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Metals are often subjected to operations which introduce n them quantities of
crystaline imperfections well above the saturation levels. The metals 1n these
conditions are said to be supersaturated in defects and are therefore m a non
equilibrium state. Amongst these operations, rapid cooling from a high
temperature (quenching ), irradiation and plastic deformation during various
shaping processes are the most frequently encountered 1n bractice. Metals
undergo subsequent heat treatments destined to bring the material back to its
equilibrium state. An acceleration of the migration of defects, impurities and
even alloying elements is found to occur during these heat treatments leading,
contrary to the objectives initially sought, to a deterioration of the mechanical
and the electrochemical properties of the material.

Early observations of interfacial segregation accompanying the return to
equilibrium of a metal supersaturated in vacancies go back to nearly thirty years
ago. The work of Aust ¢/ af [1] established that, during the cooling of a metal,
the regions in the vicinity of grain boundaries harden as a result of their
enrichment in solute atoms. The development of the nuclear industry has also
motivated a considerable amount of rescarch 611 similar phenomena occurring in
irrachated material.

The recovery of a cold worked metal takes place through a recrystallisation of
the deformed grains preceded by a vacancy elimination stage, and it 1s
ostablished that- each of these stages generates an acceleration of interfacial
segregation.

The object of this work is to treat the particular case of the effect on the
properties of sulphur segregation occurring during the heat treatment of
quenched and cold worked nickel, and to deternune the role of each of the point
defect elimination and the recrystallisation processes on the segregation kinetics,
The main reason behind this choice is the existence in the literature of

substantial amount of data concerning the segregation of sulphur in nickel, in

equilibrium conditions ( i.e. during the heat treatment of a fully annealed
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material ) readily available as a basis for comparison . Other equally important
reasons are given in chapter 111 where more details on the Ni-S system are also
provided.

A brief review of some of the work reported tn the literaturé concerning general
aspects such as the main two types of segregation (surface and grain boundary),

its origins and its effects on the properties is presented in chapter 1.

- Chapter Tl introduces the concepts of equilibrium and non equilibrium

segregation. The thermodynamic and kinetic aspects of the former, which has
been extensively studied, are briefly outlimed with partiéular reference to the Ni-
S system . Non equilibrium (dynamic) segregation is the object of our work
and is dealt with in the subsequent chapters.

In chapter IV, and after a brief introduction summarising the main aspects of
recovery and recrystallisation, the experimental techniques used to study the
recavery and recrystallisation of cold rolled nickel together with those used to
study the segregation accompanying it are elaborated. The segregation results

are interpreted in terms of the results obtained from the work on

- recrystallisation, highlighting the influence of each of the recrystallisation stages

on the segregation kinetics. Indirect indication of grain boundary segregation 1s
given by the results obtained from tensile and electrochemical tests carried out
on the cold rolléd and then heat treated maternal.

In order to clearly emphasise the effect of vacancies, work on quenched and then
annealed nickel is undertaken. Afier a concise introduction on vacancies, details
on the experimental work carried out on their creation and elimination , the
resulting segregation and the conéequences on the intergranular properties of
nickel are given in chapter V.

Chapter VI Summarises the mechanisms operating during dynamic {(non-
equilibrium) segregation of sulphur in cold worked and in quenched nickel.

A summary of the main points stemming from our contribution to the subject is

finally presented in the form of a conclusion.

9
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CHAPTER I

A LITERATURE SURVEY ON SEGREGATION TO
THE SURFACE AND TO THE GRAIN BOUNDARIES
| OF METALS AND ITS EFFECTS ON THEIR
| PROP-ERTI'ES |

10
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In this chapter an attempt is made to review some of the work done on
segregation in some commercial metals, and its effects on the mechanical and
the electrochemical properties. The relationship between surface and

intergranular segregation is emphasised.

11
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1. Metallurgical aspects of segregation |

At temperatures sufficiently high to promote diffusion, elements in solid
solution accumulate at defect sites such as grain boundaries and free surfaces
[2,3]. At equilibrium, these elements which may be present as  residual

impurities at concentrations of a few parts per million, can concentrate by

" factors of many thousands at these sites [4-7]. In enginecering materials,

enrichment of natural impurities at defect sites is responsible for many forms of
intergranular mechanical failure such as low temperature brittleness and creep
embrittlement [8-11]. Since it is usually impracticable to reduce the bulk level or
to reduce the diffusion activity of all possible residual impurities, it is important
to identify the nature and enrichment of the most harmful segregants associlated
with a given material and a particular heat treatment or, say, welding procedure.
This may Be done by Auger electron fractography in which the mtergranular
service failure is simulated by tensile or impact failure of a small sample of the
material at low temperature in ultra-high vacoum [8,12,13]. The composition of
the interfacial atomic layer is then directly identified by examining the exposed
grain boundary rby Auger ¢lectron spectroscopy.

In commercial materials, however, the impurities segregated to grain

boundaries, while impairing certain mechanical properties during service life

[14], are often insufficient to promote the low temperature mtergranular

brittleness necessary to expose the grain boundaries for Auger electron
examination. |

in order to overcome this experimental limitation, procedures have been set up
for the quantitative determination of grain boundary segregation by recourse to
the more accessible measurements of segregation at the free surface [15-17]. For
this purpose equilibrium surface segregation levels have been measured 1n the

Fe-Sn system [5] in-order to relate surface enrichment paramneters with those

already available for grain boundaries in that system [4].
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Besides this application of surface segregation to indicate grain boundary
segregation levels, the phenomenon is worthy of study and understanding in its
own right[18,19]. Phosphoris in steels destined to receive galvanneal coatings
‘s found to influence the evolution of the coating structure as well as the final
properties of the coating . It is postulated that phosphorous which segregates to
the sheet steel surface during recrystallization annealing affects the kinetics of
the Fe-Zn reaction as the sheet steel is subsequently dipped in a molten zinc bath
of a continuous galvanising line [20-22]. The surface segregation of magnesium
from aluminium atloys causes difficultics in adherence of coatings such as
porcelain enamel to the metal [23] or results in a considerably enhanced
propensity of aluminium alloys to stress corrosion in humid enviromnents. .
Also, trace levels of sulphur in nickel, diffusing rapidly to the surface, have been
shown to have many important effects on the reaction of nickel with oxygen,
increasing the kinetics of oxidation in the early stages and also reducing the
stability of the oxide scale formed [24].

More details on the effects of interfacial impurity and alloying element

segregation in some widely used systems are presented in the following

sections.

2. Segregation in some common systems

2.1 Aluminium alloys

Considerable work is reported in the literature about the segregation behaviour
of magnesium in Al-Mg alloys, both in the as quenched and in the quenched and
aged conditions. Indirect evidence of grain boundary segregétion in Al-Mg
alloys is based mainly on their gram boundary corrosion behaviour [25] and
sometimes on their mechanical properties [26-28)]. Both EDX (energy dispersive
X-ray analysis) and EELS (electron energy loss spectroscopy) have been used to
aftempt to observe directly the segregation of magnesium to grain boundaries in

Al-Mg systems. Enrichment was seen both by EELS [29] and By EDX [30].

13
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TEM/STEM-EDX analysis showed magnesium enrichment at many of the as
quenched boundaries observed [31].

Other aluminium alloys have been studied from the view pomt of the
relationship microstructure-intergranular corrosion-stress corrosion cracking .
behaviour. Calvele and De Micheli [32], Maitra and English [33] and Byrne [34]
have shown the importance of electrochemical methods n the study of the

susceptibility of Al-6%Zn-2.5%Mg-1.7%Cu-.02%Cr to intergranular corrosion

due to intergranular segregation. Two breakdown potentials were identified n

the potentiodynamic anodic polarisation curves. The first was attributed to the

Mg and Zn enriched phase in the vicinity of the grain boundaries, indicating
searegation of these elements to these regions, and the second was attributed to

the matrix.

2.2, Stainless steels
Intergranular corrosion and stress corrosion cracking of austenitic stainless
steels have occurred in a number of industrial applications. Many of these

failures have been correctly attributed to sensitisation of the steel. Sensitisation

is a term used to describe the depletion of chromium along grain boundaries that

oceurs as the result of the growth of chromium rich carbides [35,36]. Research
has now shown that although sensitisation greatly accelerates corrosion and
siress corrosion cracking, its occurrence 1$ not a necessary condition for
intergranular attack of stainless steels in.all environments. Intergranular failures
occurred in non-sensitised materials [37-40]. 1t has been assumed, and
‘demonstrated to some extent, that in the abéence of chromium depletion
impurity segregation to grain boundaries causes this intergranul-ar damage [41-
43].

In low alloy ferritic steels, grain boundary segregation has been examined by
Auger electron spectroscopy after fracturing the samples intergranularly in the

high vacuum environment required for this technique [44]. In austenitic alloys,

14
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grain boundary segregation has been harder to study because of the difficulty
associated with making these alloys fracture intergranularly in a high vacuum. [n
austenitic steels that are heavily doped with impurity elements, intergranular
fracture has been obtained when the samples have been charged with hydrogen
[45-49]. But in austenitic steels that are not heavily doped, it has been difficult
to investigate this segregation. Consequently, segregation to the free surface 1s
frequently used to obtain qualitaﬁve information about what elements are
segregating to an interface at a particular temperature and how this segregation
may change with alloy composition and may affect the intergranular properties
of the material. In a comprehensive stﬂdy conducted by Briant {50}, in which
Auger electron spectroscopy was used to measure surface segregation in
austenitic stainless steels having compositions similar to types 304L, 3161, 304
or 347 , it was found that segregation of impurity elements could occur at
temperatures between 300 and 500°C. Although nitrogen was found to segregate
most rapidly, phosphorus, sulphur and silicon were also observed on the
urfaces. Cold work or the presence of martensite accelerated segregation.
Sulphur segregation was found to occur in both Mn containing and Mn free
stainless steels, although the presencé of manganese greatly retarded
segregation. The retardation was attributed to the role of manganese in lowering
the activity of sulphur in the alloy. Both silicon and nickel were found to
segregate to the surfaces, with the segregation of the latter being affected by that
of the former. Additions of up to 0.8% niobum were found to increase
phosphorus segregation. This increase was attributed to the role of niobium in
lowering the carbon activity in the steel, and reducing phosphorus-carbon
competition. Table I-1 summarises results of various works carried out on
austenitic stainless steels [45,49,51], clearly showing that both surface and gram
boundary segregations are qualitatively similar. The same elements segregate to
both interfaces. The kinetics of segregation are reasonably similar in both

situations, and evidence of the site competition between sulphur, phosphorus

13



and nitrogen that is detected on surfaces has also been found on grain
boundaries [45]. In contrast, equilibrium concentrations of the segregant on the
surface are usually higher than on the grain boundaries, the decrease in free
energy accompanying surface segregation being greater than that accompanying
grain boundary segregation. These findings are similar to those in other studies
that have compared surface segregation with grain boundary segregation

[52,53].

Surface segregation Grain boundary segregation

Time (h) | Auger peak | Competitive |Time (h) |Auger peak |Competitive

To  reach |height ratio |Interactions [to  reach|height ratio |Interactions

Element
- |equilibrium observed equilibrium observed
[N 0.7 0.14 C,P.S <5 0.09
P 20 08 . N,S >-24 0.2-04 N,S
S- 70 ' 1 N,P - ~ 0.1

Table I-1. A comparison of grain boundary and surface segregation at 650°C in

austenitic stainless steels [45,49,51].

The influence of intergranular segregation on corrosion and stress corrosion
cracking of stainless steels is shown in Table I-2 [45]. Briant and Anderson [45]
have shown that sulphur segregation increases intergranular stress corrosion
cracking in austenitic stainless steels tested in 288°C water with a pH of 2.5.
They found that in Mn containing alloys aged for 100h at 500, 550, 600, 650 and
700°C, httle intergranular stress corrosion cracking was observed below 600°C.
In alloys that did not contain manganese, intergranular stress corrosion was
obsérved even at 500 and 550°C. This is consistent with the segregation
behaviour observed by Briant [50]. Silicon has also been reported to increase

intergranular corrosion of stainless steels, particularly at high electrochemical
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is in agreement with the results found by Briant [50] which would suggest that
silicon should segregate to grain boundaries and therefore be available to affect
intergranular corrosion. They would also suggest that niobium additions should
not decrease phosphorous segregation to grain boundaries and hence its eftect
on intergranular corrosion. Also it would appear, from a comparison with AES
studies carried out on cold worked material [50], that low temperature heat
treatment of cold worked material lead to segregation induced corrosion . This
low temperature segregation could explain why commercial purity steels
subjected to long time irradiation at approximately 300°C become very
susceptible to intergranular stress corrosion cracking whereas high purty

materials, at least in some cases, do not [54].

Ey4y

Element | Laboratory tests Industrial applications

P Huey test (65%HNO;), HNO3/Cr'® Nitric acid plants, dye plants,

heat exchangers,

Botling water reactors

Si HNO,/Cr'® Nitric acid  plants, heat
exchangers, boiling  water
reactors

S Stress corrosion test in pkl 2.5 water 0il refinery, waste water
treatment plants, =~ heat

exchangers, boiling water

reactors

Table I-2. A summary of laboratory experiments which have demonstrated the
importance of impurity elements in causmg intergranular corrosion and

industrial applications where similar conditions might exist [45].
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2.3 Segregation of sulphur in nickel

Not as much work on segregation in plure metals, as in alloys, is reported n the
literature. This is presumably because of the long held idea that impurities exist
in pure metals in concentrations too small to engender any segregation related
prdblems. The present work sets out to bring evidence that it is far from being
the case.

One of the few investigations on the thermodynamics and the kinetics of sulphur
segrepation taking place during the heating of fully annealed different grades of
nickel carried out by Larére [55] provided the following results:

- the kinetics of surface and grain boundary segregation of sulphur are
nroportional to the square root of 'heating time. This is in agreement with the
McLean model [56]; |

_ values of the free enthalpies of sulphur segregation at both interfaces are 3!
good agreement with Fowler's formalism [57].

_ the maximum sulphur concentration at the grain -boundar_v ( 45 at.% ) 18
equivalent to that at the free surface. This is possibly due to the fact that the
interface concentration is controlled by the number of available sites.

The iljﬂllence of sulphur segregation on the corrosion behaviour of nickel,
both an alkaline ( K2SO4 + LIOH at a pH of 9.5 ) and an acidic ( | M H2504 )
medium is reported by Rabu er al [58]. Sulphur segregation was shown to
increase the dissolution-rate. The increase was less significant in the alkaline

medium, and intergranular corrosion was more evident in the acidic medium.

3. Electrochemical aspects of segregation induced intergranular corrosion

Preferential attack due to grain boundary segregation is found to take place at
high energy grain boundaries, the regions of the surface where these boundaries
emerge being mainly constituted of loosely linked atoms in comparison with the

rest of the metal as a consequence of the disorder existing in these regtons [59].

18



This type of corrosion, although very localised, was found to reach considerable

depths.

The understanding of the role of microstructural features requires the

of intergranular reactions. Various electrochemical techniques (po tentiostatic,

potentiodynamic,....etc.) in which the potential, the current and the quantity of

electricity are rigorously controlled have been developed [60]. The tests carried

out dealt mainly with the detection of precipitation and chromium depleted areas
in light elements and nickel-chromium steels [61]. The results obtained are,
however, only macroscopic and yield no information on the intrinsic and local
properties of grain boundaries. These’ tests also proved to be inadequate for
intergranular corrosion in water quenched, precipitate- free, materials despite the
fact that grooves were otherwise seen to form at the emergence of grain
boundaries on the. surfaces of precipitate-free stainless steels [62]. A varicty of
other alloys were observed to undergo prefereﬂna! intergranular corrosion,
displayed in the form of emerging grooves, when the potential was chosen n
the initial rise of the transpassive peak [63], and an evaluation of the attack is-
obtained from a measure of the groove parameters ( angle, depth and width }. To
explain the appearance of these grooves, it was suggested that a grain boundary

dissolution current, I, , existed as well as the surface dissolution current , k. A

relationship between L, . I, and the intergranular groove angle o is given by :
. "’ . o _]
I, =4 {sm—-)".
L

Figure I-1 is a schematic representation of a model deseribing the preferential
attack taking place at the grain boundaries [64]. In general, Iz ,>Is and therefore,

an intergranular groove is obtained. It is shown that the value, a, at which the
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Initial surface

(a)

Initial surface

(b)

Figure I-1. A schematic representation of the preferential attack taking place at

the grain boundaries [91].

(a) a representation of the dissolution currents existin g-at the grain boundaries
(b) a representation of the parameters ( H, a. ) of the resulting intergranular

groove
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groove angle stabﬂises is independent of the quantity of electricity crossing the
metal [64] but is cdnsiderably affected by the chemical composition of the GB.
The groove characteristics (angle «, height H) can therefore be taken as
indications of the progress of intergranular attack. This is exploited in the
present work to investigate intergranular corrosion due sulphur segregation to

the grain boundaries of nickel.

