localised than usual with one or
two wide mouth pits forming. Another feature of this
specimen was the occurrence in one or two places of
intergranular attack along very straight lines. The
straight lines of attack were parallel »--: .. = (-.... % .«
with the rolling direction indicating that this type of

attack was occurring at the site of a second phase strin-

ger that had resulted from the hot rolling of the steel. (P1.

A TEM examination of several of the water quenched and air
cooled cast B steels was made. The specimens for the TEM
were prepared using the process detailed in appendix 1.
There was approximately a 50 per cent success rate in
obtaining an area of steel sufficiently thin for TEM

examination.

The solution treated and water quenched specimen which had
the lowest corrosion rate 'in the nitric acid test was very
clean when examined on the TEM. There was no evidence of

any precipitates at any of the grain boundaries.
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The grain boundaries of the air cooled specimen were not

as clean as those of the water quenched specimen, with
precipitates forming at several places. The precipitates
were only found on some of the grain boundaries, often

being found in small groups. They were most often

lenticular in’ shape with the long axis running along the
plane of the grain boundary. The precipitates were of the
order of up to 5 u across and 5 to 50 p in length.

Selected area diffraction patterns of the precipitates showed

that they were carbides of the type M,;C,. (Plates 12,13,14)

In several places there were small holes in TEM specimens
approximately 0.5 p in diameter where particles appeared to
have dropped from the foil during electro-thinning. This
was confirmed when some particles still in the foil were
found. The metal immediately surrounding the particles
was much thinner than the rest of the specimen and in some
cases the metal had been dissolved away leaving a hole
adjacent to the particle. This could either arise due to
local changes in composition round the particle, or an
inherent difference in electrode potential between the
particle and the matrix resulting in preferential attack

of the region round the particle.

The specimen which had been sensitized from the as-received
condition (5, 6, 13, 14) generally showed the highest
weight loss in the Nitric acid test with one, No. 14

showing catastrophic intergranular attack-in all three
specimens exposed to the nitric acid test. There was attack

at the grain boundaries with all these heat treatments and
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only one (No. 6) showed no evidence of grain dropping.
Although No. 6 which had been. sensitized at 650°C for

10 minutes showed no grain dropping it appeared to be

far more surface active with a greater degree of attack

at the centre of the grains. This attack was crystallo-
graphic in nature, preferentially attacking along certain
planes of atoms within the grains. This is most probably
associated with micro-segregation within grains (P1. 15,16)
Specimen 14 which had also been sensitized for 10 minutes
at 650°C showed massive attack at the grain boundaries and
at the centre of grains with considerable grain dropping.
The attack however was not uniform with regions on the
surface where large amounts of grain dropping had taken
place, adjacent to regions where grain dropping was
negligible. This dual behaviour was found only in No. 14,
and in all three specimens subjected to the nitric acid
test. The region of heavy grain dropping coincided with
heavy grain-centre attack, and this grain-centre attack
was crystallographic in nature. From a weight loss
aspect the corrosion of No. 14 greatly exceed that of any

of the other steels given in a short heat treatment. (Pl. 17)

The specimens which had been given a solution treatment
prior to sensitization (7, 12, 15, 16) showed generally
lower weight loss in the nitric acid test than those that
had been sensitized from the as received works softened
condition. This is as expected as the sensitization due to
diffusion of segregants will be less in the solution
treated steel where deleterious species such as carbon,

phosphorus, silicon, etc, will be in solution, than in
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the as-received steel where some diffusion/segregation may
already have occurred. Contrary to expectations from
previous specimens Cast B showed a lower corrosion rate in
these specimens than Cast A. The longer sensitization time
as expected gave the higher corrosion rates although the
difference was never very large. The SEM studies on these
specimens showed that none of them exhibited extensive
grain dropping. It was apparent from these studies that
the longer sensitization times resulted in more attack on
the grain boundaries and less attack on the centre of the
grains. One specimen of No. 12 showed the same straight-
line attack as that found in No. 3. It appeafed to be of a
similar nature, the width and direction indicating that it

had occurred where a second phase stringer had existed.
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Ja2a2 Extended Heat Treatment Cast A and B

The weight-loss results from the nitric acid test on
specimens of Cast B that had been given extended heat
treatments at the sensitizing temperature of 650°C were
much higher than those given shorter heat treatments.

In all cases there was massive intergranular attack with
considerable grain dropping. Treatment 2E, 168 hrs at
650°C showed a considerable disparity between consecutive
specimens which had been cut from the same bar of cast B
and had been given identical treatment, the worse of the
two having the highest corrosion rate of any specimén

tested of either cast A or cast B. (Plate 18)

In all cases where there had been massive intergranular
attack, the high corrosion rate was maintained in all of
the five 48 hour test periods, although the acid was
changed after every period. As more grains drop from the
metal surface, the total surface area exposed to the
nitric acid solution increased; There did not appear to
be a clear trend of corrosion rate with time of heat-
treatment. However, if the very high corrosion rate of
2E is regarded as a spurious result the corrosion rate did
show an increase with heat-treatment time. However there
were insufficient results for significance of any large

degree to be placed on this trend.
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Examination by TEM of the specimens that had been given
extended treatments showed that all had a larger number
of grain boundary particles than those that had been
given the shorter sensitizing treatments or those that
had been solution treated and air cooled. The particles
were of the same lenticular shape as previously, with the
long axis along the boundary, and selected area diffraction
confirmed them to be of the same type MyzCp s There also
occurred some precipitation within the grains themselves.
In two separate cases 2E and 3E (168h and 600h), a band
of a large number of small precipitates associated with

a higher dislocation density than normal was observed.
Within the band itself the precipitates had a preferred
orientation along two planes that were at an angle of
approximately 110° to each other within the plane of the
foil. The particles were elliptical in shape with axes
of approximately 0.25 ﬁ and 0.08 py. As with the other
TEM specimens containing precipitates, the specimens with
extended sensitization showed preferential attack round
some of the grain boundary particles that had occurfed
during electro-polishing, with some of the particles
actually dropping out of the foil or being dissolved.
This often left holes in the foil; although some particles

were found with no localised attack or perforation.

The type of precipitates found in the extended heat treatments

are shown: in Plates 19, 20, 21.
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Plate 9 Cast A 304L Solution treated 100 minutes at 1050°C and
water quenched. SEM micrograph of surface after nitric
acid test showing low level of surface and inter-

granular attack.

TS 4;'"

Plate 10 Cast A 304L Solution treated 10 minutes at IOSOOC and
air cooled. SEM micrograph of surface after nitric
acid test showing moderate surface and intergranular

attack with some grain dropping.
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pPlate 11 Cast B, 304L. Sensitized 10 mins. 650°C, water
guenched SEM micrograph of surface after nitric
acid test showing massive grain dropping.

Less than 10% of original surface grains remain.

Plate 12 Cast A, 304L. Solution treated for 10 min.
at 1050°C and air cooled. TEM micrograph

showing precipitates of MZBCG on the boundary.



Plate 13

Plate 14

Electron diffraction pattern of grain boundary

carbide in solution treated and air cooled specimen

of cast A. A parallel orientation relationship exists
between the matrix (bright spots) and the carbide

(faint spots) M;zCg.

Electron diffraction pattern of matrix adjacent to

grain boundary carbide. (see above).



Plate 15

Plate 16.

Cast B sensitized 100 minutes at 6500C, water quenched
SEM micrograph of surface after nitric acid test

showing abrasion marks from grinding process (vertical
marks), banding due to segregation (horizontal marks),

and attack within grains revealing orientation effects.

Cast A sensitized 100 minutes at 650°C, water quenched
SEM micrograph of specimen surface after nitric acid
test showing orientation dependent attack within

individual grains.
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Plate 17 Cast B. Sensitized for 10 min. at 650°C and
water quenched. SEM micrograph of surface
after nitric acid test showing dual attack.
One portion showing ~ 90% grain dropping,
the other less than 10%. The separating line
between the two regions runs parallel to the

rolling direction.

Plate 18 Cast A sensitized 168 hours at 650°C water quenched.
SEM micrograph of surface after nitric acid test
showing massive intergranular attack and grain

dropping.



Plate 19 Cast B sensitized 700 hours at 650°C., water quenched

TEM micrograph showing carbide M23C6 on a grain boundary

x 50K

Plate 20 Cast B sensitized 700 hours at 650°C, water quenched.

Narrow band of precipitates. X 33K



Plate 21 Cast B sensitized 700 hours at 65006, water quenched
TEM micrograph showing preferred orientation of
small precipitates on apparent low angle boundary.

x 200K
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Examination of TEM Specimens of 304L Subjected

to the Nitric Acid Test After Different Heat

Treatments

To try and relate the corrosion behaviour of 304L with
microstructure, TEM foils of cast A were exposed to boiling
65% Nitric Acid, and the nature of the attack studied. The
two steels studied were cast A in the solution treated and
water quenched condition, and the same steel after solution
treatment and air cooling (Nos. 1 and 3 respectively as

designated earlier in this work, see Table 2, p.59)

The TEM specimens were prepared and electropolished to

electron transparent thickness. (See appendix 1)

The specimens were then immersed in boiling 65% nitric

acid (as used in the ASTM standard test)(463 using a specially
made glass specimen holder. The holder consisted of a

narrow glass tube with a perforated bulb at one end to
accommodate the specimen. The holder,'with specimen, was
inserted into the side port of a twin-necked round-bottom
flask containing the boiling nitric acid. The other part

of the flask was connected to a reflux condenser, which

condensed the nitric acid vapours and returned them to the

flask.
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3.3.1 Experimental

f*__r‘ B

reflux

condenser

< Lmm >

specimen

holder —_—

il

65% \

HNO

3mm specimen

Fig. 16

Experimental set up for immersion of TEM specimens in

boiling nitric acid with detail of specimen holder

The perforated bulb allowed free circulation of the nitric

acid round the specimen. On removal from the acid the

specimen was washed in water and then in ethanol prior to

examination on the TEM.

The specimens were exposed to acid for various times, staTrting

with only a few seconds, and they were examined after each

exposure on the TEM.
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3.5.2 'Resuifs

The specimen that had been water quenched from the solution
treatment temperature showed very little attack whatsoever
at the shorter exposure times (less than 1 minute). There
was some slight general dissolution at the edge of the
specimen where the metal was at its thinnest and some
broadening of the cracks that had occurred during electro-

polishing.

At longer times (1 to 10 minutes) the cracks broadened
even more and there was noticeable attack on one or two

of the visible grain boundaries. The attack on the grain
boundaries and in some cases twin boundaries, manifested
itself as perforations on the boundaries. The perforations
were only found on some of the boundaries and tended to be
linear. They started out quite short and narrow and
increased in length with increasing immersion time. The
rate of extension was quite slow, after twenty minutes
exposure the holes were approximately 0.1 p in length and

0.015 p in width.

Some perforation was observed on a twin boundary and it was
only the coherent boundary that was attacked. The incoherent

boundary was not attacked in this manner. (Plate 22)

The air cooled specimen, as in the nitric acid test, showed
a higher rate of attack and the attack was more widespread.
More dissolution of the cracks that had arisen during the

electropolishing operation occurred. -TheSe were widened -
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considerably during the exposure, although very little
penetration occurred along grain boundaries that had not

already cracked.

The nature of the attack in air cooled specimens differed

to that in the water quenched specimens

In the air cooled, the boundaries that perforated did so
in a very regular fashion. At a large number of points
along the attacked boundary, samall holes usually round in
shape, formed. These holes were small (0.015 u after 10
seconds in the nitric acid) and were fairly evenly spaced
along the boundary with a separation of approximately
0.04 u. There was a slight variation in the size and

shape of the holes and this was unrelated to position on

the boundary. (Plates 23, 24)

One boundary on the air cooled specimen appeared to have
parallel lines along the grain boundary with a separation

)
of 50 A between the lines. (Plate 25)

The holes did not run the full length of the boundaries
but were only found where the metal foll was reasonably

thin.

3.3:3 "Discussion

The type of intergranular attack occurring depended on how

the metal had been heat treated. The steel that had been

solution treated showed a slow rate of intergranular attack

and relatively long lengths of boundary perforated, while
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in the air cooled steel perforation occurred at regularly
spaced points along the boundary and small round holes

formed.

The attack on the solution treated steel can be explained

by the presence of segregated solute impurities on the

grain boundaries while in the air cooled steel precipitation,
presumably of carbides, has occurred on the boundary. It
was observed that air cooling does result in some grain-
boundary precipitates although on the boundaries that had

perforated the precipitates were very difficult to detect.
This type of attack was observed by Armijo (73) in 304

solution treated at 1000°C and exposed to nitric-dichromate

and was attributed to the formation of globular carbides.
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Plate 22
SRS &8

Plate 23

Cast A solution treated 100 minutes at 1050°C.
Water quenched. TEM specimen immersed in boiling
65%/HN03 for 20 minutes. The grain boundary has

perforated in linear sections.

Cast A solution treated 100 minutes at 1050°C air
cooled. TEM specimen immersed in boiling 65% nitric
acid for 10 seconds after electro-thinning operation.

The grain boundary has perforated at regular intervals,

e X 27K



Plate 24 Cast B solution treated 100 minutes 1050°C air cooled.
Perforation of grain boundary after immersion of TEM

specimen in boiling nitric acid test solution. X 40K

Plate 25 Cast B solution treated 100 minutes 1050°C air
cooled. Perforation of grain boundary after immersion
of TEM specimen in boiling nitric acid test solution.
Dark region is a contamination spot caused by the

electron beam during microanalysis. x 8K
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"4, -Assessment of Intergranular Corrosion Resistance

using the Oxalic Acid Etch Test of Two AISI

Type 304L Steels

The behaviour of the two casts A and B were investigated
using the ASTM standard oxalic acid etch test. This test
is normally used for screening austenitic steels prior to
the nitric acid test or any other prolonged standard
test . If a steel passes the oxalic acid test it will not
need to undergo the more prolonged test. It is intended
to show positively those steels which have not been sensi-
tized. According to Cowan and Tedmon (60) this test

"will only show the absence of chromium depletion sensiti-
zation and does not test for 'sub-microscopic sigma’
susceptibility" and Streicher 539) states the presence or
absence of grain boundary chromium carbides will be shown

by this test.

For grades of steel such as 304L, 316L the test normally is
conducted on sensitized specimens, usually 1 hour at 650°C.
This treatment should be sufficient to render a steel
susceptible to intergranular corrosion if the possibility
of any such susceptibility arising exists. Therefore, if
any susceptibility has arisen during the heat treatment

of casts A and B of 304L we would expéctlthis to be shown
by the oxalic acid test. The test itself is far quicker,
less hazardous and is easier and cheaper to perform than

the nitric acid test.
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4.1 The Oxalic Acid Etch Test

The test used was the ANSI/ASTM standard A262-79, Practice
A (46). The assessment of the degree of attack in this
test does not allow for a quantitative result, and it is
assessed by the classification of etch structure after the
test. In the test, a known area of the steel, ground and
polished to a 1 micron finish is subjected to an anodic

current of lA/cm2

for 1.5 minutes in a 10 per cent (w/w)
solution of oxalic acid in de-ionised water at ambient
temperature. This results in the surface of the steel

being electro-etched. The nature of the etched surface
structure resulting from this test depends on the chemical
and metallurgical make up of the steel. Based on the degree
of etch attack on the grain boundaries the steel is deemed

either resistant to, or susceptible to, intergranular

attack.

The three basic classifications of surface morphology

arising from the test are:-

1. Step type structure. This is typified by general
surface attack with no preferential attack at grain
boundaries. The differential attack from one grain
to another results in the steps between adjacent
grains on the surface. This structure is indicative
of resistance to intergranular corrosion, and a steel
that passes the test by showing such a structure
would not show heavy grain boundary aftack in the

nitric acid test.
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Ditch type structure. This surface structure is
produced by preferential attack and etching of grain
boundaries. Where this occurs to a considerable extent
the removal of metal from the grain boundaries results
in deep inter-connecting ditches surrounding all the
grains of the metal. This structure is indicative of
lowered resistance to chemical or electro-chemical
attack of the grain boundary regions. This may be

due to precipitated particles or to segregation of
deleterious atom species at the grain boundaries. A
test specimen is considered to have the ditch structure
when one or more grains is completely surrounded by

ditches.

Dual structure. This occurs when, although there are
some ditches at grain boundaries in addition to steps,

no one grain is completely surrounded with ditches.



By«

X

Fig. 15 Diagrammatic representation of the surface

type classifications in the oxalic acid

etch test.

