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ABSTRACT

The influence of copper and nitrogen as partial substitutes for nickel on the corrosion
performance of three metastable austenitic stainless steels, in various microstructural conditions,
has been investigated. These alloys (based on AISI 301), which are to be used essentially in
forming applications, were developed to counteract the increasing cost of nickel. Copper and
nitrogen are both cheap and readily available alternative alloying additions. While nitrogen has
been found to enhance the mechanical properties of austenitic stainless steels, copper is said to
prevent delayed cracking after deep drawing. ‘ |

The experimental alloys contain nominal amounts of 17Cr-5.4Ni-0.25N (wt%) with copper
additions ranging from 0 to 3.3 wt%. Characterisation of the corrosion performance of these
'alloys involved testing in the solution treated, solution treated and aged, solution treated and
deformed and the solution treated, deformed and aged conditions. These tests included
potentiodynamic scans, polarisation resistance measurements and Tafel plots conducted in 5
volume % de-aerated sulphuric acid solution at 30°C as well as pitting tests in NaCl solutions.

The results showed that all three alloys displayed the lowest corrosion rates in the solution
treated condition. The corrosion rates of the alloys in the solution treated and aged condition
did not vary significantly with ageing time. Microscopy, however, revealed an increase in
intergranular corrosion attack with ageing time. Thus, potentiodynamic tests did not seem a
suitable method for quantifying the influence of copper on the sensitisation of these alloys.
During deformation at room temperature, copper was found to stabilise the austenite resulting in
more martensite being formed in the copper-free alloy. This martensite is expected to decrease
corrosion resistance which could account for the copper-free alloy’s relatively high corrosion
rates in the solution treated and deformed condition. Deformation carried out at different
temperatures, but to equivalent strains, allowed equal amounts of martensite to be achieved
amongst the alloys. In this way, corrosion tests revealed that copper was found to reduce the
dissolution rate of martensite. Following deformation (at controlled temperatures) and ageing,
copper did not appear to influence the precipitation kinetics leading to sensitisation of the
martensite. For all microstructural conditions, the copper-containing alloys consistently
exhibited the highest corrosion resistance.

Comparisons with the standard AISI 301 and 304L alloys showed that the copper-containing
novel alloys showed superior corrosion resistance. The corrosion characterisation conducted in
this thesis of these novel copper-containing alloys, proves that these alloys look promising as
substitutes for the conventional alloys presently used in forming applicationé.
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Chapter 1 ' Introduction 1

CHAPTER 1
INTRODUCTION

1.1 PROJECT MOTIVATION

The austenitic grades of stainless steel make up the largest category of stainless steels
manufactured on an international basis. These grades contain a nominal amount of 8 wt%
nickel and are used for their very good deep drawing abilities as well as for their excellent
corrosion properties. Although nickel is used as one of the most important alloying elements in
that it controls the austenite stability, it is becoming increasingly expensive which necessitates

the consideration of alternative alloying additions.

Work has been carried out by Sibanda®®, amongst others, on alloys in which nickel has been
reduced as an alloying element while the nitrogen levels have been increased in order to retain
the austenite stability. Nitrogen is a very cheap substitute and is readily available. But, how

does nitrogen affect the deep drawing ability of this élloy?

The work carried out by Sibanda on alloys with low nickel contents (5.4 wt%) and nitrogen
additions between 0.2-0.25 wt%" showed that these alloys maintained their good deep
drawability despite their reduction in nickel content. These alloys also formed a desirable
amount of martensite during deformation. This deformation-induced martensite transformation
results in a higher work hardening rate (WHR) which leads to transformation induced plasticity
(TRIP). However, the drawn components were found to crack after a delay of a few hours. This

was found to be due to the nitrogen having an embrittling effect on the martensite.
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The same work showed that when copper is added to these alloys, the austenite stability is
increased although there is a slight reduction in deep drawability due to the reduced TRIP effect.
Since delayed cracking is deleterious to formability properties, there are two possible solutions

which can be considered to prevent delayed cracking after deep drawing. These are as follows:

a. Perform a post-forming stress relief heat treatment on the nitrogen containing
alloys, OR

b. Introduce copper to reduce the amount of embrittled martensite formed during
deformation.

Both solutions mean further costs but surely not as much as those incurred from the use of

nickel.

In view of the necessity to maintain a good level of corrosion resistance, the following questions

need to be considered:

1. What are the effects of tempering the nitrogen containing alloys on corrosion
resistance?
2. What are the effects of copper additions on the corrosion resistance?

Preliminary work was carried out on three alloys with similar compositions to those used in the
present study i.e. nominally 17Cr-5.4Ni-0.25N (wt%) with copper additions ranging from 0-3.3
wt%@. Corrosion tests in de-aerated 5 volume % sulphuric acid showed that when the alloys
were tested in the solution treated condition, corrosion rates decreased with an increase in
copper content. Following deformation and ageing, the relatively poor corrosion properties of

the alloy containing no copper was exacerbated.
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These findings cannot be fully explained because, in the first instance, the relatively poor
corrosion properties of the copper free alloy in the solution treated condition could be attributed
to one or both of the following: (i) there is no copper in this alloy to improve the corrosion
performance and/or (ii) the microstructure is more unstable in this alloy. Secondly, the role of
copper on the dissolution properties after deformation and ageing is not clear since there is an
additional variant in the form of martensite volume fraction. The following questions are posed
regarding the relatively poor corrosion performance after deformation and ageing of the alloy

containing no copper:

1. Is this because the martensite formed during deformation results in more rapid

precipitation (and hence sensitisation) due to more nucleation sites, OR

i. The martensite itself leads to preferential attack due to its high energy state,
OR
1il. The copper additions in the other alloys could markedly retard the precipitation

kinetics due to its stabilising effect on the austenite and therefore hinder the

sensitisation phenomenon.
Of course, all possibilities are likely, but the relative contributions need to be ascertained.

1.2 PROJECT OBJECTIVES

The following issues shall be addressed in the experimental programme and form the objectives

for the present study:

a. Corrosion tests shall first be carried out on the alloys in the solution treated and aged
condition. Given the range in copper additions (0-3.3 wt%) amongst the experimental
alloys, this is an attempt to establish the influence of copper on the precipitation kinetics,

and hence sensitisation, during ageing.
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b. The alloys shall be subjected to corrosion in the solution treated and deformed condition. |
Deformation (which is carried out at room temperature) results in the formation of
martensite in these metastable alloys. The influence of martensite on the dissolution
properties of the alloys and more particularly, the influence of copper on the stability of the

austenite during deformation shall thus be established.

c. The influence of copper on the dissolution rate of martensite needs to be determined. This
means that the amount of martensite needs to be equal (thereby eliminating this variable)
amongst all three alloys. Since all the alloys have different austenite stabilities, deformation
needs to be carried out (to equivalent strains) at different temperatures in order to achieve

equal martensite levels.

d. Finally, corrosion tests will be conducted on the alloys in the deformed and aged condition
in order to determine whether copper has any effect on the precipitation kinetics (leading to
sensitisation) of martensite during ageing. Equal martensite levels will be achieved by
deforming the alloys at various temperatures (as carried out in (c) above), to equivalent

strains and then subjecting the deformed alloys to ageing.
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2.1 AUSTENITIC STAINLESS STEELS

The 18Cr-8Ni composition of austenitic stainless steels and their modified versions have
become the most widely used of the stainless steels because of their ease of fabrication, good
weldability and a good "all round" resistance to corrosion®. Common uses and applications
include holoware, builders hardware, architectural applications, abattoir, beer and beverage

production and food processing equipment to name just a few™®.

The most common austenite alloys are iron-chromium-nickel steels and are widely known as the
AISI 300 series. Because of their high chromium and nickel content, this series of stainless
steels are the most corrosion resistant’®. The alloys within this series are very different from one
another (see Table 2.1). The AISI 200 series of steels contain lower nickel contents which are
compensated by the addition of the austenite-forming elements, manganese and nitrogen. These

alloys were developed to conserve nickel and are less expensive than the AISI 300 series™ .

Literature Review

CHAPTER 2
LITERATURE REVIEW

©)

Composition (wt%)

AISI Type |C Mn Cr Ni Mo | Si N,

201 0.15max |5.5-7.5 16-18 3.5-55 |- 1.0 max | 0.25 max
301 0.15 max 20max | 16-18 6-8 - 1.0 max | 0.03

302 0.15max |2.0max |17-19 8-10 - 1.0 max | 0.03

304 0.08 max |2.0max | 18-20 8-12 - 1.0 max | 0.03

310 0.25max |2.0max |[24-26 19-22 - 1.5 max | 0.03

316 0.08 max |2.0max |[16-18 10-14 [2-3 |1.0max | 0.03

Table 2.1 Nominal compositions of the standard AISI 201 alloy and AISI 300 series of Cr-

Ni steels

(4,5,6)
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A brief review of the range of alloys begins with Type 301, which is employed in applications
requiring formability especially where stretching is involved. It is described as the leanest of
the AISI 300 series as it has a minimum amount of austenite stabilising alloying elements to
make it fully austenitic. Type 301, which has a lowered chromium and nickel content to
increase work hardening, is confined primarily to use at ambient tefnperatures; Types 302 and
304 have greater stability and improved corrosion resistance, Type 304 being the most widely
produced stainless steel. Type 304 is used considerably at elevated temperatures. The addition
of molybdenum to an essentially Type 304 base, represented by Type 316, imparts greater
corrosion resistance and significantly enhanced elevated temperature strength. Alloys with
greatly increased alloy contents such as Tyi)e 310 find their use primarily in elevated
témperature applications. The low-carbon or “L” grades e.g. 304L have a minimum carbon

content of 0.03 wt% in order to avoid seﬁsitisation during welding(4’5).
2.1.1 THE ALLOYING ELEMENTS

Austenitic stainless steels are formed by adding a face-centred cubic (FCC) element to the iron-

chromium system shown in Figure 2.19.
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Figure 2.1 Section of the iron-chromium (Fe-Cr) equilibrium diagrémm
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Since the chromium content of austenitic stainless steels exceeds 16 wt%, Figure 2.1 implies
that these steels should have a ferritic crystal structure. Therefore, alloying elements which shift
the gamma loop have to be used, both to expand the austenitic crystal structure into the ferritic
regions of higher chromium content, and to retain it at the lower temperatures. Nickel and
manganese are the most commonly used alloying elements in the austenitic grades of stainless
steel. Both elements are substitutional alloying elements which take the place of an iron atom in
the crystal structure. They are large atoms and diffuse slowly in iron and therefore stabilise the
austenite structure down to temperatures below that at which the atoms have sufficient mobility

for a crystal structure change to occur?.

In addition to nickel and manganese, other alloying elements are used depending on their

austenite forming and/or austenite stabilising abilities:

a. Austenite formers
Depending on whether the alloying elements are austenite- or ferrite-forming elements,
they will decrease or increase the tendency for delta-ferrite formation at the solution
treatment temperature. The effect of alloying elements on the constitution of austenitic
stainless steels can be considered by using chromium and nickel equivalent

compositions in terms of the alloying additions®.