4. Physical origins of segregation and segregation induced intergranular de-
cohesion

Several explanations are reported in the literature concerning the driving force
for segregation. The decrease in free energy accompanying the passage of a
solute atom from the bulk to the interface results from one of the following

phenomena :

- Relaxation of the elastic energy resulting from the solute atom finding a better
accommodation site in the interface [65].

- The formation of more geometrically favourable chemical bonds at the grain
boundary [66]. The grain boundary consists, according to this model, of
structural units linked together to form a chain. This partly explains the stability
of segregation, since the chemical bonds made by the impurity are stronger in
the GB than in the matrix.

- An overall decrease in the grain boundary interfacial energy [67].

It is well known that the lower the solubility in a matrix, the easier its
segregation to interfaces will be [67], thus leading to an increase in segregation
with decreasing temperature. It should however be borne in mind that unlike
precipitation where saturation is the driving force, segregation appears even in-a
non-saturated solution, and nothing prevents it from taking place at the same
time as precipitation.

It is reported in some literature that intergranular cohesion greatly depends on

the elctronic properties of metals [68,69]. The embrittling impurities are
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electronegative with respect to the matrix, and therefore attract towards them the
electronic charges of the matrix atoms, thus leading to a weakening of the metal-
metal bonds near the boundary .

The role of sulphur in bringing about a spectacular decrease in ductility of
several ferrous and nickel base alloys during hot working in certain temperature
ranges is summarised according to some research workers in the following steps
[69]:

- Microcracks are initiated, under the effect of stress, at the triple points where
flow cannot take place.

- The impurity atoms segregate to the microcracks, and then accumulate,
through superficial diffusion and for surface tension considerations, at the tips of
these cracks.

- The decrease in surface tension thus obtained leads to a decrease in the work
necessary for crack opening. This in turn facslitates crack propagation until
failure occurs. _ _

The results obtained in the present work on the Ni-Si system enabled us to put
forward a mechanism based on the so called “impurity drag theory” which will

be exposed and detailed further in the text.

P.S. It is admitted that the part on stainless steels is rather too long. This is so
because the original idea consisted of investigating nickel and then extending
the findings to stainlesls steels as widely used nickel containing alloys. Although
the considerable amount of work Iimited the investigation to pure nickel, it was
decided not to shorten the part on stainless steels because of the valuable
information it contains, and the qualitative agreement that was found between.

our results and those surveyed on stainless steels.
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CHAPTER I
THERMODYNAMIC AND KINETIC ASPECTS OF
SEGREGATION
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In this chapter the most widely known thermodynamic and kinetic models
describing equilibrium segregation are briefly outlined, msisting more
particularly on the results relevant to our work (i.e., the expressions that enabled

us to calculate “apparent diffusion coefficients”).
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1. Introduction _
Two segregation modes have been reported in the literature; equilibrium and
non-equi]ibriﬁm segregation. Equilibrium segregation deals with interface
enrichments resulting from normal diffusion proé-esses under the sole control of
the diffusion coefficient of the segregating specie in the metal [70]. Non-
equilibrium segregation corresponds to cases where the diffusion of the
segregating element is accelerated by the presence of unstable or metastable

defects. The driving force in these cases is linked to the return of the metal to its

equilibrium condition.

2. Thermodynamic aspects of equilibrium segregation
From the thermodynamic point of view, segregation is regarded as a special case

of adsorption, where the diffusing specic comes from the metal instead of
coming from the surrounding gaseous phase.

Considering the interface @ to be a phase in its own right, Gibbs [71]
established the following relationship linking the enrichment of the interface @

with impurity I, T'¢,,,, , to the surface tension of the interface, 7*, and to the
p y (1.A7) y

chemical potential of I in the phase @, uf :

cy

®
T = . @
GHy

The application of this model to segregation is, however, not very convenient
since it requires the knowledge of the su1‘fa¢e tension which cannot be measured
at the temperatures at which segregation takes place.

Other models involving parameters more readily disposed to experimental-
'acquisition are developed. Most of these models are based on either statistical or

chemical thermodynamics considerations. Although they contain numMerous
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simplifying hypothesise, they nevertheless satisfactorily account for the reality.
While one type of these models ignores possible interactions between atoms in

the segregated layer (ideal solution), the other introduces a term taking into

account this interaction (regular solution).

2.1 Segregation models assuming no atomic interactions
One of the first adsorption models to be known is that of Langmuir [77] and 1s
derived from the kinetic theory of gases. The rate of surface coverage 6r

(ratio of sites occupied by adsorbed atoms to the available sites) is given by:

g ~aGit
"9 =P K(Ie *

7

where AG is the free enthalpy of adsorption, and P; is the bulk concentration

of the 1mpur1ty

Mc Lean [56] puts forward a similar expression describing grain boundary

segregation:

ohs

)ﬂﬁ ' -aGy
F=Cle ®
1- T

Where ¥¢ represents the ratio of the grain boundary concentration to the
maximum grain boundary concentration (Y‘?5 CIIC ey )» €7 1s the bulk
concentration of the impurity and AG#* represents the free enthalpy of grain

boundary segregation of the impurity 1.

This model is equally well applicable to surface segregation provided AG &g

replaced with AG ¥, the free enthalpy of surface segregation.
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2.2 Segregation models taking into account atemic interactions
The introduction of the term W, representing the energy of interaction between
first nearest neighbour atoms in the segregated layer, in the adsorption model of

Fowler-and Guggenheim [73] takes into account the interaction aspect. The

isotherm thus becomes:

~(AG§F 2N -16))

= K(T).P,.e RT

é,
-6

2N is the number of atoms in the segregated layer.

Lagiies {74] who studied segregation to free surfaces, found a similar

expression:

~(AG;*8 2N-W-¥))

—CPe AT

Y
1-7,

Larere [55] who applied to binary alloys, a model put forward by Guttmann
[75.76] for grain boundary segregation in ternary alloys, found a similar
expression as that of Lagiies.

Table 11-1 gives values of free enthalples of segregation and mteract]on ener 01es
for sulphur segregation in nickel, calculated by various authors.

Figure I1-1 represents the evolution of the surface coverage rate with
temperature for high purity nickel (< 1ppm sulphur) . It é]early appears that the
curves of Langmuir-McLean and of Fowler-Lagiies representing  surface
segregation are nearly identical. This is due to the weak interaction energy of
sulphur on the surface of nickel. It also appears that for temperatures less than
800°C, the surface coverage rate at equilibrium remains very near to satur atlon

and that the Mcl.ean approximation for segregation to grain boundaries can only
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Figure II-1. Curves repres_enti'ng the evolution of the interface coverage rate with

temperature
(<lppm S).

during the equilibrium segregation of sulphur in high purity nickel
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be used at high temperatures corresponding to small values of the coverage rate.
The temperature of 700°C can therefore be considered to be a critical one, below
which the grain boundary is saturated with sulphur and above which the

coverage rate decreases rapidly to become negligible for temperatures greater

than 800°C.

Ref | AG™ Wit AG™ g Observation
(kJ.mol™) (kImol) [(kJ mol) | (ki .mol™) |
[55] [-140+7 -1.5 - - Ni270
( 800<T<950°C)
[55] - - -98 -32 T=1200°C
[7711-175 - - - adsorption
[78](-123 - - -

Table I1-1. Thermodynamic data for sulphur segregation to nickel interfaces.

3. Kinetic aspects of equilibrium segregation

Lagﬁes [74] puts forward the following two step mechanism for segregation:

1) The segregating atoms diffuse thermally to the "skin". The skin is the region
just underneath the surface (x=0) and where diffusion is normal to the surface.
The "skin" can be made of more than one atom plane.

2) The atoms then pass from a state of dissolution in the "skin" to a state of
segregation. | ,

On the basis of this mechanism, and using Fick's laws of diffusion, the physical
model describing the formation of the segregation layer can be obtained through
the solution of the following system:

- Initial conditions:

CIB(x,)‘ =0) = Gp(x)
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Cf(f =0)=(,

C? and ¢ are the bulk and the interface concentrations of the impurity

respectively.

- Boundary conditions:

1- CPx=0,1)= f(C])
] B
2- . d,(dcf j = D(ﬂ]
\ dr & J _,

where 4 is the thickness of the interface. This parameter disappears if the

concentration is given per unit area.

This condition stems from the conservation of mass principle. The flux of matter

“leaving the volume is distributed in the interface (in the case of a grain

boundary, the multiplication factor % appears in the relationship accounting for

the fact that this kind of interface is fed from two sides).

B
N
é\.

X

This condition considers the diffusion medium to be semi-infinite, i.e. it implies

that at a remote distance, the flux is nil and therefore the concentration 1S

constant.
-Fick's second law:

28 B
DB(?C, M(f,
A -~ 2 -

o o

McLean [56] put forward the following analytical sotution :

Cl ()
CP(x=0,1)

= f# = constant,
which is a simplification of the relationship:
CF(x = 0,1y = F(CH ()
McLean's relationship is only valid at the very first instances of diffusion, during

which the concentration of the interface remains low.
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Assuming that neither the enthalpy of segregation nor the temperature change,

C¢ has to remain very much less than unity for f to remain constant. This

condition being satisfied, MclLean obtains the following expression:

CH (Y- CP(t = 0)

—1-¢" af(s)
C*(t - o) - C{r = 0) 7

where S = zﬂg] in the case of a grain boundary
S = TLE in the case of a surface.

This expression can further be simplified through a limited development near

the ongin:

CH)-C1=0)  2s
CHr = w)- CHr=0) «Jm

If the concentration at the interface at t=0 is also assumed to be negligible

- { which is strictly not the case in the first instances ) and /3 to remain constant

CH (1 — »)

and equal to the equilibrium value f= . , the following approximate
_ -B

solution is obtained:

4C, Dt . . :
CE (1) = dH .1/—7;— in the case of grain boundary segregation,

C'() = 253 _\/-B; in the case of free surface segregation.
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4. Non-equilibrium (dynamic) segregation

Non-equilibrium segregation may take place during the returmn of a metal to its
equilibrium state, 1.e. during the recovery and recrystallisation of a cold worked
metal (containing an excess of dislocations and point defects), or during the
annealing of a metal supersafurated in point defects resulting from processes
such as quenching [79-81] or irradiation [82-84].

Although, this type of segregation has been previously reported ‘and
considerable efforts of theoretical studies have been undertaken [85-87], no
satisfactory thermbdynamic or kinetic medel based on experimental evidence
has been proposed to describe the phenomenon.

The main object of our work is to investigate non-equilibrium segregation of
sulphur taking place during the heat treatment of quenched and cold worked

pure nickel and its consequences on the intergranular properties of the material.
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CHAPTER 11
MATERIAL STUDIED
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Nickel is considered to be a strategic material. It is widely used as an alloying

element in stainless alloys, super-alloys, ferro-nickels, inconels, ...etc.. It s also

used as a coating material for copper and ferrous alloys, since it has good

mechanical properties ( hardness of annealed pure nickel = 85HB )[88] and 1ts

hardness can be improved by adding small quantities of phosphorous and boron

{89]. The major limitations lie in its intergranular brittleness and poor corrosion

resistance in acid solutions.

The most important reasons that lead to the choice of the Ni-S system as a

subject for our study are as follows :

The great majonity of experimental results presented in the literature show
unambiguously the role of sulphur in impairing the intergranular properties
of nickel.

The availability of thermodynamic and kinetic data concerning equilibrium
segregation of sulphur in mckel [55].

The separation, for nickel, between the recrystallisation stage and the
vacancy elimination stage on the temperature scale, which is not the case for
all f.c.c. metals ( copper, for example, does not have two distinct stages).
This enables the determination of the effect of each stage separately on the
segregation phenomenon.

To confirm whether very low impurity contents would have any effects on
high purity materials . Various results presented in the literature tend to
suggest that a minimum sulphur content is necessary to lead to intergranular
brittleness. Merica and Waltenberg [90] showed, as early as 1925, that at
Jeast Sppm of sulphur were necessary to cause the embrittlement of nickel
during forging. Nearly fourty years later , Olsen et of [91] and Oliver [92] put
forward the values of 5 and 7ppm respectively as minimum sulphur contents
for any embrittlement to occur. However, none of these workers gave any

explanation as to the existence of such minimum levels.
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Element Fe iMn |C O |S iZ others

The material studied in this work is high purity nickel 270 of Wiggins Alloys
(UK), containing only 0.5ppm sulphur. The chemical analysis is given in table
11I-1. The relatively high content of carbon results from the fact that the metal is

obtained from metal-carbony! compounds by powder metallurgy techniques.

Weight 30 {20 {70.121 {0.5 150
(ppm)

Table I1I-1: Chemical composition of Ni 270 ( determined by spark emission

spectrometry).

The previous studies conducted on the gquilibrium segregation of sulphur in
nickel [55] pointed to the fact that only sulphur segregates in measurable
quantities despite the considerable quantity of the other elements compared to
that of sulphur.

The atomic radii of Su]phur and nickel are equal to 1.84 A® and 0.78 A°
respectively, giving a ratio greater than 2.3. Sulphbur tends, therefore, to be
preferentially located in expanded sites in contrast to the normal sites of nickel,
in order to minimise the elastic energy of the crystal. These expanded sites are
more readily available on the free surface and grain boundaries, and also near
vacancies and dislocations. This is furthermore emphasised by the values of the
free energies of equilibrium segregétion to these interfaces: -140 kJ. mol™ to the
free surface and -98kJ.mol”' to grain boundaries ( the activation energy for
heterodiffusion is found to be 192 kJ .mol™ ) [93]. Studies were carried out on
the solubility of sulphur in nickel monocrystals [94] and polycrystals [95], and
the maximum solubility was found to be 450 ppm in mqnoc-rystailine nickel and

510 ppm in the polycrystalline material, at a temperature of 1200°C. The Ni-S
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-~ equilibrium diagram ( figure I1I-1 ) [96] shows that the solubility of sulphur in

nickel varies considerably with temperature, and that although the solubility
limit at temperatures below 700°C is not accurately determined it is reasonable
to admit that at these temperatures ( the importance of which in relation to this
work will become more evident in the part on the experimental procedure ) the
small amount of sulphur existing in Ni 270 should, in equilibrium conditions,

remain in solution ( i.e., precipitation 1s excluded ).
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Figure I1I-1. Phase diagram of the Ni-S system [3]
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CHAPTER IV
SEGREGATION TAKING PLACE DURING THE
RECOVERY AND RECRYSTALLISATION OF COLD
WORKED NICKEL
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This chapter 1s divided into four parts. Part one, besides including an
introduction on plastic deformation and on recrystallisation, contains the details
on the experimental procedure carried out to study thé recovery and
recrystallisation of cold worked nickel, as well as the results obtained.

The Auger electron spectrometry, AES, undertaken to study surface segregation
accompanying the recovery and recry;sta}lisation is presented in part two. Part
three deals with the effect of this segregation on brittleness and intergranular

corrosion of the material. A comparison between surface and grain boundary

segregation makes the fourth and last part of this chapter.



1. Recovery and recrystallisation of cold worked nickel

1.1 Introduction

1.1.1 Plastic deformation

A pure metal deformed to small plastic strains (usually less than 10%) exhibits a
dislocation substructure where individual dislocations are easily identified in
transmission electron microscopy. As the strain increases the dislocations
rearrange themselves into a more well defined cell structure and at high strains
the microstructure is most appropriately characterised as a subgrain structure
where the average sub-boundary misorientation 1is typically 3° or more [97].
This picture applies to métals which deform by slip. Large variations, however,
are found between different metals, the important parameter in this ‘context
being the stacking fault energy. In high stacking fault fc.c. metals like
aluminium and nickel, cell formation starts at strains less than 10% and at stains
larger than 50%, well developed sub boundaries becomes a characteristic
structural element [98]. By alloying this picture may of course become
drastically distorted. A considerable amount of vacancies is also created during
plastic deformation.

A number of mathematical expressions linking the applied stress to the quantity
of defects generated by plastic deformation is reported in the literature {99,100].
Bailey [99] puts forward the following relationship which “epables the

calculation of the dislocation density in a metal under a given stress .

.

a.mb.y)

(
£ =1 >
where g is Coulomb’s modulus (MPa), b is the Burgers vector, m is the Taylor
factor ( = 3.06 for f.c.c. metals ) and « is a constant of the order of 0.5.

Another relationship put forward by Saada [100] links the number of point

defects generated during plastic deformation to the amount of the work done
od &
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d A d.
= . &
#_b: G 2

where 5 is the number of point defects per unit volume, £1s the true deformation
and A is a constant equal to 1/3.