1.2 Performance of 304L Casts A, B in Oxalic Acid

Test after heat treatment

The two steels A;B, were tested after they had been heat
treated as detailed earlier in this work.  The specimens
were mounted in Bakelite, ground on SiC papers and then
polished on diamond’ wheels to a 1 micron finish. They
were then washed in acetone, and dried prior to testing.
From the surface area of each specimen the correct current
to give a current density of 1A/cm2 was -calculated. Using

a stainless steel beaker as the cathode, an anodic current
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was held for 1.5 minutes.

4.3 SEM Examination

The etched structures of the specimens after the test were
examined using Scanning Electron Microscopy (SEM). Nos. 1.and
2 (Cast A) which had been solution treated and quenched
showed the typical step type structure, with no dissolution
at the grain boundaries. However 9, 10 (Cast B) which had
been given identical heat treatments to 1, 2 did show some
grain boundary attack on SEM. The grain boundary attack

was worse on No. 9 which had the shorter solution treatment
of the two. However, in all the solution treated specimens,
some metal dissolution had occurred where stringers of a

second phase had been exposed. (Plate 26)

The solution treated specimens that had been air cooled
(Nos. 3, 4, 11) showed a greater degree of grain boundary
attack than the water quenched specimens. This attack
started as small etch pits on the boundary which grew

and joined together resulting in a ditch. There was

little or no attack on twin boundaries, except where a

twin band terminated within a grain resulting in an inco-
herent twin boundary. These regions seemed very susceptible
to localised attack in all specimens. Most of the grains
were almost completely surrounded by etched grain boundaries
which still showed the shape of the pits that had formed
first. These pits would eventually becomé ditches if the
etching time were extended. Not many of the grains were
surrounded. Nos. 3, 4 (cast A) showed a dual structure

while No. 11 (cast B) showed a ditch structure. (P1. 27, 28)
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Fig. 16 Corrosion of 304 and 304L in boiling 65% HNO;. A
and B which have both been sensitized (1h @ 6770C),
show a ditch structure in the oxalic acid test, but
B has a corrosion rate similar to C (solution treated)
which shows a step structure. B has a lower level

than A of precipitated carbide. (Ref. 56)

The specimens of the steels that had been sensitized from
the as received condition (5, 6, 13, 14) showed attack at
the grain boundaries that was usually deeper and more
continuous, although not all of the grains were completely
surrounded by ditches., No, 13, which had been sensitized
for 100 minutes had deeper ditching than No. 14, which

had only been sensitized for 10 minutes although in the
nitric acid test No. 14 had consistently shown a much

higher corrosion rate. The steels again showed quite heavy

localised directional attack where particles or stringers
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had existed. No. 13 showed a ditch type structure while’

the others had a dual type structure.

The etch structure of the specimens that had been solution
treated prior to sensitization (7, 12, 15, 16) were not as
severe as those that had been sensitized from the as-
received condition, and No. 12 (cast A) which was sensitized
for 10 minutes, showed very little grain boundary attack

at all, and had a step type structure. The other three
showed dual type structure with more severe grain boundar-

dissolution.

As well as the grain boundary attack, all the steels

showed two other types of attack to a greater or lesser

extent. (Plates 29, 30)

The general surface attack consisted of two types of pits.
There were small geometrically shaped ones which covered

the whole grain surface which resulted from the crystallo-
graphic nature of the grains. More widely dispersed

through the grains were larger, deeper, round pits resulting
from end grain attack. The nature of the crystallographic

attack could be seen clearly where a crystal had twinned.

The other attack found on all specimens was the variable
attack due to segregation banding in the steel. This

resulted from segregation of the components of the steel
during production hot-rolling processes. The banding was
Idirectional and the severity of attack depended on which

face was being tested. Associated with the banding were
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particles and stringers which dissolved preferentially.
Segregation banding in the oxalic acid test resulted in
the same surface appearance as it did in the nitric acid

test. It is discussed more fully later.

Table 7 Comparison of Nitric Acid and Oxalic Acid Test Results

on Casts A, B

No. and Heat(;igggment Nitric Acid Test Oxalic Acid Test
cast |1050°C  650°C mg/cm?/48h Structure Ditching
1A 10 WQ - 0.66 Step -
9B 10 WQ - 0.57 Dual Slight
2A 100 WQ - 0.33 Step -
10B 100 WQ - 0.62 Dual Slight
3A 10 AC - 1.15 Dual Moderate
11B 10 AC - 0.81 Ditch Slight
4A 100 AC - 0.57 Dual Slight
17B 100 AC - 0.49 Step -
7A 100 wWQ + 100 WQ 1.50 Dual Moderate
15B 100 WQ + 100 WQ 0.66 Dual Slight
12A 100 WQ + 10 WQ 0.92 Step =
16B 100 WQ + 10 WQ 0.63 Dual Slight
SA - 100 wQ 1.11 Dual Moderate
13B - 100 wQ 1.15 Ditch Moderate
6A = 10 WQ 1.29 Dual Slight
14B - ‘10 wQ 4.62 Dual Moderate
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Table 8 Comparison of Nitric Acid and Oxalic Acid Test Results

on Casts A, B after extended heat treatment

Nitric Acid Oxalic Acid Test
Cast | Heat Treatment.

Test Etch Structure Ditching
A 68h 650°C WQ N /A Ditch slight
A |135h 650°C WQ /A Ditch slight
700h 650°C WQ 2.03 Ditch slight
B 68h 650°C WQ 3.37 Ditch slight
B |135h 650°C WQ 4.38 ‘Ditch slight
B |700h 650°C wWQ |' 5.7 Ditch slight
4.4 Discussion of Oxalic Acid Test and Nitric Acid

" Tests on Casts A, B of 304L

The corrosionlrates in the nitric acid test of the air cooled
and sensitized specimens of cast A were of the same order

of magni;udg_as those of the as received material. The same
test on similar specimens of cast B resulted in a corrosion
rate apﬁroximately one ténth of that found with the as-
received material. Only No. 14 (Cast B sensitiéed 10 min
650°C WQ)'with a corrosion rate of 4.62 mg/cm2/48h (average
3 tests) was anywhere near approaching the 10.65 mg/c£?48h
of cast B in the as-received condition. In the nitric acid
test there was very little difference overall between the
performance of Cast A and Cast B after heat treatment. In
some treatments Cast A had the lower weight loss and in

others Cast B was the more resistant. However, the lowest
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individual corrosion rate by far was in cast A and the

highest in Cast B.

The oxalic acid test results differentiated more sharply
between casts A and B. In all the heat treatments except
one cast B showed the worse result. The standard oxalic
acid test has only three categories of behaviour, although
further classification of the severity of attack may be
made within the dual and ditch categories. Degree of
grain boundary attack within these two categories was
classified as either slight or moderate. This enabled
distinction to be made between etch structures that would
otherwise have had the same classification. Cast A had
three specimens which showed a step type structure,
including one that had been sensitized for 10 minutes
after solution treatment; while not even the solution
treated specimens of cast B showed this structure. Cast B
had two specimens which showed. the ditch structure, one of
them air cooled after 10 minutes at 1050°C, the other
sensitized for 100 minutes. None of the cast A .specimens
showed a ditch structure, The worst classification of
cast.-A was found after 10 minutes solution treatment
followed by air cooling, and also .after sensitizing for
100 minutes at 650°C. Most of the specimens. fell into the

dual surface structure classification.

The difference in the two casts is therefore shown up much
better by the oxalic-acid test,than the nitric acid test.
Test conditions are far more critical in the nitric acid

test and small variations in composition of the acid such
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as chromium content can lead to large weight loss differ-
ences. Once severe attack has occurred in the early
stages of the nitric acid test, it will continue in later
stages due to increased surface area and formation of
crevices at the grain boundaries which can result in a
build up of Cr6+. As mentioned previously differing
corrosion rates may also result from retention or escape

from the flask of oxides of nitrogen which may act as

inhibitors.

Cast B is the less resistant of the two casts to inter-
granular attack. This is shown most clearly when the
steels are in the as-received works-softened condition,

but is also evident after several different heat treatments
including a 100 minute solution treatment. However, none
of the laboratory treatments resulted in a corrosion rate
as high as the steel that had been work softened, when

subjected to the nitric acid test.

Both air cooling and sensitization resulted in increased
attack in both tests compared with solution treétment.

TEM examination showed that although some precipitates were
found in these specimens they were insufficient in number
to build up a continuous grain boundary region of chromium
carbide particles with accompanying chromium depleted zones
that could act as a corrosion path. Even in the solution
treated condition where no precipitates were visible at the
grain boundaries using TEM, the nitric acid test resulted
in some intergranular attack, though this was limited with
only one or two per cent of the grains dropping from the
surface.
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The most interesting effect observed was that all the heat
treatments including sensitization decreased the suscepti-
bility of cast B to intergranular corrosion compared with
the as-received condition. Only one specimen which was
sensitized for 168h. showed a higher corrosion rat¢.. This
condition that existed in the cast B as-received was
sufficiently transient to be removed by a ten minute heat
treatment either at 1050°C or 650°C. These treatments
however made very little difference to the number of visible
precipitates on the grain boundaries indicating that the
as-received sensitivity was caused directly or indirectly
by an atom species in solution that was able to diffuse
to, or away from, the grain boundaries relatively easily.
This appeared to be a separate phenomenon, although of

a similar solute segregation type, to the susceptibility
to intergranular attack that resulted from 650°C sensiti-

zation after a solution treatment.
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Plate 26 Cast A solution treated 100 minutes 1050°C water
quenched. SEM micrograph of surface after oxalic
acid etch test. Shows typical '"step" structure and

segregation banding.

Plate 27 Cast B solution treated 100 minutes 1050°C water
quenched. SEM micrograph of surface after oxalic
acid etch test. Shows typical "dual' structure, some

grain boundary pitting and segregation banding.
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Plate 28 Cast B solution treated 10 minutes 1050°C air cooled.
SEM micrograph of surface after oxalic acid etch test.

Shows the start of ditching at the grain boundaries.

Plate 29 Cast A solution treated 100 minutes 1050°C, then
sensitized 10 minutes 650°C water quenched. Shows
preferential dissolution on segment of grain boundary

and crystallographic orientated etch pits.
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Plate 30

Cast A sensitized 100 minutes 650°C water quenched.
SEM micrograph of surface after oxalic acid etch test.
Shows differential etching at coherent twin boundary,
crystallographic etching and formation of rectangular

pits.
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55 Segregation Banding in Cast B

During the nitric acid tests on Cast A and B it was observed
that as well as the intergranular attack, surface pitting,
and attack of inclusions, there was on some specimens banding
attack which resulted in linear variations in attack that
covered the surface. The bands were all parallel and ran

parallel to the rolling direction.

This banding was observed more easily in stainless steel
after exposure to an electrolytic etch in oxalic acid (such
as the ASTM Oxalic Acid Etch Test) as the attack is more
pronouced and the difference in surface level between

adjacent bands is larger.

A study was made of this banding which is presumed due to
segregation of some of the constituents of the steel during
hot rolling. The main tools used were Electron Probe

X-ray Microanalyser (EPMA) to investigate the elements
involved, and the Scanning Electron Mircoscope (SEM) to

study surface morphology of the bands and to correalate

this with the EPMA,

8.1 Materials

One steel was studied: Cast B in the as received (works-
softened) condition which had shown a high rate of inter-
granular attack in the nitric acid test. This is an

AISI 304L type steel.
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5.2 Experimental

A specimen of the steel was cut by hand and mounted

in conductive Bakelite to give an exposed surface area of
3 cm®. This was ground using SiC papers and polished to
aluy finish on a diamond cloth. The specimen was mounted
to ensure that the exposed face was parallel to the plane .

in which the steellhad been rolled.

A line scan normal to the rolling direction was then
performed on the surface of the polished steel using the
EPMA. Four elements were chosen for analysis, Fe, Cr, Mo

and Ni. The length of the scan was 0.80 mm.

3

2

The analysis voiume of the EPMA is approximately 2.5 p
with a width of ~ 1.5 p and penetrating to a depth of
~ 1.5 p. For quantitative analysis, full corrections for
the Z, A, and F factors would have to be made, but a good
indication of the qualitative situation can be obtained
from the relative x-ray intensities obtained for each
element by the crystal spectrometers of the EPMA. The
results for each element were obtained as a graphical plot

of x-ray intensity versus distance.

After the x-ray analyses had been obtained, the steel surface
was etched electrolytically in a 10% solution of oxalic acid,
at 4v at ambient temperature, the surface being the anode

and a piece of AISI 316 being used as the cathode.

- 101 -




During the EPMA analysis the interaction of the electron
beam and the specimen causes the breakdown of any hydro-
carbons in the vicinity. This results in the build-up of
a carbon deposit on the surface of the specimen where the
electron beam has passed. The carbon deposit is quite

adherent to the surface of the steel and thus the line of

the analysis is distinctly marked.

During the oxalic acid etching the carbon deposit is
removed at a much slower rate than dissolution of the steel
surface itself, and it is possible to etch the surface to
reveal clearly the banded structure of the steel while
leaving the carbon deposit indicating the line of analysis

relatively unaffected.

This enables the banded structure of the steel to be

correlated to the EPMA line scan analysis.

After etching, the specimen was examined using an optical

microscope and then a scanning electron microscope (SEM).

Photographs were taken of the area analysed and the photo-
graphs were blown-up to give the same degree of expansion
for photograph/specimen as was obtained for analysis trace/

specimen/ This was a linear scale expansion of 150X.

The surface morphology observed by optical. and SEM methods
was then compared directly with the line scan x-ray analysis.
Because of its better depth of field, it was found the SEM

gave better results. Examination of the etched surface was

- 102 -



made with the electron beam striking the specimen at a
low angle of incidence (< 15°), as this accentuates

surface relief. (Plates 31-34)

5.3 Results

The EPMA line scan gave a plot of x-ray intensity against
distance for each of the four elements. For each element

a mean intensity was calculated from twenty five regularly
spaced points on the plot. The mean intensity for each
element was taken to be equivalent to the bulk concentration
of the element in the steel as measured by wet analysis.

These concentrations were (per cent):-

Fe - 67.9
Cr - 18.06
Ni - 11.8
Mo - 0.1

The percentage variations in concentrations were -then
plotted as deviations from the mean. Cr and Ni were

plotted on the same axis with a common mean.

The level of Mo in the steel was too low for measurement

of such variations, But the other three elements all showed
measureable variations., The nickel and chromium showed the
largest variation from band to band. The band width, as
measured by the variations in x-ray intensity, varied from
10 to 100 u,"ﬁt the mean concentration level. The variations
in chromium level appeared to be related to the variations

in nickel content with local maxima on the chromium X-ray
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intensity plot coinciding with local minima on the nickel
x-ray intensity curve and vice versa. Of the 13 clearly
identifiable maximum peaks in the nickel x-ray intensity
curve, 11 are associated with minima in the chromium curve.
Of the 14 clear chromium curve peak maxima, 12 are associ-

ated with nickel curve minima.

The variation in the iron x-ray intensity did not coincide

with variations in Cr and Ni.

On the optical micrbgraphs of the etched steel which had
been made with the focal plane in differing positions tol
obtain the best contrast conditions, the area where a
sudden change in contrast occurred were marked. These
micrographs were then compared with the SEM micrographs to
establish the position of various topographical features

such as the ridges and valleys associated with banding.

There existed a definite coincidence between the valleys
(removal of material during etching) on the metal surface
and a higher than average chromium content, and a lower
than average nickel content. This relation between the
chromium and the valleys was especially pronounced for the

deeper valleys.

5.4 Discussion

As the composition traces were made on a ﬁolished surface
before the etching operation, the variations are due to

compositional difference alone and not topographical effects
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of any kind.

The difference in composition between adjacent bands
although marked, is quite small. The nickel content of
the bands varied from approximately 10.6 to 12.6 per cent
and the chromium content varied between 17.6 and 18.4 per
cent indicating the nickel segregated to a greater extent
than the chromium. These differences are insufficient to
account for the significant variations in metal loss as a

result of reducedresistance on its own.

As can be seen from the SEM photographs the banding
consists of grooves where the metal has been removed at
a greater rate than the surrounding material, rather than

a series of ridges of more resistant metal.

In commercial alloys, banding will often arise as a result
of the segregation that arises during the solidification

of castings(1073.

During subsequent heat treatment this
segregation is not removed and processes such as hot

rolling result in a banding structure.

The fact that the areas higher in chromium are removed
during etching in preference to lower chromium regions is
unexpected as higher chromium regions tend to show greater

resistance to attack in strongly oxidising acids

It is most probably that there is a galvanic- effect in

action between the different regions.
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Where pitting had occurred during etching it was found
that these formed predominantly in the valleys of the
etched surface. Many of these pits were quite large and
were typical of the attack on an impurity inclusion. It
is possible that segregation of unknown impurities may
affect the segregation of nickel and chromium and may
also reduce the corrosion resistance of these regions

and affect the galvanic behaviour.