The following values for the nickel and chromium equivalents for 12 wt% chromium

steels are applied to a wide range of austenitic steels:
Chromium equivalent (Cr’) = (Cr) + 2(Si) + 1.5(Mo) + 5(V) + 5.5(Al) + 1.75(Nb) +
1.5(Ti) + 0.75(W)

Nickel equivalent (Ni') = (Ni) + (Co) + 0.5(Mn) + 0.3(Cu) + 30(C) + 25(N)

where () is the weight percent of the alloying addition .
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The austenite forming elefnents contribute towards increasing the nickel equivalent and
the ferrite forming elements contribute towards increasing the chromium equivalent.
The significant contribution of carbon and nitrogen as austenite formers can be seen in
the magnitude of their coefficients in the Ni' equation. It is possible to make
adjustments for the effect of any undissolved carbide, particularly in steels containing
‘titanium or niobium®.
b. Austenite stabilisers

In some of the less highly alloyed austenitic stainless steels, the austenite may be
transformed to martensite (a’). This can occur in unstable alloys in the solution treated
condition by quenching to below the M., (martensite start) temperature of by
deformation at temperatures below My, (temperéture below which martensite forms as
a result of plastic deformation). This martensite transformation may also occur during
refrigeration in more stable alloys in which My is below room temperature. The
ability of elements to depress the My and My temperatures is what is generally
meant by austenite stabilising. Apart from cobalt, almost all alloying elements depress
the My temperature. M) is related to composition by the following empirical

equation for austenitic stainless steels:

Mgy (°C) = 502 - 810(C) - 1230(N) - 13(Mn) - 30(Ni) - 12(Cr) - 54(Cu) - 46(Mo)
where () is the weight percent alloy addition®.

Nitrogen and carbon reduce My significantly as can be seen by the magnitude of their

coefficients and are 30 - 40 times more effective in doing so than nickel. Even copper is

a more effective stabiliser than nickel.
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2.1.2 COPPER AS AN AUSTENITISING ADDITION TO STAINLESS STEEL

The effect of copper as an austenitising addition to stainless steel has been reported by

5,8-17
numerous authors®¥17?

®

. Copper has the ability to suppress the M, and M, temperatures of
austenite”. In this way, copper is an effective stabiliser of austenite once it has been formed
(sometimes as much as twice as effective as nickel(g)). Copper additions to suitable base
compositions can suppress the transformation of austenite to martensite during plastic

®19 " The various expressions for nickel equivalent (Ni')

deformation at room temperatures
generally give copper a coefficient of between 0.3 and 0.5@1112), implying that it is about half as
effective as nickel when it comes to preventing ferrite formation in a stainless steel (i.e. it is not

as potent an austenite former as nickel).

Copper is also one of the few elements whose addition to austenite will raise the stacking fault

G913 An increased SFE promotes cross-slip of dislocations and

(14)

energy (SFE) of the austenite

This, along with its stabilising effect on
(5,8,13,15)

reduces the resistance of the material to strain

austenite, results in a lowering of the tensile strength and rate of work hardening

It is acknowledged that the additions of copper to austenitic stainless steels improve the

(14)

formability of the alloys Components which have been deep drawn from some austenitic

stainless steels are known to exhibit cracking after a delay varying from an hour to several

(19 " The mechanism of cracking is connected with the presence of martensite in the

months
drawn components, although the composition of the martensite appears more critical than the
“amount. Copper additions of 1.3 wt% were found to prevent delayed cracking in 5.5 wt% nickel
alloys(l). Copper additions inhibit the delayed cracking that may occur by moving the position
of maximum rate of martensite formation with respect to applied strain up to higher strains, and

can suppress it completely, thus improving drawability.

The only significant metallurgical disadvantage of copper is that additions of more than about 3
wt% can cause hot cracking during rolling(lo’m’”). Copper in the range 2 to 3 wt% represents a
compromise and it is believed that such alloys offer a real prospect for future general purpose

low-nickel stainless steel that could compete with AISI 30419,
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2.1.3 NITROGEN AS AN AUSTENITISING ADDITION TO STAINLESS STEEL
It is generally found that nitrogen is a convenient and cheap austenitising alloying element®®'®,
Nitrogen has a high coefficient in the nickel equivalent (Ni') equation. It is therefore an
effective austenite former and enlarges the gamma phase field. Nitrogen is also an important

5,8,19,20 .
( ) Recent realisation

austenite stabiliser; it lowers both the M) and My, temperatures
of the shortage of precious alloying elements has renewed the interest to develop nitrogen
alloyed austenitic stainless steels. Increasing the nitrogen content from 0 to 0.25 wt% brings the
stable austenite region at an 18 wt% chromium level from about 7 wt% nickel down to 4.5 wt%
nickel®?. As little as 0.07 wt% nitrogen has also been found to make a large difference to the

austenite stability(zo).

Tensile properties of high nitrogen stable austenitic stainless steels also generally improve with
increasing nitrogen concentration as long as the nitrogen remains in interstitial solution. Both
yield strength and tensile strength generally increase in proportion to the square root of the

(2225 " This, however, was not found for a 17Cr metastable austenitic

interstitial nitrogen content
alloy containing 7Mn-4Ni-0.04C-0.5Cu. Instead, nitrogen additions of up to 0.28 wt% lowered
the UTS by about 30MPa per 0.1 wt% nitrogen added in these alloys. The proof stress did,

however, increase by 20MPa per 0.1 wt% nitrogen added to these metastable alloys(s).

Nitrogen additions to certain austenitic base alloys also improve the elongation to fracture,

@9 The work hardening rate can

apparently because nitrogen raises the rate of work hardening
be controlled by the stacking fault energy (SFE). A higher SFE is associated with lower rates of
work hardening. Additions of chromium, manganese, niobium, carbon and nitrogen, among
others, are generally believed to lower the SFE@6-29). The effect of nitrogen on the SFE,
however, appears to depend on the amount in s.o_lution, with little change until at least 0.2 wt%

is presentG9. The net effect of nitrogen on SFE is not entirely resolved.
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Unfortunately, there are practical difficulties involved in adding large amounts of nitrogen.
These are the results of the limited solubility of nitrogen in liquid and solid iron alloys. In order '
to obtain high nitrogen contents the solubility has to be increased by manganese, chromium and
molybdenum additions. Additions of nickel, silicon and carbon, however, reduce the nitrogen
solubility(3l). It has been shown that the nitrogen concentration in stainless steels can be further

increased by melting under elevated nitrogen pressures(22’32).

Sibanda® showed that metastable austenitic stainless steels containing at least 0.22 wt%
nitrogen exhibited delayed cracking after deep drawing. However, the additions of copper to

these steels reduced the propensity for delayed fracture.

2.2 CORROSION

Corrosion is essentially a process involving two electrochemical reactions:

Oxidation: M — M’ + ¢ (anodic)

Reduction: M" +e — M (cathodic)

It therefore makes sense that electrochemical methods can be used to study and measure

corroding systems.
2.2.1 MIXED POTENTIAL THEORY

The mixed potential theory proposes that all the electrons generated by the anodic reactions are
consumed by corresponding reduction reactions. The mixed potential itself, which is commonly
referred to as the corrosion potential, E,, is the potential at which the total rates of all the
anodic reactions are equal to the total rates of all the cathodic reactions. The current density at

) . . . . 12
E..r is called the corrosion current density, I.o, and is a measure of the corrosion rate'?.
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2.2.2 CURRENT DENSITY MEASUREMENT

The corrosion current density, I, cannot be measured directly since the current involved is one
that flows between numerous microscopic anodic and cathodic sites on the surface of the
corroding metal. Howe\‘Ier, it is possible to measure this current indirectly with the use of a
counter electrode as well as a potentiostat which is employed in conjunction with a reference
electrode (often a saturated calomel electrode). The metal sample is termed the working
electrode and cathodic current is supplied to it by means of the counter electrode composed of
some inert material such as graphite. In turn, the anodic current is supplied by the working
electrode to the counter electrode. Current is essentially measured by means of an ammeter and
the potential of the working electrode is measured with respect to the reference electrode by a
potentiometer-electrometer circuit. This circuit together with the ammeter form the potentiostat.
The potential and current are simultaneously measured®®. Once the results are plotted in the
form of a potentiodynamic scan or polarisation curve (graph of applied potential vs. measured

current density), I, can be measured by one of two techm'ques(m:

a. Tafel plot linear extrapolation

b. Linear polarisation resistance

2.2.3 THE POLARISATION CURVE

A convenient way to obtain an understanding of the passivity of stainless steels is by

considering the polarisation curve. Figure 2.2 shows a typical polarisation curve for stainless

steel in a sulphuric acid solution?.



!
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Figure 2.2 A schematic polarisation curve for a stainless steel in a sulphuric acid solution*?

By increasing the applied potential, from E.., in the noble (positive) direction and measuring
the resultant current density yields a somewhat unexpected potential/current density variation.
First, the measured current ceases to increase with applied potential and at the primary
passivating potential, E,,, it begins to decrease. The point of maximum current density is
termed the critical current density, I, and represents the point of maximum anodic dissolution.
The beginning of the decrease is known as the active-passive transition. Above this potential,
the current drops to a very low value, I, (passive current density), and remains at a low value
over a wide range of potentials. It is in this region that a protective Cr,O5 layer forms over the

" metal substrate, thereby lowering the corrosion rates of the substrate.

As the applied potential increases, another potential will be reached at which the measured
current will again begin to increase. The potential at which this current increase takes 'place 18
critically dependenf on the corrodent. For example, in a chloride free aqueous sulphuric acid
solution this potential represents the onset of the evolution of oxygen by the electrolysis of

water, and is known as E, the potential representing the onset of transpassive behaviour.
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However, in chloride containing solutions, the current “breaks” at lower (more active)
potentials. This “break” is accompanied by the breakdown of the passive film by the formation

of localised pits and occurs at the pitting potential, Epit(m.

2.3 GENERAL CORROSION OF AUSTENITIC STAINLESS STEEL

The conventional austenitic stainless alloys are considered to be the steels most resistant. to
industrial atmospheres and acid media. As conditions become more severe (higher
temperatures, stronger acids, etc.), more alloying content (over that of AISI 304 stainless steel)

is required(s).

2.3.1 EFFECT OF ALLOYING ELEMENTS ON ANODIC AND CATHODIC
PROCESSES

Increasing the chromium content beyond 12-13 wt% will yield steels which can be passivated in
more aggressive electrolytes. Alloying the steel with both chromium and nickel will markedly
facilitate passivation by lowering I and hence reducing the active range. E,, is also shifted

slightly towards the more electropositive (noble) direction (see Figure 2.3) ®,

('/

Cr steel
./

_—
.