This expression is, however, not applicable to the entire deformation rénge,
simply because the physical phenomena leading to the creation of point defects
are not the same at all stages of the plastic deformation. Merklin [101], for
instance, found a saturation in defects corresponding to 80% deformation,
whereas Saada’s relationship predicts an increase in the density of defects over
the entire deformation range. |

The defects (vacancies, dislocations) induced in a metal by plastic deformation
can have a considerable effect on the diffusion process and hence on the
segregation kinetics. It clearly appears , therefore, that the study of the recovery

and recrystallisation processes in nickel is more than justified.

1.1.2 Recrystallisation

A material with a microstructure of dislocations, subgrains or grains may lower
its energy by the processes of recovery, recrystallisation or grain growth. Until
comparatively recently, the distinctions between these processes appeared to be

reasonably clear, but the increasing sophistication of the tools for
microstructural characterisation now shows that the borderlines between these
phenomena are often blurred and newly discovered microstructural chénges may
not casily fit into well defined categories [1 02]. It is now known that all three of
the above phenomena may occur in the following ways. They may occur
heterogeneously throughout the material, such that they may be formally
described in terms of nucleation and growth stages. In this case they are.

described as discontinuous processes. Alternatively, recovery, recrystallisation

or grain growth may occur uniformly, such that the microstructures evolve
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gradually with no identifiable nucleation and growth stages. In this Casé, the
prefix continuous is used to describe the phenomena [103].

The micromechanisms operating during the changes occurring in a deformed
metal when heated to a temperature below its melting point can be summarised
in the following points :

- Defect clustering and annihilation.

“The annihilation of dislocations of opposite signs and the formation of
dislocation loops. |

_The rearrangement of dislocations to form more stable configurations.

-The absorption of point defects and dislocation loops by moving grain

boundaries.

" _The reduction in the total grain boundary area.

Once a nucleus is formed, the driving force for the growth of this nucleus is the
difference in dislocation density between the nucleus and the surrounding
deformed matrix. The grain boundaries of the nuclei which reach a critical size
would then advance in the matrix until the driving force for grain boundary
(GB) migration becomes too weak to counteract the force opposing this
migration. GB migration is a complex phenomenon due to the effect of point
defects, impurity atoms and precipitates. The following relationship gives the
speed of a moving GB [104]
V= mF",

where 1 is a term known as the mobility of the boundary, F is the resultant of
all the forces acting on the boundary and r is a coefficient which is usually
different from I ( in the case of course where the relationship between F and F

is not linear ).

The mobility is made up of two terms in the following manner :
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where my is an intrinsic mobility factor and miy is an impurity concentration

dependant factor.
The force F'is the resultant of two most important forces
_ The force due to the difference between the dislocation densities on both sides
of the boundary which is given by :

F,=Ap.ub’,
wlhere zb° is the energy of a unit length of dislocation and Ap is the difference
in dislocation density.

- The surface force which is gtven by :

F=2=,
5 P

where y is the interfacial energy and r the mean radius of the grain.

Even though these two forces act simultaneously, Fy 1s the dominating force as
long as the matrix has not - recrystallised entirely, 1Le. during primary
recrystallisation, whereas F, dominates during grain growth.

The recovery and recrystallisation of a cold worked structure is experimentally
investigated using either heavy techniques which are not always easy to carry
out such as transmission electron microscopy, or more accessible techmques

involving a study of the relationship between the structural defects and a

- macroscopic quantity such as electrical resistivity or the energy dissipated

during the annealing of the cold worked metal. Knowing that the recovery and
recrystallisation processes take place through a dissipation in the form of heat of
the rﬁechanicai energy stored as defects introduced during plastic deformation of
the metal, the recording of the heat given off during the annealing of the cold
worked metal enables the determination of not only the temperature but also the
energy involved at each rcwstall]satlon stage. This widely used technique is
known as differential scannmg calorimetry (DSC). Two major drawbacks must,

however, be taken into account when using this method :
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- the energies involved are so small ( ~150 uW.g'] ) that a considerable amount

* (mass) of material 1s necessary regardless of the precision of the detectors used.

- the recovery and recrystallisation stages may overlap on the temperature scale
Wl-]iCh sometimes makes the distinction between them impossible. This 1S not
found to happen for nickel for which the vacancy elimination and the
recrystallisation stages are clearly separated for true deformations & < 1.

Clarebrough et al [105] who measured the energy released during recovery of a
cold worked nickel of a similar composition as the one studied m this work,
using differential scanning calonmetry , found two peaks centred at 120 and
270°C respectively, and a thiwd one centred at a deformation dependant
temperature. The first two peaks were attributed to the anmhllat}on of the pomt
defects, whereas the third was attributed to the recrystallisation stage. The
electrical resistivity measurements carried out by Sosin et al [106] on the same

material lead to similar conclusions.

1.1.2.1 Recrystallisation kinetics

Recrystallisation kinetics are a function of the nucleation rate N and the growth

rate & which often vary from one point to another in the materal (spatial
variation) and with the transformation time ( time variation ). Several theories
have been proposed to describe recrystallisation kinetics. The most widely used
one is the classical theory of Johnson and Mehl [107], Avrami [108] and
Kolmogorov [109], commonly referred to as the JMAK theory.

Assuming that the nucleation sites are randomly distributed and that grain
growth occurs 1sot10plca]ly at a constant rate, the JMAK theory yields the
following relationship between the recrystallised fraction, X ( the recrystallised
area in a given region over the total area of that region ), and the annealing time,
Il

X =1-exp(-k1").
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Rewriting this equation in a double log form yields the following expression:

In[-n(l - X)}=Ink + nint
This relationship is known as the JMAK equation, wh;,re k and n (the IMAK
exponent) are constants. In the case of three dimenstonal nucleation, # is equal
to 3 when all the nuclei are formed at zero time (i.e. site saturation nucleation)
and equal to 4 when nuclei appear at a constant rate in a non recrystallised
material (continuous nucleation). Lower values of r are found in such cé_nditions
as growth in less than three dimensions or heterogeneous nucleation on planar or
linear defects [110].
Several early experimental investigations on recrystallisation kinetics are
repoﬁed in the literature [110,111]. Humphreys et al [110] and Rollett et al
[111] provide extensive literature surveys on the recrystallisation of a wide
variety of materials. The exponent is generally found to be much smaller ,
typically around 2 and sometimes even less than 1. Humphreys et al [110]
conclude that the deviation of recrystallisation kinetics from the ideal linear
JMAK plots and the Jow values of the exponent # found in many experimental
investigations are in most cases directly attributable to the inhomogeneity of the
microstructure. This leads to a non-random distribution of nucleation sites and
stored energy , and to a growth rate which decreases with time. Hutchinson et al
[112] found mhomogeneous recrystallisation in cold rolled copper. They showed
that the decrease with time of the measured growth rate of the recrystallising
grains was entirely due to mhomogeneous distribution of the stored energy.
Vandermeer et al [113] also showed that the amount of heat evolved per unit
recrystallised volume decreased as recrystallisation proceeded: Although this
was interpreted as being due to recovery, inhomogeneous distribution of stored
energy may, partially at least, explain these results. '
Many investigations on recrystallisation kinetics using computer simulation
techniques are reported in the literature [114-116]. Very little detailed

experimental work bas, however, been recently carried out.
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1.1.2.2 The influence of impurity concentration and temperature

The role played by impurity atoms during recrystallisation is translated by their
influence on either the mobility or the driving force. The impurity drag theory of
Liicke and Detert [117] suggests that the impurity atoms play a retarding role.
This theory can be summarised as follows : '

- Impurity atoms segregate to the grain boundary which is considered as a low

potential energy region ;

- They then form a cloud acting as an obstacle to GB movement, leading to a
decrease in the displacement speed.

- At sufficiently high speeds, the boundary can break away from the ﬁnpurity
cloud ,thus regaining a speed comparable to the case of a pure metal.

Figure TV-1 represents the evolution of the GB migration speed with increasing
driving force for different impurity concentrations, as given by Cahn [118]. For
small concentrations, the V versus F curve approximates the straight line
(V=M.F ) corresponding to a pure metal. As the concentration increases, the
curve takes up an § shape with an unstable part in which the speed can switch,
in a discontinuous fashion, from one branch of the curve to another. The author
did not give any explanation for this behaviour.

The change in temperature leads to a change in the diffusion coefficient as well
as in the potential energy. Figures 1V-2 represents the evolution of the GB
migration speed with temperature for different impurity concentrations, as given
by Liicke and Stiive [119]. It can easily be seen that the greater the impurity
concentration, the higher the temperature at which the transition from an
impurity free GB to a GB loaded with impurities takes place. This is

experimentally translated by a decrease in recrystallisation temperature when the

purity of the metal is improved.
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Figure 1V-1. Variation of the GB migrétion speed with driving force for
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Figure 1V-2. Variation of the GB migration speed with temperature for different
impurity concentrations [119]. '
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1.2 Experimental work carried out fo study the recovery and
recrystallisation of nickel '
The object of this part of the investigation is to determine the temperatures as

well as the kinetics of the different recrystallisation stages.

1.2.1 Differential scanning calorimetry (DSC)

Recovery and recrystallisation of a metal are accompanied by the dissipation, in
the form of heat, of the energy stored during cold work in the form of defects. It
is therefore possible to follow the different recovery stages of a cold worked
metal by measuring the heat given off durimng an annealing treatment. This 1s

frequently done by differential scanning calorimetry.

1.2.1.1 Specimen preparation

The material is delivered in the form of sheets which are first of all
homogenised for 5 hours at 850°C inside evacuated silica capsules. They are
then rolled at room temperature, using a conventional laboratory rolling mill.
The desired true reductions in thickness are obtained after several passes of less

fhan 0.05 mm each, in order to avoid excessive heating of the material. The frue

reduction in thickness is defined as:

£ = ln(i] .
€y

where e; and ey are the initial and final thicknesses, respectively.

Specimens in the form of rods of pra}lc?lipepedic cross sections , are cut from the
laminated sheets using a conventional laboratory cutting machine equipped with-
a low speed diamond wheel. They are lightly polished mechanically down to a
reasonable surface finish using 4000 grade polishing paper and then
electropolished in a solution of 70% (volume) ethanbl, 129% water, 10% 2- |

butoxyethanol and 8% perchloric acid, in order to remove the layer affected by
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mechanical polishing (~5Sum ) and finally thoroughly cleaned in acetone. A

number of these rods making up a mass of 27g+] 0~g are finally stacked inside

" the calorimetric cell.

1.2.1.2. Testing equlpment and procedure

The equipment used in this work is a SETARAM dlfferenual scannm;D
calorimeter , type Calvet HT 1000, schematically represented in figure 1V-3. It
contains two cells placed in the same calorimetric bloc and mounted in °
opposition so that the collected potential is proportional to the difference in heat
flow between the two cells. The signal originating from the flux meters IS
amplified using a low voltage amplifier and then collected on a digital recorder
together with the temperature of the calorimetric bloc, measured by an S type
thermocouple. The numerated signals are subsequently transmitted to a persona}
computer which also drives a digital regulator controlling the temperature of the
calorimetric bloc.

The cold worked specimens go into the working cell and the fully annea]ed (5
hours at 850°C) specimens, prepared in the same manner as the cold rolled
specimens, go into the reference cell.

The first step in the experiment consists of stabilising the thermal ﬂux at the
starting temperature. After that, an ascent at a rate of 10°C/h is carried out until
the final temperature (650°C) 1s re;ached. After a period of stabilisation of about
5 min at this temperature, a free descent 1s undertaken. A complete new cycle is

repeated once the starting temperature is reached in order to determine the base

line.

1.2.2 Electrical resistivity measurements

The introduction of vacancies into a metal by any of the known methods such as
quenching, irradiation or cold work produces changes in both its physical and

mechanical properties. The electrical resistivity is one of the simplest properties
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which can be employed to investigate changes in vacancy concentration, and
consequently is widely used.
The resistivity of a metal can be separated into a temperature independent
portion due to imperfections in the metal, p, and a temperature dependent
portion due to thermal vibrations, pr,:

pP=p;+pr
At low temperatures, thermal vibrations are very low and the resistivity conststs
almost entirely of p;. This is why measurcments are made, whenever possible, at
the temperature of liquid helium (4.2 K). |
The equipment used is a laboratory made apparatus. A current of 1 mA 1s sent
across a 23 mm x 2 mm x 1.5 mm specimen, cut from sheets homogenised and
then cold rolled to various true reductions in thickness as described before
Measurements of the tesulting voltage are taken at the temperature of liquid
helium (4.2 K), in order to minimise the resistivity due to thermal vibration. In

order to avoid the cumbersome task of having to determine accurately the

-specimen dimensions, the resistivity 1s also measured at room temperature and

the resistivity ratio p,,/ ., 1S taken as a significant quantity of the test.

1.2.3 Microhardness testing

The hardness of a material represents a good indication of its microstructural

state, and therefore provides a viable means to study recrystallisation.

The equipment used is a microhardness tester mounted on a Neophot 21 optical
microscope. In order to obtain a mean representative value, a minimum of 10
measurements spread over different grains were taken on specimens, cut from

sheets cold rolled and then heat treated in evacuated silica capsules as described

before.
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1.2.4 In-situ scanning electron microscopy investigation of recrystallisation
Specimens of 5x1.2x0.5mm’ were cut from sheets, cold rolled to desired true
reductions in thickness ranging from 0.25 to 1.12. They were subsequently
mechanically polished down to a lum diamond surface finish, and then
electropolished as described before.

In-situ isothermal heating was camied out inside a Leica Stereoscan 440
scanning electron microscope. The specimen was spot welded to a thin foil

(12mm x 2mm x 16pm) of tantalum which was resistance heated inside the

SEM vacuum system. The temperature was measured with a thin (50pum), k
type, thermocouple spot welded to the specimen. The telﬁperature of the
specimen attained 455°C in less than 2 seconds. The residual pressure inside the
SEM vacuum chamber -was maintained below 5.10° Pa The images were
obtained using secondary electrons generated at 10 kV EHT, 2.3 nA primary
beam current and -100V bias voltage. The specimen was tilted to 20°,
Photographs were taken after every 5 minutes or even less when necessary (as 18
the case for heavy deformations), until the recrystallisation was seen to be
complete. The area of recrystallised _m'éins was measured, using an image
analysis software named Global Lab Imagé from Data Translation Incorporation
(USA), in order to determine the recrystallised fraction X which was equal to
the recrystallised area in a chosen region divided by the total area of that region
(0.24 mm?).

The results were presented in the form of curves represeuﬁn g the recrystallised
fraction X against annealing time for different deformations, and
recrystallisation starting and finishing times against true strain. Double log
graphs were also plotted and JMAK exponents calculated in the range

0.003<X<0.995.

1.3 Experimental results and discussions

1.3.1 Recovery and recrystallisation of cold worked nickel
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Figure 1V-4(a) represents a typical DSC curve. The curves of the first ascent
(recrystallisation ) and second ascent (base line) are separated. This is due to the
change in the specific heat of the material during recrystallisation. The difficulty
in determining with accuracy the temperatures of both the beginning and the end
of recrystallisation, as well as the area under the peak representing the recovered
energy, is clearly evident. The temperature corresponding to the maximum of
the peak is therefore taken to be the recrystallisation temperature and the values
of the recovered energies are given with an unknown error.

Figure IV-4(b) represents the variation of the recovered energy ( mW/g ) with
annealing temperature for deformations ranging from 02 to 038, after
subtraction of the base line from the curve of figure V-4(a).

Two clearly distinct peaks appear :

_ The first one is centred at about 250°C, a temperature which seams to be
independent of deformation. This peak is absent for deformations less than 0.3.

- The second peak occurs at a temperature which decreases with increasing
deformation. '
There is a reasonable qualitative and quantitative agreement between the results
obtained in this study and others obtained by Clarebrough et al [105] on a
similar grade nickel , as shown by table IV-1. The first peak is attributed by

these authors to vacancy amihilation and the second to recrystallisation.

Heat flux (m].g")
Clarebrough [105] (¢=0.53) | This study (¢=0.6)

Recovery (200-350°C) |234 186

Recrystallisation 840 772

Table IV-1. DSC results obtained in comparable conditions.
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Figure IV-4(a) DSC curve for nickel cold rolled to 0.2 true strain.
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In order to confirm the role of vacancies in the first peak, DSC runs were carried
out on specimens that were annealed for 1 hour at 1200°C and then quenched in
cold water. A comparison between the energy recovery curve of the quenched
material which shows only one peak centred at around 250°C and that of the
cold worked material , represented together in figure IV-5, yields further
evidence of the role of vacancies in the first peak since they are the only defects
existing in supersattszration in the quenched material. The vacancy concentration
is calculated by dividing the recovered energy corresponding to the first peak by
the energy of formation of a vacancy (1.58 eV [136]). The values obtained are

given in table IV-2, together with concentrations calculated from Saada’s

relationship [100](see section 1.1.1).

