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Abstract

The behaviour of phosphorus (P) segregation to grain boundary during cooling and aging and
its interaction with chromium (Cr) and molybdenum (Mo) in Ni-base alloys have been

investigated using transmission electron microscopy.

P segregation takes place during cooling and aging. The segregation width was several
nanometres, much wider than the grain boundary thickness. This indicated a non-equilibrium
mechanism. The effect of grain boundary misorientation angle and grain size on the segregation
level has been investigated. The grain boundary P concentration increased with increasing
misorientation angle until about 45°. A further increase in the grain boundary misorientaion
angle resulted in a decline of the segregation level. Compared with random high angle grain
boundaries, special grain boundaries displayed much lower segregation. This can be related to
the free volume dependence on the misorientation angle. When the effective time during
cooling is shorter than a certain critical time, increasing grain size reduced the grain boundary
segregation level because of the higher mass transfer coefficient close to the grain boundary in

samples with smaller grain size.

Segregation level during cooling at different rates and after aging for different times was
obtained. A critical cooling rate and aging time existed where the grain boundary P
concentration reached a maximum, indicating a non-equilibrium segregation pattern.
Calculations based on Faulkner’s [1, 2] and Xu’s [3] and Wu’s [4] theory were conducted and
compared with the experimental results. As regard the effect of grain size, the results based on

Wu’s theory were consistent with our experimental results.

The elemental interaction between P and Cr or Mo was investigated. On samples without P

addition, no segregation of Cr and Mo was observed after cooling and aging due to the low



binding energy between vacancies and Cr or Mo. With P addition, P segregated to the grain
boundary while Cr and Mo were depleted at the grain boundary. With increasing P
concentration, the grain boundary Cr and Mo concentrations decreased in a linear manner due

to the repulsive relative interaction coefficient between P and Cr or Mo in Ni-base alloys.
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Chapter 1. Introduction

Ni-based superalloys have been widely used in the aerospace industry due to their excellent
properties, such as high strength, creep rupture life and oxidation resistance, especially at high
temperature [5]. Impurities, such as P and S, are detrimental to the mechanical properties even
at a very low concentration due to grain boundary segregation [6, 7]. Recently, however, some
evidence has shown that P can be beneficial to the stress rupture properties while keeping the
tensile properties unaffected, especially for the wrought superalloys [8-11]. The proposed
mechanisms are also related to the segregation of P [8, 12-15]. Since both detrimental and
beneficial effects of P on the mechanical properties can be attributed to the segregation, this

indicates the importance of grain boundary segregation.

Grain boundary segregation can be divided into equilibrium segregation (ES) and non-
equilibrium segregation (NES). ES thermodynamics and kinetics are well understood [16].
Factors such as solubility, temperature, grain size, and misorientation have been discussed [17].
Among these factors, grain size and misorientation have been a hot topic as they are the key
parameters of grain boundary engineering [18]. By controlling the grain size and misorientation,
the mechanical properties can be modified. However, the effect of grain size and misorientation

angle on NES was seldom reported considering their importance.

It has been reported that the effect of P on mechanical properties also depends on the P
concentration [8]. An optimised P concentration leads to a maximum stress rupture life [8].
Investigation of the Kinetics during cooling or aging enables a better understanding of the
segregation mechanism and can be used to control the segregation level and thus to optimise

the mechanical properties by heat treatment.



Commercial superalloys are complex systems with more than ten different alloying elements
or significant impurities. In such a system, elemental interaction is an important factor
influencing the segregation level. The interaction between P and Cr or Mo has been reported
in both steels and Ni-base alloys [19-22]. However, all the alloys studied contain C, B or N,
which also interacts with Cr and Mo. It was impossible to isolate the interaction between P and

Cr or Mo.

The aim of this thesis is to investigate the NES kinetics during cooling and aging in simplified
model Ni-base alloys and the effect of grain size, misorientation angle and elemental

interaction on the segregation level.

Chapter 2 contains the literature review. Previous work, such as the effect of P on the
mechanical properties, ES and NES theories, factors influencing the segregation level,

elemental interaction and methods to measure the segregation are outlined.

The experimental procedure of alloy preparation, heat treatment and microscopy is reported in

Chapter 3.

Chapter 4 describes the grain boundary and triple junction segregation of P in Ni-Al-P alloy
during cooling and subsequent aging. The effect of grain size and misorientation angle, cooling
rate and aging time on the segregation level is discussed in detail. Calculations based on
Faulkner’s [1, 2] and Xu’s [3] and Wu’s [4] theory were carried out and the results compared

with the experimentally obtained results.

Chapter 5 focusses on the segregation behaviour of Cr and Mo in samples with and without P.
Possible mechanisms of Cr and Mo segregation including equilibrium segregation, non-
equilibrium segregation and elemental interactions are discussed. Interactions between P and
Cr or Mo are assessed by calculating the relative interaction coefficient and compared with

previous results.