—

—/‘
——_‘/‘
\Cr-Ni steel

LOG i

Figure 2.3  Relationship between corrosion rate and the electrode potential of a chromium

* steel and a Cr-Ni steel®
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Alloying the austenitic Cr-Ni steels with very small amounts of molybdenum will further reduce
I.;ic but these steels have poor properties in the transpassive range and are therefore not suitable
for highly oxidising electrolytes. Replacing molybdenum with silicon in Cr-Ni steels will

improve their properties in the transpassive range(s).

a. . Copper additions
Adding small amounts of copper will not appreciably affect the polarisation curve in the
same way as the other elements mentioned thus far. Instead copper facilitates the
cathodic process i.e. the reduction of the oxidising agent. Figure 2.4 shows how the
addition of copper reduces the polarisation of the cathodic reaction so that the steel can

be passivated instead of corroding in the active state®,

With Cu

LOG i

Figure 2.4  Importance of the cathodic process for the corrosion rate of a metal

capable of being passivated(s)

Murase®® found that the general corrosion resistance in sulphuric acid media shoWed
improvements for both austenitic and ferritic stainless steels with copper additions. This
work also revealed that the potentiodynamic scans showed a decrease in I and
corrosion rate values (Figure 2.5) with copper additions. The immersion tests showed
similar trends. This observation, however, was reversed in nitric acid i.e. copper
additions showed detrimental effects. Copper was also reported to have a.detrinﬁental

effect on the passivity of ferritic stainless steels®?. '
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Figure 2.5  Influence of copper content on corrosion resistance of austenitic stainless

steels in 1N sulphuric acid®?

Yamamoto et al®® also confirmed the reduction of corrosion rates with an increase in
copper content in a sulphuric acid environment. With the addition of copper, the natural
potentials of copper and niobium added 19Cr ferritic stainless steels shift to the noble
side as corrosion proceeds. The corrosion potential is just below -500mVcg after initial
immersion and slowly increases with time to more noble potentials and ﬁnally Ieveis off
just below -400m V. (see Figure 2.6). This phenomenon seems to be attributable t6 the
fact that smut, or corrosion product (see Section 2.4), formed on the steel surface
decreases the anodic area and that the cathodic reaction is accelerated with the progress’

of corrosion.
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The most important effect of copper additions. (to ferritic stainless steels) on the anodic
reaction is that it lowers the critical current density and shifts the passivation potential to
the base (active) side. That is, with the addition of as low as 0.4 wt% Cu, the passivation
potentials are shifted to approximately -500mVgcg, nearly the same as the corrosion

potential at the initial stage of immersion (see Figure 2.7).
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In another study involving the eélectrochemical and corrosion behaviour of 18-8
austenitic stainless steel containing copper, it was found that the addition of copper
enhanced the passivation in aerated 0.1M sulphuric acid.®® This is probably due to the
affinity of copper for oxygen and it is speculated that copper may assist the adsorption of
oxygen. In the absence of dissolved oxygen (i.e. de-aerated), the passive current density

increased with increasing amounts of copper in the stainless steel (see Figure 2.8).
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' Figure 2.8  Potentiodynamic polarisation curves of Cu-containing stainless steels in

de-aerated 0.1M sulphuric acid solution® |

Furthermore, this study showed that the passive film formed on the high copper content
stainless steel was less stable than that formed on the low copper content steel in de-

aerated 0.1M sulphuric acid solution®®.

In a paper reporting the effects of molybdenum, copper, silicon and phosphorous on the
anodic behaviour of 17Cr steels in sulphuric acid, Lislovs®” found that the additidn of 2
wt% copper to a 17Cr-1Mo-1Si-0.05P steel significantly decreased the value for I_,
(with respect to the same alloy without copper additions), but was detrimental to the
stability of the passive film. On the other hand, the addition of 2 wt% copper to a 17Cr-
3Mo steel ‘(without additions of phosphorous and silicon) produced only a small

,. decrease in the value for I__ (with respect to the copper-free version of this steel), but

crit

greatly enhanced the passivity of the steel.
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In acidic chloride solutions (3.5% NaCl), copper additions to austenitic stainless steel
has been found to result in a decrease of active dissolution at 80°C. Copper shifts the
passivation potential in the anodic direction and the pitting potential in the cathodic

direction in this media, as illustrated in Figure 2.999),

Current density i, uA am'?

1 | 1 Il 1
-800 -400 <300 200 10O

Potential E, mV {SCE)

Figure 2.9  The polarisation curves of 18Cr-10Ni (O) and 18Cr-10Ni-2Cu (®) in
3.5% NaCl solution at 80°C®* |

This study also found that copper reduces the stability of the passive film by changing
the passivation kinetics during the growth of this film®®. Composition depth profiles of
the passive film of two steels grown at -300mV; in 3.5% NaCl for 5 seconds were

conducted (see Figure 2.10).
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Figure 2.10  Depth profiles of 18Cr-10Ni (¢,0O,0) and 18Cr-10Ni-2Cu (¢ ,® W) after

passivation at -300mV g for 5 seconds®?

These profiles showed that the specimen surfaces were enriched with chromium and
oxygen. Throughout the depth profiles, the chromium enrichment on the surface of the
18Cr-10Ni steel was higher than that of the 18Cr-10Ni-2Cu steel. It can be concluded
that copper retards the enrichment of chromium and oxygen on the surface of stainless

steel during the passivation process(38).

The effects of copper, molybdenum and carbon on the rate and type of corrosion of
18Cr-8Ni stainless steels after deformation into U-shaped specimens have been
investigated in 5N H,SO, solutions containing up to 0.4M NaCl at 40°C®?.  Steels
containing less than 0.1 wt% Mo exhibited general corrosion independent of copper
content (0.1-1.04 wt%). In steels containing 0.1-1 wt% Mo, the type of corrosion
changes with increasing copper content in the following way: firstly, at low copper -
content, general corrosion with grain boundary initiation, then intergranular corrosion>
and finally stress-corrosion cracking, as the copper content increases. For steels which
exhibit intergranular corrosion, the depth of intergranular corrosion increases with

increasing molybdenum content and decreases with increasing copper content.
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In summary, it appears that the effect of copper on the corrosion behaviour of austenitic
stainless steel is quite varied and complicated. However, it is the general trend that
copper additions to austenitic stainless steel result in improvements to the corrosion
performance in sulphuric acid media. This is noted essentially by the decrease in both

I, values and corrosion rate values. It seems also that copper additions generally have a

crit
detrimental effect on the stability of the passive film in de-aerated sulphuric acid media.
This is shown by the increase in passive current densities with increasing copper content.
The effect of copper on corrosion performance is, however, largely dependent on the
type of environment, whether or not oxygen is present and the presence of other alloying

elements.

b. Nitrogen additions
Cortie studied the effect of nitrogen additions on metastable Fe-17Cr-7Mn-4Ni-0.04C-
0.5Cu (wt%) austenitic stainless steel!?. Potentiodynamic scans of the alloys in 10%
sulphuric acid showed typical active-passive behaviour. The voltages Ecor and Eg, did
not show any particular trends when plotted against nitrogen content. However, nitrogen
additions from 0-0.3 wit% had a significant effect on I, reducing it from 2.4 to
0.5mA/cm’. This is regarded as a beneficial variation and makes it easier for the alloy to
passivate in this particular environment. Beneficial effects of nitrogen were also

(10)

recorded in the general corrosion rates Pickering(26) also found nitrogen to be

beneficial in promoting passivity.

The values for I and I, Were also found to decrease with increasing nitrogen content
when virtually nickel free Fe-Cr-Mn alloys were tested in 5% sulphuric acid (Figure
2.11). The passivation potential also moved to less noble values with increasing

nitrogen content making the active region narrow™*?.
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Figure 2.11  Effect of nitrogen content on anodic polarisation of solution treated Fe-
12Cr-15Mn steels in 5% sulphuric acid at 30°C (00, 01,02 =0, 0.1, 0.2

wt% N respectively)(40)

2.4 METALLIC COPPER DEPOSITION AND THE SECOND ANODIC
| PEAK PHENOMENON

Yamamoto, et al® found metallic copper in the smut (mentioned in Section 2.3.1(a)) of 0.4
wit% copper added 19Cr ferritic stainless steels. It was decided that this copper was not the
result of being left behind during the preferential attack of iron and other alloying elements, but
rather that the metallic copper may have been the cathodic precipitate from the ions which were
oxidised as Cu* and Cu- into the electrolyte and then reduced. The equilibrium potentials of
Cw/Cu* and Cw/Cu' are 99mV and 279mVg, lying on the considerably nobler side
compared with the anodic active potential region of stainless steels. Consequently, it is quite
possible that, if the copper contained in steel dissolved as ions into.solution, it is immediately
reduced and cathodically precipitated. Thus, it may be thought that with the copper added
stainless steels, the anodic reaction is inhibited not only by the anodic area being reduced by

smuts, but also by the cathodic precipitation of metallic copper at anodic active sites.
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Lizlovs®? also found that the evaluation of the corrosion results for copper added 17Cr ferritic
stamless steels is comphcated by the simultaneots deposmon of dlssolved copper on the
corroding specimen. This effect is expected to be the largest at potentials near E_ (primary

passivation ‘potential), where the-corrosion rates are at'maximum values. This deposition of

- copper contributes a negative current of unknown and vé.rying magnitude. The depdsited copper:

is then anodlcally dissolved (Cu ~» Cu® + 2e) resulting in an increase in anodic current. It was

suggested by Llslovs(”) Seo(‘“) as ‘well as Murase® that the small positive current “hump” or
second anodic peak (Figure 2.12) seen in the potentiodynamic scans of stainless steels could be

attributed to this dissolution of copper.
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Figure 2.12 - Potentiodynamic curve of 2.06 wt% Cu added austenitic stainless steel in 1 N
HZSO4 at 30°C showing second anodic pe_ak(34)
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2.5 PITTING IN AUSTENITIC STAINLESS STEELS

Pitting is a form of localised corrosion in environments containing very aggressive ions such as
chlorides. These aggressive ions penetrate the passive film at a certain potential and destroy it
at weak points. The corrosion pits tend to develop at microstructural features such as grain

boundaries and oxide inclusions®. Chromium, nickel and molybdenum additions have the

effect of increasing the steels resistance to pitting(s’lz) .

The pitting corrosion resistance of austenitic stainless steels is known to improve with an

(34,36)

increase in copper content in chloride containing media . The increase in pitting potential

with the increase in copper content shows that susceptibility of the alloys to pit initiation

BY " Moskowitz et al®?, however, summarised the

decreases with an increase in copper content
effect of copper on resistance of stainless steels to pitting in chloride solutions as variable.
Copper has no effect in the absence of molybdenum, but a slightly detrimental effect in the

presence of molybdenum®?.

The effect of nitrogen content on the pitting tendencies of austenitic stainless steel has been well
reported and proven to be beneficial®***), This effect is shown by the extension of the passive
range when the pitting potential, E;, is increased towards the transpassive range“®. Nitrogen is
also the main factor in the pitting resistance equivalent (PRE) equation which is used as an

empirical indicator for pitting resistance”.

PRE = (%Cr + 3.3 %Mo + 16 %N)
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2.6 PRECIPITATION DURING AGEING

Precipitation reactions in austenitic stainless steels at elevated temperatures are complex and
only general guidance to the precipitates formed can be gained by reference to constitutive

diagrams(48).