The pits and variable attack associated with the higher
chromium regions may be due to either or both of two

causes: -

(i) Foreign particles e.g. refractory material or slag
which is insoluble and can get trapped in inter-

dendritic regions during solidification.

(ii) Formation of a second phase such as delta ferrite

(112)  an 183%Cr

which may be attacked directly
8 Ni steel is border line with respect to fully
austenitic structure and may contain a small

amount of delta ferrite (110).

About 12% Nickel
is necessary for a fully austenitic structure at
solution temperatures of 1050°C. The nominal
composition of the steel being investigated was
18.06% Cr, 11.8% Ni which should be sufficient to
provide a full austenitic structure:. However the
variations of Cr and Ni indicated in the banded

structure may be sufficient to allow delta ferrite

to form in the high Cr, low Ni bands.
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It has to be borne in mind that the banding investigated,
although closely related, if not identical to nitric acid
test banding was produced by impressed-current electro-

lytic etching in oxalic acid, and not by chemical attack

in strongly oxidising nitric acid.

The oxalic acid etch accentuates the depth of banding,
compared with exposure to boiling nitric acid. In steels
exposed to boiling nitric acid the attack is most prominent
where the acid has attacked and dissolved stringers, possibly

of delta ferrite, lying within the bands of segregation.
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Plate 31

Plate 32

i L &
100HM

SEM photograph of the carbon deposit resulting from
and electron probe analysis trace (2 passes). The
surface has been etched electrolytically in oxalic

acid for 10 seconds at 4V.

Optical micrograph of EPMA analysis trace on the
surface of cast B in the as received condition. Grain
boundaries and segregation banding revealed by a 10

second etch in oxalic acid (electrolytic).
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Plate 33 SEM micrograph of EPMA analysis trace on surface
of cast B in the as received condition electrolytically
etched in oxalic acid. A low angle of incidence
between electrom beam and specimen was used to accen-

tuate the relief of the segregation banding.

Plate 34 Detail of EPMA trace on etched surface. The

etching process has resulted in the removal of some

of the carbon deposit.
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6. Solute Segregation

In polycrystalline metals contﬁining solute impurity atoms,
it is possible for the grain boundaries at act as sinks

to which the solute atoms diffuse or segregate. The
segregation can be either equilibrium (Gibbsian), where the
process can .be described thermodynamically by a redistribu-
tion of solute species in a way that minimises the total
free energy of the system, or non-equilbrium due to
preferential transformation, freezing and preferential
diffusion, evaporation, dissolution or oxidation. It may
also be caused by the preferential coupling between solute

(61) such as

or solvent fluxes and point defect currents
those described by Williams et al (62) who showed that
boron segregation in austenitic steels can be interpreted
in terms of the migration of boron-vacancy complexes to

grain boundaries.

Equilibrium segregation results from diffusion in the

solid, McLean (63)

considers that the driving force is the
relief of lattice strain that occurs when a misfitting solute
atom diffuses from the lattice to a grain boundary or free
surface. The concentration effect due to equilibrium segre-
gation probably is found only within a few atomic diameters

(641 in comparison with non-equilibrium

(65),

of the boundary .

segregation which can extend much greater distances

Solute segfegation has been observed and investigated in
many metals although until recently most of the evidence

has been indirect, such as hardening effects at grain

boundaries of AISI 304 (#1+ 66) yi (67) 414 pp,sn,zb (O%),
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Other indirect observations have been made using diffusion,
lattice parameter measurements, and background scattering

of x-rays.

Solute segregation usually occurs without any change in
the microstructure of the metal although mechanical

(69), and as we have

properties such as fracture behaviour
seen electrochemical properties affecting corrosion (43),
may alter.

(16, 21, 39, 66, 70-76) y .y published

Numerous researchers
work associating the intergranular corrosion of austenitic
stainless steels with solute segregation when no micro-

structural constituent that could result in such behaviour

(77) states that the strain

was detectable. Fontana
energy alone of grain boundaries free from impurities would
not contribute to. the reactivity of the boundary other -
than a small contribution that leads to grain boundary
grooving. -Solute segregation must therefore be considered

with a high probability as having a large effect on inter-

granular corrosion.

The intensity of ségregation is related to the solubility
of the.impurit& elements in fhe matrix material with an
impurity concentration at the grain boundaries of up to
lO4 greater than bulk coﬁcentration ﬁhén the atomic
solubility is low (78) " coulomb ét al (??) found that
the grain Boundary attack in iron varied from one type of
boundary to another with least attack on coherent twin.
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Grain boundary enrichment factor

Fl ) . Atomif solid soleility

- i -
10 - 10 1077 107" 107°

Fig. 21 Correlation of grain boundary enrichment factor with

atomic solubility. 1. Fe-Ni-Cr 2.yFe-Ni 3. yFe-Mn
4, yFe-Cr 5. yFe-Si 6. 6Fe-Si 7. aFe-Sn 8. aFe-Sb
9.yFe<P 10.. 6Fe=P 11. Fe-B 12. Ni-B 13. aFe~C

14. aFe-S 15. Cu-Bi- (Ref. 48)

boundaries. When the pure iron was dopeérwith sulphur the
attack becaﬁe more unifofm; In general, Boundaries with a
higher degree of mismatch,'and;therefore a higher energy
and larger.strain field, should show a greater tendency to
accémmodaté segregatibn than coherent or low angle
boundaries with a smail [<15°).mismatcﬁ-between adjacent

grains.
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Aust et al (68), while investigating solute induced
hardening near grain boundaries, proposed a mechanism

based on preferential solute-vacancy interactions, by

which solute segregation to grain boundaries may occur.

In certain pure metals, a soft region ~ 30 y wide was
found adjacent to the grain boundary. This soft region
arises due to the annihilation of defects such as

" vacancies by the grain boundary, which acts as a sink

for these defects which wduld otherwise cause strengthening
of the matrix. When the pure metals are doped with small
amounts of solute it is found that some of the solute

atoms result in excess hardening in the region of the

grain boundaries. This was shown to be due to a positive
binding energy between the solute atoms and vacancies.

Thus during high temperature annealing, vacancies are
generated and distributed evenly throughout the lattice.

On cooling to lower temperatures the lattice becomes
super-saturated with vacancies, some of which, when close
enough to a grain boundary tend to migrate to- that

boundary where they are annihilated. Where there is a
positive solute-vacancy binding energy, these migrating
vécancies can transport the solute atoms through the
lattice to the grain boundary where the vacancy is annihi-
lated. This can result in a build-up of solute atoms at
the grain boundary. The thermodynamic driving force for
the diffusion of the solute atoms to the grain boundary is a
decrease - in lattice free energy associated with the
annihilation of the vacancies. These researchers (68)
consider that close to the boundary, interference will

occur between adjacent solute-vacancy couples. This can
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cause the release of one of the vacancies, with the result
that a cluster of solute atoms begins to form. This
cluster will be less mobile and consequently the size of
the cluster of solute atoms can increase on interaction

with other solute-vacancy couples.

Howard and Lidiard (80) indicated that the solute-vacancy
interaction can result - in two mechanisms of segregation:
(1) direct coupling where segregation occurs by vacancies
dragging the solute atoms through the lattice; or
(2) contra-flow, in which vacancies move in one direction,
and solute atoms in the opposite. |
In direct coupling the solute atom(s) are bound to the
vacancy with energy large compared with kT (81). The
excess of vacancies over the equilibrium concentration
results in the diffusion of the vacancy-solute couples to
the vacancy sinks in' the grain boundary where the vacancies
are annihilated. Steady state is reached when the solute
atom flow resulting from vacancy drag is balanced by

reverse solute flow due to the solute gradient produced.

Seah (82),'in his work on grain boundary embrittlement,
where he wascoﬁ}dering equilibyium due to isothermal, or
slow cooled, heat treatments, concluded that in most metal
systems, most elements in solid solution segregate to

grain boundaries and are located within one atom‘5pacing-

of the boundary. He considered that at monolayer and
submonolayer segregation levels in a multicomponent system,
there will be no site competition between species, although

at higher-segregation+levels there can be strong interactions,
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In the determination of the Segregation mechanism operating
in a given alloy system, the effect of heat treatment on
the corrosion rate can be used as an indirect method C(81),
If equilibrium segregation is involved an increase in the
annealing or quenching temperature should result in a
decrease in segregation and intergranular corrosion. If
ﬁon-equilibrium segregation were involved, an increase

in the annealing temperature or an increase in cooling rate

should result in increased segregation due to vacancy-solute

interactions and increase corrosion.

Williams et a1 (02)

in their autoradiographic studies of
boron segregation in AISI type 316 suggested a similar
mechanism to that proposed by Aust. The segregation
increased with solution treatment temperature thus ruling
out the binding of the boron atom to the grain boundary.
I1f there was a binding energy'Es, then segregation varies
as exp ( - ESYRT ) in equilibrium giving the opposite
trend with temperature. The segregation only occurred
during a slow cool, and not during a quench and is there-
fore governed by diffusion kinetics on an atomic scale.

As with Aust (68)

,.the existence of solute-vacancy couples
is proposéd'with‘ah equilibrium between vacancies, couples
and solute atoms existing at solution temperatures that
alters on cooling, with the annihilation of vacancies at

the grain boundary ledding to build up of solute atoms at

the boundary. S A

That solute segregation is associated with the intergran-

ular corrosion of austenitic stainless steels is now
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incontrovertible. However although several workers (43, 72)

have produced direct evidence of such an association using
Auger spectroscopy, there is very little indication as to
why solute segregation should result in increased chemical
attack at the grain boundaries. Evans (83) considers that
when there are impurities in the form of solute atoms
present at the grain boundary, it is possible for the region
in the immediate vicinity of the grain boundary to differ
from the centre of the grains in electrochemical behaviour.
This difference is most notable where there is a small
amount of impurity, just enough to saturate the accomodation
sites in the grain boundary and leave the area of grain

away from the boundaries relatively free from impurity. The
boundary region could either become more or less noble than
the grains around it. The most damaging situation is

when the grain boundaries are anodic and the grains cathodic
in a given electrolyte. There would then be an anodic
current, caused by the difference in potential between the
grains and the boundary, concentrated on the boundary region,
resulting in the metal atoms passing into solution at the

boundaries.

The effects of a passivating film on the surface of the
metal may be important in the intergranular attack. If a
passivating film forms on the surface of a metal in an
electrolyte, the nature of the film formed over the grain
boundary regions may be less perfect due to both the
different substrate structure and the altered chemical

composition of the segregated grain boundary region.
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Braun et al (84) found that in aluminium, grain boundary
diffusion could increase the impurity content of the oxide
film. Vefmilyea and Tedmon (85) suggested that the electri-
cal conductivity of an oxide can be altered in the region
of grain boundaries by any impurities that had segregated
to these regions, resulting in increased corrosion locally.
Once attack on the grain boundary region had started, it
would progress-rapidly due to the high local current

density.

Any increase in solute atom concentration at the grain
boundaries will necessarily result in a decrease in the
concentration of the constituent atoms of the parent
alloy. The preferential displacement of either nickel

or chromium from the grain boundary region will alter

its chemical nature and this could be sufficient to induce

preferential corrosion.
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Numerous techniques have been devised to try and establish
the existence of solute segregation in austenitic stainless
steels. Westbrook (86) and Inman and Tipler L65) have
covered very adequately most of the earlier methods, which
included mechanical and chemical sampling with wet analysis,
selective etching of boundaries, use of radioactive tracers
chemically and autoradiographically, chemical printing,
electron microprobe analysis, x-ray lattice parameter
measurements, and many others. None of these methods gave
entirely satisfactory results in showing a segregated
region. The main problem is that the segregation often
exists only over a very small region and the resolution of
the various methods has been insufficient to detect the

very low concentrations of segregants that may exist.

In recent years several methods have been introduced which
hold promise for the future. These are Auger electron
spectroscopy, scanning transmission electron microscopy and

electron energy loss spectroscopy.

Auger electron spectroscopy is very useful for analysing the
composition of metal surfaces. The surface to be analysed
is irradiated with an electron beam approximately 0.5 um

in diameter, the energy of the electrons being in the
2000-3000 eV range. Electrons are reflected, scattered and
ejected from the metal surface in a wide range of energies.
When excited electrons fall from a higher -energy level to

a lower energy level the energy differential may be made

up by either the production of x-rays or the emission of

an Auger electron. These electrons are emitted from a
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surface layer lO—lOO_K thick (87) and will have charac-
teristic energies for a given material. By comparison

of the energy of emitted Auger electrons, with a table

of electron binding energies for different elements, it

is possible to identify the elements present. The number
density of fhe'Auger electrons is proportional to the

atomic concentration of the element at the surface.

Normally the derivative of the Auger electron number
density is plotted agéinst energy and the peak to peak
height is proportional to the atomic fraction. A normalised
prbcedure based on empirical results from pure standards is
required to arrive at an elemental composition. The main
advantage of Auger spectroscopy is that it will only analyse
a very thin surface layer, as the Auger electrons resulting

from deeper in the specimen will be absorbed.

However the Auger method does have certain drawbacks. To
obtain a good clean surface of a grain boundary for
analysis, it.is necessary to fracture the specimen in ultra
high vacuum (UHV) in such a way that intergranular failure
along the grain boundary occurs. This is relatively easy
for specimens showing a ductile-brittle transition with
temperature or where there is enough segregation material

at the grain to produce inherent brittlenéss. Austenitic
stainless steels do not.transform from ductile fracture to
brittle fracture at low temperature and even at temperatures
of < - 150°C their fracture behaviour is ductile. Joshi

and Stein (43) and Abe and Ogawa (753 havé obtained inter-
granular fractures of AISI type 304. stainless steel suitable

for Auger spectroscopy. This has only been done with
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severely sensitized steels (88) such as 600°C for 24 hour
(Abe), or three days @ 580°C (Joshi). No such fracture
or analysis has been achieved of non-sensitized or low

carbon (304L) steels.

The other recently developed method of investigation that
shows much promise for the analysis of solute segregation
is scanning transmission electron microscopy (STEM)

combined with an energy dispersive x-ray spectrometer.

6.1 " X-ray analysis using STEM

This is one of the most useful methods of in situ analysis
of electron microscopy specimens. The theory behind this
method is very similar to that used in electron-probe
microanalysis (EPMA), and the two methods are discussed and

compared in detail in appendix 4.

STEM has a better resolution and can provide a clearer image
of the area of interest than EPMA (89), which uses a bulk
specimen, instead of the very thin specimen used in STEM.

If a specimen is thin enough for conventional TEM work it
will be thin enough for STEM.(°0"%3) sTEM microanalysis
utilises the characteristic x-rays produced by the inter-
action of specimen and electron beam to determine the elements
present. A method of peak to peak ratios has been devised

- (94, 95) to determine elemental concentration from x-ray
intensities. Although this method can be quite accurate,
problems h#ve arisen in practice from the production of

unwanted x-rays (20-98)
(99-101)

and difficulty in optimising spatial

resolution
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6.2 Analysis of grain boundary regions using STEM

in two casts of 304L

To try and determine if any particular solute segregate

atom species was responsible for the increased intergranular
corrosion observed in the two casts of AISI 304L several
specimens were examined using STEM microanalysis. The
specimens chosen for examination were those that had

shown a high corrosion rate in the nitric acid test.

The specimens used were identical to the TEM specimens

and the same preparation'procedure was used (see Appendix).
The microscopes used were a Jeol 100B and a Phillips 400*
both with ancillary STEM attachments. With the Jeol a
Kevex Si solid state detector was used in combination with
Kevex 6000 subsystem electronics. The Philips microscope

was used with an Edax Si solid state x-ray analysis system.

The first work was done on the Jeol and a new specimen rod
was made to use in conjunction with a low background carbon
specimen holder supplied by Jeol. The specimen could only
be tilted about one axis, that of the specimen rod. This
was also true of the Philips which utilised a beryllium

low background holder supplied by the makers.

* Facility provided by Birmingham University
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6.2:1 Effect of Angle

Using an AISI 316 specimen it was found that at low angles

(< 20° between beam axis and normal to specimen) the

count rate or number of electrons reaching the detector
dropped off dramatically, as the specimen was shielded by

the holder. The count rate of x-rays was found to be a
maximum between 35° and 45°. The most frequently encountered
spurious x-ray lines were the Cu peaks, being present on all
the spectra obtained during the tests. The ratio of peak

counts Cu Ku to Fe Ka was a minimum in this region.