0,07

0.06 | £=0.6
L quenched

0,05

0,04

0,03

0,02

Heat flux (imW/g)

0,01

0.00 -\\“

1 b P 1 1]
100 200 30 400 500 600
Temperature (°C)

Figure IV-5. Heat flow against temperature. for a nickel specimen quenched
from 1200°C, and another specimen cold rolled to 0.6 true strain.



Deformation 02 (03 |04 06 |08
Recovered energy {mJ).g”) | - 44 1124 1186 |310
Vacancy concentration (ppin) - 17 48 72 119
Calculated concentration (ppm) [100] |100 200 400 700 {1100

Table TV-2. Vacancy concentrations calculated for different true strains.

Although in both cases the vacancy concentration increases linearly with
deformation, as shown on figure 1V-6, the values determined from Saada’s
relationship are nearly 10 times those determined from DSC measurements. This

indicates that nearly 90% of the vacancies are annihilated during cold work.
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Figure 1V-6. Variation of vacancy concentration with true strain, calculated from
the first peak of the DSC curves of figure V-4(b) and from Saada’s expression.
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The micrographs of figure 1V-7 yield further evidence of the role of vacancies in
the first peak. Figure 1V-7(a) does not show any new grains for the material
defonﬁed to 0.2 true strain and then heat treated for 3 hours at 315°C, whereas -
recrystallization is unanﬂbiguous]y apparent for the same material heat treated
for the same period at 455°C, figure 1V-7(b). The in-situ investigation carried
out inside the SEM confirmed that no recrystallisation occurs at 315°C (figare
JV-7(c)) in contrast to 455°C where the formation of new, strain free, grains is
clearly evident , figure IV-7(d). '

The data related to the recrystallisation stage, corresponding to the second peak

on the DSC plot, is summarised in table IV-3.

True strain . 02103 1040608 |
Stress as obtained from the plésticity function (Mpa) 370{430|500|590 650
Recovered energy (area under the peak), ml.g’ 2101{300:390|772 (903
Temperatu.re at the maximum of the peak (°C) 500 {460 [445 1415|395
Dislocation density calculated from DSC 107 em™) (2.6 |3.8 149 97 {11
Theoretical dislocation density [991(10 "cm™) 16122128 [3.8 |48

Table 1V-3. Data obtained from the second DSC peak.

The excess in electrical resistivity due to cold work, which is also an indication
of the quantity of defects introduced into the material, is depicted in figure 1V-8

where the resistivity ratio , R=p,,/ ps 15 plotted a gainst deformation. pz93 and

pq2 represent the electrical resistivities of the deformed material measured at
293K and 4.2 K (liguid helium) respectively. The curve exhibits a tendency.
towards stabilisation at high deformation ratios. This tendency is equally
exhibited by the curve of figure 1V-9 representing the dislocation density as

calculated from the second peak of the DSC curves (table 1V-3), assuming that
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Figure IV-7. Optical micrographs showing the evolution of the microstructure in
the course of heat treatment of the material deformed to 0.2 true strain . (a) 3
hours at 315°C, the microstructure remains unchanged, (b) 3 hours at 455°C, the
microstructure is nearly entirely recrystallised.
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all the energy recovered during recrystallization is due to dislocation
annihilation and taking the energy of a dislocation line to be equal to 7x107"!
J.om™ [105]. This gives an indication that the excess in resistivity bears a closer
relation to dislocations than to vacancies introduced during cold work.

The dislocation density is also calculated using Bailey’s expression [99] (see
section 1.1.1). The theoretically calculated dislocation density, which 1s also
plotted in figure IV-9, inéreases linearly with true strain. The reason behind the
discrepancy between the theoretical and the experimentally  calculated
dislocation densities is likely due to the generaily made observation that
theoretical expressions such as Bailey’s do not take into consideration all the
physical phenomena leading to defect creation and annihilation. Not being able
to determine the exerted effort in the coid rolling operations, the stress used in
Bailey’s expression was obtained from the plasticity function of the material, as
detemlinéd from tensile tests which do not faithfully reproduce the cold rolling
conditions (see annex 1 for details on the determination of the plasticity
function) . Another reason lies in the fact that the dislocation density calculated
from DSC measurements may be overestimated. It is very likely that a certamm

degree of dislocation rearrangement may have occurred during the recovery

stage corresponding to the first peak.

60



150
140
N
=
{ar]
— 130
B
=
b
2z 120
=
b
2
% 110
a4
100

-]
— }l/_" .
/l/
o
L //
i ,
L l/
g."
] [ 1 | : | N 1 N ]
0,2 0,3 0.4 0,5 0,6 0,7 0,8
True strain

Figure IV-8. Variation of resistivity ratio with true stramn

rs

12
e
/
~10f DS\C T
5 b
o 8r /
g / .
z S Bailey[99]
z 6F s
() e i
o] A /,.q/
§ 4 E_ /0// .
§ //// //
S £ "
v 2f "
Q - 1 3 1 |. I 2 | 1 1 1 1 1 1
0,2 0,3 0,4- 0,5 0,6 0,7 08
True strain

Figure IV-9. Variation of dislocation density with true strain, calculated from
the second peak of the DSC curves of figureIV-4(b) and from Bailey’s

exXpression.

61



1.3.2 Recrystallisation kinetics

Recrystallisation kinetics during isothermal heat treatments at 455°C, are studied
by microhardness testing and in-situ SEM observations. The study is carried out
at one single temperature in order to minimise the expertmental parameters so
that a companson between the obtamed kinetics i1s made considerably easier.
The temperature of 455°C is chosen because, as it can be easily seen from the
DSC results, besides being a recrystallisation temperature for all strains greater
thaﬁ 0.2, it is situated at the offset of the recrystallisation peak corresponding to
0.2 strain.

The results of the microhardness tests indicate that for deformations less than
0.2, the microhardness does not undergo any significant change after a heat
treatment of 2 hours at 455°C. For deformations greater than 0.5, the
microhardness is fully recovered in less than 5 minuteé, a time insufficient to
allow the recrystallisation kinetics to be followed with this technique. The value

of 0.2 is thus confirmed to be the critical deformation for the onset of

'recrystallisation at 455°C. Figure IV-10, represents the hardness against

annealing time at 455°C for 0.2, 0.3 and 0.5 true strains.
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Figure IV-10. Microhardness against annealing time at 455°C for nickel cold
rolled to 0.2, 0.3 and 0.5 true strains.

The fraction of recrystallised area, as determined from in-sitt SEM
observations, is plotted against aﬁn_ealing time at 455°C for deformations
ranging from 0.25 to 1.12 ( figure IV-11) . The curves have a sigmoidal form
and exhibit an incubation time which decreases with increasing deformation.
They also show that as the deformation ratio increases, the times for the stérting

and finishing of recrystallisation are shifted towards shorter times as more

clearly seen on figure 1V-12. |
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Figure IV-13 represents double log plots in accordance with the JMAK
equation. | |
The relationship is fairly linear although some deviation is seen at low and high
values of recrystallised fraction. A least squares regression yields a value of the

TMAK exponent , 1, between 1.36 and 2.12. Table V-4 summarises the main
data deduced from the JIMAK plots.

(025 0.4 0.5 0.7 0.8 1.12
ni12.12 2.01 1.83 1.46 1.48 1.36

k 1536x10° [4.7x107 |1.56x107 |5.7x107 [1.35x107 |1.64x10”
7, |60 min 6 min 2 min 16s 10 s 8s
ir|4h |64 min |30min - |48 min |20min |13 min

Table 1V-4. Data deduced from the IMAK type plots. 7, and 7, are the

recrystallisation starting and finishing times respectively.

Figure 1V-14 represents plots of n and k agamst true strain. With increasing true
strain, it decreases and k increases to reach stabilisation at high strains. Coupled
with the experimental observation that recrystallisation is much quickér at high
strains, this clearly indicates that the constant k bears a stronger relationship
with recrystallisation kinetics than does the exponent 7.

The IMAK theory suggests, however, that r should lic between 3 and 4. This
deviation from the experimentally found values is accounted for by the fact that
the in-situ SEM observations do not confirm the assumptions underlying the
JMAK theory. These assumptions stipulate that the nucleation sites are
randomly distributed and that the rates of both the nucleation and growth remain

constant throughout the entire recrystallisation process.
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The in-situ investigation carried out in this work shows that nucleation sites are
not randomly distributed, as shown by micrographs () to (d) of figure 1V-15.
Nucleation is rather seen to occur at preferential sites such as grain boundaries.
Evidence for non-random site distribution i several other materials is reported
in the literature [110]. On the scale of a single grain, nucleation of
recrystallisation is found to be inhomogeneous. On a larger scale, it 1s found that
not all grains recrystallise at the same rate, and that it is this large scale
heterogeneity, attributed to texture éffects, that is frequently the main cause of
inhomogeneous recrystallisation. |

In a recent paper, Marthinsen and Ryum [120] have shown by numerical
simulation that the variation of the JMAK exponent is closely related to the
spacial distribution of nucleation sites. If the nucleation sites are randomly
distributed, the exponent remains equal to 2 during the entire transformation, but
in the case of a very high density of GB sites, the exponent decreases to ] during

recrystallisation and then increases again to reach the value of 2 at the end of the

evolution process.

2. Surface segregation of sulphur taking place during the annealing of cold
worked nickel: Auger electron spectrometry

2.1 Introduction

Auger electron spectroscopy is widely used i surface analysis for its good 1n-
depth resolution. The mean free path of Auger electrons does not exceed a few
tens of Angstroms, which limits the analysis to a depth of the order of two to

three atomic layers. The detection limit although not very high (=1%), remains

sufficient for our purpose.

It is generally accepted that the concentration of an element X in a matrix is

proportional to the ratio of its peak height to that of the matrix ,Le. :

H.
Cr = "'[H,;J :
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where « is the calibration constant for element X and was found elsewhere [55]

to be equal to 0.48.

In the case of sulphur on the surface of poiycrysta]line nickel, the expression

above becomes :

H. | :
C, = @1054x10"—=  (at.om 3,

Ni

where 10.54 x ]OM' at.cm is the density of a polycrystalline nickel surface {121]

2 2 Equipment and procedure

The ‘equipment used is a cylindrical mirror ana]yser R]BER ISA, model ASC
2000. The pressure inside the analysis chamber was maintained at a level below
5.10® Pa. The primary beam energy and current were set at E,=3 keV and
1,=0.1uA respectively. The spatial resolution in these conditions is of the érder
of Tum. The spectra are recorded in différentia] mode, d[E N(E))/d(E), between
0 and 900 eV with a modulation amplitude of 3¢V ( peak to peak ). |
Before their introduction into the Auger spectrometer, the speclmens are

prepared in the following manner :

The specimens are cut from sheets which were annealed ( 5 hours at 850°C )
inside evacuated silica capsules and then cold rolled in small passes { < 0.053 mm
each ) in order to avoid excessive heating. The final dimensions of the specimen
are obtained by mechanical polishing using abrasive paper and then a diamond
suspension ( down to 1um surface finish ). The specimen is then electropolished
as described before and then finally washed in an acetone bath. The specimens,
Smm x 1mm x 0.5mm, are spot welded on a resistance heated tantalum ribbon.
The temperature of the specimen is measﬁred by a chromel-alumel (type K)
thermocouple made of two 50pum diameter wires, also spot welded on the
specimen. Temperature regulation is provided by a low thermal inertia digital

regulator, enabling a stabilisation of a temperature of 500°C in less than 30

seconds.
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Isothermal runs are carried out at the two temperatures of 315°C ( corresponding
to the end of the vacancy elimination peak on the DSC curve ) in order to study
the effect of the vacancy elimination stage on segregation, and 455°C in order to

study the role of the recrystallisation stage.

2.3 Results and discussion

Nickel displays several Auger peaks as shown on figure IV-]6. The high energy
peak (848¢V) is found to be more appropriate {0 use for the determination of the
peak heights ratios for the following reasons :

- The high energy peak is found to be superimposed on a flat continuous
background , which leads to a better accuracy in the determination of the ratio

peak/background. ,

_ The high energy peak is much less affected by the presence of a segregated

layer.
An apparent diffusion coefficient can be calculated, using MclLean’s model,

provided the segregation kinetics present a Jinear part with respect to vt . The

model yields the following expression :

o= 2.C.ND" 1
= ___\/; ,
which can be rewritten as follows :

T
4.Ck 7

D= P

where C 1s given 1in at.cm™ and Cy in at.cm™. P is the slope of the C versus Vt

curve.

2.3.1 Segregation at 315°C ( in the absence of recrystallisation )
The Auger runs carried out at this temperature on materials deformed to less
than 0.15 were interrupted after 48 hours owing to the fact that no segregation

was seen to take place. Figure IV-17 shows curves representing the ratio of the
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Figure IV-17. Auger peak height ratios against Vt at 315°C for nickel deformed

t0 0.15, 0.2 and 0.8 true strains .

sulphur peak height, Hgs2, 10 that of nickel, Hyisss, obtained from Auger spectra,

against the square root of annealing time at 315°C, Jr, for malterials deformed
to 0.15, 0.2 and 0.8 true strains. The curves show that the greater the strain, the
quicker the steady state beyond which no segregation occurs is attained.
Apparent diffusion coefficients deduced from the linear parts of the curves are
given in table 1V-5. The values are 5 to 8 orders of magnitude greater than the
one obtained from the work of Wang and Grabke [122] on segregati'on n

equilibrium conditions. This considerable increase in segregation kinetics can be

related to the increase in diffusion short circuits resulting from cold work, as

already shown by figures IV-6 and 1V-9.
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0.25

Deformation 0.15 . 0.2 0.4 0.8
Slope (s7) 019x107 |1.57x107 |1.68x10° |2.42x107 |2.84x10™
D (cm’s) 3ax10" |5.0x107 |6.7x107T |[1.4x10° [1.9x107"

D\\I&G (C—lle . S_] ) for

‘equilibrium segregation

1.6x107°[122]

Table IV-5 . Apparent diffusion coefficients at 31 5°C.

Figure 1V-18 represents the variation of the diffusion coefficient with strain. It

appears that the segregation kinetics, which start by increasing with mcereasing

strain, tend towards a stable value. This is in good agreement with the electrical

resistivity against strain curve (figure IV-8), bringing more evidence of the

undeniable relationship existing between segregation kinetics and defect

concentration in the material. Another evidence for this relationship is given by

the findings that segregation kinetics are only appreciable for deformations |

equal to or greater than 0.2 and that the first calorimetric peak, corresponding to

vacancy annihilation, only appears for deformations greater than 0.2, which -

indicates that segregation accelerates only when the vacancy concentration

becomes appreciable.
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Figure IV-18. Apparent diffusion coefficient at 315°C versus true strain.

2.3.2 Segregation at 455°C ( during and after recrystallisaﬁon )

Figure 1V-19 shows Auger peak height ratios against annealing time at 455°C,
for true strains of 0.2, 0.5 and 1.2. They exhibit, like the ones obtained at
315°C, a linear part with respect to v# enabling an apparent diffusion coefficient
to be calculated, table 1V-6. The values are six to seven orders of magnitude
greater than the ‘one obtained from the work of Grabke on equilibrium
segregation {122]. The diffusion coefficient, when plotted against true strain,

increases up to 0.2 true strain and then falls off to finally reach a stable value, as

shown in figure IV-20.