When austenitic stainless steels are rapidly cooled from the solution treatment temperature, the
dissolved carbide remains in solution. However, when supersaturated steels are thermally aged,
carbide precipitation then occurs. In the absence of stabilising elements, M,,C, is the
predominant’ carbide formed in the AISI 300 series austenitic stainless steel. M,,C, is mainly
composed of chromium carbide, so the designation Cr,,C, is used frequently. Precipitatioh
occurs very rapidly on the ferrite-austenite interfaces, followed by precipitation on other non-
coherent boundaries including inclusions, grain and twin boundaries (Figure 2.13). The
principal practical consequences of M,C, precipitation are degradation of intergranular

corrosion resistance and reduction in tensile properties, especially ductility and toughness(48).
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Figure 2.13  Precipitation kinetics of M,;C, carbide in 18Cr-9Ni AISI 304 stainless steel

containing 0.05 wt% C“
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2.6.1 NITRIDE PRECIPITATION

Many nitrides precipitate in the austenitic steels, the predominant one being CryN. The
solubility of Cr;N, which has a hexagonal structure, is lower in the higher chromium and nickel
AISI 310 than in AISI 304, probably because of the much higher nickel content. Both Cr,N and
M;;Cg precipitate within the matrix, often on dislocations and also as grain boundary cellular.
precipitates. The higher the nitrogen content, the lower the ageing temperature at which cellular

precipitation occurs™,

Ageing of annealed high nitrogen (0.7 wt%) materials at 700°C prodﬁced only grain boundary
Cr,N precipitation.  Faster precipitation kineticé at 900°C resulted in grain boundary,
transgranular and cellular nitride precipitation as shown in Figure 2.14. Complete grain
boundary nitride coverage occurred after 0.1 hours of ageing at 900°C but required about 1 hour

at 700°C“?,
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Figure 2.14 TTP diagram for grain boundary, cellular and transgranular nitride precipitation

in annealed high nitrogen stainless steel*

Nitrogen has a high solubility in austenitic steels - in excess of 0.1 wt% at temperatures above
550°C. Owing to this solubility, only a small amount of nitrogen is found replacing carbon in
M,.C, to form M, (CN),, but in the presence of stronger carbide forming elements, such as

23776
niobium and titanium, nitrides are readily precipitated at high temperatures(26) .
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The precipitation of secondary phases has also been examined for a 20Cr-25Ni-4.5Mo-0.21N
steel at 850°C, the temperature of most rapid precipitation. The precipitation sequence was
found to be complex and involves several intermetallic carbide and nitride phases. Initial

precipitation examined after 10 minutes is however dominated by Cr,N®?,

Miyahara et al® showed that Fe-12Cr-15Mn containing 0.1-0.2 wt% nitrogen formed grain
boundary precipitates after ageing at 700°C for 10 hours. Grain boundary nitrides were
identified as Cr,N by x-ray diffraction analysis. Carbide formation at grain boundaries
introduced deep grain boundary corrosion in the active region and increased I, in the
measurement of anodic polarisation. However, nitride formation showed shallow grain

boundary corrosion and no change of the value for Ipass(40).

2.6.2 INFLUENCE OF PRIOR DEFORMATION ON PRECIPITATION KINETICS

The effect of cold work on ageing is to shift the time-temperature-precipitation diagram to
shorter times and lower temperatures. The formation of M,,C, is markedly accelerated*?.
Simmons” investigated the effects of nitride (Cr,N) precipitation of a typical high nitrogen,
low carbon austenitic stainless steel, nominally Fe-19Cr-5Mn-5Ni-3Mo-0.024C-0.69N. His
work showed that prior deformation increased precipitation kinetics and had a controlling
influence on nitride morphology, enhancing grain boundary and transgranular Cr,N, and
retarding cellular precipitation. Prior deformation by cold rolling accelerated grain boundary
Cr,N precipitation kinetics (700°C and 900°C), retarded cellular precipitation (900°C) and
caused the deformation-induced precipitation of needlelike transgranular nitride precipitates

(700°C and 900°C) which were associated with periodic defect structures (deformation twins

and concentrated slip bands).

This work also showed that precipitate structures can be altered by thermomechanical
processing and, therefore, can be controlled to some degree by the type and magnitude of strain
applied to the system. However, overall precipitation kinetics cannot be reduced by
thermomechanical processing since it increases the volume of defect structures and the total
energy of the material. Precipitation kinetics can only be retarded through the chemical driving

force (i.e. composition changes).
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2.7 SENSITISATION

Sensitisation is the process whereby precipitates of Cry;;Cg form preferentially at grain
boundaries. A small amount of carbon combines with a large amount of chromium, and thus
depletes the surrounding grain boundary area of chromium. Since a chromium content of at
least 12 wt% is needed for the formation of a protective passive film and hence prevention of
extensive corrosion, the area around the grain boundaries are subject to higher corrosion rates.

This results in intergranular corrosion taking place.

Carbon content should be kept below 0.03 wt% as higher volumes will favour formation of
chromium carbides at the grain boundaries leading to sensitisation (if exposed to temperatures
between 538 - 815°C)(5). Titanium and niobium are used to reduce carbon solubility at the
annealing temperature. This in turn helps prevent the process of sensitisation (they are strong

carbide formers)(3) .

2.7.1 INFLUENCE OF NITROGEN ON SENSITISATION

Briant et al®V studied the sensitisation of high purity austenitic stainless steels and found that
nitrogen retards nucleation and/or growth of carbides at grain boundaries and hence increases
the time necessary for sensitisation (see Figure 2.15). For such a mechanism to be operative,
nitrogen must diffuse to the grain boundaries and be present there during carbide nucleation and
growth. Additions of manganese and molybdenum also help nitrogen retard the nucleation and
growth of the carbides by stabilising the nitrogen in the grain boundaries through attractive
chemical interactions. Nitrogen has a chemical attraction to both molybdenum and manganese,

i.e. there will be a tendency for them to form a compound.
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Figure 2.15  Effect of nitrogen on kinetics of M;,3Cq precipitation(%) :

Similar trends were observed in an investigation on commercial purity alloys but are modified

by the presence of impurities(ﬂ)

. The discovery of a multiplicity of phases which occur at grain
boundaries in sensitised AISI 316L stainless steel, containing more than 0.15 wt% nitrogen is
interesting since this does not affect the sensitisation behaviour of this material. These phases
which do not cause sensitisation serve to increase the distance between M;3C¢ precipitates aﬂd
also may occupy grain boundary sites which would otherwise be available for carbide

nucleation.

The addition of nitrogen contents varying from 0.029 to 0.123 wt% to a low carbon austenitic
stainless steel containing 2.3 wt% molybdenum also showed that nitrogen improves the

sensitisation resistance over the range of critical temperatures (600-850°C)(53).

During
sensitisation by heat treatment in the temperature range 600-700°C, nitrogen segregates at the
grain boundaries of austenitic stainless steels. This segregation is enhanced by the presence of

molybdenum which stabilisers nitrogen in the grain boundary regions.

Therefore, even relatively small amounts of nitrogen have a pronounced effect on the
sensitisation properties of the steel, by virtue of the segregation of the nitrogen at the grain
boundaries. Problems of sensitisation in high carbon austenitic stainless steels in the critical

temperature range can also be reduced by the addition of nitrogen(SB).
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Tests carried out on AISI 304 stainless steel with nitrogen ranging from 0.04-0.25 wt% and
carbon content 0.045 wt% revealed that nitrogen additions up to 0.16 wt% also retard
sensitisation but a nitrogen addition of 0.25 wt% does not retard sensitisation®*¥. These tests
also showed that the chromium concentration at the carbide/austenite interface increases from

11.2 to 12.4 wt% as nitrogen is increased from 0.04-0.16 wt% (see Figure 2.16)(54).
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Figure 2.16 Calculated chromium concentration at carbide interface, as a function of nitrogen

content, at 600°C®Y.

This increase in chromium concentration is thought to lower the concentration gradient between
the austenite matrix and the grain boundaries and hence retard carbide growth by reducing the
sensitisation kinetics, since chromium diffusion in austenite is rate-controlling. Nitrogen
additions of 0.25 wt% lowers the chromium concentration at the interface, increases the

concentration gradient and sensitisation kinetics are not retarded(54).
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2.7.2 EFFECT OF MARTENSITE ON SENSITISATION

In an investigation on the effects of deformation-induced martensite on the sensitisation of

(56), work was carried out to compare the effects of deformation which

austenitic stainless steels
does not induce martensite with deformation which does on the sensitisation of austenitic
stainless steels. In order to do this, the effect of deformation on the sensitisation of AISI Type
316 and 304 stainless steel was determined. In the undeformed state, the sensitisation Kinetics
of the two steels were remarkably similar, and the sensitised samples corroded intergranularly.
However, deforming the éamples to within 34.5 MPa of the maximum tensile stress produced
martensite in the AISI 304 alloy but does not in the AISI 316 alloy. The presence or absence of

martensite leads to quite different sensitisation behaviour. This can be explained by the

following:

Deformation reduces the times required for sensitisation. However, the effect is much greater in
the martensite containing AISI 304 stainless steel than in the AISI 316 type. The rapid
sensitisation of AISI 304 results directly from the presence of martensite. Because chromium
and carbon can diffuse more rapidly in the body-centred tetragonal (BCT) martensite than in the
face-centred cubic (FCC) austenite, precipitation of chromium carbides can occur at lower
temperatures. These intragranular carbides produce intragranular corrosion. No carbides or
corrosion were observed in the deformed AISI 316 samples after ageing at these temperatures

(below 600°C).

At temperatures of between 600 and 650°C, sensitisation occurs rapidly in the undeformed
alloys. Deformation increased the kinetics of sensitisation in both alloys in this temperature
range. However, samples of AISI 316 alloys sensitised for short times corroded intergranularly
and only with continued sensitisation did intragranular corrosion accompany the intergranular
attack. Deformed samples of AISI 304 stainless steel aged for short periods immediately

showed both inter- and intragranular corrosion.
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In both alloys, any intragranular corrosion which occurred after heat treatments in the
temperature range 600-650°C could be associated with intragranular carbides. However, in the
AISI 304 alloy, carbides can nucleate easily both at the grain boundaries and within the
martensite leading to a high density of carbides. In the AISI 316 alloy, the grain boundaries
remain the preferred location for carbide precipitation and only with time do intragranular

carbides form.

The deformed AISI 316 alloy sensitised readily at 700°C and after heat treatments of 3 to 24
hours exhibited failure in the modified Strauss test. However, the AISI 304 alloy was either

partially attacked or completely healed after the same treatment.

This “healing” phenomenon results from the ageing of martensite. Even at very short ageing
times at 650-700°C, many carbides precipitate at the grain boundaries as well as within the
martensite. This high density means that chromium depletion around any carbide will never be
as great as the depletion around a low density of intragranular or grain boundary precipitates.
Furthermore, the martensite is especially efficient at precipitating carbides because the solubility
of carbon is lower in the martensite than in austenite. This means that most of the carbon in the

martensite rapidly goes into the formation of carbides, giving a high density of fine carbides.