6.2.2 Effect of X-ray Detector Distance from Specimen

Keeping all other parameters constant, increasing the
distance from detector to specimen resulted in decrease in
count rate and an increase in the Cu Ka/Fe K, ratio as fewer
-specimen originated x-rays and more spurious copper Xx-rays
reached the detector. The detector was kept as close as

possible for all tests.

6+2.3 Silver Plated Specimen Holder

Several trials with a silver plated specimen rod combined
with a smaller low-background carbon insert to hold the
specimen resulted in much lower Cu Ka/Fe K, ratio with a

316 specimen. The hole count (no specimen) only had small
FeK and CuK peaks arising from the interior of the specimen
chamber. However this specimen holder was found to partially
shield the specimen from the detector resulting in low count

rates.
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For analyses of grain boundary regions two spectra were
recorded, one using a narrow electron beam on the feature

of interest, the other a wide-beam spectrum from the centre
of the grain away from the grain boundaries. For spectra
comparisons either the integrated peak count of the Fe K,
peak was kept the same (usually 5000 or 10000 counts) or

the count live-time was kept constant (e g 300 seconds)

Dead time was kept in the region 20 - 30% on the Jeol. The
smallest spot size was used for microanalysis. This resulted

in a beam diameter of 0.025 y.

6.3 Specimens examined using STEM microanalysis

The specimens examined were the two AISI 304L steels in the
as-received condition, and after various heat treatments as

shown in table 9

Table 9

Specimens examined using STEM with X-ray analysis

Nitric acid

Specimen Cast Condition corrosion
As received‘ A Work softened low
As rTeceived B M very high
d A soltuion treated WQ low
3 A " v AC moderate
13 B sensitized 100 min 650°C moderate
E3 B sensitized 700 h 650°C high
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The analyses performed were qualitative or in some cases
semi-quantitative, as lack of time and available machinery
precluded full quantitative analysis. As previously
discussed other workers have proposed P, Si, S and B as
elements which may affect intergranular corrosion in
nitric acid. Boron is of too low an atomic number to be
detected by X-ray analysis and was excluded, but the
other three elements were the main consideration when the
spectra were examined. For each heat treatment, several
different specimens were prepared, sometimes as many as
fifteen, the exact number depending on the success during
electropolishing which varied considerably. The area of
the specimens used for analysis were under 250 nm thick,
measured using the contamination spot method. Where
intensity ratios were calculated, they were first back-

ground-corrected by removal of the part of the spectrum due

to Bremstrahlung radiation.
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6.4 Results

6.4.1 As received steels

In both steels A, B, there was little difference between

the spectra obtained from a grain boundary region, and the
spectra obtained from the grain centre. There were no
detectable phosphorus or sulphur peaks, and although silicon
was detected it was present in eéual quantities. There were

no unexpected peaks found in any of the grain boundary spectra.

6.4.2 Cast A Solution treated 1050°C Water quench

No difference was observed between ‘grain boundary and centre
grain spectra, and no unusual peaks were found in the

spectra.

6.4.3 Cast A Solution treated 1050°C Air Cooled

This treatment resulted in a wider variation of spectra
during analysis. There were slight differences in several
characteristics peaks of lower intensity, while the peaks
of the major elements Fe Ka’ Cr Ka’ Ni KOL remained at a
similar ratio whether obtained from a!graih or a grain
boundary. On-several specimens these differences were
slight and-could be attributed to variations in background
noise and Bremstrahlung radiation. Two specimens showed a
distinct difference in phosphorus 1level between grain and
grain boundary. This can be seen from the x-ray count rates
in counts per second for individual characterisitc X=-ray
peaks. The three readings were taken consecutively, the

0
STEM beam (v 100 A diam) being moved from a grain boundary
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triple point to the centre of the grain, then back to a
region of the grain boundary away from the triple point.

The x-ray count rates for the relevant peaks were:-

Table 10
X-ray counts/sec.

Energy grain triple

X-ray peak grain
KeV boundary point

Si Ka 1.74 11.6 11.1 10.8 & 0.l
P Ko 2.01 1.40 7.60 8.00 + 0.05
S Ka 2.3 3.00 3.20 3.20 & 0.05
Cr Ko 5.41 450 530 475 + 5
Fe Ka 6.40 1145 1145 1465 =+ §
Ni Ko 7.47 230 230 225 & B
Peakratios
(Ko ﬁeaks)
Cr/Fe 0.32 0.33 0.36 + 0.02
Si/Fe .007 . .008 .007 *+ .001
P /Fe .0009 .0052 .0055 + .0005
S /Fe .0021 .0022 .0022 + .0005

Similar results were found at all points analysed on this
specimen, the grain boundaries showing higher phosphorus

levels than the grains.

6.4.4 Cast B Sensitized 100 min @ 650°C

This specimen showed no significant difference between the

spectra from grain and grain boundary regions.
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line = matrix

Si dots - grain
boundary

Number of counts ——p

|

| 1 1
1.5 2.0 2+5 3.0
Energy KeV-——mm>

Partial energy dispersive X-ray spectrum for air cooled

specimen of cast A obtained by STEM.

Count live time - 221 sec.

Nominal beam diam. - 100 &
Accelerating voltage -~ 100 KV
X-ray count rate - 3200 cps approxe.
Channel width - 10 eV per channel

Counts full-scale - 1500

The graph shows a Spectruﬁ produced from a grain boundary
region superimposed on one obtained from a.matrix region in
the centre of a grain. They show identical silicon and
sulphur levels but the grain boundary spectrum has a distinct

phosphorus fpeak not observed in the matrix spectrum.
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6.4.5. Cast B sensitized 600 h 650°C

Of the analysis performed on these specimens two resulted
in similar spectra from grain-broundaries and grain centres.
One specimen resulted in a variation similar to that found
in some of the solution treated air-cooled specimens, with
a slightly higher number of phosphorus x-ray counts
originating from the grain boundary region. Although there
was a distinct difference observed between the two spectra,
there was no pronouced phosphorus peak and the KeV energy
band where the difference was found was slightly

wider than expected. There did not appear to be any other
distinct difference between the two spectra. The Cl peak
is most probably due to the polishing solution used which

contained perchloric acid (see appendix

6.5 Discussion

Although the different heat treatments on casts A and B
resulted in widely varying corrosion rates, qualitative
analysis of the steels using STEM with energy dispersive
x-ray microanalysis did not show the irrefutable existence
of solute segregation. Some evidence of higher phosphorus
levels was found in the grain boundaries of two of the
specimens that showed high corrosion rates but no such
evidence was found in the as-received specimen of cast B
which had the highest intergranular corrosion rate of all.
The phosphorus *enrichment was not found in all the samples
of the two specimens which showed such attack. - This may

be due to the fact that only a small quantity of phosphorus

is present at the boundaries. The most distinct difference
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in x-ray spectra between grain and grain-boundary analyses
was found when the grain boundary analysis was performed
at a triple point. At such a point the atom spacing and
lattice mismatch is greater and there would be more sites
suitable for phosphorus atoms than would be found in an

planar boundary.

Phosphorus was detected at some of the grain boundaries

of a solution treated and air cooled specimen, and after
sensitization for 600 hours at 650°C2 but not in a solution
treated and water quenched specimen or in one sensitized

at 650°C for 100 min. This may be due to the effect
temperature has on the diffusion and segregation of
phosphorus Devine et al (69) examining 316L using Auger
spectroscopy, found negligible phosphorus segregation
after ageing for 40 hours at 600°C, compared with considerable
segregation at 675°C, and 700°C which showed the greatest
segregation. - The air cooled specimen would have passed
“through the range 1000 to 600°C in-under a minute, but the
diffusion and segregation would have been greater at the
higher temperatures. Short sensitizing times at 650° may
not result in phosphorus segrégation while longer times at
this temperature allow the level in the grain boundaries to

rise above the minimum detection level.

The lack of any indicated grain boundary segregation of

phosphorus. in the as received material of cast B was unex-
pected, as it had a high intergranular co?rosion rate. The
mechanism operating may involve another species or combina-

tion of species, or the level of phosphorus at the grain
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boundaries examined was below the detection limit. The
number of specimens analysed was small and a more satisfac-
tory conclusion could be reached from a larger number of

analyses.

There will always be a problem when the concentration of

the segregating species at the grain boundary is low. Very
long counts are needed to give a good peak to background
ratio and when the peaks are small, masking by other peaks
can cause problems. The other main problem is that of
resolution as the segregated species may only be a monolayer
thick resulting in a large part of the signal coming from

non-significant regions,

Phosphorus segregation could not be tied definitely to
intergranular corrosion in these two steels. Although
phosphorus was detected at the grain boundaries of some
of the specimens that had a high corrosion rate, none was
detected in the as-received material of cast B which had

the highest rate of intergranular attack.
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uS-pDEC-80 S5:95: 1%
RATE 2602CPS TINE 29531 SEC
90 -20KEV: 10EV/CH PRST: 0F ¢
A B:
FS= 942 MEM: A/B FS=

02

CURSOR (KEV)=02 08

ELEMENT |

Partial STEM/EDAX energy dispersive x-ray spectra for

cast A, solution treated 600 h @ 650°C

White spots - grain boundary spot count

Pink bars - matrix area count

Graph covers range O - 4 KeV. Dark vertical line indicates
position of phosphorus peak. 1In this case it is incon-
clusive as to whether phosphorus is present at the grain

boundary.
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7. Performance of 304L steels doped with Phosphorus

and Boron in the nitric acid test

A link between phosphorus segregation and intergranular
attack in nitric acid has been indicated in 304L in this
work. This confirms the findings of the researchers
working on austenitic steels mentioned earlier in this

work. Other workers (12,23,24,

104,105) have shown that
boron may affect the corrosion behaviour of stainless steel

in acids deleteriously.

The effect of small additions of these elements to 304L
type steel on its corrosion rate in the nitric acid test
was studied to try and ascertain the manner in which

these elements acted.

7:1 Méﬁefiﬂis

Two experimental casts of austenitic steel were used¥*,
one cast having four different 1levels of boron additions
the other set having four different- levels of phosphorus
The compositions of the steels were:

Cast Cr Ni C Si Mn Mo B P Fe
803A 18.0‘12.0 .011 .21 1.61 .09 .001 N/D Bal.
8o 18.1 12.0 .010 .20 1.60 .09 .003 i 2
go3c 17.9 11.9 .006 .21 1.58 .09 .0055 " "
gosp 17.9 12.0 .007 .21 1.57 .09 .0085 " "

*Made and supplied by British Steel Corporation
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Cast Cr Ni C Si Mn Mo B P Fe
976A 17.2 9.2 .018 .12 1.47 .08 .001 .006 Bal.
9768 17.2 9.19 .019 .12 1.47 .08 .001 .0l4 "
976C 17.0 9.1 .020 .17 1.45 .08 .001 .021 "
976D 16.9 9.15 .018 .14 1.42 .08 .001 .028 "

The steels were produced from a Renko® Iron base melted

in a HF furnace with the Ni. The melt was deoxidised with
Si and low Carbon ferro-chrome was added with Mn metal.
Phosphorus was added to 976 in the form of Fe/25% and the
50 Kg cast was then split into 4 x 12.5 Kg casts with more
phosphorus being added after each split. Cast 803 was
trecated similarly except that boron in the form of

Fe/15%B was added instead of phosphorus. The casts were
melted in a magnesite crucible and were top poured into
ingots. These were then rolled to slab, surface dressedl
with a grinder, hot rélled to }" thick, reheated to 1200°C
and rolled to the finished size, (6mm x 150 mm)

* High purity, low residual iron,

7.2 Experimental

Prior to being subjected to the nitric acid test the steels
were given a range of heat treatments designed to show
differing cooling rates from the solution treatment temp-

erature of 1050°C. The treatments were:

1. S.T. 1050°C 30 min Cooled in vermiculite
2. L Air cooled i

3. " ' Forced air cooled

4. T Water quenced
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The heat treatment*: was performed in a furnace with

an N,/H,/CO (40/40/20) atmosphere. The vermiculite

cooled specimen was transferred from the furnace to a
box half-full of vermiculite and then covered with a
thick layer of vermiculitc and allowed to cool. The
forced air cooled specimen was cooled on a thin gauge
wide mesh 'grid, above a large fan giving a vertically
upwards flowing stream of air at ambicnt temperature.
Using a dummy speccimen with a §" holec drilled out of the
centre contained-a: Pt/Rh- thermocouple, the cooling rate

in each trcatment was measured.

Time min _Vermiculité[V) Air ?ﬁ] Forced Air (F)
0 1050 . 1050 1050
) 884 . .|, 830 750
1 . 830 . 680, 560

2 762 _ 510 : 335
3 . 715 . . 405§ 55 240
4 - 670 335 150 -
5 : 645 295 90
6 615 255
7 4 590 225

310 = -1528

15 452

20 398

Table 11  Cooling rates of 304L
*Facilities were provided by

BSC, Sheffield Labofatories, Rotherham
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Over the first minute the average cooling rates °c/sec

were:
Vermiculite Cooled (V) - 3.7
Air (A) - 6.2
Forced Air (F) - 8.2
Water Quench (W) - Approximately 50 between 1050°C

and ambient temperature

During heat treatment, the specimens were painted with a
proprietary compound to reduce oxidation. Oxidation was
minimal, and after treatment the specimens were ground

on wet SiC papers to a 180 mesh grit finish in preparation
for the nitric acid test. The test used was the standard
ASTM test, designated A-262-79, Practice C discussed
earlier in this work. For most treatments two separate
tests were performed, a third test sometimes being used
where there was a wide disparity in the first two results.
During testing care was taken to limit possible sources

of contamination that could alter the test results.

After completion of the test, all specimens were examined
by SEM to determine the nature and extent of the surface

attack on the steel.

An optical metallographic examination was also made of
the steels in the work softened condition-and after the
heat treatments. For this examination the steels were
ground on SiC papers and polished to a lu finish using

diamond paste. They were then given a light anodic etch
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in 10% oxalic acid at ambient temperature for 30 secs. at
4v. The current density was 0.25 A/cmz. This was found
to reveal the metallographic structure better than the

chemical etches investigated.

One specimen each of cast 976 and cast 803 was investigated
using TEM/STEM in conjunction with energy dispersive

x-ray analysis. These methods were used to search for
evidence of grain boundary segregation and precipitation,

arising as a result of the phosphorus and boron addition.
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159 Results

There was found to be considerable variation in the nitric
acid test results. These differences were even found
between specimens that had been given the same heat treat-
ment as well as between specimens given different treatments.
The degree of general grain dropping over the whole surface,
and the degree of localised attack were both assessed as

being slight, moderate or heavy.

The localised attack on maasy specimens manifested itself
as heavy grain dropping, occurring in narrow band-like
regions that ran parallel to the rolling direction. It
was possible for considerable grain dropping to occur in
these regions of localised attack, while little or no

grain dropping occurred elsewhere.

74342 Nitric Acid Test corrosion rates and extent of

intergranular attack

The results are displayed in tabular form to show the con-
nection between corrosion rate and grain dropping and
localised attack due to inclusions/inhomogeneity. The
results are then displayed graphically to show the relation

between corrosion rate and level of additive.

All specimens were held at 1050°C for 30 minutes prior

to cooling.
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Cast 976

Average cooling rate between 1050°C and 850°Cc = 12°C/sec.

1

g P

A(i) .006
(ii)

B(i) .014
(ii)

C(i) .021
(ii)

D(i) .028
(i1)

Forced Air Cooled

Grain

Dropping

moderate

v.slight
slight

v.slight
slight
slight
slight
slight

2. Air Cooled

Average cooling rate

P

A(1)
(ii)
(iii)
B(i) .
(ii)
(iii)
C(i)
(ii)

(iii)

.006

.014

.021

T

Grain
Dropping
slight

moderate

moderate

. moderate

slight

Localised” Corr.Rate

Attack

moderate

v.slight
slight

v.slight
slight
slight
slight
slight

between 1050°C and 850°C = 8°C/sec

Localised Corr.