A

e Stope 579 [D' @5 |Dwao (@5 [122] | D Duwsa |
0.1 0.032 1.44 %107 3.10x107"° 5x10°
015 0.048 5.5 x10° 3.10x107 18x10°
0.2 0.061 8.89x107 3.10x107" 28x10°
0.25 0.039 3.6 x10° 3.10x107° 12x10°
03 0.034 2.71x107% 310x10™ 8x10°
0.5 0.027 1.8 x10° 3.10x107" 6x10°
0.8 0.035 2.94x10° 3.10x10°" 9x10°
12 0.032 241 x10°  [3.10x107° 8x10°

Table 1V-6 . Apparent diffusion coefficients at 455°C.
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Figure IV-19. Auger peak height ratios against t at 455°C for nickel deformed
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A comparison between recrystallisation kinetics and segregation kinetics enables
us to account for the observed behaviour.
Figure IV-21 shows surface segregation and recrystallization kinetics
represented together on the same plots for materials deformed to 0.25, 0.5, 0.8
and 1.12 true strains. Both kinetics follow sigmoidal type tendencies, indicating
a similarity in behaviour between recrystallization and superficial sulphur
segregation.
For the material deformed to 0.25 true strain, surface sa.turatioﬁ with sulphur 1s
achieved after 40 minutes of treatment, well before the beginning of
recrystallization which only starts after 60 minutes of treatment. This clearly
indicates that segregation for this material takes place in the deformed material
and during the recovery process. It also indicates that the acceleration of
segregation is not due to recrystallization but rather due to the acceleration of
diffusivity in the deformed material. Segregation takes place in this stage by
diffusion of sulphur in the bulk and through the dislocation pipes and grain
boundaries. _
Recrystallization of the material deformed to 0.5, starts within 2 miniutes of -heat
treatment and finishes after about 30 minutes. Saturation on the other hand is
achieved after 40 minutes. Segregation therefore takes place mostly in a
recrystallizing material. This behaviour can be. explained in terms of the
impurity drag theory first put forward by Calm [118] and further developed by
Lucke and Stiive {119]. This thebry considers two cases :
_ Under certain conditions of temperature, driving force and impurity
concentration, the moving grain boundary drags with it the impurity atmosphere.
- If these conditions are not gathered, the GB would break away from the
impurity atmosphere and continues its movement with an even greater speed.
This deformation seems to satisfy the conditions necessary for the sulphur atoms
to be dragged with the moving grain boundaries in the course of

recrystallization, and the acceleration of segregation kinetics in this case can
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therefore be rightly attributed to recrystallization. Some segregation does
however take place in a recrystallized material. The mechanism that can be
suggested here involves diffusion from sulphur rich regions near the surface -
and/or impurity drag during the post-recrystallization grain growth stage.

The matenals deformed to 08 and 1.12 show simi]ar- behaviours 1n that
recrystallization starts within seconds and ends after about 13 minutes for bqth
of them. Surfaces saturation with sulphur also takes the same time for both of
them, ie. 26 minutes, indicating that in this case saturation lags behind
recrystallization. The rapidity of recrystallization in comparison with surface
saturation can be explained again by the impurity drag mechanis‘m. The driving
force for recrystallization, a function of the stored energy and hence the amount
of deformation, is so high that in the progress of recrystallization, the moving
grain boundaries manage to break away from the sulphur atmospheres leaving
them behind. |

A comparison between the diffusion coefficients (Table 1V-6) of the lightly
deformed materials (£<0.25), where segregation takes place almost exclusivehly.
in a deformed matrix, and of the heavily deformed materials, where segregation
occurs in a recrystallizing or recrystallized matrix, enables us to conclude that
segregation kinetics are higher during recovery than during recrystallization.
Although no in-situ investigation was performed on the material deformed to 0.2
true strain, its recrystallization kinetics can be predicted from the work done on
other deformations. Since recrystallization starting time increases with

decreasing deformation (table 1V-4), it is fairly reasonable to think that

'recrystallizatidn would start for this deformation after an incubation time greater

than 60 minutes (7, for 0.25 true strain), and segregation would therefore occur
during recovery and not during recrystallization, thus accounting for the high

diffusion coefficient observed for this stram.
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3. Effect of sulphur segregation on the intergranular properties of nickel

3.1 Intergranular brittleness '

3.1.1. Introduction

Direct Auger analysis of grain boundaries is a rather cumbersome technique, as
already mentioned. Besides requiring the presence of hydrogen m order to
fracture the specimen inside the Auger chamber, the method suffers from
another problem : some grain boundaries may inevitably resist failure  if
segregation is insufficient and are therefore not analysed. Furthermore, since
every GB is quite unique, a great number of GB’s has to be analysed in order to
obtain a meaningful mean value. For all these reasoms, tensile testing 1s
undertaken as an indirect method of investigating intergranular segregation and
its effect on both the strength and ductility of the material .

Before going into the details of the experiments, some pertinent definitions
concerning ductility and britileness are given in the following .

The terms ductile and brittle are commonly taken as self descriptive, but care
should be taken in using them. They are used to indicate the general plasticity at

fracture, relying on such quantities as the elongation at fracture (ductility) and

“ the presence of necking to indicate whether the material is ductile or brittle. A

difﬁculty here is to decide how much ductility is required to place the material
in a ductile class ; there is no common value to be used. More pertinent to our
interests is that the terms ductile and brittle are used to distinguish ductile and
brittle fracture, both thé macroscopic and microscopic aspects. The void

coalescence mechanism ( on a microscopic scale ) of crack formation involves

‘plastic deformation by slip. Thus this mechanism is referred to as ductile.

However, it is possible to have cracks form and fracture occur by this
mechanism, vet the material shows no obvious or little macroscopic plastic
deformation. On this basis, the fracture \_vould be categorised as brittle. In our
case the terms ductile and britile are used to describe the macroscopic aspects of

fracture and are not based on the microscopic mechanisms. The following
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characteristics, adapted from VanderVoort [] 23], are used to distinguish
between the two types of fracture. | |
Ductile fracture :

- A relatively large amount of plastic deformation precedes the fracture.

- Shear lips are observed at the fracture termimation areas.

- The fracture surface 1s fibrous or has é maftte or sﬂky texture.

- The cross section at the fracture is reduced by necking. |

Brittle fraciure

- Little or no visible plastic deformation precedes the fracture.

- The fracture is flat and perpendicular to the surface of the specimen.

- The fracture surface appears granular or crystalline and 1s highly reflective to
light. Facets are also observed.

‘Another preoccupation stems from the consideration that the main object of the
work is not only to determine whether impurity segregation embrittles the
material but also whether this embrittlement is intergranular as a consequence of
sulphur segregation to grain boundaries. It is worth emphasising that not all
intergranular failures are britle.

Taking all the above considerations into account, the elongation at fracture is
taken as a measure of ductility . Observations of the fracture surfaces under the

SEM are undertaken to determine whether the fracture was effectively

intergranular.

3.1.2. Experimental procedure

The tensile specimens of form and dimensions shown in figure 1V-22 were
machined from strips taken from sheets cold rolled to the desired thickness.
These dimensions were imposed by the limitation in the quantity of material
available. This limitation also necessitated great care to be taken when preparing

the specimens. All sides of the gauge length were mechanically polished down
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to 3mm surface finish in order to avoid cracks initiators. The specimens were
then heat treated at 455°C inside sealed silica capsules under a residual
atmosphere of argon. The cross head speed of the tensile machine, a Heckert
FU-1000 e, was set at 2 mm.min”. The specimens were kept submerged in .
liquid nitrogen during the entire test duration.

The results are given in the form of curves representing the variation of the
stress and the strain to failure with recrystallisation time, each point of the
graph being due to only one test piece because of the limitation in the quantity

of the material. Because of the same limitation, only the strain of 0.2 was

studied.

3.1.3. Results and discussion

The results of tensile tests performed on the material deformed to 0.2 true strain

and then heat treated at 315°C indicate that no appreciable embrittlement 1s

achieved even after 350 hours of annealing. This may be attributed to the

existence of two competing mechanisms : recovery which tends to increase the

deformation capacity of the metal and intergranular segregation which tends to

reduce it. The diffusion kinetics at this temperature are so slow that they do not

lead to any homogeneous distribution of sulphur in grain boundaries.

Figures 1V-23 represents the variation of both the stress and the strain to failure

with annealing time at 455°C for the material deformed to 0.2 true strain. This

strain was chosen because of the high apparent diffusion coefficient associated

with it. The absence of the great scatter, usually inherent to this kind of test,

indicates the importance of the specimen preparation stage and the efficiency of
the polishing procedure. The stress to failure decreases with annealing time aﬁd

the material loses more than 75% of its deformation capacity after just 70

minutes of annealing.
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Figu1'e 1V-23. Variation of stress and strain to failure with annealing time for

the material deformed to 0.2 true strain and then heat treated at 455°C.

The micrographs of figure IV-24 show mostly intergranular brittle fracture for
the material cold rolled to 0.2 true strain and then heat treated for 70 min at
455°C in contrast to a mixed type fracture for the same material heat treated at
the same temperature for only 20 minutes. This therefore indicates that the
undertaken heat treatment led to a pronounced embrittlement of the material.

Bearing in mind that, for this strain, surface saturation with sulphur is obtained
after 35 minutes, the embrittlement can therefore be attributed to the segregation
of sulphur to the grain boundaries of nickel. The time lag between maximum
brittleness (70 minutes) and surface saturation (35 minutes ) sustains this
explanation since it reinforces the idea according to which surface saturation
precedes grain boundary segregation because of the already mentioned

difference in free energy between the two segregation processes.
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Figure IV-24. SEM fractographs of the materia]'cold rolled to 0.2 true strain and
then heat treated at 455°C for 70min (a) and 20min (b). , -
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Larere [55], who carried out an AES investigation on sulphur segregation to the
grain boundaries of a similar grade nickel, put forward the following empirical

relationship linking the sulphur concentration in the GB’s (atom %), C?*, to the

stress to failure at 77K, o, 0 .

gh _ 0, —0p

: 1450

op 1s the stress to failure in the absence of segregation. Although this
relationship was obtained in equlibrium conditions for a nickel containing
20ppm of sulphur, it is reasonable to apply it to our case, sice intergranular
brittleness depends on the concentration of sulphur in the GB’s and not on the
way that led the impurity to be there. Fig IV-25 represenfs the evolution of og,

measured experimentally, and C#*, calculated using Larere’s relationship, with

v at 455°C for the material deformed to 0.2 true strain. The GB saturation curve
shows that GB segregation, which starts at a time corresponding to surface
saturation, coincides with a beginning in the fall of the stress to failure, and that
minimum stress to failure corresponds to a sulphur concentration of 0.35. This
value is fairly near to the concentration at saturation which was found by Larere
[55] to be equal to 0.45. Grain boundary segregation kinetics follow the same
sigmoidal form as surface saturation kinetics, from which an apparent diffusion
coefficient can be calculated using Mcl.ean’s model. The calculated value of
2.87x10%cm™, although of the same order of magnitude, is smaller than the
value calculated for surface segregation (8.89x]0‘8cm'2). This is understandably
so because és recovery proceeds the short circuit concentration in the matenal
decreases. The ratio of the time to grain boundary saturation to the time to
surface saturation is smaller than the ratio of the respective diffusion

coefficients, because the decrease in diffusion coefficient for GB segregation is
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counterbalanced by the diffusion path to the GB’s being smaller than the

diffusion path to the free surface.
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Figure I1V-25. Stress to failure and GB concentration with sulphur against
annealing time at 455°C for the material deformed to 0.2 true strain.

3.2 Intergranular corrosion

Intergranular corrosion is another property giving indirect evidence of grain
boundary segregation. .

The work canﬁ'ed out consisted first of all of determining the polarisation curve
of the material and then determining the working conditions for the intergranular
attack (_intergranular' grooving) leading to the determination of the extent of
intergranular corrosion as indicated by the intergranular groove parameters;
angle and depth (see CH.I, section 3). The evolution of the corrosion current

density was.also investigated.
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3.2.1 Experimental procedure

3.2.1.1 Determination of the polarisation curve

The polarisation curve was determined using potentiodynamic techniques.

Figure I1V-26 shows a schematic. representation of the apparatus used. The

experimental conditions are listed below: |

- Equipment : Princeton applied research computer driven EG&G potentistat /
galvanostat, model 263A, version 211.

- Software : Princeton applied research, model 352/252 corrosion analysis
softwafe, version 2.23.

- Technique : potentiodynamic A

- Medium : a 2N aqueous sulphuric acid solution, at 25°C, chosen in order to

avoid a rapid attack of the surface and to ensure mass transport controlled

kinetics [124,125].

- Counter electrode ; platinum

- Reference electrode : Saturated Calomel (SCE)

- Scanning rate : 1 mV.s™.

- Deaeration : bubbhing of nitro gen through the solution.

The results are recorded as I versus E curves, where I is the current density and

E is the potential.

3.2.1.2 Electrochemical grooving of the grain boundaries

Grooving of the grain boundaries was obtained by a controlled potential
coulometry technique. In order to obtain a preferential attack of the gram
boundaries, the specimen is subjected to tests carried out according to
experimental conditions established by Baunier et al [64], whereby a cons_tant'
quantity of electricity is passed through the specimen, at a potential in the
transpassive peak of the polarisation curve, in order to obtain the dissolution of a
constant thickness of the material. The dissolution at the grain boundaries is

hence quantified by the intergranular groove parameters; angle and depth. The
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apparatus used is a computer controlled equipment which enabled the tests to be

run automatically once the conditions are set. The experiments were run in the

following conditions :

- Equipment : same as for polarisation curve _

- Software : Princeton applied research, research electrochemistry software

model 270/250, version 4.23. |

- Technique : Potentiostatic, controlled potential coulometry (CPC). The
experiment is stopped once a quantity of electricity of 15 C.om™ is delivered,
thus ensuring that a constant thickness of material is dissolved on all specimens.

- Medium : a 2N aqueous sulphuric acid solution at 25°C.

- Counter electrode : platinum

- Reference electrode : Saturated Calomel (SCE)
- Working potential : 1450 mV, a potential corresponding to ilzm, where lopex
4

is the maximum current density of the transpassive peak on the polarisation
curve, attributed to intergranular corrosion [64]. | |

- Deaeration : bubbling of nitrogen through the solution.

The experiment is stopped automatically once a quantity of electricity of 15

Coulombs/em? is sent through the specimen.

The groove parameters (angle and depth) are measured in a Stereoscan 440

scanning electron microscope of Leika Cambridge, using a computer software

named Leo. The specimen stage was tilted to an angle of 70° in order to be in an
adequate measuring position. A minimum of fifteen measurements were carried
out on each specimen in order to obtain a representative mean value. The results
are presented in the form of graphs representing the evolution of the groove
angle and depth with annealing time after deformation.

SEM micrographs showing a selection of grooved grain boundaries are gathered

1n annex two.
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3.2.1.3 Evolution of the corrosion current density with annealing time

The specimens, cold rolled and then amnealed as described before, were
subjected to corrosion tests using an EG&G Park corrosion testing equi-pment,
model 350A. The experimental conditions were as follows : |

- Technique : potentiodynamic.

- Medium : 2N H,S0, solution at 26°C.

- - Counter electrode : platinum

- Scanning rate : 10 mV.s',

- Reference electrode : Saturated Calomel.

- Deaeration : bubbling of nitrogen through the solution. |

The results were recorded in the form of E versus Log(I) curves, where E is the

potential and I is the corrosion current density.

3.2.2. Results and discussion
3.2.2.1 Polarisation curve of Ni 270
The polarisation curve for the material is presented in figure 1V-27. An active

peak and a transpassive peak, separated by a region where the metal is passive,

‘are observed. The gradient of the ascending part of the active peak characterises

the dissolution rate of the metal. The value of the passivation potential, Ep,'
translates the ease with which the passive layer is formed, whereas the value of
the current, I, characterises its protectiveness.

The presence of a segregated layer on the surface modifies to a great extent the

characteristics of the curve as shown on figure 1V-28. The dissolution rate 1s
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Figure 1V-28. Effect of segregation on polarisation curve
(a) annealed 5h at 850°C ( non deformed )
(b) deformed to 0.2 true strain and then annealed for 70 min. at 455°C.
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increased translating a catalytic effect of sulphur on the attack of nickel. The
formation of the NiQO passive layer is found to be retarded if not elimiﬁafed all
together, by the sulphur atoms preventing the OH ions from taking part in the
formation of the layer [64]. This results in the sulphur layer remaining on the
surface whereas the nickel goes into solution as a result of its bonds being
weakened.

Figure 1V-29 represents the transpassive part of the polarisation curve. It shows
that the maximum current at the transpassive peak is equal to 11.8 mA. The
potential corresponding to % that value ( 8.85 mA ), ie 1450 mV, was chosen
as a working potential in the potentiostatic electrochemical grooving of the grain

boundaries described above.