In summary, it was found that martensite formed during deformation produces very rapid
sensitisation at temperatures below 600°C. This deformation-induced martehsite is a site of
extensive carbide precipitation during ageing and causes extensive intragranular corrosion.
Between 650-700°C, a “healing” phenomenon may occur during the ageing of the deformation-
induced martensite. This “healing” reduces the deleterious effects of sensitisation. Cold work
alone, without the formation of martensite, noticeably increases the kinetics of sensitisation only
in the temperature range where the undeformed samples are also rapidly sensitised. It does not
lead to rapid “healing”, and the grain boundaries remain the preferred site for carbide

precipitation.



Chapter 3 Experimental Techniques 33

CHAPTER 3
EXPERIMENTAL TECHNIQUES

3.1 EXPERIMENTAL MATERIALS

Three novel austenitic stainless steel alloys were used in this experimental programme. These
alloys were supplied by Columbus Stainless (Middelburg, South Africa) and are based on the
AISI 301 series of stainless steels. These three alloys have reduced nickel levels (5.25 to 5.44
wt%) and increased nitrogen (0.23 to 0.26 wt%) and copper (0.07 to 3.34 wt%) levels. In
addition to these three alloys, the experimental programme included the AISI 301 and 304L
standards for comparison. All castings were hot rolled to a thickness of 10mm and were
supplied in 4kg plates. The three novel alloys were designated 0Cu (0.07 wt%), 1Cu (1.23
wt%) and 3Cu (3.34 wt%) relating to their copper contents. The exact chemical compositions

are given in Table 3.1.

Alloy C Cr Ni N Cu |(Mn S Ti Nb Si

0Cu 0.05 |[17.37 | 544 026 [0.07 |1.28 |0.010 | 0.001 | 0.005 | 0.22

1Cu 0.03 |17.73 | 530 {023 (123 [1.49 |0.008 | 0.001 | 0.004 | 0.22

3Cu 0.03 | 1721 |5.25 |0.24 |3.34 [1.34 [0.008 | 0.001 [0.004 |0.28

301 0.02 |17.47 |7.41 |0.07 {0.06 |1.73 |0.006 | 0.026 | 0.006 | 0.62

304L 0.02 |18.34 |8.12 [0.08 |0.05 |1.93 [0.005 |0.002 | 0.007 {0.52

Table 3.1 Composition of experimental alloys (wt%)

Austenite stabilities as ranked by M, temperatures (Section 2.1.1(b)) are given in Table 3.2.

Alloy - 0Cu 1Cu 3Cu 301 304L

M., (°C) |-251.3 |-263.7 |-380.2 |-58.4 |-105.0

Table 3.2 M, temperatures (°C) of experimental alloys
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3.2 MICROSCOPY

The microstructures of the various materials were characterised using both light and scanning

electron microscopy.
3.2.1 OPTICAL MICROSCOPY

Optical light microscopy was employed before any corrosion tests were carried out in order to
qualify the microstructures of the three novel alloys. Both bright field and Nomarski
interference contrast modes were employed. Specimens were mechanically ground finishing
with 1200 grit paper and then polished using a 3um diamond paste cloth. They were then
electropolished and electro-etched (to remove any residual martensite formed in the polishing

process) using the following procedures:

a. Electropolishing
Solution: 25g CrO;
133ml acetic acid
7ml distilled water

Current Density: 0.09-0.22 A/cm®

Voltage (DC): 20V
Temperature: 17-19°C
Time: 6 minutes
Cathode: Stainless Steel

b. Electro-etching

Solution: 10g oxalic acid
100ml distilled water

Voltage (DC): 6V

Temperature: 15-20°C

Time: | 45-60 seconds

Cathode: Stainless Steel



Chapter 3 Experimental Technigues 35

3.2.2 SCANNING ELECTRON MICROSCOPY (SEM)

A Cambridge Model S.200 scanning electron microscope (SEM) was used in order to examine
the surfaces of the various microstructures after corrosion and to identify the mode of corrosion
which took place e.g. general corrosion, intergranular corrosion, intragranular corrosion, pitting
corrosion, etc. Images were obtained from secondary electrons at an accelerating voltage of

30kV.

3.3 CORROSION TESTS

3.3.1 INSTRUMENTATION

Corrosion tests were carried out using an AMEL System 5000 Electrochemical Potentiostat
which is linked to an AMEL EASYCORR Corrosion Software package. This software allows
potentiodyriarnic polarisation scanning (including pitting cyclic scans), polarisation resistance
measurements as well as Tafel plots to be conducted. The potentiostat is linked to the corrosion

cell via cables to the reference electrode, working electrode and counter electrodes.

In order to eliminate any pick-up of electrical noise which may be present in the surroundings, a
Faraday type cage was constructed which consisted of a wooden box lined on the inside with
copper sheeting. This box contained only the corrosion cell, immersed in a temperature bath,
thereby isolating the sensitive measurements from the surrounding environment.

A second bath (which contained the thermo-regulator and a small bilge pump) was placed
outside the Faraday cage. This allowed for water to be pumped at temperature into the cage
containing the corrosion cell, without both these motor driven devices contributing to any

electrical noise. Figure 3.1 shows the instrumentation used during testing.
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Figure 3.3  Potentiodynamic scan of AISI 430 in 1NV H,SO, compared to ASTM standard

reference test.

Both potentiodynamic scans (including cyclic pitting scans) and Tafel plots were carried out on
the specimens. The potentiodynamic scans enabled characterisation of the overall corrosion
behaviour such as maximum dissolution rates, passivation behaviour, transpassivity and pitting

tendencies, while the Tafel plots allowed for accurate corrosion rate measurements.

All tests (with the exception of pitting tests) were carried out in a 5 volume % sulphuric acid
solution. The solutions were maintained at a constant temperature of 30°C using the thermo-
regulator throughout the test. Argon gas was used to purge and thereby de-aerate the electrolyte
for at least one hour before specimen immersion. This purging continued until completion of

the scan.

Specimens were immersed at least one hour before commencement of the scan to allow the
corrosion potential, Ecqy, to stabilise. All potentiodynamic plots were scanned from a cathodic
potential of -500mVgcg to an anodic potential of 1200mVgce while Tafel plots were scanned
over a potential amplitude of 300mVgcg. All scans were performed at a rate of 167uV/second.

Section 3.7 describes the procedures carried out for pitting tests.
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3.3.3 CALCULATION OF CORROSION RATES

Corrosion rates were calculated using the Stern-Geary equation(lz’ss’sg):

pp_ |1

Icorr - —_

23+ ) |Re

where I, = corrosion current density in mA/cm’
Ba = anodic Tafel slope in mV/decade of current
Bc = cathodic Tafel slope in mV/decade of current
R, = polarisation resistance in ohms

2.3 = natural log of 10

The values for B, and B, were obtained from the Tafel plots. These Tafel ploté involved
potentiodynamically polarising the alloys starting at a potential (overvoltage) of 150mV below
E.or and ending at a potential of 150mV above E,,. In this procedure, the specimen is made to
initially act as a cathode in the electrochemical cell containing the electrolyte and by increasing
the applied potential in the more noble direction, the specimen is made to act as an anode. This

yields a curve known as an Evans diagram as shown in Figure 3.4.
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Figure 3.4  Evans diagram essentially used for determining corrosion rates'”
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Theoretically, both the anodic and cathodic potential-current density curves should be linear
intersecting at a point corresponding to E.,, and I, However, this is not the case as the
measured curves deviate from linearity on approaching Ecor. The reason for this is thought to be
the result of both anodic and cathodic sites developing on the specimen surface as the applied

currents become increasingly small"?.

Despite this, both the measured cathodic and anodic potential-current density curves contain
linear regions on a semilogarithmic plot within approximately 50mV of E¢,r. These regions of
linearity are referred to as Tafel regions and it is the slopes of these linear regions that yield

values for 8, and B."?.

The value for polarisation resistance, R,, is obtained from the slope of the potential-applied
current curve (as opposed to the potential-current density curve) as shown in Figure 3.5. The
slope of this curve at potentials within 10mV of Eg (circled region in Figure 3.4) is
approximately linear. This slope, AE/AI, has the units of resistance and represents the

resistance, within the electrolyte, between the reference electrode and the polarised electrode

(specimen).
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Figure 3.5  Measurement of linear polarisation resistance, Rp(lz).
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Once the values for B,, B and R;, were obtained, I, could be calculated in mA/cm®. To convert
this corrosion current density to a corrosion rate in mmpy (millimetres per year), the following

relationship was used:

(3.3 x mA /cm? x EW)
d

mmpy =

where 3.3 = metric/time conversion factor
. . . 3
d = density of specimen in grams per cm

E.W. = equivalent weight in grams

This equation describes the corrosion rate of a pure metal which has a certain density and
equivalent weight. Since stainless steels comprise a number of major alloying elements of
differing equivalent weights, a computation must be made of the partial contributions of the

various alloying elements. This computation is set out as follows:

E.W. = X ((volume element in alloy x atomic mass)/valency)

3.4 COMPRESSION TESTS

Compression tests were conducted for the section of tests that required all the alloys to have
equal amounts of deformation-induced martensite. Since all alloys represent different austenite
stabilities (determined by the copper content), each alloy needs to be deformed at a different
temperature to achieve these equal martensite volume fractions. If the alloys were all deformed
at room temperature, martensite volumes would increase from the lowest in 3Cu to the highest

in 0Cu since the copper addition in 3Cu stabilises the austenite during deformation.
3.4.1 INSTRUMENTATION
Compression testing was carried out using an electro-servo hydraulic testing machine (ESH).

This rig was used as it was able to facilitate a temperature bath. The rig as well as the

temperature bath are shown in Figure 3.6 (a) and (b).
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Figure 3.10  Schematic of Teflon holder showing detail of Teflon gasket(60)

All mounted compressed specimens were ground for 2 minutes first using 500 grit paper, then
for 1 minute using 1200 and then 4000 grit paper. Polishing then took place for 2 minutes usiné
a Struers OP-U suspension solution. Specimens were corroded after XRD. analysis (to
determine the deformation-induced martensite volume fraction). For the compressed and aged
condition, corroded compressed specimens were broken out of the mould, ultrasonically
cleaned, and then aged (either 0.5 or 3 hour periods). After ageing, the specimens were again
mounted in Pratley epoxy glue and ground with 1200 grit paper for 30-60 seconds and then
4000 grit paper for 1 minute. Great care was taken to remove a minimal amount of surface
material after ageing thereby maintaining the position of maximum strain (in the centre of the

specimen). Polishing then took place for 2 minutes using the Struers suspension solution.
3.6 X-RAY DIFFRACTION

X-Ray diffraction techniques were used to determine martensite volume fraction. The complex
morphology of martensite does not allow for easy measurement of its volume fraction by light
microscopy.' Martensite laths occur in sheaves or elongated clusters and are too small to be
resolved individually. As a result, optical microscopy indiéates greater amounts of stfain-
induced martensite than actually exists®”. X-Ray diffraction is potentially the most accurate

method for quantitative detection of martensite.
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3.6.1 CALCULATION OF MARTENSITE VOLUME FRACTION

The X-ray intensity diffracted from each crystal phase is proportional to the volume fraction of
that phase present. X-Ray diffraction results in a trace of reflected intensity against 26 (where 0
is the Bragg angle). The Bragg angle is related to the interplanar spacing of the crystal by

Bragg’s Law®?:

nA = 2dsin0 eqn. 3.1

where n=1,2,3..
A = X-ray wavelength
d = interplanar spacing

0 = angle between the atomic plane and the X-ray beam

The X-ray intensity (measured from the heights on the X-ray plot) of each phase is not
proportional to the integrated peak area (which is proportional to the phase volume fraction).
The volume fraction of each phase is therefore calculated using the area under the peak, rather

than the peak height.