Attack

moderate

heavy

. moderate

moderate

moderate
slight

moderate

moderate
moderate
moderate
moderate
moderate

moderate
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mg/cm2/48h

Rate

mg/cm2/48h

average
3.3 1
1.4 £ 0.2
1.5 £ 0.1
1.8 = 0.3

average
6.6 £1.7
4.5 3.5
4.6 £3.53



2. Air Cooled (continued)

Grain Localised Corr. Rate
% P 5 average
Dropping Attack mg/cm®/48h
D(i) .028  slight none 2.9 2.2 + 0.4
(ii) slight slight 1.8
(iii) slight slight A |

3. Vermiculite cooled
Average cooling rate between 1050°C and 850°C = 15°C/sec
Grain Localised Corr. Rate

$ P 2 average
Dropping Attack mg/cm”/48h

A(1) .006 none slight 5.4 3.5 £1.9
(i1) slight slight 1.7
B(1i) .014 none v.slight 1.8 1.6 = 0.2
(1ii) none none 1.5
C(1) .021 slight 'slight 2+0 1.8 £ 0.2
(ii) slight  slight 1.7
D(i) .028 slight slight 3ol 3.3 £0.2
(ii) slight slight 2+5
4. Water Quenched
Average cooling rate between 1050°C and ambient
temperature =150°C sec.
Grain Localised Corr.Rate
P % . 7 average
Dropping Attack mg/cm?/48h
A(1) .006 slight slight 1.7 1.9 £0.3
(ii) slight slight 2+2
B(1i) .014  slight slight 3.2 3.7. 0.6
(ii) moderate moderate 4.3
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4. Water Quenched (€ontinued)

Grain Localised Corr. Rate
P 4 2 average
Dropping  Attack mg/cm”/48h

C(i) .021 slight slight 1.9 2:5 £ D.
(ii) moderate moderate Sl

D(1i) .028 slight slight 3.0 2.7 £ 0.4
(i) slight slight 2.3

5. Effect of Solution Temperature

All specimens cooled in vermiculite

Solution Corr. Rate
= o P 5 average
Temp ~C mg/cm”/48h
A 900 .006 7.4 7«6 % 0.2
5 7.8
1050 .006 5.4 SiuS 3B 1.8
17
1100 .006 Ll 2.9 # 0.9
3.8
D 900 .028 3.1 I
1050 .028 el 3.3 & 0.2
3.4
1100 .028 1.7 5.3 £ 3.6
8.9
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Cast 803

1. Forced Air Cooled

Average cooling rate between 1050°C and 850°C = 12°C/sec

Grain Localised Corr. Rate
% B ) 2 average
Dropping  Attack mg/cm”/48h
A(1) .001 moderate moderate 3.9 5.3 + 1.4
(ii) heavy heavy 6.6
B(i) .003 slight moderate 1.8 2.8+ 1.0
(11) moderate  slight 3.9
C(i) .0055 slight slight 4.6 4.8 + 0.2
(i1} moderate slight 5.0
D(1) .0085 slight slight 4.5 5.6 £ 0.9
(ii) slight slight Za1

2. Air Cooled

Average cooling rate 1050°C to 850°C = 7.8°C/sec

Grain Localised Corr. Rate
% B 2 average
Dropping Attack mg/cm”/48h

A(1) .001 heavy heavy 6.1 6.1
(ii) heavy heavy 6.1

B(1) .003  heavy heavy 14.6 12.8 + 1.8
(ii) heavy heavy 11.1

C(1) .0055 slight slight 2 ol 6.5 + 3.8
(1ii) v.heavy v.heavy 10.2

D(1) .0085 none slight L3 6.4 = 6.6
(ii) : moderate moderate 4.9
(1ii) heavy heavy 13.0
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3. Vermiculite Cooled

Average cobling rate between 1050°C and 850°C = 5°C/sec

A(1)
(i1)
B(1)
(i1)
C(1)
(ii)
D(i)
(ii)

(iii)

Grain
% B
Dropping
.001 moderate
none
.003 slight
moderate
.0055 moderate
slight

.0085 heavy
slight
slight

4, Water Quenched

A(1)
(ii)
B(1)
(i1)
C(1)
(11)
D(1)
(i1)

Grain
% B
Dropping
.001 slight
slight
.003 slight
slight
.0055 moderate
slight
.0085 slight
moderate

Localised

Attack

heavy
slight
slight
heavy
heavy
slight
heavy
slight

slight

Localised

Attack

moderate
slight
slight
slight

v.heavy

moderate
slight

moderate
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Corr. Rate

mg/cm2/48h

8.1
1.4
2.2
8.4
2.4
5.3
2.35
235
1.94

Corr..Rate

mg/cm?/48h

505
2.2
5.3
243
13.8
3.0
1.8
Ss3

average

3.4

5.3 3.1

H

a8 ]
a8 ]
I+

average

2.8 £ 0.7

I+
[
jur

2+9



5. Effect of Solution Treatment Temperature

Solution

Temp °c

803A 900

1050

1100

803D 900

1050

1100

Corr. Rate

-.146 -

% B 2
mg/cm“/48h
.001 1250
0.9
.001 8.1
4.1
.001 1.5
2.3
.0085 12.7
10.6
.0085 2.3
1.9
.0085 4.2
3.1

average
§.5 & 5.6
6.1 + 2.0
1.9 0.4
11.2 £ 1.6
2.1 % 0.2
3.7 £ 0.6
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Lffect of Different Solution Temperatures on the Corrosion

Rate of Cast 976 in the Boiling 65% Nitric Acid Test

9 .
8 o
5 0 976A
o) + 976D
7 -
6 =

2
Weight Loss mg/cm™ /48h.

L 1 . 1

200 1000 1100

Temperature C
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Effect of Different Solution Temperatures on the Corrosion

Rate of Cast 803 in the Boiling 65% Nitric Acid Test

o)
12 | ¥
11 F
10 p
9 F
8 r

Weight Loss mg/cmz/QBh.
o
L ]

3 -
2 o
1r +
i [ ] i
900 " 1000 . 1100

Solution temperature C

Fig. 29
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7.4 Metallographic Examination of Casts 976 and 803

Optical examination of the steels in the work softened
condition on a Reichart microscope after polishing, and an
oxalic acid anodic etch, showed an equiaxed grain structure
with a large number of annealing twins. There appeared to
be only one phase, although dispersed through the steel
were a number of inclusions that were often strung out in
lines across several grains. Within the grains themselves
were a large number of small round particles and inclusions.
The distribution ‘of the inclusions did not vary much
across the specimens, and the directional inclusions always
ran parallel to the rolling direction. There was also
heavy banding across the the whole specimen in the same
direction. It was noticeably heavier in some regions than

others.

There appeared to be three types of inclusion morphology

after the oxalic acid etch:

1. Clear grey, angular particles showing no attack
2. Particles showing dissolution at matrix/particle
interface.

3. Pits showing no trace of a particle.

The individually dispersed particles showed a greater
tendency to form pits than the directional inclusions,
the pits were quite shallow and it was possible to focus

on the bottom of the pits in most cases, with the optical

microscope.
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At a magnification of x400, this etch did not reveal any

particles on the grain boundaries.

The metallographic structure of the steels after heat
treatment did not differ to any great extent from that of
the work softened condition. The same inclusions were
evident after all the treatments. There was no precipitation
visible to any great extent at the grain boundaries, even in
the specimens with the slowest cooling rate, cooled in
vermiculite. This constrasts markedly with the two
commercial casts of 304L, A and B, which, after being cooled
in vermiculite, showed very distinct grain boundary
precipitates after an identical etch in oxalic acid.

(Plates 37,38,39)
The grain sizes of the as-received material in the works

softened condition.was:

ASTM x 100
976A 53
976B 6
976C 6
976D 6
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Plate 35 Cast 976, as received, works softened. Etched in
10% oxalic acid. Shows banding, inclusions and

pitting on grain boundaries. x400

Plate 36 Cast 803, as received, works softened. Etched in

10% oxalic acid. x400
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(37)

(39)

Plates 37, 38

Experimental cast 976D (37) shows no grain
boundary precipitates, while commercial
cast A(38) shows extensive precipitation.
Both steels were solution treated for 30
mins at 1050°C, and cooled in vermiculite.

Etched in 10% oxalic acid for 10 secs. at 4V.

X1125
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Plate 38
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Cast B solution treated for 30 minutes 1050°C and

cooled in vermiculite. Etched electrolytically in

10% oxalic acid for 10 seconds at 4V. Shows

the grain boundaries.
x 1125
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7.5 SEM Examination of Ground Specimen Surface prior

to Nitric acid testing

On the ground surface of the specimens, very few features
were seen except where grinding had revealed areas liable
to localised attack. These had a rough appearance, and

seemed to consist mainly of small nodules.

When a portion of the rough area, taking in a large number

of the nodules was analysed using the Kevex equipment in
conjunction with the SEM, it was found that it was rich

in chromium. This can be seen by comparing the characteristic
X-ray peak intensity ratios. Only Cr, Fe, Mn, and Ni were

detected in significant quantities.

Ratio Ordinary
(Background Corrected) Ground Surface Nodular Region
Cr Ka/Fe K, 0.30 1.55
Mn ha/Fe Ka 0.07 0,73
Ni hu/Fe Ka 0.04 0.07

This type of flaw was common to both cast 976 and 803

although it did not arise in all specimens. It was not
always present at the start of grinding, often appearing
at later stages of grinding, indicating that it was not

simply a surface defect.
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7.6 SEM Examination of Specimens Subject to Nitric

Acid Test

7.6.1 Cast 976 General observation -

Several specimens showed a large area of the specimen
surface being affected by grain dropping and localised
attack,the specimens with the worst localised attack
showing the most severe grain dropping. The localised
attack varied from areas less then 50 p in width, to areas
more than 1 mm wide. These areas of heavy grain-dropping
had a noticeable fibrous structure parallel to the

rolling direction. In the areas of heavy attack no large
inclusions were found, although this may be due to the
initial inclusions having dropped from the surface. Within
the grains however, were.a large number of small angular

inclusions. (Plates 41,42)

Using a 'Kevex' energy dispersive x-ray spectrometer and
‘analysis equipment, a spot analysis was performed on a

wide selection of the angular inclusions.

Most of the 1érger (v 5 ﬁ diam.) particles analysed had a
high chromium content. There was also manganese and
possibly iron present but it is more difficult to assess

the presence of these elements as the manganese K& peak is
masked by the chromium Kg peak and the iron K, peak is
masked'by the manganese K8 peak. The background —'cérrected

intensity ratios for these peaks were: -

Cr Ku/Fe Ka 13.87
Mn Ka/Fe Kd" 7.04
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No other elements were detected in any significant quantify,
and although the particles varied in size and shape' the
intensity ratios did not alter much: A typical triangular
particle had sides of 3.5 p and dissolution had occurred

at the particle/matrix interface. Some smaller particles
were also present. These tended to be round or oval. Two
such particles analysed using the Kevex equipment gave the

following characteristic x-ray intensity ratios _(background

corrected)
Particle 1 0.5 x 0.5
Cr ha/Fe Ka 0.51
Mn ha/Fe Ka 0.77
S /Fe K 0.65
o
Particle 2 0.1y x 0.5y
Cr K, /Fe K, 0.44
Mn Ka/Fe Ka 0.36
S /Fe Ka 0.32

No other significant elements present.

Some of the Fe and Cr x-rays may have come from the bulk
material. It is most probable that these inclusions were

manganese sulphides.

The interfacial dissolution was less noticeable on the
manganese sulphides but was a common feature of the high
chromium inclusions in cast 976. The various heat treatments

made little or no difference to these inclusions.

- 162 -



The amount of localised attack was independent of phosphorus
levels in the steel. However, in most heat treatments it
was found that 976A, with the lowest phosphorus, had the

highest localised attack, and more general grain dropping,

than the other three phosphorus levels.
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7.6.2 Water Quenched

Most of the water quenched specimeﬁs of cast 976 showed
only a small degree of intergranular attack although the
measured weight losses were higher than expected. After
48 hours (oné period) in the nitric acid there was a.
clear relationship between phosphorus level and surface
appearance and weight loss.

Table 14
Weight loss and degree of intergranular attack of Cast 976

after 48 hours in the nitric acid test.

Cast | Phosphorus Weight loss Intergranular
wt. % mg/c:m2 attack

976A .006 133 none

976B .014 1.65 slight grooving

976C .021 1.79 40% ditch

976D .028 E, PBE 80% ditch

The definite pattern was not maintained in the subsequent
4 periods and the weight loss figures increased in each

period, except in cast 976D which showed a decrease and

then remained steady.

None of the four parts of cast 976 water quenched showed
massive grain dropping except where there was heavy localised
attack. A common feature of the water quenched specimens was
a sub-surface end-grain type attack that fesulted in removal
of considerable amounts of metal without any appreciable
surface attack. This attack was not evenly distributed over

the end-grain surface that was exposed to the acid, but was
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limited to a layer 0.5 - 2 mm below the rolled surface.

rolling
direction

end grain attack

End grain attack on water quenchéd cast 976 after'expOSUre

to the nitric acid test

The end grain attack often penetrated to a considerable

depth (> S5mm).

L

7.6.3 Forced Air Cooled

Only one specimen showed-grain dropping evenly over the
whole surface, but several showed the localised dropping

of grains due to inclusion attack. In nearly all cases
the'original grinding marks could still be seen. At higher
maéﬁifications it was observed that the grain-centres of
some grains had suffered attack related to the crystai
structure. This resulted in a:honeycomb type structure on
the‘grain surface. There was no clear trend of surface

attack against level of phosphorus.
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7.6.4 Air Cooled

The air cooled specimen with the highest phosphorus level
had the lowest intergranular attack but this coincided
with the lowest localised attack. The specimens showed a
very wide range of intergranular attack, one specimen of
976A (.006 P) showing virtually no intergranular attack,
with another showing heavy attack with widespread grain
dropping due to massive intergranular penetration. The
nature of the attack was similar to the forced-air cooled
specimens but overall there was more grain dropping and

more localised attack.

7.6.5 Vermiculite Cooled

%heée slow cooled steels resulted in the lowest level of
intergranular attack and grain dropping, and the lowest
degree of localised attack of the three cooling rates. In
all cases the marks remaining from the original surface
could be clearly seen. The intergranular attack, such as
it was, generally increased with increasing phosphorus
level. Several of the specimens which showed very little
intergranuiar attack showed the centre grain attack that
resulted in the honeycomb structure found in some of the
forced-air cooled specimens. This kind of attack was absent
in the specimens where large amounts of grain boundary

material had been ramoved by the action of the nitric acid.
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7.6.6 Vermiculite cooled from different solution-

treated temperatures

Of the three solution-treatment temperatures 900, 1050,
llOOOC, the amount of intergranular attack and grain-
droﬁping was worst in the Specimen that was cooled from
900°C and least in that cooled from 1100°C. The morphology
of the corroded surface was similar to that of the

specimens vermiculite-cooled from 1050°C, but the honeycomb-
type grain-centre attack was absent in the specimens that
showed a low level of intergranular attack. The specimen
with the higher level of phosphorus had in general more

severe intergranular penetration and grain dropping.

% .67 Cast 803 General Observations

Cast 803 showed the same localised attack on many specimens
that was observed in Cast 976. This localised, attack
coincided with the worst cases of grain dropping. The

grain dropping was very variable.

The inclusions found were mostly similar to cast 976 but

in some of the narrow regions of localised attack, some
slab-like inclusions were observed. These were found in
several specimens after the nitric acid test. The presence
of these inclusions, as with the other much smaller high
chromium contént inclusions was independent of boron

additions to the steel. (Plates 43,44)

The slab-like inclusions were analysed using energy

dispersive x-ray analysis. They were found to be
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mainly silicon with small amounts of chromium, manganese,
titanium and iron, decreasing in that order. This
analysis was typical of the inclusion analysed and
although the ratios of the different elements varied
slightly, .the major element was always silicon. Typical
intensity ratios (background corrected) for slab-like

inclusions were;:-

Cr Ku/Fe Ka = 8.09 = 0.5
Mn Ka/Fe Ka = 5.89 = 0.5
Si Ka/Fe Ka = 54,18 = 2

T Ka/Fe KOL = 0.92 £ 0.05

Due to the wide spread of the electron beam in a bulk
specimen, a very small percentage of these counts may have
originated from the bulk material and not from the inclusion.
Oxygen cannot be detected by this analysis method, but it

is most probably that these inclusions are silicates with

small amounts of chromium and manganese.

7.6.8 Water Quenched

All the specimens of 803 that had been water quenched
showed similar corrosion behaviour except 803C which had

a very high level of localised attack, with massive silicate
inclusions that could be seen plainly with the naked eye.
There was very little grain dropping in any of the specimens
except in fhe immediate vicinity of the localised attack.

Ditching had occurred at most of the grain boundaries.
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7.6.9 Forced Air Cooled

Several specimens showed some grain dropping. In the

worst case approximately 40% of the original surface

grains had dropped from the surface. In the case of

least attack this figure was less than 10%, and appeared
still less, as the first grains to drop were always very
small (<30 u) compared with an average 60 - 80 u. Localised
attack was found in several specimens always coinciding with
heavy grain dropping. The amount and severity of general
intergranular and localised attack tended to decrease with

increasing boron content.