3.2.2.2 Intergranular cox'rosion _

Figure 1V-30 represents the variation of the groove angle and height with
annealing temperature for specimens cold rolled and non cold rolled. The angle
at 455°C for the non cold worked material is nearly twice that of the cold
worked material. This illustrates quite well the difference between non
equilibrium and equilibrium segregation, for which the diffusion coefficients are
too low at this temperature to activate the migration of the impurity (sulphur)
atoms. As the temperature increases, the behaviour of the cold worked material
tends towards that of the non deformed material, ie. towards equilibr_ium
conditions, as shown by the groove angle and height which tend towards similar
values for botl materials. It is worth noting that the height varies inversely to the
angle. A deep low angle groove highlights a localised intergranular attack in
opposition to a shallow groove. At 850°C, the homogenisation temperature,

segregation is negligible for both materials.
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Figure TV-31 shows the variation of the groove angle and height with annealing
time at 455°C for the material cold rolled to 0.2 true strain. The angle decreases
whereas the height increases with time, indicating that the longer the annealing
time, and hence the nearer the material 1s to its recrystallised state, the more
localised (decreasing ¢, increasing H) the mtergranular attack is. Both curves
tend towards stabilisation after an annealing time of 70 minutes. This is in good
agreement with the tensile tests. It can therefore be concluded that recovery
induced grain boundary segregation results in an enhancement of mtergranular
corrosion. In other words, the observed intergranular attack is an indirect
evidence of grain boundary segregation of sulphur occurring during the recovery

of the deformed matenal.
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annealing time at 455°C for the material cold rolled to 0.2 true strain.
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Furthermore, the corrosion current density is shown to increase with annealing
time ,figure IV-32 | indicating a deleterious cbntributioh of recrystallisation, and
hence segregation, to the corrosion process. The curve has a sigmodal form and
tends towards stabilisation at the already mentioned annealing time of 70

minutes, corresponding to the end of the recovery process.
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Figure 1V-32. Corrosion current density versus annealing time at 455°C for the

material cold rolled to 0.2 true strain.
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4. A comparison between surface and grain boundary segregation

A stabilisation in the curves presented and discussed above is perceived‘aé
indicating a saturation of the interface with sulphur. The Auger results mdicate
that surface saturation with su]phuf is generally attained before any stabilisation
in any of the intergranular properties ( stress and deformation to failure, groove
parameters) is observed. This time lag can be explained in terms of the reduction
in free energy associated with surface and with grain boundary segregation. The
reduction in free energy associated with surface segregation (-140 kJ .mol”[93))
1S more important than that associated with grain boundary segregation (-
98 kJ.mol™'[93 ]). Grain boundary satﬁration and its effects on the properties are
therefore only observed once the surface had been saturated. In other words,

before the grain boundaries can be saturated, surface saturation has first to be

attained.
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CHAPTER V

SULPHUR SEGREGATION TAKING PLACE DURING
THE RECOVERY OF QUENCHED NICKEL
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In this chapter, the results of an investigation carried out on the role :of
quenching vacancies are presented and discussed.

The chapter- is divided into three main parts. The first part presents the
thermodynamic and kinetic aspects of vacancy creation and elimination. The
second part describes the experimental techniques and iai"ooedures used to
produce, eliminate and study the consequeﬁces of vacancy elimination on
sulphur segregation kinetics to the free surface and to the gram boundaries. The

results are presented and discussed in the third part.
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1. Introduction

1.1 Vacancy formation and elimination

There are three main experimental methods of obtaining, at low temperature,
vacancies in concentrations well above the equilibrium concentration. These
are :

- Quenching from a sufficiently high temperature

- Irradiation with high energy particles

- Cold working . _
The first method is by far the most widely used due to its simplicity, and is

therefore the one that has been chosen in the present work .

1.1.1 Thermodynamics of vacancy formation
A vacancy is created when an atom is ejected from its normal site and driven to
the free surface without a considerable change in the surface energy. The free
energy of formation of a vacancy is given by the following relationship:

G/ =H/-T5/,
where S7is the entfopy due to the change in the elastic constants (i.e., the
vibration frequency) near the vacancy, and Hlis the enthalpy at constant
temperature and pressure and is given by the following expresston:

H =El+PY/
The first term represents the change in internal energy due to the formation bf
the vacancy and the second term represents the work done agamnst the extema_l
forces-due to the changé in volume. £/is of the order of ieV and PV is,
under normal pressure, of the order of 107 eV and can the--re.fore be neglected
[126].
The free energy of a perfect crystal in which # vacancies are introduced is given
by :

G=nG!l -TS, (S,is the entropy of confi guratlion)
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G=nH -Tus -S)
The equilibrium vacancy concentration corresponds to the minimum free energy

of the system :

Co=et erl
At normal pressure, the enthalpy of formation can reasonably be approximated
to the energy of formation and the expression therefore, becomes :

S{ —E\‘,f
ok g kT
C.=e® el |

This last expression can be used to calculate the equilibrium vacancy
concentration in a pure metal, at any temperature, provided the enthalpy and
entropy of formation are both known.

In the case of dilute solutions, the equilibrium vacancy concentration is given

by [127]:
o &l

_Ei"""'sv—}} .

C.=ZC, e
where Z is the co-ordination number, C,is the impurity concentration and £, _;18

the enérgy of interaction between the vacancy and the impurity atom.

1.1.2 Thermodynamic and kinetic aspects of vacancy elimination

Vacancies in supersaturation obtained after a quenching operation are n a
metastable state. Their elimination is achieved through either their elimination at
well known sinks ( free surfaces, grain boundaries, dislocations...etc.), or their

coalescence to form cavities or dislocation loops. The temperature intervals of

" vacancy elimination are determined by carrying out a series of isochronous

anneals at increasing temperatures, until a physical quantity characterising the
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vacancies (electrical resistivity, for example) is completely altered. The
elimination kinetics in isothermal conditions can after that be known by
studying the evolution of the physical quantity with tine. |
The jump frequency of a migrating vacancy is given by [127]

{ Sm) (;f?’.m‘}
kT

y.=Zy.e ;).e ,

where y is the initial frequency with which the defect attacks the energy barrier
and the exponential termn indicates the probability of the defect having sufficient
energy to overcome the barrier. Z is the co-ordination number ; H,, and §,, are
the enthalpy and entropy of vacancy migration respectively. |

In the case of a fully annealed metal, vacancy elimination is carried out on a
random basis, ie. the only acting forces are of a thennodynamic' origin,
excluding all kinds of interactions ( vacancy-vacancy, vacancy-dislocation ).
The vacancies will hence be eliminated in sinks such as grain boundaries and
free surfaces. The number, dr, of vacancies which are eliminated in a time

interval, dt, is proportional to the number, s, of vacancies initially present at

time, f :

Cdn=-K.ndf,
K is the speed of the elimination reaction and is given by :

K, =aDv,
where D, 1s the diffusi.on coefficient of the vacancies, and « is a coefficient that
depends ‘only on the density of the sinks and their distribution. The equation
above giving dn can thercfore be rewritten as follows

dc

=-aD.C
drf ‘

the integration of which gives :

C _ CO .e(—a.D‘:.l)

Cy being the initial vacancy concentration.
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1.1.3 Investigation techniques for the study of quenching vacancié's;

Numerous techniques have been deployed for the study of vacéﬁmies m
quenched metals. Direct observation techniques , such as field emission
microscopy, were successfully tried [128]. The variation of density was also
taken as an indication of the presence of vacancies[129,130]. The shortcomings

of this technique rely in the fact that its accuracy increases with the volume of

the material, which is in contradiction with the necessity to have high cooling |

rates. The modulus of elasticity is found to be very sensitive to the amount of
vacancies in the material. Changes in Young’s modulus after quenching of
aluminium were investigated by measuring the speed of sound in the material,
before and after quenching [131]. Electrical resistivity remains ,however, the
most frequently used technique because of its ease and accuracy. Isochronous
annealing after quenching can be used to determine the different recovery
stages, whereas isothermal annealing can be used to determine the migration
encrgy of the defect as well as the kinetics of the reaction. The curve
representing the evolution of resistivity with temperature during isochronous
annealing of quenched nicke! shows a maximum of three recovery stages. The
exact number of these stages depends on the purity of nickel as well as on the
quenching atinosphere. Scherrer ét al [132] found three different stages. Wuttig
and Birnbaum [133] found two stages ; one at about 50°C and the other at about
130°C. They attributed them to the migration of di-vacancies ( energy > 0.3 eV )
and mono-vacancies ( energy > 1.0 eV ) respectively. Mughrabi and’ Seeger
[134] noticed an important influence of .the metal purity and quenching
atmosphere on the behaviour of the nickel studied. Only one stage appeared, at
about 110°C, for the pure specimens ( > 99.99% ), whereas a second stage
appeared , at about 270°C, for the less pure material ( 99.9% ). Scherrer ef al
[132,135] reported that the second stage appears only if the specimen contains
enough impurities. Mono-vacancies are therefore preservéd, according to them,

only if they are associated with impurities. Wycisk et al [136] attributed the
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third stage of their curve to the dissolution of the dislocation loops they
observed after annealing at 200°C. Electron microscopy observations of these

dislocation loops are widely reported in the literature [137-140].

1t can be concluded from the electrical resistivity and electron MICroscopy

studies reported above that the impurities and the quenching atmosphere have a
considerable effect on the thermodynamic characteristics of vacancies ( energies
of formation and migration ). The first stage in the resistivity versus temperature
of nickel is attributed to the elimination of di-vacancies whereas the second
stage, the amplitude of which increases as the purity of the metal decreases, is
attributed to the elimination of mono-vacancies interacting with impurities. The
third stage is attributed to the elimination of dislocation loops and small cavities

which grow in the first two stages after having been created in the quenching

stage.

2. Experimental procedure carried out to study the influence of guenching
vacancies on sulphur segregation in Ni 270

The experimental procedure consists of producing vacancies, eliminating them
and studying sulphur segregation and the resulting changes in properties
accompanying the vacancy elimination process. The details are given in the

following.

2.1 Vacancy prodtiction and elimination

2.1.1 Vacancy production scheme

The specimens are homogenised for 1 hour at 1200°C inside sealed stlica
cabsules, under a residual atmosphere of argon, and then quenched by letting the
capsule to fall freely on a metallic bloc submerged in water at 0°C. The capsule
would then break and allow the specimen to be homogeneously quenched.

Following this point defect production scheme, part of the specimens is destined
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to an investl gatioh of the vacancy elimination process, and the other part to the

study of the segregation phenomenon.

2.1.2 The investigation of vacancy elimination: résisﬁvitry measurement

The quenched specimens (ribbons of 25x2x0.5 mm?) undergo isothermal heat
treatments at temperatures ranging from 50 to 700°C inside silica capsules. They
then undergo electrical resistivity measurements at 42K using the same

apparatus as for the cold worked material.

2.2 Superficial segregation of sulphur: Auger electron spectroscopy

Surface segregation of sulphur accompanying vacancy ‘eliminétion 1s- studied
using Auger electron specfl‘oscopy: in the same conditions as for the cold
worked material. In this case, the quenched specimens are isothermally heated

inside the AES chamber, at various temperatures going up to 700°C.

2.3 Effect of segregation on the intergranular properties

2.3.1 Tensile testing N

Intergranular brittleness resulting from grain boundary segregation of sulphur
accompanying vacancy elimination is investigated by tensile tests to fatlure
carried out at 77K instead of the cumbersome in-situ fracture tests that would be
done inside the Auger spectrometer. Tensile specimens are quenched from
1200°C and then heat treated inside sealed silica capsules at temperatures going

up to 750°C. They are subsequently tested in tension at 77K, until failure

occurred.

2.3.2 Electrochemical testing _
The consequences of sulphur segregation on the electrochemical properties of
the grain boundaries were investigated in the same manner as for the cold

worked material. Quenched and then annealed specimens were subjected to
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controlled potential coulometry (CPC) tests 1in exactly the same conditions as
for the cold worked material. The iﬁtergranular groove parameters ( angle,
height ) were measured using the SEM as detailed before.

SEM micrographs representing a selection of grooved gram boundaries are

presented 11 annex two.

3. Results and discussions
3.1 Recovery of the quenched structure
The results of the resistivity tests are presented in the form of the ratio AplApy
where Apy is the increase in resistivity due to quenching and Ap 1s the excess in
resistivity after the post-quenching anneal, with reference to the fully annealed
state. |

APy =Py = Pas

Ap=p,= Py
P4 18 the resistivity of the fully annealed material (slowly cooled from 1200°C),
p, is the resistivity of the quenéhed material and p, is the resistivity of the
quenched and then anncaled material. A decrease in. Ap, and hence of the
ratio, represents therefore a tendency to attain the equilibrium (fully annealed)
state.
The increase in resistivity after quenching, Apy, is found to be 1.8x107 uQ.cm.
Figure V-1 represents the evolution of the resistivity ratio with annealing time
(after quenching) at a low, 'an'intermediate and a high temperature. The ratio
decreases with incréasing time for each temperature. This behaviour is
consistent with the idea that as time increases, an increasing number of
vacancies 1s annihilated leading to a decreasé in resistivity. The curves also
show that after 20 minutes heat treatment, all three curves tend towards a
stationary value which decreases with increasing temperature, at a rate which

increases with increasing temperature. This can easily be explained by the fact
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that vacancy annihilation is a thermally activated process implying that the
higher the temperature, the greater the number of annibilated vacancies and the
quicker the annihilation process (i.e. the greater the diffusivity of the vacancies). .

The duration of 20 minutes is therefore taken as a heat treatment time for all the

isochronous anneals.
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Figure V-1. Resistivity ratio agamst Jannealing time at 100, 250 and 650°C after

quenching from 1200°C.

Figure V-2 represents the variation of the resistivity ratio with annealing

temperature after quenching. The specimens had undergone isochronous anneals

of 20 minutes at each temperature.
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Figure V-2. Resistivity ratio versus isochronous ( 20 min. ) annealing

temperature after quenching.

The curve can be divided into three stages. The first stage (stage A) lies between
50 and 200°C and corresponds to a recovery.of about 15% of the resistivity. The
second stage (stage B) is centred at about 300°C and results in a recovery of
resistivity of about 30%. The remaining reslistivity 1s recovered in the last stage
(stage C) which lies between 450 and 700°C. |

These results are in agreement with the work reported in the literature and
surveyed in section one above. The first stage is associated with the elimination
of the -very mobile di-vacancies which result from the coalescence, during
quenching, of the monovacancies [132,135,141]. The second stage is thpught to
be strongly linked to the. presence of impurities, and is attributed to the

migration of monovacancies and vacancy-impurlty ( In our case vacancy-

sulphur atoms ) complexes existing at the end of the quenching operation
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[1-32,]35]. The form of the curve at this stage, exhibiting a decrease in recovery
rate, is therefore thought to be due to the action of two mechanisms :

- a decrease in resistivity due to the elimination of vacancies and vacancy-
impurity complexes on sinks'( dislocations, grain boundaries, free surface ) and
small clusters, |

- an increase in resistivity as a result of the growth of the clusters formed durin g
quenching. _

The last stage is attributed {136,140] to the dissolution of the clusters and
cavities already present in the quenched material as a result of the strong
nteraction between vacancies reported i nickel {122].

Tt is worth mentioning ‘that no experimental techniques, such as transmission

electron microscopy, liable to confirm these explanations were available to us.

3.2 Surface segregation of sulphur during the annealing of quenched nickel
The obtained Auger spectra indicate that no appreciable segregation was
detected below 400°C and that only sulphur segregates in appreciable amounts
to the surface of nickel. The curves of figure V-3 represent Auger peak height
ratios versus vt for isothermal Auger runs camried out at 400, 500, 600 and-
700°C. Assuming that the segregation kinetics can be expressed in terms of a
McLean type expression, C, = 2‘(:,,_\/})71 /A7, values of an apparent diffusion
coefficient D* are calculated from the linear parts of the curves and gathered in
table V-1, together with values, Dweg, reported in the literature [122] concerning
the equilibrium segregation of sulphur in a nickel of similar composition. The
ratio D*/Dwag, which 1s ‘of the order of 10, indicates that segTegatioﬁ 1S
strongly accelerated by the presence of quenching vacancies in the material.
Figure V-4, which represents AES runs carried out at 700°C on a slowly cooled
material and a quen'ched material, provides further evidence con'ceming.the
influence of vacancies. The surface coverage rate in the slowlylcooled material

is, after 10 minutes, less than 10% that in the quenched material.
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Figure V-3. Auger peak heights ratio versus annealing time for isothermal runs
at 400, 500, 600 and 700°C carried out on quenched nickel .
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Figure V-4. Auger peak heights ratio versus annealing time for isothermal runs
at 700°C carried out on a fully annealed and on a quenched specimens.
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Temperature (°C) |D (cmz.ls']) Dwec(cm”.s™) [122] D /Dwag
400 2.1 x10™ 2.87x107° -~ 17.3x10°
500 5.43x10™" 2.4 x107 - [2.3x10°
600 2.1 x10° 723 X107 | 2.9x10"
700 72 x10" 108 x107" 6.7x10°

Table V-1 . Apparent diffusion coefficients measured in the quenched material.

3.3 Segregation mechanism in the presence of vacancies

Sulphur segregation to the surface of quenched and then annealed nickel can be
attributed to the formation and then elimination of the sulphur-vacancy.
complexes according to the mechanism suggested by A-ust [142]. The
segregation process can be described, according to this mechanism, in terms of
the following stages : |

Stage one concerns the metal at high temperatures, prior to quenching.
limpurities such as sulphur would increase the vacancy concentration of the
metal by the formation of vacancy-sulphur complexes.