For microstructures consisting essentially of austenite and martensite, the ratio of the volume

fraction of austenite (Vy) and martensite (V) can be written as:
Vy / Voo = Iy)"Re™ /1" Ry = eqn. 3.2

I is the integrated intensity of a particular hkl reflection in a phase while Ryy is a factor

depending on the specimen crystal structure, the reflecting set of planes and 6.

If Vy + Vg = 1 (provided that the volume contributed by carbides and/or nitrides is very small)

then:

Vo =1/[1+8] andVy=S/[1+S] eqns. 3.3
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Diffraction line broadening usually occurs and the intensity of an X-ray at a particular Bragg
angle follows a Gaussian distribution. The area under the peak was thus calculated using a
programme called XPROC which uses two different techniques: first, it fits a straight line
through the left and right backgrounds and secondly it fits a polynomial. Two integrated areas
under the peak are thus obtained which are then averaged to give the integrated intensity (In)

corrected for the background

Ry can be calculated from basic principles and a list of these values are given in Table 3.3.

Peak Bragg Angle Ry
0 20
200q, | 325 65 32
211y | 412 824 61
310, | 58.0 116.0 19
200y 25.4 50.8 82
220y 37.3 74.6 44
311y 45.5 91.0 51

Table 3.3 Bragg angles and R-factors of three austenite (y) and martensite (o) peaks used

for CuKa, radiation®®

These R-factors, together with the I, values for each reflection were then substituted into eqn.

3.2 to obtain S, which was then used in eqns. 3.3 to obtain the martensite volume fraction.

3.6.2 XRD INSTRUMENT SETTINGS

Data was collected using a computer-interfaced Phillips X-Ray Diffractometry (XRD) machine.
A copper (CuKa) tube was used for radiation. Although this source of radiation only reaches a
penetration depth of 2um in stainless steel®, it was found to be adequate for this work. A
voltage of 40kV and current of 25mV were the optimum settings for this tube. An investigation
into the count time and degree interval found a 10 second time and a 0.05° interval to be

adequate. Samples were scanned over a range of 20 from 62° to 93°.



Chapter 3 Experimental Techniques 51

Due to practical limitations such as peak overlap making some peaks difficult to resolve and
also time constraints, it was decided to use only two peaks for each of the martensite and the
austenite phases. Although the final analysis is more accurate when as many peaks as possible
are included for each phase, work has shown that if only the 220y and 311y peaks are used for
| the austenite phase, the analysis yields virtually the same results as for the analysis using three

®7 Due to difficulty in resolving peak overlap between 310¢ (B¢, = 58.0°)

peaks for this phase
and 400y (B¢, = 59.3°) it was decided to use only the 200y and 211¢. peaks for the martensite
phase. Figure 3.11 shows a typical XRD trace obtained for 1Cu compressed at room
temperature. The austenite and martensite peaks used in the calculation of martensite volume

fraction are clearly shown.
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Figure 3.11  XRD trace for 1Cu compressed at room temperature.
3.7 PITTING TESTS

Pitting tests were conducted by cyclic polarisation first in a salt water solution (3.5 wt% NaCl)
as well as solutions containing 100, 200, 500 and 1000ppm of chloride. Examination of all the
specimens following these tests showed severe evidence of crevice corrosion while there was

no evidence of pit formation.
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Pitting tests thus posed a problem in this project as it was very difficult to eliminate the problem
of crevice corrosion. This crevice corrosion occurs at the interface between the metal surface
under study and the insulating material used to isolate part of the test specimen from the
surrounding halide solution. Any small flaw at this interface results in a depletion of oxygen
and localised corrosion starts in this region. The occurrence of crevice corrosion leads to an
artificially low and inconsistent value of "pitting" potential in a series of measurements on a

given alloy as well as incorrect ranking of different alloys(64’65).

The problem in the initial tests lay in the integrity of the seal of the mounting technique. The
Teflon (PTFE) specimen holder (shown in Figure 3.9 (a)) was used in these initial tests. This
technique involves having a circular Teflon gasket being pushed up against the specimen
surface as shown in Figure 3.10. If this gasket is not perfectly smooth or if it is over tightened

so that it bulges, crevices are formed leading to localised corrosion.

Specimens were then mounted using the technique shown in Figure 3.9 (b) using Pratley epoxy
glue. This technique was also not successful due to the integrity of the adhesion of the glue to

the specimen as well as the porosity of the glue.

Pawel et al®+ acknowledged the problem of crevice corrosion during pitting tests. They tried
a technique whereby the samples, following mounting and metallographic surface preparation,
were prepassivated in 50 volume % nitric acid (mixed with water) for 30 minutes at 50°C. The
metal/epoxy interface was then covered with an enamel which was painted on with a fine brush.
Immediately before testing, provided the enamel had dried, the exposed surface area of the
sample was lightly repolished with a cotton swab using 1pm diamond paste to remove the
passive film from the surface, but allowing the passive film to remain under the enamel. This
technique proved to be successful for Pawel et al for pitting tests in 1N sulphuric acid with 0.5M
NaCl at 27°C.

This technique was tried in this study, except the samples were mounted using a cold resin and
instead of the enamel, Pratley epoxy glue was used to paint over the metal/resin interface. A
500ppm de-aerated chloride solution was used at 30°C. The cyclic pitting scans were started at

50mV below E._ and were reversed when the current reached 1mA/cm?.

corr
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CHAPTER 4
RESULTS AND DISCUSSION

41 PRELIMINARY WORK

Previous corrosion tests had been carried out on alloys similar in composition to those used in this
experimental programme(z). These tests were initiated after it was found that alloys containing-
reduced nickel levels (5.4 wt%) and nitrogen additions between 0.2-0.25 wt%, cracked a few hours
following deep drawing®. This was found to be due to the nitrogen having an embrittling effect on
the martensite formed during the deep drawing process. To overcome this, it was suggested that the
martensite be softened by a post-forming stress relieving heat treatment. On the other hand,
delayed cracking is prevented when copper is added to these alloys. It is to this end that tests were

carried out to determine the effect of both tempering and copper additions on the corrosion

resistance of these alloys. These tests included determining the corrosion rates of the alloys in

a. the solution treated condition and

b. the solution treated, deformed (30% cold rolled) and aged condition.

The initial stages of this experimental programme involved reproducing the results obtained in the
preliminary work using the present alloys. The tests reproduced involved determining the corrosion
rates of the alloys in the two microstructural conditions mentioned in (a) and (b) above. The results
of the corrosion tests performed in de-aerated 5 volume % sulphuric acid for the alloys in the

solution treated only condition (a) are shown in Figure 4.1
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Figure 4.1  Corrosion rates of the experimental alloys in 5 volume % de-aerated sulphuric

acid at 30°C for the solution treated condition.

These results show that there is a clear decrease in corrosion rate from 0Cu to 3Cu indicating
that the corrosion rate decreases with an increase in copper content. This could suggest that

either copper decreases the dissolution rates of these alloys or that 0Cu, being the least stable
alloy, forms that much more residual martensite during metallographic preparation to raise the
corrosion rates above those of 1Cu and 3Cu. An XRD analysis of the alloy surfaces following
metallographic preparation in the solution treated condition revealed martensite contents of
approximately 8, 3 and 1% for 0Cu, 1Cu and 3Cu respectively. Martensite, being a high energy

phase, is expected to corrode preferentially to austenite.
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ALLOY | CORROSION
RATE (mmpy)
Solution Treated Solution Treated, | Solution Treated,
Rolled & Aged|Rolled & Aged
(1/2 hr) (Shrs)
0Cu 1.42 7.70 7.66
1Cu 0.12 10.29 0.33
3Cu 0.06 0.12 0.19
Table 4.1 Corrosion rate values (mm per year) in 5 VOIMC % sulphuric acid for both

the solution treated condition and the solution treated, rolled and aged condition.

The corrosion rates given in the table were obtained by taking the median of the values shown on
the scatter graph i.e. the average of the highest and lowest point. It is clear that following
deformation and ageing, the relatively poor corrosion performance of 0Cu is exacerbated. The
corrosion rates for 1Cu and 3Cu following deformation and ageing have also increased relative to
the solution treated only condition, although these corrosion rates are still very low compared to
0Cu. From the values shown in Table 4.1, the amount of increase in corrosion rate from ‘ghe
solution treated only condition to the solution treated, rolled and aged (1/2 hr) condition is
approximately a factor of 5.42, 2.42 and 2.00 for 0Cu, 1Cu and 3Cu respectively. The addition of

copper could therefore be important for two reasons:

a. Copper reduces the anodic dissolution rate and

b. Copper increases the stability of the austenite during deformation.

The appropriate addition of copper to metastable austenitic stainless steels thus appears beneficial
in that it improves both the corrosion properties in de-aerated sulphuric acid and prevents delayed

cracking after deep drawing.
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The results of the preliminary work cannot be fully explained in that a number of overlapping
variables occur. In the first instance, the influence of copper on the anodic dissolution in the
solution treated condition is plausible (despite small variations in residual martensite volumes
formed during metallographic preparation) and these results seem to agree with the reported
literature for austenitic stainless steel. Secondly, the role of copper on the dissolution properties
after deformation and ageing is not clear since an additional variant in the form of martensite
volume fraction is introduced. Martensite volumes of approximately 33, 20 and 3% were present in
0Cu, 1Cu and 3Cu respectively following 30% cold rolling. The martensite formed during
deformation is expected to affect both the energy state of the alloy as well as precipitation during
ageing. So the following questions are posed regarding the relatively poor corrosion performance

of 0Cu following deformation and ageing:

i. Is this due to more rapid precipitation (leading to sensitisation) associated with the
increase in martensite formed during deformation, OR

ii. The higher martensite volume fraction leads to preferential attack due to its high
energy state, OR

iii. The copper additions in 1Cu and 3Cu could markedly retard the precipitation
kinetics due to its stabilising effect on the austenite and thereby hinder the

sensitisation phenomenon.

Of course it is most likely a combination of all three possibilities, but the relative contributions

need to be ascertained.

It is expected that if the martensite content of an austenitic steel is increased, the tendency to
enhanced anodic dissolution increases. Martensite is a highly dislocated, high energy phase and is
expected to corrode preferentially to the more corrosion resistant austenite phase. What is not

known is:
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Does copper influence the dissolution rate of martensite?
Does copper influence precipitation kinetics during ageing or does it influence the

sensitisation of martensite in any way?