Grain-centre attack occurred in most of the specimens in
some cases quite extensively. It affected the larger
grains more and ﬁsually left a region at the periphery of
the grain that was unaffected. This region was found in

nearly all specimens that showed grain-centre attack.

7.6.10 Air-Cooled

The general intergranular, and localised attack were more
severe after air cooling than forced air cooling. Grain
dropping and localised attack were found in all specimens
except one of 803D with the highest boron content, which,
although having extensive grain boundary attack, dropped
only a few grains. It had a smaller grain size than the

specimens showing extensive grain dropping.

There was no noticeable trend of intergranular attack

with level of boron addition.
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7.6.11 Vermiculite Cooled

With only two exceptions these specimens showed
considerably less intergranular attack and grain dropping
than the air cooled smwecimens. The variations in boron
level had no effect on the severity of intergranular

attack.

None of these slow cooled specimens showed the grain-
centre attack that was found in the forced-air and air
cooled specimens. There was generally very little attack
on the grain surfaces except some round clearly-defined

pits.

Although there was some attack of twin boundaries, some
such boundaries showed no attack whatsoever. Incoherent
twin boundaries were more readily attacked than coherent

ONnes.

70512 Vermiculite Cooled from Different Solution

Treatment Temperature

The steels treated at 900°C showed far more intergranular
attack and massive grain-dropping compared with those
treated at higher temperatures. As with the other Cast 803
specimens that had been cooled in vermiculite, none showed
the honeycomb type grain-centre attack at any stage. The
different boron levels of the two steels investigated

803A and 803D made no difference to the mo%phology of the

corroded surface or the severity of intergranular attack.
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Plate 40

SEM micrograph of ground surface of specimen prior
to the nitric acid test showing defect that appeared
after several minutes grinding. Analysis showed this

area to have a higher Cr/Fe ratio than normal.
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Plate 41 Cast 803 solution treated 30 minutes 1050°C and
cooled in forced-air draught. Shows massive grain
dropping on surface after nitric acid test with

fibrous structure of grains revealed underneath.

Plate 42 Cast 976 D solution treated 1050°C for 30 minutes
and cooled in vermiculite. Shows high chromium

particle in grain surface after the nitric acid test.
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Plate 43 Cast 803 A soltuion treated 30 minutes 1050°C
and cooled in air. Shows specimen surface after
acid test with massive grain dropping and large

silicate inclusions.

Plate 44 Cast 803 C solution treated 30 minutes 1050°C
and cooled in air. Shows large slab-like
silicate inclusion and severe attack and grain
dropping on the specimen surface after nitric

acid test.
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7.7 TEM/STEM Examination of Casts 976 and 803

Due to the limitation of time only one treatment from each
of cast 976 and cast 803 was examined. The‘Spécimens that
had been air cooled were chosen for examination as these
had shown the highest intergranulaf attack in the nitric
acid test. The chosen specimens were 976D and 803D, which
had the highest level of phosphorus and boron additions
respectively. The specimens were prepared as detailed in

the appendix. (page 208)

7.7.1 976D Air Cooled

Using the TEM mode, the condition of the grain boundaries
of this steel were seen to be very variable. Many were
clean with no apparent precipitation. Others however,
showed signs of particles present on the boundaries and

tended to be of three types.

(i) The small particles (< .02 p diam.) tended to be
round and formed on straight, relatively clean boundaries.
The particles were often difficult to detect due to the
contrast arising at the grain boundaries as a resﬁlt of

dislocations, stacking faults and extinction fringes.

(ii) Larger and more prominent (0.12 p x 0.03 u) were the
particles on the boundaries showing considerable irregularity.
These boundaries tended to have a zig-zag appearance with
the particles forming on the boundary in one direction only,

The particles were quite closely spaced along the boundary.

- 176 -



(iii) The largest particles were approximately 0.04 u
‘wide and tended to be more continuous along the- boundary
than the other particles, so forming a distinct boundary
phase. Several of these particles had a high stacking
fault density indicating the possibility of Cr7C3.
However the extent of these particles was quite limited,

being found on only a few boundaries.

The specimen discs were found to have perforated frequently
where particles had dropped from the foil, and the holes were
often in straight lines. One such hole still contained a
particle although dissolution of the matrix round the
particle had occurred. When analysed using the energy
dispersive x-ray analysis it was found to be high in

chromium, and also contained some molybdenum.

STEM examination showed some very small particles on the
grain boundary, only just visible at a magnification of
25K. When a spot analysis was performed on a particle in
the grain boundary, there was very little difference between
that spectrum and one obtained from the centre of the grain.
In the STEM mode numerous analyses of the grain boundary

region detected no segregation whatsoever.

7:7.2 803D Air Cooled

This treatment resulted in cleaner grain boundaries than
were found in cast 976. The polishing resulted in quite
a few small holes in the specimen disc. Most of these

holes were associated with grain boundaries, However, no
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particles were observed on adjacent boundaries, and they

appeared to be caused by etching during the electropolishing.

Boron cannot be detected by energy dispersive x-ray
analysis and no other segregants were detected at the
grain boundaries when they -were analysed by spot analysis,

using the Kevex in the STEM mode.

There were holes in the foil in the centre of the grain

as well as those on the boundaries. These appeared to be
where particles had dropped from the foil. One hole had
not completely perforate& and still contained a particle.
Qualitative energy dispersive analysis showed the particle

to be high in chromium.

- 178 -



0S5-MAY-81 10:46:16

RATE: $972CPS TINE 2401 SEC
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Energy dispersive x-ray spectrum, produced by STEM, of
high chromium/manganese particle, in a solution treated and
air cooled specimen of cast 976D. The three major peaks are:
Cr (Ka) 5.4 KeV
Mn (Ka) 5.9 KeV
Fe (Ka) 6.4 KeV
The spectrum is a histogram and the horizontal axis shows
the x-ray energies in KeV on a scale from O to 10 KeV. The
vertical axis indicates number of x-rays for a given energy
with a full scale of 20240 counts. The horizontal axis
channel width is 10eV. The counting time was preset for

a live-time count of 240 seconds.
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7.8 Auger Spectroscopy

Previous workers have achieved, with heavily sensitized
304 steel, the intergranular fracture necessary for
Auger spectroscopic analysis., However this has not been

achieved with 304L.

Using the steels in this study (304L) from cast 976 with
the highest intergranular corrosion rates, and therefore
the greatest tendency to fracture intergranularly,
several Auger specimens were made in hope of studying the
grain boundary chemistry. Even after cooling in liquid
nitrogen, all specimens were found-to fracture trans-
granularly. This is expectéd where there is no distinct
grain boundary weakness, as austenitic steels do not
show a brittle-ductile type transformation, and normally

show ductile fracture even at very low temperatures.

Examination of the fracture surfaces revealed the lack
of grain facets which indicate intergranular fracture in

P

all specimens.
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7.9 Discussion

As with the nitric acid tests on cast A and B, the results
obtained with cast 976 (17/9 Cr/Ni) and cast 803 (18/12
Cr/Ni) were found to be very variable. 956 and 803 were
both small (50 kg) éxperimental casts which showed a large
amount of differential surface attack on certain specimens,
with some localised areas showing massive grain dropping
whilst adjacent areas showed noné. This type of attack

was not found in the commercial casts A and B.

In the nitric acid test investigations of 976 and 803
there ﬁas intergranular attack in all specimens, even in
those that had been solution treated and water quenched
and they showed considerably more intergranular attack
than the commercial casts A and B showed after similar
solution treatments. There was however, no catastrophic
intergranular failures, with grain dropping occurring on
over 90 per cent of specimen surface area, as was found in

some of the sensitised commercial steels.

The poorer performance of the experimental steels in the
nitric acid test when in the solution treated condition,
and the wide variability in results in this test can almost
certainly be attributed to the high level of impurities in.
the form of inclusions in this steel. The impurities can

result in disastrous localised attack in the nitric acid

test.

When the localised type of attack occurred in 976 and 803,

the grains could be removed to a depth of more than 1 mm
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in the affected area, which was often quite extensive.
The affected area on sevéral specimens was as much as

10 per cent of the total specimen surface area. This
affects the weight loss result in two ways. The dropped
grains themselves can weigh considerably more than the
mass of metal that is removed b& the dissolvihg action of
the acid, thus producing a misleading result. Also, once
the grains have dropped from the metal surface into the
acid, the total metal surface area exposed is greatly
increased, and this increases the metal dissolution rates.
The higher levels of dissolved chromium thén lead to a
more vigorous corrosive attack on the steel due to the
effect of hexavalent chromium in solvfion in nitric acid,

discussed earlier in this work.

Prior to the nitric acid test, after the surface of the
specimens had been ground to a 180 mesh grit finish, very
slight dull marks were observed on some of the specimens.
The marks were variable in length and width,and ran
parallel to the rolling direction. They could not be
entirely removed by grinding, as new marks appeared as
others were ground away. It was these marks that
eventually showed the high localised rate of grain dropping
in the nitric acid test. SEM examination and qualitative
x-ray analysis indicated that these areas were mainly
chromium, with some manganese, the surface topography
being nodular in appearance. Neither carbon nor oxygen
can be detected by this x-ray analysis method but from the

morphology it is most likely that these are chromium oxides
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(Cr,04) that have been rolled into the metal during hot

rolling.

This is similar to the kind of attack on oxidised stainless

(108) who attributed the surface

steel found by Szummer
intergranular corrosion of oxidised 304L to chromium
depletion of the grain boundaries caused by formation of

chromium rich scale.

Also present in the experimental casts were the slab-like
inclusions, high in. silicon that ran parallel to the rolling
direction. The steel surface in the vicinity showed heavy
attack in the nitric acid test and in many cases the
variations in the weight-loss figure resulting from the

" test depended more on the oxide and silicate inclusions

than the controlled addition of boron or phosphorus.

In cast 976, in all three heat treatments, but not in the
solution treated specimens, it was 967A, with the lowest
level of phosphorus (0.006 %) that showed the highest
corrosion rates in the nitric acid tests and the highest
level of localised attack. This probably is due to the
fact that cast 976 was split into four, and 976A, being

the first of the four to be poured off out of the laddle,
would have a higher proportion ofnslag, dross and other
low-density impurities than the later portions of the cast.

These would result in enhanced attack in nitric acid.

In the forced air cooled specimens, apart from specimen
976A there was a slight increase in nitric acid test

corrosion rates with increasing phosphorus level.
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The vermiculite cooled specimens showed similar results
with a high corrosion rate for 976A and lower corrosion
rates, increasing with increasing level of phosphorus

for 976B, C and D.

The corrosion rates for the air cooled specimens however,
were greatest, showed considerably variability, and
produced no distinct trend with level of phosphorus. It
is possible that this lack of correlation, and high

rate of attack is due to another mechanism, in addition
to segregation of phosphorus, affecting the behaviour of

the steel in the nitric acid test.

The susceptibility to intergranular attack that has arisen
in these steels during continuous cooling sensitization
(CCS) has resulted from cooling through the sensitization
range. Solomon (102) found that degree of sensitization
during CCS is strongly dependent on the temperature from
which the steel is cooled. For a 304 steel, he found
sensitization occurred more readily when cooled from 800
or 900°C, than if it is cooled from 700°C or 1000°C.

This work agreed with these results to a certain extent
with specimens slow cooled from 900°C showing the most
severe intergranular attack, while those cooled from 1050°¢C

and 1100°C showed decreasing amounts of attack.

For the steels with phosphorus additions it appears that
the cooling rate has a significant effect, the highest
corrosion rates occuring in the air cooled specimens.

Increasing the cooling rate (forced air, water-quench)
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decreased intergranular attack, as did decreasing the

cooling rate (vermiculite cool).

The existence of a critical cooling rate can be explained
in terms of the mechanism of a continuous graiﬁ boundary
path, proposed by Aust et al. Cooling at the critical

rate results in a continuous grain boundary path for
intergranular attack due to the presence of segregants or
carbides, or both. Faster cooling (e.g. quench) does not
allow time at temperature for segregation or precipitation
to occur at the grain boundaries. Slower cooling, e.g.
vermiculite cool, will allow some segregation and
precipitation to occur but a continuous grain boundary path
will not be formed. The formation of isolated grain-
boundary carbides during vermiculite cooling may provide
sites where solute impurities can be incorporated, removing
them from the grain boundary region. During the air cooling
there is insufficient time for this 'mopping-up' operation

(113)

to occur, It is Known that phosphorus is readily

dissolved substitutionally in the carbide M23C6'

(108)

Brown states that solute segregation cannot -be

detected by any of the tests designed for carbide precipi-
tation (such as the nitric acid test). This work does show
a connection between the phosphorus level of 304L after
certain heat treatments and performance in the nitric acid
test. The air cooled steel had the higher corrosion rate
and contained only a few grain boundary precipitates and
showed no trend with phosphorus. However the corrosion

rates of the water quenched and forced-air cooled specimens

- 185 -



which had virtually no precipitates, and the vermiculite
cooled steels which had the highest 1evel.of precipitates,
were both lower, and were linked to phosphorus level.

This lends support to the notion that in the air-cooled
condition another mechanism in addition to segregation

of phosphorus 1is operative as the air cooled steels showed
no trend of intergranular attack with level of phosphorus.
In addition, the same behaviour of high corrosion rate in
the air cooled steels, with lower corrosion rates in the
other treatments was observed in the boron doped steels

Cast 803 which had a low phosphorus content.
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Plates

45

a,b,c,

& s e \{\& A ) (a)

b . Nl - Se W 1100° C

(b)

1050~ C

(c)

‘)OOU C

Cast B0O3 D. Nitric acid test specimen surfaces resulting
after solution treatment at three different temperatures.
All specimens treated for 30 minutes and cooled in

vermiculite,



Plate 46 Cast A solution treated, water quenched. Nitric
acid test surface. Pit free zone adjacent to
boundary. In this zone coherent twin boundaries are
unattacked. Coherent twin boundaries generally

show less attack that incoherent twin boundaries.

Plate 47 Cast A solution treated, water quenched. Presence
of delta ferrite islands in grain boundary. Note

also pit free zone adjacent to boundary. Nitric

acid test surface,
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Plate 48 Cast 976C, solution treated, water quenched.
Shows low 1level of intergranular attack, after

nitric acid test.

Plate 49 Cast 976B, solution treated water quenched.
Nitric acid test surface showing some grain
boundaries with heavy attack while others show
no attack. Shows differential attack on grain

surface where twinning has occured.
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B General Discussion

This section discusses the work as a whole in context with
the general problem of intergranular corrosion and draws
together the individual discussion sections placed
earlier in this thesis after each section of experimental

work.

Intergranular corrosion of AISI 304L in boiling nitric acid
was seen to occur in one commercially produced cast of
steel (Cast B) while another cast (Cast A) with similar
composition was found to be resistant to such attack.

The large difference in behaviour of the two steels was
only found in the as-received condition. Although the
condition which made Cast B susceptible to attack may have
arisen during a faulty production process sequence, the
root cause must be an inherent component of the steel. The
condition was sufficiently transient as to be removed by

a short heat treatment (10 minutes @ GSOOC). This treatment
reduced the corrosion rate in the nitric acid test to a
level similar to that of the unaffected steel. This is
unusual in that treatment of type 300 series steels at this
temperature usually increases susceptibility to attack
(sensitization). None of the heat treatments applied to
these steels, except one for an extended period (168 hours)
resulted in a similar high corrosion rate. It was found
that air cooling produced higher corrosion rates in the
nitric acid test than either a water quench or an isothermal

treatment at the sensitizing temperature (650°C).
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With these steels A,B, and throughout the work detailed
earlier, the results for the corrosion rates in the ASTM
standard nitric acid test were found to be very variable
with individual treatments giving large differences between
identically treated specimens. This test was found to have
considerable drawbacks in this study. The time (10 days
for each test) and expense (a specimen of surface area

12 cm2

requires 1.2 & of high purity nitric acid per test)
precluded a large number of repeat testings. This greatly
reduces the statistical accuracy of the results. As the
specimens used in the test have a very small size compared
with a bulk steel cast, the results are far more prone to

the effect of inhomogeneity in the steel. A small change

in microstructure of a specimen can result in quite large
changes in weight loss in the nitric acid test. A homogeneous

steel would give reproducible results as all other parameters

in the test should be constant.

The intergranular attack that occurs during the test was
sufficient to cause extensive grain dropping in some
specimens of the commercial steels. These steels had a

low carbon content to reduce precipitation of carbides at
the grain boundaries but TEM examination showed some small
carbides to be present in the as-received steels. The size
of the particles increased after air cooling from 1050°c,
but they remained quite widely dispersed, and there appeared
to be insufficient carbides for a continuous grain boundary
corrosion path to form. Such a path may be present as a
result of solute segregation to the grain boundaries.
Evidence for such segregation was found in only two specimens

of the heat treated commercial steels, one that had been air
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cooled from 1050°C and one that had been held for 600 hours
at 650°C. In these specimens the level of phosphorus at
the grain boundaries was considerably higher than at the

grain centre when measured using x-ray analysis with STEM.