Stage two, which corresponds to the material just after quenching, results in an
increase in di-vacancy concentration, as a result of the interaction between
mono-vacancies occurring during quenching, as well as an increase in the
concentration of vacancy-sulphur complexes. Small cavities are also formed as a
consequence of vacancy elimination It should however be borne in mind that
although 30% of defects are lost during the quenching process, the remaiming
defects exist 1 important concentrations.

Stage three corresponds to low temperature annealing after quenching (stage A
on the resistivity curve). Since it is found that heat treatments at temperatures’
around 100°C do not lead to any measurable surface segregation of sulphur, 1t is
reasonable to suggest that at these temperatures, an important part of the

divacancies are eliminated either in the cavities already existing at the end of
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divacancies are eliminated either in the cavities already existing at the end of
the quenching process, or through a coalescence process leadmg to the
formation of very much less mobile clusters . '

Stage four corresponds to heat treatments at temperatures coi*respondin g to stage

B on the resistivity curve. At this stage, monovacanctes and complexes are

eliminated on sinks ( grain boundaries, free surface ) and on cavities. Certain

monovacancies also react, during their migration, with sulphur atoms to form
new complexes. As a consequence of the high density of cavities in the metal,
the concentration of the comp]exés that are eliminated on fixed sinks is fairly
low leading to an undetectable sulphur concentration on'the surface. This
finding rather than meaning that segregation would not take place at this
temperature, would more likely mean that heat treatment durations were not
sufficiently long . Our work on the cold worked material showed that
segregation did actually take place at 315°C.

Stage five corresponds to heat treatments at the high temperatures corresponding
to the last stage ( stage C.) on the resistivity curve. Cavities are dissolved
enabling a recombination of the complexes and their migration to the interfaces
( grain boundaries, free surfaces ). At the vicinity of the interface, a region of
low distortion energy, the complexes are decomposed leading the vacancy to be
eliminated on the interface and the sulphur atom to stay behind . This brings
about an acceleration of segregation to the interface and an enrichment of its
vicinity. As a result of the important quantity of sulphur accumulated just under
the surface, this region becomes a source of sulphur whenever it is needed and

accounts for the continuation of segregation even after the elimination of

vacancies.
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3.4 Effect on the intergranular properties of nickel

3.4.1 Mechanical properties .
The curves of figure V-5 repreéents the stress versus strain curve of specimens
quencﬁéd and then annealed for 100 minutes at temperatures ranging from 450
to 700°C. This particular duration is chosen because it ensures the completion of
both the vacancy annihilation and the superficial segregation processes. The
stress and the strain to failure decrease with increasing annealing temperature
after quenching, with the decrease in strain being less pronounced. The low
degree of embrittlement as depicted by the week sensitivity of the stram to
failure is attributed to the short heat treatment duration. To highlight the effect
of heat treatment time, tests were carried out on specimens. isothermally heat
treated at 650°C for various periods of time after quenching. This temperature 1s
chosen 1n particularlbecause it is high enough for pronounced defect annihilation
and too low to cause equilibrivm segregation. The curves of figure V-6 show

that both the stress and the strain to failure decrease in the same fashion to reach

- minimum values for annealing times between 2 and 4 hours, before increasing

again to recover their original values after about -20 hours of annealing. Tests
carried out by Larere [55] on nickel in equilibrium conditions ( fully annealed ),
containing 10ppm sulphur, revealed that maximum brittleness is attained after
13 days of heat treatment at 625°C. This clearly highlights the outstanding
effect of defect annihilation in speeding up the segregation process.

The fracture surfaces represented in the. SEM micrographs of figure V-7 show
shiny, smooth intergranular facets for the material heat treated 3 hours at 650°C
compared to mixed facets for the specimen heat treated 1 hour at the same
temperature. .
Guttmann {143} and Messmer and Briant [69]suggest that this embrittlement is
due to the formation of a segrepation layer, in the form of a two dimensional
meta]—impurity compound, over the whole interface and that the recovery

coming after that is due to the conversion of the two dimenstonal compound into
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Figure V-5. Stress and strain to failure versus annealing temperature after
isochronous ( 100 min.) anneals carried out on quenched nickel.
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Figure V-7. SEM fmctogféphs showing (a) smooth intergranular facets for the
quenched matérial heat treated for 3 hours at 650°C, and (b) mixed facets for the |
same material heat treated for 1 hour at the same temperature. ;



a three dimensional compound localised at only a few points of the interface.
Again, the speed of the recovery process should be noted : 20 hours are
sufficient for nearly full recovery in non-equilibrium conditions whereas 90 days
are necessary in equilibrﬁun conditions [55]. This acceleration 1s explained by
the contribution of vacancies to the acceleration of the reaction of conversion
from a 2D to a 3D compound.

The application of the following empirical relationship:

_ Oy, — 0,
s 700

T ih

found by Larére [55] concerning equilibrium segregation of sulphur in pure
nickel containing Sppm sulphur to quenched and then annealed nickel yields the
curves of figure V-8. The coﬁcentratién is seen to mcrease with a1i1wa]ing time.
at 650°C to reach the maximum value of 0.3 at.- a time corresponding to
minimum  stress to failure, ie. 2 to 4 hours. The fall i concentration,
corresponding to an increase in stress to failure, observed after that highlights
the recovery process and can be related to the formation of the localised three
dimensional nickel sulphide; Ni;S,.

It is worth mentioning that Larére [55] put forward two empirical relationships
linking the GB concentration to the stress to failure; one for the material
containing 20 ppm sulphur and another for the one containing 5 ppm sulphur.
We found that the former was applicable to the deformed material and the latter
to the quenched material. The only explanation that we can suggeét for this lies
in the difference in segregation' kinetics which are greater in the deformed
material than in the quenched material. The deformed material behaves as if 1t

contained more sulphur than the quenched matenal.
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against annealing time at 650°C.

3.4.2 Electrochemical properties

The results of the CPC tests are given in the curves of figure V-9 which
represent the evolution of the intergranular groove angle and height with
annealing time, after quenching, at 650°C . The curves clearly show maximmﬁ
intergranular attack, depicted by maximum groove height and minimum angle,
for an annealing time of 3 hours. This is in very good agreement with the tensile
tests which give maximum brittleness for an annealing range of 2 to 4 hours. For
annealing durations greater than 4 hours, the intergranular electrochemical
properties are also recovered, in the same way the mechanical properties are,
indicating that the thre¢ dimensional nickel-sulphur compound is too localised to

have any considerable effect on the electrochemical properties.

121



7
= quenched
6 } . - T=0650°C
=5l \
=
E 4 E\
[=13] .
3
¢ |
E,
O 2F
9 1 1 X | I 1 1 1 1
0 5 10 15 20
Annealing time ()
(a)
110
100 _I = quenched
. T =650°C
90 |
o sol
2 5
2D 70}
© 1
2 eof
Q
Q I
& sof
40 |
30 i 1 1 A i} ) 1

0 5 10 15 20
Annealing time (h)

(b)
Figure V-9. Groove height (a) and angle (b) versus annealing time at 650°C of
quenched nickel. : :

122



The results of the tensile and the electrochemmical tests highlight the time lag
between surface and grain boundary segregation, observed before for the cold
worked material. Surface saturation is attained after only 40 minutes at 600°C,

whereas more than 2 hours are necessary to attain grain boundary saturation.
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CHAPTER VI

SEGREGATION MECHANISMS IN QUENCHED AND
IN COLD WORKED NICKEL
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This chapter summarises the mechanisms of sulphur segregation to the
interfaces (grain boundaries, free surface) occurring during the annealing of both

quenched and cold worked nickel.
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1. Mechanisms of sulphur segregation in quenched and then annealed

nickel
Sulphur atoms-vacancy interactions leading to sulphur segregation to the

surface of quenched and then anncaled nickel can be summarised in the
following stages:
i) At high temperature, prior to quenching,
The vacancy concentration of the metal increases as a result of the
formation of vacancy-sulphur complexes.
II)  After quenching, before annealing:
- The interaction betwéen mono-vacancies occurring during quenching
results in an increase in di-vacancy concentration.
- The interaction between sulphur atoms and vacancies results in an
increase in the concentration of vacancy-sulphur complexes.
- Small cavities are also formed as a consequence of vacancy
elimination.
III) Low temperature annealing after quenching (up to 200°C, stage A on the
resistivity curve).
At these temperatures, it is found that :
- No measurable surface segregation of sulphur 1s detected
- 15% of the excess in resistivity is recovered.
It is therefore reasonable to deduce that at these temperatures, an
important part of the di-vacancies are eliminated either in the cavities
already existing at the end of the .quenchihg process, or through a
coalescence process leading to the formation of very much less mobile
clusters .
IV) Heat treatments at intermediate temperatures ( 200°C<T<400°C, stage B
on the resistivity curve).
At these temperatures, it is found that:

- 30% of the excess in resistivity 1s recovered
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- No appreciable segregation is detected |

It reasonable then to explain the vacancy elimination process as follows:
mono-vacancies and complexes are eliminated on sinks ( grain
boundaries, free surface ) and on cavities. Certain mono-vacancies also
react, during thelir migration, with sulphur atoms to form new
complexes.

The non-detection of segregation can be explained as follows:

As a consequence of the high density of cavities in the metal, the
concentration of the complexes that are eliminated on fixed sinks (grain
boundaries, free surface) is fairly low leading to an undetectable sulphur
concentration on the surface. This does not- mean that segregation would
not take place at this temperature, but rather means that the heating .
durations are not sufficiently long. The work on the cold worked
material did actually show that segregation took place at 315°C.

Heat treatments at high temperatures (T>400°C, stage C on the resistivity

curve).

The observed decrease in resistivity and highly accelerated segregation can be

explained in terms of the following sequence of events:

- Cavities are dissolved enabling a recombination of the complexes and

* their mi gration to the interfaces ( grain boundaries, free surfaces ).

- At the vicinity of the interface (a region of low distortion energy) the
complexes are decomposed leading the vacancy to be eliminated on
the interface and the sulphur atom to-stay behind . This brings about
an acceleration of segregation to the interface and an enrichment of its

. vicinity. -

- As a result of the important quantity of sulphur accumulated just
underneath the interface, this region becomes a source of sulphur
whenever it is needed and accounts for the continuation of segregation

even after the elimination of vacancies.
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The diagram of figure VI-1 summarises the sequence of events leading to

sulphur segregation during the almealing of quenched nickel.

2. Mechanisms of suiphur segregation in cold rolled and then annealed

-nickel

2.1. Segregation in the absence of recrystallisation
This type of segregation 1s made in evidence by the AES runs carried out at
315°C. The predominant role of _\}acancies at this stage is unambiguously
evident. The true strain at which a notable increase in segregation kinetics is
observed corresponds to nearly that at which a considerable increase in vacancy
concentration is also observed. The role played by dislocations can be
highlighted by looking at the apparent diffusion coefficients obtained fl'dln
Auger analyses performed at 400°C on the quenched specimen (2.1x10” 'em’s™)
and at 315°C on the specimen deformed to € = 0.2 (5.9x}0'“cmzs'1). It 1s found
that even though the deformed specimen was analysed -at a lower temperature,
the surface segregation Kinetics on it are greater. This can be explained by a
difference in microstructure. The quenched material has a coarse grained
structure (500um) with a dislocation density of the order of 10® cm?, whereas
the cold worked material has a finer structure (80um) and a high dislocation:
density of the order of 10'® cm?. This implies that in the case of the cold rolled
material, besides the contribution due to vacancies detailed above, a
considerable contribution to the diffusion process is made by the short circuits
(grain boundaries, dislocations) existing in greater quantities.
In the light of this, the mechanism that can be sugéested for segrégation taking
place at this stage can be summarised in the following sequence of events:

- Vacancies generated by cold work combine with sulphur atoms to

form vacancy-sulphur complexes. |
- In the course of the heat treatment following cold work, the migrating
vacancies drag with them the sulphur atoms towards vacancy sinks

(dislocations, grain boundaries, free surface).
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- Sulphur atoms diffuse along dislocations towards the grain boﬂpﬁdaﬁés
and then towards the surface or directly towards the surface (( |
- The sulphur in the grain boundaries diffuses towards the surfz’:‘ce until

\.
.

this latter is saturated.

2.2. Segregation during and after recrystallisation:

We have shown that for the material deférmed to true strains less or equal to
0.25, segregation takes place during recovery and is completed before
recrystallisation starts. The mechanism that can be suggested is therefore the one
based on the contribution of vacancies and dislocations detailed above.

For greater strains, the impurity drag theory [118,119] seems to hold. The
mechanism that can be suggested on the basis of this theory can be summarised
as follows: '-

- for strains less or equal to 0.5, the moving boundaries of the
recrystallizing grains drag with them the sulphur atoms leading to the
formation of sulphur atmospheres at the vicinity of the interface.

- For strains greater than 0.5, the grain boundaries manage to break
away from the sulphur atmospheres leaving them behind, and
resulting in the completion of recrystallisation before segregation. The
sulphur sources thus formed continue to feed the grain boundaries

" which in turn feed the surface until saturation of this latter is achieved.
The diagram of figure VI-2 summarises the mechanisms of sulphur segregation

occurring during the annealing of cold worked nickel.
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Material at 1200°C

Vacancies + V-S complexes

Quenching

v

- V+V —» 2-V

- V+V+...—» Cavities

- Increase of V-S.complexes

.

ANNEALING

4

v v

T<200°C 200°C<T<400°C - [r2400°C
' :
Elimination of 2-V -Elimination of V &V-S Dissolution of cavities
on cavities or by complexes on fixed sinks - v
Formation of clusters | |-Elimination of V&V-S V+S—» V-§ complexes
complexes on cavities
(more important) Migration 0;’ V-S compl.

-V+S ——»V-S complexes| | towards the interfaces

Vacancies eliminated,

_ Sulphur stays behind
v v v

No detectable No appreciable Acceleration of

segregation " | segregation sulphur segregation

Figure VI-1. Diagram representing the segregation mechanisms operating during
the annealing of quenched nickel (V: vacancy, S: sulphur, 2-V: di-vacancy).
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DEFORMED MATERIAL

4

RECRYSTALLISATION

: * :

NO YES

v v
ELIMINATION OF SULPHUR DRAGGED BY
V-S COMPLEXES GRAIN BOUNDARIES

! v
DIFFUSION ALONG £>0.5
DISLOCATIONS | l .

v ‘ . ¥
DIFFUSION ALONG NO YES
GRAIN BOUNDARIES v | Il

NO BREAKAWAY BREAKAWAY
v v

DIFFUSION ALONG DIFFUSION ALONG
GRAIN BOUNDARIES| { GRAIN BOUNDARIES
(Segregation quicker than  (Recrystallization

Recrystallization) * quicker than segregation)

Figure VI-2. Diagram representing the segregation mechanisms operating during

the annealing of cold worked nickel.
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The results obtained in this work enable us to come to the following

conclusions :

- The return of high purity nickel, originally in a metastable state (quenched,
cold worked), to its équi]ibrium state results 10 the segregation of sulphur to
the interfaces (gram boundaries, free surface) at a rate several orders of
‘magnitude greater than that usually taking place in equilibrium conditions (a
fully annealed material heat treated for lon g periods of time at relatively high
temperatures).

- The vacancies created by quenching or cold work contribute to the
acceleration of the segregation kinetics by dragging sulphur atoms with them
during their movement in the course of a heat treatment. '

- The increase 1 dislocation density resulting from cold work leads to an
increase in diffusion short circuits. Grain boundaries of the recrystallising
structure collect the sulphur diffusing along dislocation lines and drive i1t to
the free surface as long as this latter is not saturated.

- The time lag between surface segregation and intergranular segregation is
due to the transfer of sulphur from the GB’s to the surface via grain
boundary diffusion resulting from the difference in free energy between the
two interfaces. Grain boundary segregation is therefore established only once
the flux of atoms from the GB’s to the surface is stopped, 1.e. only once the
surface concentration has reached 1ts maximum.

- Sulphur segregation associated with the recovery and recrystallisation of a
‘cold worked metal occurs at a rate 10° to 10® greater than that taking place in
equilibrium conditions, with the maximum rate corresponding to annealing at
“the right temperature a material strained to a critical value. For strains below
this critical value, the acceleration of segregation is attributed to the role
played by the crystal defects in speeding up diffusion. For strains slightly
above that value, the acceleration is due to the sulphur atoms being dragged

by the moving grain boundaries. For much greater strains, the grain
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boundaries breakaway from the sulphur atmdspheres leaving them behind.
This brings about a decrease in segregation kinetics to attain a value which s
independent of strain.

Surface saturation with sulphur is attained after annealing times ranging from
a few minutes to tens of minutes, except at the low temperatures (~ 300°C)
where longer periods (days) are necessary. The times at these Jow
temperatures are of the same order (if not less) as those leading to
equilibrium segregation although the temperatures are much lower.