In order to answer these questions and to try and explain the results obtained in the preIiminary

work, further corrosion tests were carried out on all the alloys in the following conditions:

1. Solution treated and aged only
2. Solution treated and rolled only
3. Solution treated and deformed (at controlled temperatures so that an equal

martensite volume fraction is achieved amongst all three alloys)
4. Solution treated, deformed (with equal martensite volume fractions) and

subsequently aged
4.2 SOLUTION TREATED AND AGED ONLY

This first set of tests were performed in order to determine, for the given alloy compositions, the
influence of ageing following solution treatment on the corrosion properties. More particularly, this
is an attempt to establish the influence of copper on the precipitation kinetics, and hence

sensitisation of the alloys during ageing.
4.2.1 OPTICAL MICROSCOPY

Before the corrosion tests were performed, the microstructures were examined following solution
treatment at 1050°C for 30 minutes and ageing at 700°C for 0.5 hour, 3 and 10 hours. These

micrographs are shown in Figures 4.3 to 4.5.
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The micrographs of the three alloys in the solution treated condition all show very similar
microstructures. This microstructure consists essentially of austenite. The microstructures also
seem to be polluted with oxides. These are assumed to be oxides and not ferrite as the latter is not
expected to form at 1050°C in these alloys. There is also evidence of the usual annealing twins

amongst all three alloys.

Following ageing, there appears to be some sort of precipitation occurring along the grain
boundaries of the alloys. The actual precipitates are not visible using the bright field mode but
show up as areas where the etchant has attacked preferentially (i.e. at the carbide/austenite
interface). So the grain boundaries appear as black lines after ageing and since the alloys were all
etched for the same times, it can be assumed that the thicker these grain boundaries appear, the
more precipitation has occurred. It can therefore be said that after long ageing periods (10 hours),
there is more precipitation occurring than there is after 0.5 hours. This trend is picked up for all

three alloys but is particularly evident in 0Cu.

Examination of the micrographs for the aged (10 hours) condition shows that 0Cu has considerably
more precipitation occurring along the grain boundaries relative to 1Cu and 3Cu, which both showw
similar degrees of precipitation. This could suggest that copper retards precipitation kinetics in 1Cu
and 3Cu. The lack of copper in 0Cu could thus be the reason for the relatively large degree of grain
boundary precipitation after ageing for 10 hours. This could also be due to the fact that 0Cu
contains 0.02 wt% more carbon than the other two alloys. Since carbon has an affinity for

chromium, this could lead to enhanced precipitation of chromium carbides.
422 CORROSION RESULTS

The results of the corrosion tests for the alloys in the solution treated and aged (0.5, 3 and 10 hours)
are graphed in Figure 4.6. The solution treated only condition is represented by an ageing time of 0

hours.
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The grain boundary attack which is evident after ageing suggests that these alloys have indeed been
sensitised. This sensitisation phenomenon seems consistently most severe in 0Cu. Sensitisation
occurs when precipitates (chromium carbides or -carbo-nitrides) form along the grain boundaries
during ageing. These precipitates are rich in chromium which has diffused from the areas
immediately adjacent to the grain boundaries. The percentage of chromium in these adjacent areas
drops significantly so that there is a chromium differential between the grain boundary region and
-the internal grain area. This differential in chromiﬁm means that during corrosion, the grain
boundary region (representing the low chromium region) forms a less protective passive layer and
becomes the anode which corrodes preferentially and locally. The internal grain area forms a more
stable passive layer (due to the higher chromium levels) and is thus protected from corrosive attack.
As ageing time increases, more chromium is taken up around the precipitates and these precipitates
grow. This results in a higher chromium differential leading to broader and deeper bands being
sensitised along the grain boundaries. Eventually, after long ageing times, precipitate growth
would cease as the chromium has combined with all the available carboh (and perhaps nitrogen) at
the grain boundaries. This means that the chromium would now have sufficient time and energy, at
the ageing temperature, to diffuse from the areas of high concentration (deep within the grain area)
to those of low concentration and thereby reduce the chromium differential. This results in a
reduced sensitisation effect and is known as self-healing. This self-healing phenomenon was not,

however, noticed for these experimental alloys aged for up to 10 hours.

The question still, however, remains why there is no increase in actual corrosion rates with ageing
time, despite the increase in intergranular corrosion with ageing time for all the alloys (which is

evident in Figure 4.7 to 4.9).

It was noticed that for all the alloys in the solution treated condition, general corrosion seems the
obvious mode of attack i.e. the surface is attacked uniformly. However, following ageing, the
uniform corrosion ceases to be the dominant mode of attack and the more severe localised
intergranular corrosion prevails. This makes sense because as soon as grain boundary attack is
initiated, an autocatalytic reaction occurs whereby the high energy grain boundaries take the role of

the anode in the corrosion reaction while the matrix material becomes the cathode.
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As corrosion proceeds, intergranular attack accelerates while the regions within the grains are
effectively cathodically protected. This is a typical phenomenon associated with localised
corrosion. Hence, as is evident in the SEM micrographs, there is a decrease in uniform attack while

there is an increase in localised grain boundary attack as the ageing time increases.

The above finding could explain the reason why there is no noticeable increase in corrosion rate
with increasing ageing times. In the solution treated only condition, there is a uniform removal of
material from the entire surface area whereas, after ageing for 10 hours, the material is lost only
from the grain boundaries; not uniformly from the matrix. Although the latter loss seems quite
severe, the amount of localised material lost is probably the same as that lost uniformly in the
solution treated condition. Since the unit of corrosion rate in Figure 4.6 is mm per year, which
represents the thickness of the layer of material lost uniformly from a surface, this may explain the
similar corrosion rates between the solution treated and aged (0.5, 3 and 10 hour) conditions. The
above explanation, therefore, seems to indicate that the polarisation tests conducted are not a
suitable method for determining the influence of sensitisation on corrosion rates. It was later
discovered that Betrabet et al®® used a technique known as the electrochemical potentiokinetic
reactivation (EPR) technique which provides a quantitative electrochemical measurement of

sensitisation. This technique is described as follows:

The specimen is immersed in a solution of de-aerated 0.5M NaSO, + 0.01M KSCN at 30°C. The
specimen is then anodically polarised from the rest potential (E_.) into the passive region
(200mV) at a voltage scan rate of 100mV/min. The potential is then scanned (at the same rate)
in the reverse direction (reactivation scan) down to E_,. The resultant curve is illustrated in Figure
4.10. The reactivation polarisation causes breakdown of the passive film at sensitised regions in
which chromium depletion has occurred. The maximum anodic current (I,) and the maximum
reactivation current (I,) is measured from the anodic and reactivation curves respectively. The
reactivation ratio, R,, which is the parameter used to quantify the degree of sensitisation (DOS), is

the ratio of the maximum reactivation current to the maximum anodic current (see Figure 4.10).
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Once again, the corrosion rates after rolling are highest in 0Cu and lowest in 3Cu. The high
martensite volume fraction in 0Cu (as shown in Figure 4.15) is attributed to the lack of copper in
this alloy since copper is known to increase the stability of austenite during deformation. As
mentioned in Section 2.1.2., copper has the ability to suppress the M and My temperatures of
austenite and is an effective stabiliser of austenite once it has been formed. Since all the alloys
were deformed at room temperature, this would mean that 3Cu, containing the most copper, would
form the least amount of martensite upon deformation and therefore have a similar (or only slightly

higher) corrosion rate to that in the solution treated condition.

The increase in corrosion rates for the solution treated and rolled condition with respect to those in
the solution treated only condition was most marked in 0Cu and only slight in 3Cu. The amount of
increase in corrosion rates from the solution treated only condition to the solution treated and rolled
condition was approximately a factor of 2.78, 1.62 and 1.21 for 0Cu, 1Cu and 3Cu respectively.
This could either be due to the fact that (i) there is more martensite in 0Cu which corrodes
preferentially or (ii) it could be that the copper additions in 1Cu and 3Cu reduce the dissolution rate
of martensite. One needs an equal amount of martensite in all the alloys in order to establish the
latter. Thus, in order to eliminate the variation in martensite volume fraction amongst the alloys,
deformation must take place at different controlled temperatures for each of the three alloys. This
means that composition (i.e. copper) will be the only variable in the deformed alloys. The next set
of tests were therefore carried out to establish the influence of copper on the dissolution rate of

martensite.
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44 SOLUTION TREATED AND DEFORMED (CONTROLLED
TEMPERATURE)

In order to obtain equal martensite volume fractions at equivalent strains, the alloys need to be
deformed at different temperatures due to their different austenite stabilities. The alloys were
deformed by compression while submerged in a temperature bath. 0Cu, being the most unstable
was deformed at a temperature of between 65 and 85°C while the more stable 3Cu was deformed at
approximately -70°C. 1Cu, representing an intermediate stability, was deformed at room
temperature (15-25°C). The procedure carried out for these compression tests is explained in detail
in Section 3.4. All the alloys were compressed to an equal macro-strain of 30%. During
compression, the specimens experience different micro-strains along their length due to friction
between the specimen and the anvils. A maximum equivalent micro-strain (which exceeds 30%)
occurs in the centre of the compressed specimen (as shown by the varying martensite volumes in
Figure 3.8) and so all specimens were sectioned to obtain maximum martensite values and equal

strains throughout the alloy range.
4.4.1 OPTICAL MICROSCOPY

Optical microscopy using the Namarski interference contrast mode was carried out after

compression but before corrosion of the alloys. These micrographs are shown in Figure 4.17.
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These results show that for each volume fraction of martensite, 0Cu consistently exhibits the
poorest dissolution properties after deformation. The dissolution properties of 1Cu and 3Cu are
remarkably similar although 3Cu still seems to have a higher corrosion resistance than that of 1Cu, -

albeit very slight.

The corrosion rates in Figure 4.18 also show very little variation with martensite volume fraction.
This is surprising since it is expected that the corrosion rates should increase with increasing
martensite volume fraction. As mentioned before, martensite is a highly dislocated, high energy
phase which is expected to corrode preferentially. One would assumé, therefore, that a larger
amount of martensite would result in more severe corrosive attack which would reflect a higher
value for the corrosion rate. This was, however, hardly evident within the martensite volume range

of 12-33%.

It also seems that there is far more scatter in the corrosion rate measurements for 1Cu and 3Cu than
in those for 0Cu. This could be explained by the fact that 1Cu and 3Cu have lower corrosion rates
than 0Cu and therefore fewer ions are anodically removed from the surfaces of these alloys during
corrosion. This results in very small currents being generated between the specimen surface and the
counter electrodes. The potentiostat is especially sensitive in the measurement of these low

currents as they are easily corrupted by the slightest pick-up of electrical noise or static.

The scatter in Figure 4.18 could also be attributed to the fact that, in this test, smaller alloy surfaces
were exposed to the corrosive environment than in the other tests performed thus far (the reasons
are explained in Section 3.4). A smaller surface area effectively means a smaller sample size. Data

from a large sample size obviously yields a more representative and accurate result.