The intergranular attack is however due not only to the
presence of phosphorus. Despite an extensive examination
no segregation of phosphorus was detected in the as-received
cast B which had shown a very high corrosion rate in the
nitric acid test. No evidence was found to directly
connect segregation of any particular ion species with this
kind of attack. Although small carbides were present on
the grain boundary of the commercial steel with the high
corrosion rate, it is probable that these carbides do not
directly result in the intergranular attack. The same
carbides were found in the commercial steel with the low

corrosion rate.

When the intergranular attack was examined on a microscopic
scale by studying TEM specimens of the commercial steel
that had been exposed to boiling nitric acid, a considerable
difference in behaviour was found between an air cooled
steel and a water quenched steel. The air cooled steel
suffered grain boundary penetration on numerous boundaries
at various thicknesses of metal, penetration occurring at
regular, closely spaced intervals along the boundaries.
This resulted in small, regular, round holes. In the

water quenched steel fewer boundaries perforated, and these
were only in the thinner areas of the TEM specimen. The
boundary tended to perforate in long lengths instead of the

small regularly spaced points in the air cooled steel.
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This would occur if, in the air cooled steel, a deleterious
ion species segregated to the grain boundary region and
formed small clusters along the boundary, instead of
forming a uniform boundary layer, while in the water
quenched steel such segregation would fail to occur due

to rapid cooling.

The oxalic acid etch test, using impressed current on

bulk specimens, which dissolves stainless steel more

rapidly than the nitric acid test, showed the different

modes of attack very clearly. The water quenched steel
showed uniform dissolution along the grain boundaries, with
differential dissolution between the grains resulting in a
"step'" structure. The air cooled steel etched preferentially
at the grain boundaries in a non-uniform manner with series
of pits forming along each boundary. Although the separation
of the oxalic acid pits was several orders of magnitude
greater than the perforation of the air cooled TEM specimen
in the nitric acid test, the same principle of attack
starting at discrete points along the boundary was involved.

Although some workers (39, 60)

consider the oxalic acid test
will show the presence or absence of grain boundary carbides,
the pattemand distribution of attack and dissolution of the
grain boundaries did not conform with the distribution of

carbides visible in TEM specimens.

One factor of intergranular attack that was marked in the
oxalic acid test and was also prominent during the early
stages of exposure to the nitric acid test was the variation

in severity of attack from boundary to boundary. In both
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tests it was possible for ditching to occur at one boundary
while the adjacent boundary showed no attack whatsoever.

The variation was most visible on twin-boundaries and in
general it was the coherent twin boundaries which showed the
least attack ‘although this was not always the case. The
attack of the grain boundary depends on the orientation

of the grains on either side of the boundary, the worst
attack occurring on the boundaries that show the greatest
atomic mismatch. Incoherent twin boundaries have a greater

degree of mismatch than coherent boundaries.

It is known"that high purity stainless shows no intergranular

attack in nitric acid (18)

, and that-the "inherent boundary
energy resulting from variations in mismatch only contribute
in a small degree to intergranular corrosion (?7). The
preferential attack of certain boundaries may therefore-

be due to the ‘increased probability of segregation of -
deleterious ion species occurring at the boundaries ‘that-
exhibit the largest degree of mismatch.

One ‘observation that supported this :idea was seen clearly
in some of the ' specimens that exhibited attack on the grain
face as well as thevgrain boundary. Often attack occurred
on ‘the grain facés of specimens subjected to the nitric
acid 'test, resulting in widespread pitting over the face..
These pits were frequently found in linear arrays that
appeared to be crystallographic in nature. It is probable
that the attack is associated with the formation of small

groups ‘of atoms at line defects such-as dislocations,

which are found in linear’arrays within the crystal. In
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many specimens there was found to be a pit-free zone
adjacent to the grain boundary that surrounded each grain.

This pit-free zone may have arisen from:

1. Annihilation of dislocations by the boundary, acting
as a sink, preventing any precipitation on these

dislocations.

2. Removal of deleterious ion species, again by the

boundary acting as a sink.

3. Formation of a cathodically protected zone adjacent
to the boundary with the boundary acting as a

"sacrificial anode".

It was observed 'that where-a -twin boundary (in most cases
coherent) existed within a grain, it was attacked preferen-
tially in the centre of the grain. It was often completely
unattacked where it traversed the pit-free region of the
grain and intersected the ‘grain boundary. This indicates
that in the pit free region either no segregated species
were present on the twin boundary or that this region was
protected from attack. The former appears the most likely
explanation, as localised corrosion cells such as resulted
in the pitting attack in the centre of the grain, can still
be active in a cathodically protected surface. This means
that segregated ion species may render a boundary more
liable to attack and that the grain boundary can act as a
sink for these ion species removing them from the matrix

region adjacent to the boundary.
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43) (104)

It is known that phosPhofus ( , and also boron
segregate to the grain boundaries in stainless steel,

and they may play an active role in the mechanism of
intergranular corrosion in strongacids. . For this reason

a study was made of two series of casts of AISI type 304L,
one with varying levels of phosphorus (976) and the other
with varying levels of boron (803). The assessment of
corrosion resistance was again by the standard ASTM

nitric acid test, and because of the small size (50 Kg)

of these experimental casts the test results were seriously
affected by in-homogeneity of the test specimens. Thé
experimental steels contained more gross inclusions such

as silicate stingers and oxide particles, than the
commercial steels. Performance of the experimental

steel specimens in the nitric acid test was related to

the heat treatment received, the level of inclusion in

the particular specimen and the level of added material.
The time and temperature of solution treatment also

affects the result but this was constant in most tests as

were other parameters that could have altered the results.

Fast cooling (quench) and slow cooling ( in vermiculite)
from 1050°C both seemed to decrease the corrosion rate of
cast 976 and 803 compared with an intermediate air cool.
This agrees to an extent with the commercial steels which
also showed a higher corrosion rate after an air cool
than after a quench or a short isothermal sensitizing

treatment at 650°C.
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In cast 803 with different boron levels, all of the
heat treatments resulted in corrosion rates which
indicated that the levels of added boron used in these
experiments had no direct effect on the behaviour of
those steels in the nitric acid test. Boron is a normal
additive in 304L to aid hot workability and at these
levels, < 0.085 per cent, it was found to have little or
no influence on intergranular corrosion in the nitric

acid test. '

Phosphorus on the other hand is a residual element from

the iron ore and it can be quite difficult to remove from
the melt. In this study of the effect of cooling rates on
nitric acid corrosion, two of the cooling rates indicated

a trend of increasing corrosion rate with increasing
phosphorus level. The two other cooling rates investigated
showed no distinct trend of corrosion rate with phosphorus

level.

The phosphorus level did not appear to be the major factor

in governing the corrosion rates of specimens given a
particular heat treatment. The spread of corrosion rates
within a series of specimens with identical phosphorus levels
and heat treatments was often greater than the spread between
specimens with different phosphorus levels. The effect of
phosphorus may have been masked by the effect of gross
impurities in the steel, or another unknown species may have

been active at the grain. boundaries,

The nitric acid test results for the experimental steels

showed considerably more weight loss generally than the
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commercial steels except inone or two individual cases.
In. the commercial steels the weight losses tended to be
in the range 0.5 to 1 mg/cm2/48 hrs. compared with an
approximate range of 1 to 5_mg/cm3/48 hrs. for the
experimenfal steelé, probably as a result of impurity

levels.

Both the commercial and experimental steels had similar,
low, carbon levels (approximately .019 per cent), to reduce
the likelihood of carbide precipitation at the grain
boundaries. Metallographic examination of specimens that
had been solution treated at 1050°C and then slow cooled
in vermiculite to ambient temperature, showed that
precipitation of small carbides had occurred extensively
along the grain boundaries of the commercial steel, while
no such precipitation occurred in the similarly treated.
experimental steels. This was true for cast 976 (a 17/9
steel) and cast 803 (a 20/12 steel). The main variations
in chemical composition between the commercial and
experimental steels that may account for this difference

in carbide precipitation were as follows (per cent):

Commercial . Experimental
C .019 .019
Si .25 .14
P | 023 .006 + .028
B .002 .00l
Mo ' .10 .08
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The other elements analysed in both steels were present at
similar levels. It is possible that the presence or lack
of certain elements at the grain boundary affects the

precipitation kinetics of carbides.

The most likely element to be responsible for such an
effect would appear to be boron or silicon. From the
STEM x-ray analysis 'work silicon segregation to the grain
boundaries'was not found in any specimen investigated, but
the involvement of boron in grain boundaries mechanisms

has been noted.

Other workers-disagreeras to whether boron reduces or
increases resistance to intergranular attack. In AISI 304
Robinson (24) found that boron at the level of .005% retarded
carbide precipitation while Costello (25) found that boron
levels > .002 % intensified such’precipitation.

ety g
However, without . mOTe experimental results it is not
possible to say for certain what caused the difference in
carbide precipitation between the commercial and experimental
steels. It.is also difficult to say:to what extent this
difference .contributes to the ‘difference-in intergranular

corrosionw " oo

.“( v

The :solution.temperature of the experimental steels was
found to have considerable effect of the intergranular
corrosion in the nitric acid test. The highest solution

temperature  1100°C: followed by slow- cooling, resulted in
lower<corrosion-rates with minimal grain: dropped while a
solution treatment ‘at 900°C and -slow-cooled, resulted in
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massive grain dropping over the whole surface. Treatment
at 1100°C will result in more of the deleterious material

passing into solution than a treatment at 900°C.

The solution heat treatment also affects the grain size of

the material as follows:

Solution température °c Grain Size (microns)
1100 125
1050 65
900 40

This will affect the intergranular attack to a certain
extent as was indicated by Tupholme and Bouchier (59),

but it is doubtful that grain size alone could result in
the large difference in corrosion that existed. The slow
cooling in vermiculite from 900°C resulted in quite
castastrophic intergranular attack and resulted in weight
losses comparable with those found in the air cooled
specimens. In 304 with a higher level of carbon the higher
initial solution treatment temperature result in larger
grain size and more continuous coverage of grain boundaries
by M23C6 on subsequent 650° sensitization [1151 Vermiculite
cooled specimens would pass through the sensitizing range
800 - 500°C in about 10 minutes which is sufficient for

carbide formation to occur on the boundaries of commercial

304L.

The segregation that results in intergranular corrosion
arises mainly as a result of heat treatment history of the

specimens., The EPMA study of segregation banding showed
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that in the commercial steels, in the as-received condition,
there was considerable variation in Ni and Cr levels

across the whole grain that had arisen as a result of the
thermo-mechanical treatments received during the first stages
of the proauction process. This segregation existed in a
series of quite small bands with a separation of 10 - 15 ﬁm,
and was unaffected by a solution treatment at 1050°C for

100 minutes with a water quench, a treatment that effectively

prevented intergranular corrosion in the nitric acid test.

The results of the nitric acid tests were affected by two
main factors. The general level of inclusions and inhomo-
geneity of the steel, and the degree of sensitization caused

by - -segregation at the grain boundaries.
It would appear from this work that the nitric acid test

can be unreliable as an indicator of resistance to inter-

granular corrosion in experimental studies.
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Conclusions

The high nitric acid test corrosion rate that was
found in ~one case of as-received commercial 304L
but not in another, was due to a condition that
arose during production. The condition was
sufficiently transient to be removed by a short
heat treatment (10 mins @ 650°C) and did not
appear to be connected to precipitate distribution

on grain boundaries.

The corrosion rate of the affected steel was reduced
by all heat treatments investigated (including
sensitizing treatments). In this case sensitization
reduced susceptibility to intergranular attack, as

opposed to the more usual increase.

Long sensitizing treatments resulted in higher
nitric acid test corrosion rates, and this was

associated with increased carbide precipitation.

After long heat treatment (e.g. 700h at 650°C) carbide
precipitation was detected on dislocations associated

with low angle boundaries.

In a TEM specimen of commercial 304L that had been
solution treated at 1050°C and then air cooled,
exposure to boiling nitric acid for 10 seconds resulted
in the formation of small (.015 p diam.) perforations,
regularly spaced (.04 ﬁ separation) along the grain
boundaries. A solution treated and water quenched

specimen showed no such attack and perforation of
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of longer lengths of boundary (v~ 0.1 p) occurred
only after 5 minutes exposure to boiling nitric
acid. Using TEM, no precipitates were detected on

the perforated boundaries.

The oxalic acid tests differentiated more clearly
the relative corrosion resistance of the two
commercial casts of 304L after heat treatment, than
the nitric acid test. The nitric acid test gave
similar, mixed results for both casts, while the
oxalic acid test showed cast‘A to be consistently

more resistance to intergranular attack that cast B.

Banding attack parallel to the folling direction was
found in most nitric acid test and oxalic acid test
specimens. Using EPMA this was found to result

from micrﬁ—segregation of nickel and chromium, that
probably occurred during hot working processes.
Higher chromium regions were also lower nickel regions
and these areas dissolved_preferentially. This
segregation banding was unaffected by a solution
treatment of 100 minutes at 1050°C.

Using x-ray analysis in conjunction with STEM fhe
segregation of phosphorus to the grain bouhdéries
was detected in a specimen of commercial 304L;
solution treated at 1050°C and air cooled. The .same

segregation was observed in a similar steel sensitized

for 600 hours at 650°C.

-

- 202 -



10.

11.

12.

The nitric acid test-corrosion rate of two
experimental casts of 304L was dependent on rate
of cooling after solution' treatment. Four cooling
rates were used. - i

: Y i,
1. Vermiculite (slowest)

24 Air‘cooling
3. Forced air cooling

4. Water quenching (fastest)

and air cooling resulted in a higher corrosion rate

than the other' three.

-Increasing the level'of phosphorus in experimental

304L-in. the range .006 to .028 per cent tended to
increase corrosion rate in the nitric acid test.

This was most noticeable after either vermiculite-
cooling:.or forced air :cooling following a solution

treatment.

304L with phosPhorus ad&itions; that had beenhwafer
quenchea after solution treatment, showed a distinct
trend of increasing nitric acid test corrosion rate
with incredsing phosphorus level (in the range .006%
to :028%) -after the first period (48 hours) of the
test. This trend was  'not maintained after the third

period (total 144 hours) of the testl

The level of boron.addition from .00l to .0085 per
cent in -experimental .304L was found to have no

affect on.the+:corrosion rate in the nitric acid test.
This was true after all the cooling rates investigated-

- 203, =~



137 Between solution temperaturesof 1100°C and 900°C
the nitric acid test corrosion rates of
experimental 304L cooled in vermiculite, was found
to increase with decreasing solution treatment
temperature. This may be due to smaller grain size
as well as increased segregation at the lower

solution temperature.

14. Even in 304L sensitized for long times (600h at
650°C) AL ger spectroscopy was not practicable due
to the failure to produce a fracture surface
containing grain facets. All specimens failed by
fracture in the ductile mode, even at very low

temperatures.

15. The corrosion rate of experimental 304L in the nitric
acid test was significantly affected by inhomogeneity

of the specimen in several forms

(i) Solute segregation at the grain boundaries

(ii) Large slab-shaped, slag-like inclusions
analysed by x-ray to be high in silicon,

probably in the form of silicates.

(ii1) Variation in composition over quite large
distances (5mm) that resulted in some
areas showing massive grain dropping while
adjacent areas showed very little. The
cause of the compositional variation is

unknown and no change in microstructure

was detected.
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(iv)

(v)

(vi)

16.

In some specimens high corrosion coincided
with increased grain boundary precipitates
(MZSCG) although this was not always the

case.

Areas high in chromium, probably in the form
of oxide that had been rolled into the metal,

showed preferential attack.

Numerous stringers parallel to the rolling
direction existed, and resulted in end-grain
attack. Some of these appeared to be delta

ferrite.

The initial attack on the grain boundaries of 304L
in the nitric acid test varied from boundary to

boundary and appeared to be connected to misorientation.
Incoherent twin boundaries consistently showed more

attack than coherent twin boundaries.
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Suggestions for Further Work

The factor responsible for high intergranular attack
in cast B of as-received AISI 304L was unidentified.
The use of electron energy loss spectroscopy (which is
sensitive to light elements), for analysis of the grain
boundaries may enable the presence of such elements

to be established.