Moving grain boundaries, dislocations and vacancies lead td an accumulation
of impurities, and hence the formation of impurity atmospheres, near the
interfaces. These atmospheres are the real source of segregation acceleration.
This particular point seems to be characteristic of dynamic segregation. The
concentration profile, in the case of equilibrium segregation, reaches a
minimum near the interface whereas it reaches a maximum in the case of non
equilibrium (dynamic) segregation. |

Grain boundary segregation results i a loss of strength and ductility as
shown by a decrease in the stress and the strain to failure with annealing
time. The corrosion behaviour, besides being largely affected as shown by
an increase in corrosion current densi-ty with annealing time, becomes more
and more concentrated at the grain boundaries with increasing annealing
time.

Quenching vacancies result in the segregation of sulphur to nickel interfaces
at a rate of up to 10% .greater than that observed during equilibrium
segregation.

Segregation occurring during the annealing of quenched nickel continues
well after the resistivity is entirely recovered. This is due to the accumulation
of important quantities of sulphur near the interfaces. |

The purity of the metal seems to play a controversial role. A deterioration in

intergranular properties is indeed obtained in a material of a very high purity.
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This behaviour can reasonably be explained as follows :
The purification of a metal while obviously bringing about a decrease in
sulphur concentration, leads also to a decrease in vacancy sinks such as
impurity micro-precipitates. The remaining sulphur, although in reduced
quantities, thus acquires a greater long range diffusivity. Moreover, the
recrystallisation temperature of a metal increases with increasing impurity
concentration and might even be pushed beyond a temperature where
mterfacial segregétion is small and therefore undetectable. In the particular
case of nickel, it is observed that , due to various interactions in the
segregated layer, grain boundary segregation falls off rdpidly at relatively
high temperatures so that it becomes negligible above 800°C. A nickel of
99.5% purity recrystallises at about 850°C, and therefore shows no dynamic
segregation with recrystallisation. This clearly emphasises the limitations of
purification as a means of reducing intergranular brittleness.
It should however be noted that not all segregations are deleterious. Although
sulphur segregates to grain boundaries of both nickel and silver, only the former
1s found to suffer from this segregation. The segregation of boron to the grain
boundaries of nickel is found to have a strengthening effect, and .very small
quantities of this element are usually added to nickel base superalloys to increase

their resistance to creep [69].
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ANNEX 1

Determination of thie plasticity function of nickel 270.

Introduction .

The plasticity function is aimed at finding a relationship between the uniaxial
stress and true strain in order to be able to use Saada’s [100] and Bailey’s [99]
expressions to calculate the vacancy concentl"ationl and dislocation density.
Procedure | |

A tensile test was carried out on a fu]iy' annealed (7h at 1000°C) cylindrical
specimen. The testing conditions are as follows:

Temperature of the test: ambient.’ |

Initial dimensions of the specimeil:'do=6 mm, lp=105mm

Strain rate: 2 mm.min” (3.3x10™s™)

The tensile force and cross-head displacement are continuously recorded.

In the range of uniform deformation (0<€<0.46) the uniaxial stress and the true

strain are given by:

N d
,  &=In(=)=2In(-%) ,
(fn) (d

where F is the tensile force, d and [ are the diameter and length of the specimen,
d, and 1, are the initial diameter and length of the specimen.

The stress and strain can therefore be related as follows:

_4Fe

nd,

a

In the necking range, the stress in the plane of maximum necking (minimum

diameter) is obtained from the following expression [144]:
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45
oc=K—,
Td

K, a correction factor, 1s given by:
1

1+ 4R .ln(] + j—]
d 4.R

where R is the curvature radius of the necking profile, 4 is the minimum

K =

diameter at the neck.
Figure A-1 represents the plasticity function for deformations of up to e=1.

Failure of the specimen occurred at a strain of 2.5

800

600

400

Stress (MPa)

200

0 2 1 . 1 L . 1 1 ] 1
0,0 0,2 0.4 0.6 0.8 1,0

True strain

Figure A-1. Plasticity curve of Ni270.
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ANNEX 11 .
Scanning electron microscope micrographs showing the intergranular
grooves as obtained from the controlled potential coulometry tests

A) COLD ROLLED MATERIAL S -
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Figure A-11-1. SEM micrographs showfn g the intergranular grooves for the
material cold rolled to 0.2 and then heat treated-at 455°C for different periods of

time. (i) low magnification (j) the edge of the specinen. .
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Figure A-11.2. SEM. micrographs shbwing the intergmnuiar grooves.for the
material quenched and then heat treated at 650°C for different periods of time.

(e): the attack ceases to be concentrated at the GB’s.
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RESUME

La ségrégation d’une impureté aux interfaces d’un métal peut dans certains cas
conduire a la détérioration des propriétés mécaniques et électrochimiques du
matériau par un affaiblissement de la cohésion intergranulaire. La ségrégation
est dite d’équilibre lorsque la cinétique de recouvrement des interfaces dépend
uniquement du coefficient d’hétérodiffusion de "impureté dans le métal. Dans le
cas ou accélération des cinétiques résulte soit de I’élimination des défauts
ponctuels générés par irradiation ou par trempe, soit de la recristallisation du
métal, on parle alors de ségrégation hors d’équilibre ou dynamique. Dans ce
travail, nous traitons le cas particulier de la ségrégation du soufre ayant lieu
durant le recuit du nickel trempé et du nickel écroui.

La restauration et la recristallisation du nickel écroui sont étudiées par
calorimétrie différentielle a balayage. On constate ’apparition de deux pics sur
1a courbe de calorimétrie. Le premier est centré aux environs de 250°C, quelque
soit le taux initial de déformation, et n’apparait que pour les taux supérieurs a
0.2. Ce pic est attribué a 1’élimination des lacunes. Le second apparait a une
température qui diminue lorsque le taux de déformation augmente. Ce pic est
attribué a la recristallisation du matériau écrout.

Les cinétiques de recristallisation sont étudiées au moyen de recuits in situ dans
un microscope ¢lectronique a balayage et de mesures de microdureté. Les
résultats sont exploités sur Ja base de la théorie de Johnson-Mehl-Avrami-
Kolmogorov (JMAK). Les valeurs expérimentales des exposants de JMAK
(n=0.7-2.1) sont plus faibles que celles prédites par la théorie et dépendent
fortement du taux de déformation. La compétition entre restauration et
recristallisation, et surtout la distribution non aléatoire des cites de germination,
sont a ’origine des valeurs basses de I’exposant de IMAK.

Les cinétiques de ségrégation superficielle se produisant au cours de chacun des
stades de Testauration et de recristallisation sont enregistrées par spectrométrie
des électrons Auger. '
Les cinétiques obtenues sont de cing @ huit ordres de grandeur supérieures aux
cinétiques de ségrégation d’équilibre. La ségrégation intergranulaire est
indirectement étudiée par des essais de traction et des essais électrochimiques.
Une chute de la résistance et de la déformation a la rupture, ainsi qu’une
concentration de ’attaque électrochimique intergranulaire (représentée par une
augmentation de Ja profondeur et une diminution de I'angle du sillon
intergranulaire) permettent d’associer la fragilité du nickel et la diminution de sa
résistance a la corrosion intergranulaire a la ségrégation du soufre aux joints de
grains. En raison du transfert des atomes de soufre des joints de grains vers la
surface, dii a la différence entre les énergies de ségrégation superficielle et
intergranulaire, la ségrégation intergranulaire ne devient stable qu’a partir du
moment ou le flux intergranulaire s’annule.



L’interprétation des cinétiques de ségrégation ainsi que la confrontation avec les
résultats de calorimétrie et les cinétiques de recristallisation nous conduisent a
proposer les mécanismes de ségrégation suivants :

- Si la recristallisation n’a pas lieu, c’est a dire, si la température de recuit est
trop basse ou si le taux de déformation est trop faible, "accélération de la
séprégation est liée a la formation de complexes lacune-soufre qui
s’éliminent sur les puits de lacunes (surface, joints de grains, dislocations) ,
le soufre pouvant ensuite diffuser rapidement vers les joints de grains ou la
surface le long de ces courts-circuits.

. Sila recristallisation a lieu les joints de grains en mouvement entrainent dans
Jeur sillage une atmosphére de soufre, il peut alors se présenter deux cas : si
la force motrice de déplacement du joint est inféricure a une certaine valeur,
autrement dit si le taux de déformation n’est pas suffisamment éleve, le jomt
de grain traine le nuage de soufre jusqu’a la fin de la recristallisation. Par
contre si le taux de déformation dépasse une certaine valeur, alors le nuage
de soufie est décroché du joint de grains. Les surconcentrations de soufre
ainsi formées constituent une source de soufre qui va contribuer a alimenter
les joints de grains, puis la surface par diffusion intergranulaire.

La restauration du matériau trempé est étudiée par mesures de resistivité. On
constate I’existence de trois stades sur 1"échelle de température. Le premier stade
est ‘situé entre 50 et 200°C et correspond a la restauration de 15% de la
résistivité totale due a la trempe. Le deuxiéme stade est centré vers 300°C et
correspond a la restauration de 30% de la résistivité. Le dernier stade s’étale
entre 450 et 700°C et correspond au recuit de 55% de la résistivité.

Les cinétiques de ségrégation superficielle se produisant au cours de chacun des

stades de restauration de la résistivité sont enregistrées par spectrométrie des

électrons Auger.

Les cinétiques obtenues sont de quatre ordres de grandeur supérieures aux

cinétiques de ségrégation d’équilibre. La ségrégation intergranulaire est

indirectement étudiée de la méme maniére que pour le matériau écrou.

L’interprétation des cinétiques de ségrégation ainsi que la confrontation avec les

résultats de résistivité nous conduisent a associer ’accélération de la ségrégation

a la formation puis 1’élimination de complexes lacune-soufre. L’élimination de

ces complexes entraine I’accumulation de quantités importantes de soufre au

voisinage des interfaces, permettant ainsi la poursuite de la ségrégation bien au
dela du temps nécessaire a la restauration de la résistivité.
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- If recrystallization does not occur, i.¢., if either the annealing temperature or
the deformation ratio is low, the acceleratlon of segregation is attributed to
the formation of vacancy-sulphur complexes which annihilate o lvacancy
sinks (free surface, grain boundaries, drslocatrons) allowing s phur to
diffuse along the short circuits towards the grain boundaries or the surface.

- Ifrecrystallization occurs the moving boundaries of the recrystallizing grains
drag with them the sulphur atmospheres. In this case, two situations are
expected : if the driving force for grain boundary migration is less than a
certain value, in other words if the deformation ratio is not sufficiently high,
the moving grain boundary drags with it the sulphur atmosphere until the end
of recrystallization. If on the other hand the deformation ratio 1s greater than
a certain value, the grain boundary breaks away from the sulphur
atmosphere. The superconcentrations thus formed constitute a sulphur source
which contributes to the supply of the grain boundaries and then the surface .
with sulphur.

Recovery of the quenched material is investigated by electrical resistivity

measurements. The resistivity versus temperature curve can be divided mto

three stages. The first one lies between 50 and 200°C and is associated with a

recovery of 15% of the resistivity due to quenching. The second stage is centred

around 300°C and is associated with a recovery of 30% of the resistivity. The
last stage extends from 450 to 700°C and corresponds to a recovery of the
remaining resistivity. ‘

The segregation kinetics associated with each stage of the recovery of resistivity

are investigated by AES. The recorded kinetics are four orders of magnitude

greater than the equilibrium segregation kinetics. Grain boundary segregation is
indirectly studied in the same manner as for the cold worked material.

Segregation kinetics in association with the resitivity results enable us to suggest

a mechanism for the acceleration of segregation, based on the formation and

then elimination of vacancy-sulphur complexes. The elimination of these

complexes leads to an accumulation of appreciable quantities of sulphur at the
vicinity of the interfaces. This enables segregation to continue for time durations
well beyond those necessary for the recovery of resistivity.



ABSTRACT

Impurity segregation to interfaces in metals can in certain cases lead to a
deterioration of the mechanical and electrochemical properties of the material by
weakening the intergranular cohesion. Segregation where the surface coverage
kinetics are under the sole control of the heterodiffusion coefficient of the
impurity in the metal is known as equilibrium segregation. Segregation where
the kinetics undergo considerable increase as a result of point defect annihilation
or recrystallisation of the metal is known as non-equilibrium or dynamic
segregation. The work presented in this thesis treats the special case of
segregation occurring during the annealing of quenched and of cold worked
nickel.

Recovery and recrystallization of cold worked nickel is studied by differential
scanning calorimetry (DSC). Two peaks appear on the DSC curve, The first one
is centred around 250°C, regardless of the deformation ratio, and only appears
for deformations greater than 0.2. This peak is mostly attributed to vacancy
elimination. The second peak appears at a temperature which decreases with
increasing deformation. This peak is attributed to the recrystallization of the
material.

Recrystallization kinetics are studied by carrying out in situ anneals inside a
scanning electron microscope and microhardness measurements. The results are
exploited in terms of the Johnson-Mehl-Avrami-Kolmogorov (JMAK) theory.
The experimentally deduced values of the JMAK exponents (n=0.7-2.1) are
smaller than the theoretically predicted values and depend to a great extent on
the deformation ratio. Competition between recovery and recrystallization and
non random distribution of nucleation sites is at the origin of these small values.
The kinetics of surface segregation occurring at each one of the recovery and
recrystallization stages are investigated by Auger electron spectrometry (AES).
The recorded kinetics are several orders of magnitude greater than equilibrium
segregation kinetics. Grain boundary segregation is indirectly investigated by
tensile and by electrochemical tests. A fall in both the stress and strain to failure
‘as well as an enhancement of intergranular electrochemical attack (as depicted
by an increase of the depth and a decrease of the angle, of the intergranular
groove) indicate a segregation induced deterioration of the intergranular
properties of the material. As a consequence of the transfer of sulphur atoms
from the grain boundaries to the surface (due to the difference in free energy

between superficial end intergranular segregation), grain boundary segregation

becomes stable only once the intergranular flux towards the surface is stopped.
The segregation kinetics associated with the DSC results and the
recrystallization kinetics enabled us to come up wi.tvlg;tl}_‘e@lowing segregation

mechanisms : N ks
= ’QL

continued overleaf)

. 892 s

1

= T f = -EEF‘ (‘H)
Ab oLy sl [ ‘._'5:1
bﬁ/‘ L e = ?.3’4%‘

(NS (MR S AE AR R T R

"

s . [- f“ |- l_ [— l- | - 1-_ [-



	001.tif
	002.tif
	003.tif
	004.tif
	005.tif
	006.tif
	007.tif
	008.tif
	009.tif
	010.tif
	011.tif
	012.tif
	013.tif
	014.tif
	015.tif
	016.tif
	017.tif
	018.tif
	019.tif
	020.tif
	021.tif
	022.tif
	023.tif
	024.tif
	025.tif
	026.tif
	027.tif
	028.tif
	029.tif
	030.tif
	031.tif
	032.tif
	033.tif
	034.tif
	035.tif
	036.tif
	037.tif
	038.tif
	039.tif
	040.tif
	041.tif
	042.tif
	043.tif
	044.tif
	045.tif
	046.tif
	047.tif
	048.tif
	049.tif
	050.tif
	051.tif
	052.tif
	053.tif
	054.tif
	055.tif
	056.tif
	057.tif
	058.tif
	059.tif
	060.tif
	061.tif
	062.tif
	063.tif
	064.tif
	065.tif
	066.tif
	067.tif
	068.tif
	069.tif
	070.tif
	071.tif
	072.tif
	073.tif
	074.tif
	075.tif
	076.tif
	077.tif
	078.tif
	079.tif
	080.tif
	081.tif
	082.tif
	083.tif
	084.tif
	085.tif
	086.tif
	087.tif
	088.tif
	089.tif
	090.tif
	091.tif
	092.tif
	093.tif
	094.tif
	095.tif
	096.tif
	097.tif
	098.tif
	099.tif
	100.tif
	101.tif
	102.tif
	103.tif
	104.tif
	105.tif
	106.tif
	107.tif
	108.tif
	109.tif
	110.tif
	111.tif
	112.tif
	113.tif
	114.tif
	115.tif
	116.tif
	117.tif
	118.tif
	119.tif
	120.tif
	121.tif
	122.tif
	123.tif
	124.tif
	125.tif
	126.tif
	127.tif
	128.tif
	129.tif
	130.tif
	131.tif
	132.tif
	133.tif
	134.tif
	135.tif
	136.tif
	137.tif
	138.tif
	139.tif
	140.tif
	141.tif
	142.tif
	143.tif
	144.tif
	145.tif
	146.tif
	147.tif
	148.tif
	149.tif
	150.tif
	151.tif
	152.tif
	153.tif
	154.tif
	155.tif
	156.tif
	157.tif