Figure 4.19 shows how the corrosion rates for the solution treated and compressed condition (with

equal martensite volumes of 20+3%) compare with those for the solution treated only condition.
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Once again, there should be no reason for all the alloys not to show similar amounts of corrosion
damage as all the alloys have equal amounts of martensite prior to ageing. Copper must therefore
reduce the corrosion rates of these alloys in the deformed and aged condition. There is also some
evidence of intergranular corrosion occurring in 0Cu after ageing which did not show up in Figure
420 (a) i.e. the solution treated and deformed only condition. Intergranular corrosion was also
noticed, on a much smaller scale, in 1Cu and 3Cu although not as extreme as that seen for the
solution treated and aged only condition (Figure 4.8 (c) and 4.9(c)). The higher degree of
intergranular corrosion occurring in 0Cu may, once again, be due to the fact that this alloy contains

0.05 Wt% carbon as opposed to 0.03 wt% in the other two alloys.

The sensitisation which occurs in the solution treated and aged condition is confined to the grain
boundaries. In the solution treated, deformed and aged condition, however, there are more sites
available for precipitates to form. Grain boundary precipitation is no longer dominant since prior
deformation creates defect sites which are favoured locations for intragranular precipitation. The
deformation-induced martensite has a high dislocation density providing ideal nucleation sites for
chromium carbides or chromium carbo-nitrides. Furthermore, martensite is especially efficient at
precipitating carbides because the solubility of carbon is lower in the martensite than in the
austenite®®. This means that most of the carbon in the martensite rapidly goes into the formation
of carbides, giving a high density of fine carbides within the grain. Apart from the martensite, other
ideal nucleation sites created during straining include deformation twin-stacking fault planes, twin-

fault intersections, slip planes and regions of high dislocation density(67).

The precipitation of these chromium rich carbides or carbo-nitrides within the grain
(intragranularly) after deformation and ageing results in fewer precipitates forming along the grain
boundary as most of the available carbon has already been taken up by intragranular precipitation.
This intragranular precipitation results in extensive intragranular corrosive attack (Figure 4.24) due
to extensive chromium depletion within the grains. It was also reported by Briant et al®® that
martensite results in more rapid sensitisation for a given ageing time and temperature. This
accounts for the consistently higher corrosion rates occurring in the deformed and aged condition

than those in the aged only condition, for both ageing periods (0.5 and 3 hours) (Figure 4.23).
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In summary, it does not seem that copper has an influence on the sensitisation of the martensite in
these deformed alloys as the corrosion rate increase from the deformed condition to the deformed
and aged (1/2 hour) condition appears to be consistent for all three alloys. Also, there was no
further increase in corrosion rates with ageing time for any of the alloy suggesting that copper may

not have any influence on the precipitation kinetics of the deformed alloys.

Consider the schematics illustrated in Figure 4.25. If the corrosion rate (C.R.) versus ageing time
graph had shown trends which were not identical for each alloy, such as that shown in Figure
4.25(a), then one could say that copper has an influence on the precipitation kinetics. In the case of
Figure 4.25(a) one could say that copper has a beneficial effect on reducing the precipitation
Kinetics of the deformed 1Cu and 3Cu since the curve for 0Cu (containing the least copper) showed
an increase in corrosion rate with ageing time while the corrosion rates of the other two copper

containing alloys remained the same with ageing time.

However, this was not the case as all alloys showed similar trends (Figure 4.25(b)). From this
result, it can be concluded that copper does not affect the precipitation kinetics leading to

sensitisation of these deformed alloys.

a. Result if copper affected ageing  b. Real Result

1Cu 1Cu
3Cu 3Cu

CR

Ageing Time Ageing Time

Figure 4.25 Schematic representation of how corrosion rate changes with ageing time depending

on whether copper has an influence on ageing (a) or not (b).
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However, 1Cu and 3Cu still show a consistently higher corrosion resistance (at each ageing time)
than 0Cu for the deformed and aged conditions. This is evident from both (i) the lower corrosion
rates of these alloys for the deformed and aged condition compared to 0Cu, as well as (ii) the less
severe corrosive damage evident in the SEM micrographs of these alloys (Figure 4.24 (b) and (c)).
Since all the alloys were in the same condition prior to ageing (i.e. solution treated and deformed to
form equal martensite levels), it seems that the copper additions in 1Cu and 3Cu reduce the

dissolution rates of these alloys in the deformed and aged condition.
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It appears from these results that the pitting potential, E,, increases slightly with a decrease 1n
copper content which disagrees with work carried out by Murase® and Hann-Tuw et al®®. The
corrosion potential, E_ ., for 0Cu is highest (most noble) while that for 3Cu is lowest (most actiife).
This trend was also observed during pit growth and at the maximum current density.
Unfortunately, time constraints meant that these results were not reproduced and testing in different

media for different microstructural conditions were also not pursued.
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CHAPTER 5
SUMMARY

Based on the initial objectives of this work, the results obtained for corrosion tests carried out on
three alloys containing nominal amounts of 5.4 wt% nickel, 0.25 wt% nitrogen and varying

copper additions (0-3.3 wt%) can be summarised as follows:

For the solution treated only condition, the corrosion results of the alloys revealed that the
virtually copper-free alloy (0Cu) exhibited poor corrosion behaviour relative to the copper-
containing alloys, 1Cu and 3Cu. This could be attributed to either (i) the lack of copper in 0Cu
or (ii) the slightly higher amount of residual martensite formed during metallographic
preparation of this alloy. The latter is, however, assumed to be a less significant effect. The
corrosion rates of all the alloys were generally lowest in the solution treated only condition

compared to the other microstructural conditions.

The corrosion results of the alloys in the solution treated and aged condition showed similar
corrosion rates to those in the solution treated only condition. These corrosion rates also
unexpectedly did not increase with ageing time. This trend was observed for all alloys which
suggests that copper does not have an influence on precipitation leading to sensitisation of these
alloys. On the other hand, electron microscopy carried out after corrosion testing revealed that
the degree of intergranular corrosion increased with an increase in ageing time for all the alloys
and that this intergranular attack was most severe in 0Cu containing the least copper. It would
therefore appear from the microscopy that copper does indeed influence the precipitation
kinetics of these alloys during ageing. This was not, however, reflected as an increase in the
corrosion rate values. Hence, it was suggested that the potentiodynamic polarisation tests
conducted are not a suitable method for characterising and quantifying sensitisation. It was
instead recommended that a technique known as the electrochemical potentiokinetic reactivation
(EPR) technique be used to provide quantitative electrochemical measurements of sensitisation.
Therefore, no clear conclusions could be drawn regarding the influence of copper on the ageing

of these alloys following solution treatment.
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For the solution treated and deformed (room temperature) condition, the corrosion results
showed that for all the alloys, there was an increase in corrosion rates relative to the solution
treated only condition. This is a result of the formation of deformation-induced martensite
which is a high energy phase and is expected to corrode preferentially to austenite. XRD
analysis revealed that 0Cu formed the most martensite while 3Cu formed the least. This
confirms that copper increases the stability of austenite during deformation. The corrosion
results also showed that 0Cu exhibited considerably higher corrosion rates than the other two
copper-containing alloys. This could be attributed to either (i) the higher volume of high energy
martensite in 0Cu or (ii) the lack of copper in 0Cu. The influence of copper on the dissolution
rate of martensite could not be determined from these results due to the varying martensite

levels in the three alloys.

Following solution treatment and deformation (to an equivalent 30% macro-strain), performed
over a range of temperatures (to obtain equal martensite volumes of approximately 20%), 1Cu
and 3Cu still showed a higher corrosion resistance than 0Cu. Since compositipn was the only
variant amongst the alloys in this condition, it can be concluded that copper has a beneficial
effect on reducing the corrosion rate in the deformed condition. The corrosion rates for 0Cu in
the solution treated and deformed (controlled temperature) condition increased the most
(relative to the solution treated only condition) and also showed the most severe corrosion
damage in this condition. It could thus be concluded that the lack of copper in this alloy has a

detrimental effect on increasing the dissolution rate of martensite.

For the solution treated, deformed (to form equal martensite volume fractions) and aged
condition, the corrosion results showed that copper additions again appear to reduce the
corrosion rates of these alloys. Following ageing, the corrosion rates of all the alloys increase
relative to the solution treated and deformed (controlled temperature) condition. This is due to
the sensitisation of martensite leading to severe intragranular corrosion. The amount of increase
in corrosion rate (relative to the solution treated and deformed only condition) appears
consistent for all alloys and the corrosion rates do not change significantly with an increase in
ageing time. This suggests that copper does not influence the precipitation kinetics and the

sensitisation of martensite during ageing.
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In addition to the findings pertaining to the initial objectives of this study, the following

conclusions could be drawn from this work:

5.1

52

53

54

5.5

The comparison of the AISI 301 and 304L alloys with the experimental alloys in the
solution treated and aged condition showed that the 301 alloy behaved in much the same
way as 0Cu. The 304L alloy, however, showed superior corrosion performance to 0Cu but

inferior performance to 1Cu and 3Cu.

The corrosion rates of the alloys deformed (by compression) at different temperatures did
not change significantly with martensite volume fraction. This result was unexpected,
since martensite is a high energy phase which corrodes preferentially to austenite and it is

expected that a higher volume of martensite would lead to higher dissolution rates.

1Cu and 3Cu (containing 1.23 and 3.34 wt% copper respectively) consistently showed the
lowest corrosion rates relative to OCu (containing 0.07 wt% copper) for all the

microstructural conditions.

Both 1Cu and 3Cu showed similar corrosion performance for all microstructural
conditions, while a copper addition of 0.07 wt% markedly lowers the corrosion resistance
of 0Cu. This suggests that there is a limit (in the vicinity of 3 wt%) to the amount of

copper that can be added which will improve the corrosion performance of these alloys.

Potentiodynamic scans performed on all the alloys in the various microstructural conditions
showed that the critical current density, I_,, decreased with an increase in copper content
thereby reducing the active range. The passivation potential, E ,, moved to more noble
directions as the copper content increased. The lower passive current densities for 1Cu and
3Cu indicates that these alloys form a more stable passive film in 5 volume % de-aerated

sulphuric acid.
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Since the initial motivation for this work stemmed from the phenomenon of delayed cracking
after deep drawing and involved finding a way to optimise corrosion performance after the deep
drawing of alloys with reduced nickel contents, copper has proven to be a beneficial alloying
addition. Although the addition of copper leads to a reduction in tensile uniform elongation, it
does not notably affect the deep drawability of the steel. Without copper additions, these alloys
which suffer delayed cracking after deep drawing show drastically reduced corrosion
performance after remedial attempts of post-forming stress relieving. Copper additions
eliminate the need for this remedial action and have also proved to have a beneficial effect on
reducing the dissolution rate of deformation-induced martensite. The characterisation of the
corrosion behaviour of these copper containing alloys, as shown in this thesis, proves that these
alloys look promising as substitutes for the conventional AISI 301 alloys presently used in

forming applications.
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