The initial attack on the grain boundaries of 304L in
the boiling nitric acid, and oxalic acid tests
appeared to be heavily dependent on boundary type and
orientation. With a large enough grain size (100 yu)
and a sufficiently thin specimen (100 h), electron
channelling patterns in the SEM could be used to
easily determine which type of boundaries show the

highest attack in the early stage of exposure.

The results of the standard nitric acid tests on

phos phorus and boron showed conéiderable scatter,
mainly due to inhomogeneity of the specimens, and
presence of inclusions. The use of high purity steels
with similar additions of phosphorus and boron in the
nitric acid test, in conjunction with grain boundary
microanalysis, should reveal more clearly the action

of these elements in intergranular corrosion mechanisms.

A study of the potential/time and potentiostatic
polarisation behaviour in nitric acid of the boron and

phosphorus doped steels used in this study, may contribute
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to the understanding of the effect these elements have

on the corrosion of the steels.
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:Appéﬁdix 1 L

Specimen Preparation for TEM work

From the steel to be examinedlg thin stide approximately

1 mm thick was cut using a diamond‘slow saw. This ensured
that there was minimal'deformationland heating during the
Icutting operation which may have affected the metallographic
structure of the steel. The slice was- then thinned down
further to approxlmately 0.5 mm thick using a special
grlndlng jig and wet SlC grlndlng papers. From this thinned
piece of metal severallsmall 3 mm diameter discs were cut.
fﬁis was done by spark-machining using a brass tube with an
internal diameter of 3 mm as the cutting tool. The cutting
tool was fed verticaliy down on to the flat surface of the
Steelfiﬁmersed ip a suitable fluid, and a high voltage
applied across the two. This resulted in spark erosion of
éqémall ring of metal leaving a 3 mm diameter disc. Using

a Qpecial specimen holder, this disc was further mechanically
thinned using wet SiC grinding papers of 600 mesh grit down
to a thlckness of between 0. 125 mm and O. 3 mm. This disc
then had to be electropolished at the centre to give a region
that was electron optlcally transparent The largest such
reglon could be achieved w1th the thlnnest p0551ble initial
startlng thickness (0 125 mm). Although this could result in
specimens wlth very 1arge electron-opticall& thin areas,
these speC1mens were far more liable to deformation effects
and mechanlcal damage durlng handling, and transport became
a problem The optimum thickness prior to electropo}tshlng

was found in most cases to be 0.175 mm. Final electrothinning
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was achieved using a Tenupol electropolisher supplied by
Struers. This is a commercially developed version of the
widely used jet-polishing technique for preparing thinned
discs.. The disc is placed in a special holder and immersed
in an electrolyte of 5 per cent perchloric acid in Z2-Butoxy-
ethanol. The specimen holder is arranged so that jets of
flowing electrolyte approximately 1 mm in diameter are
played onto either side of the disc. The flow rate of the
two jets is adjustable. The electrolyte is maintained at

a temperature between -10° and 0°C. The specimen disc is
made the anode and there is a circular platinum.wire

cathode on each side of the specimen. When there is a
voltage (usually between 50 and 60 volts) applied between
anode and cathode, current flows and the anodic specimen
polishes and dissolves electrolytically. The jets of
electrolyte ensure that the rate of dissolution during
polishing is greatest at the centre of the disc so that when
perforation occurs, a hole appears at the centre of the disc,
dishing having occurred on both sides of the disc. If the
polishing is stopped as soon as perforation occurs then
there should be an electron-optically transparent region
round the hole. This is not always the case, because if

the steel has a high concentration of particles and inclusions,
perforation can occur by one of these particles dropping out
of the specimen leaving a hole right through the disc, while
the rest of the steel is still electron-optically opaque.

In the Tenupol equipment a light beam and photo-electric cell
are so arranged that at the moment of perforation, the light

beam shines through the hole in the specimen, triggers the
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photo-electric cell, which then cuts the circuits to the
electrolyte pump and the anode/cathode cell, thus stopping
instantly any more specimen dissolution. During polishing
the electrplyte flow rate was kept at the lowest setting
attainable without the pump actually stopping. High flow
rates were found to result in flow patterns on the polished

specimen and a reduced thin area due to high dissolution

rates.
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Appendix 2

Etching Reagents for Stainless Steel

1. Oxalic Acid Electrolytic Etch

10% oxalic acid (w/v) in water. Specimen anode.

6v for 0.5 to 20 secs.

Results in good clean surface. Presence of carbides
at boundaries result in intergranular attack and
dissolution of carbides. Lack of carbides results
in step-type structure with differential dissolution

of grains. Delta ferrite dissolved.

2. 50 volumes H,0, 0.2 vol. HF (50%), 10 HNO; (70%)

Immersed 5-10 minutes.

Generally clean appearance, directional segregation
clearly revealed. Grain boundaries not clear revealed

at first. Slight pitting.

3. Vilella's Reagent 5 ml HCL, 1 ml picric acid, 100 ml ethanol

Immersed 2-3 minutes.

Not very clear. Misty film covered surface. No distinct

grain boundaries revealed. Segregation bandimg clearly

exposed.
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Marble's Reagent (4g CuSO4, 20 ml HCe, 20 ml HZO)

Immersed 2-10 seconds.

Good clean etch, revealing grain boundaries, twin
boundaries, and segregation'banding. Some general
attack of surface.

3

720 cm® H,0, 180 em® HC1 (conc), 60g FeCl,

Immersed 1-3 min
Poor etched structure, with grey film deposit on

surface, not easily removed. Some grain boundaries

and segregation banding revealed.

- 212 -




Appendix 3

Nitric Acid used for Nitric Acid Test

The nitric acid used in the tests was Analar grade acid
supplied by BDH Ltd. This was then diluted with deionised
water to give a 65 per cent solution. The manufacturers

quoted levels of impurity for this acid are:-

Non-volatile matter 0.001%
Chloride 0.00005%
Phosphate and silicate (5102) 0.0001%
Sulphate (804) 0.0002%
Arsenic 0.000001%
Copper 0.00001%
Iron 0.00002%
Lead 0.00001%
Manganese 0.00004 %
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Appendix 4

X-ray microanalysis using EPMA and STEM \

Both of these methods are widely used for the chemical
analysis of metallurgical specimens. EPMA uses a bulk
specimen of the order of 2 mm thick while STEM utilises a
standard TEM specimen (foil or disc), which must be of the
order of 500 R thick in the area of interest. EPMA usually
uses crystal spectrometers to calculate the wavelength of

the x-rays produced from their diffraction behaviour. STEM
on the other hand usually uses a solid state silicon detector

to analyse and count the x-rays by their characteristic

energies.

When an incident electron beam, such as that in SEM, strikes
a bulk metal specimen, some of the electrons will interact
strongly with the charged nucleii of the atoms and will
emerge as back scattered electrons. Other incident electrons
will lose energy to electrons within the specimen displacing

them from their atoms. These electrons can escape if

generated near the surface of the specimen. If however they
are ejected from core positions, the transference of electrons
from one energy shell to vacancies in a lower level shell

will result in the production of X-rays. As the energy
difference between the shells depends on the atom species,

the x-rays thus generated will be characteristic of the

atom species present. In a bulk specimen the x-rays are

generated from a onion-shaped volume of material.
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Fig, 32 Diagram showing region from which x-rays are

generated during analysis of a bulk specimen in EPMA.

The main use of this method has been in EPMA (Electron Probe
Microanalysis) in which the characteristic x-rays resulting
from the incidence of a fine electron beam are collected in
crystal spectrometers which can measure and count wavelength
or energy spectra. EPMA however has rather aLpoor spatial
resolution of 1000 nm on bulk specimens and can only count
one energy at a time. The EPMA is also restricted in that
the image provided is of rather poor quality and topographi-
cal examination at the same time as microanalysis is rela-
tively difficult [89). The poor spatial resolution is a

result of the beam spreading that will occur in bulk specimens:
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The multiple scattering of the electrons results in x-rays
being generated from a volume of material many times

wider than the beam itself. The raw x-ray data from a
bulk specimen have to be corrected for three effects that

arise as a result of beam spreading.

(1) The "atomic number effect'" arises because the
volume of material excited and the proportion
of electrons that are backscattered depends on
Z. A high Z specimen will have a larger
excited volume and higher proportion of back-
scattered electrons.

(ii) 'fié "absorption effect is &ﬁe to“the fact that
the x-ray paih length and absorption coefficient
of specimen will differ to that of the standard
céusing a difference in attenuation- of the

emerging Xx-rays.

(iii) The third effect is the fluorescence effect which
can result in the introduction of a secondary
contribution to the generation of a given charac-

" teristic x-ray due to the fluorescence excifation
by x-radiation from another element. Many
extremely complicated methods have been devised to
correct the Z, A and F effects, but use of these
usually requifes_considerable_software._

STEM microanalysis uses a much higher intensity electron

probe than EPMA in conjunction with an extremely thin
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specimen, of the order of 300 nm, prepared specially.
The very thin sections used mean that below a certain
thickness the effects of absorption and fluorescence are

minimal and in some cases can be neglected.

Focused probe of
Electrons

— e | —
-
-

—_——— el -7 Silicon X-ray
Detector

X-rays

—————T =TT 77 Y S B AN A AT T A A A T

Thin foil specimen
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.
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Volume
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Fig. 33 Schematic diagram showing production of x-rays from

thin specimen (Ref., 89).

The method of analysis of the x-rays collected while
using STEM can be either wavelength or energy dispersive,
the latter being the most popular. Energy dispersive
analysis systems can count all emitted energies simul-
taneously thus shortening the analysis time considerably.

The resolution of wavelength dispersive systems is slightly
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better but they are on the whole more cumbersome to use.

In energy dispersive systems the x-rays emitted by the
specimen are collected, sorted and counted, and a
multichannel analyser produces a histogram of number of
x-rays versus energy. Thus when the STEM electron beam

is placed on a particular microstructural feature and the
x-rays collected, the peaks on the N(E) v E histogram

will be characteristic of the elements in that feature.

As we shall see the x-ray spectrum is made up of other com-

ponents as well as the characteristic x-rays.

When STEM is used in conjunction with an energy dispersive
x-ray analyser such as Kevex or Edax, it is possible to
carry out semi-quantitative or quantitative analysis of
thin foils using a ratio technique developed by Cliff and

Lorimer (90).

In a sufficiently thin specimen only a small amount of -
scattering takes place. In general if a specimen is thin
enough for conventional electron microscopy (CTEM) at ‘
100 kV then it will be thin enough for STEM.(QO’ 2y 924 99)
If it satisfies these conditions then the A and F corrections
are small and the ratio of characteristic x-ray intensities
of any two elements is independent of the specimen thickness
and is related by an experimentally determined constant to
the chemical weight fraction of the two elements. Thus

Cliff and Lorimer (90) have shown that
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where IA’ I are the measured intensities of the charac-
teristic x-rays of elements A, B, while Cy» Cp are the
corresponding concentrations of A, B in the volume of
specimen analysed, and K is a constant determined experi-
mentally and which is independent of thickness and
composition. Lorimer et al (94) £ound that experimental
values of K agreed satisfactorily with the calculated
values of K obtained by the equation proposed by Goldstein
et al, (95) except at values of Z < Si. Except at such
values it would thus appear to be sufficient to determine
K for a given detector and accelerating voltage. However

certain considerations and precautions must be undertaken.

In addition to the characteristic x-ray peaks in thé
spectrum it has another component which spreads broadly
across the whole spectrum in varying intensity, the
Bremsstrahlung. Its intensity varies with atomic number
of the specimen and the energy of the electron beam. In
any quantitative analysis of the chracteristic x-ray peaks,
the Bremstrahlung continuum background must be deducted
from the spectrum prior to counting. Most commercially
produced analysis equipment now have built-in procedures to

enable the background to be deducted easily and rapidly.
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Fig. 34 Schematic diagram showing distribution of x-ray

intensity when an electron beam interacts with a

copper specimen.

Goldstein and Williams (°®) indicated the problem that
many workers using STEM had with the recorded spectrum

containing spurious Xx-rays which had not been generated

in the area of interest.

The spurinus Xx-rays can be produced by either unwanted

x-rays or electrons striking the 3 mm diameter specimen.

Unwanted electrons can strike the specimen outside the
area of interest if they are scattered by the final

collimating aperture in the electron optical system.

The

final objective lens will focus these electrons onto the
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specimen but not at the point of interest, and also onto
the specimen holder itself resulting in spurious x-rays.
It is also possible that some incident electrons may be
back-scattered from the specimen so as to strike adjacent

parts of the microscope such as the final pole piece.

Unwanted x-rays arising from the interaction between the
main electron beam and the final C, aperature can fluoresce
the whole of the 3 mm specimen thus producing spurious
x-rays from the specimen. This will occur if the aperture
is too thin to absorb all the x-rays produced when the

main electron beam strikes its upper surface.

Primary
Electrons l : \
Uncollimated
Electrons
I \_____ ‘_(_32 Fixed
l \5 C2 Variable
X-Rays from C2 Focused
Aperture / lectrons
I \ Upper
Objective
l Pole piece
N /
Spurious N / /
X-rays
Specimen
OPTIC AXIS

Fig. 35 Diagram of electron optical column showing the
two principal sources of spurious X-rays.

(after ref. 96)
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Goldstein et al (96) consider that self supporting discs
such as used in this work are more prone to production
of spurious x-rays due to the larger area, and that
characteristic x-ray production is proportional to

specimen thickness.

Other workers (50, 97) have commented on the production

of spurious x-rays, Nicholson et al (98) investigated the
main sources of these x-rays and attempted to reduce their
effect. The main interferences he found were Cu K and L
series lines from the grid bar and specimen rod, Mo K and
L lines from the objective aperture, Au L and M lines from
the anti-contaminator and Fe K lines from the objective
lens pole piece. Normally during microanalysis the
objective aperture would be withdrawn. By use of carbon
and brass discs above the specimen and in the top of the
anti-contaminator respectively and a shortening of the
aperature slide,Nicholson found he could significantly

reduce spurious X-ray counts in the spectra.

The presence of spurious x-rays can be demonstrated by
performing a hole count. That is, allowing the main elec-
tron beam to pass through a hole in the specimen without
striking any of the specimen and then counting the x-rays
collected at the detector as a result of unwanted inter-

actions.

It is difficult to reduce the spurious x-rays without
sophisticated and time consuming alterations being made

to the microscope. Significant improvements can be made
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by using a low background specimen holder made either of
beryllium or carbon both of which are commercially

available.

Goldstein‘and Williams (96) do not consider that deducting
'the spurious spectrum from the collected spectrum, as
proposed by Kenik and Bentley (99), will necessarily

result in the correct spectrum. They suggest that where
quantitative measurements are being made and there is a
large (of the order of 50%) contribution of spurious

x-rays to a spectral peak, the only solution is to eliminate
as far as possible uncollimated electrons, and C, aperture-

induced high energy continuum x-rays.

For microanalysis it is critical that the spatial resolution
be maximised to avoid signals from outside the area of

(100)

interest. Faulkner at al consider four factors have

to be optimised.

1. Beam diameter at specimen must be minimised.
2. Specimen thickness must be minimised.
3. Accelerating voltage must be maximised.

4. Beam drift must be minimised.

Spatial resolution will always be limited by the beam
spreading within the specimen. Monte Carlo calculations
(101)

by Kyser and Geiss showed that at 100 kV in a Cu

foil 100 nm thick with a 10 nm beam, 90% of the x-rays
come from a cylinder 50 nm diameter. With a zero width

beam the cylinder will be 16 nm diameter. Beam spreading

worsens at higher atomic numbers,
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Goldstein describes a simple model to demonstrate the
extent of beam spreading which correalates beam spreading

(b) with specimen thickness (t) in the equation

1 3
z P Z
b = k 'k /4 ¢ 2
o}
where k is a constant, Z and A are sample atomic number

and weight respectively, p is sample density and Eo 1is

the beam energy in KeV.

The time of analysis at one given spot with an electron
beam is limited primarily by the beam-induced contamination
of the specimen. The most common form of these is the
build-up of two conical piles of contamination on the
sample surface, one where the beam enters the sample and
the other where it leaves on the other side. These
conical piles can cuase deflection of the beam should
charging occur, and they increase the effective thickness
of the specimen, decreasing spatial resolution. To over-
come contamination it is essential to have a working
pressure as low as possible in the specimen chamger i.e.
better than 10"8 Torr. Most modern TEM/STEM machines have

a liquid nitrogen cooled anti-contaminator.

Contamination spots can be usefully utilised in the measure-
ment of specimen thickness. If the beam passes through

the specimen while normal to it and contamination spots are
allowed to form, then when the specimen is tilted through

an angle ©, the spots will have a separation s such that

the thickness of the specimen t, is given by:- 't = s/sin 6
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