The effect of experimental parameters, such as probe size, acquisition time and specimen
thickness on the chemical analysis using EDS are discussed in Chapter 6. An optimised

condition is proposed.

The main conclusions of this work together with suggestions for future work are summarized

in Chapter 7.



Chapter 2. Literature Review

2.1 Effect of P on mechanical properties
Ni-based superalloys have been widely used for aircraft gas turbines and electricity power plant

due to their excellent mechanical properties, such as high strength, stress rupture life and

oxidation and corrosion resistance, especially at high temperature [5].

P, just like S, has been regarded as a detrimental impurity and is strictly limited in conventional
cast Ni-base superalloys [6, 7]. With increasing P concentration from 0.0008 wt% to 0.032
wit%, tensile strength and ductility of cast alloy 718 at room temperature and 650 °C as well as

the stress rupture life at 650 °C/620 MPa all decrease (figure 2.1) [7].
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Figure 2.1 Effect of P content on the tensile and stress rupture properties of cast alloy 718 (a)

at room temperature (b) at 650 °C (c) at 650 °C/620 MPa [7]

Generally, the mechanism of the deleterious effect of P can be outlined as below. First, P
segregates strongly to GB as its solubility in the superalloy matrix is extremely low, resulting
in a decline of the cohesion strength at the GB. This phenomenon has been explained by Seah
by considering both the difference in sublimation heat and the bond length between nearest
neighbours using first-principles calculation [23]. This is inconsistent with the molecular
dynamics simulation that P increases grain boundary cohesion [24, 25]. Simulation by first

principles of a tensile test indicated that the effect of P on the grain boundary strength depended



on the grain boundary concentration. With an optimum concentration, the strength can be as
strong as that of a clean grain boundary [26]. Second, the segregation of P may result in the
formation of a low melting point eutectic such as Ni-NisP or promote the precipitation of a

harmful phase [27].

However, the effect of P was complicated in wrought Ni-base superalloys. The mechanisms
mentioned above can also be applied to wrought superalloys. The detrimental effect of P does
exist and has been demonstrated by experiments, for example the strong segregation to the GB
[28, 29], the promotion of harmful Laves phase [30, 31], the deterioration of the interfacial
cohesion of the intergranular 3-NiAl and y matrix [32] and the increase in segregation of other
alloying elements [33]. On the other hand, experimental evidence for the beneficial effects of
P have increasingly been found in wrought Ni-base superalloys over recent years [34]. Addition
of P up to 130 ppm had almost no influence on tensile strength and ductility at room
temperature and 650 °C, while it improved both stress rupture life and ductility at 650 °C of y"”
strengthened Inconel 718 [8, 35]. This was consistent with Cao et al. [13, 36] with a P content
less than 220 ppm, Wang et al. with a P content less than 190 ppm [10], Xie et al. [37] and Sun
et al. [8] with P contents less than 130 ppm and Song et al. [38] with P contents of 30 and 200
ppm. One example is shown in figure 2.2 [10]. The effect was quite similar in y" strengthened
wrought superalloys GH761 and IN706 even though the microstructures of these two alloys

were different from that of IN718 [9, 12, 14, 33, 35, 39].
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Figure 2.2 (a) The stress rupture life and (b) elongation and reduction of area of 718Plus alloy

with different P contents [10].

Some experiments have been carried out to reveal the mechanism of the effect of P on
mechanical properties and several have been proposed for both y" and "’ strengthened wrought
superalloy. P addition retarded the movement of dislocations and decreased the creep rate [7,
9]. P segregation reduced the GB energy [26], and thus the critical nucleation radius of GB
precipitates. This promoted the nucleation of GB precipitates, such as carbides and & phase.
Small round and evenly distributed precipitates can relieve the stress concentration and
strengthen the GBs [8, 11, 12]. However, other results indicated that the size and quantity of
GB precipitates did not vary with P concentration [13]. The main mechanism was considered
to be the interaction between P and B. Both P and B increased the GB cohesion and co-
segregation of P-B further increased the GB strength [13]. This is inconsistent with the
calculations [23, 26]. Due to site competition, P segregation inhibited the segregation and
diffusion of oxygen at the GB, thus improving the oxidation resistance and creep elongation
[14, 15]. However, this contradicts the results in [11] which showed that elongation is not

affected by P content.

Although much research has been carried out, the mechanism of the effect of P on mechanical
properties is arguable and alloy specific up to now. Notwithstanding this, most of the
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mechanisms, such as the morphological optimization of the grain boundary precipitates [8, 12],
the synergistic effect with B [13] and the effect on intergranular oxidation [14, 15] relate to the
grain boundary segregation of P. A knowledge of grain boundary segregation is therefore

essential for a deep understanding of the effects of P on nickel-based alloys.

2.2 GB structure and properties

GB is a thin area (several atomic layers [40]) where two adjacent grains with different
orientation join together. The typical characteristics of a GB is an irregular atomic
configuration (including compression sites and expansion sites), a lower coordination number

and a higher energy than the insides of the grain.

2.2.1 Types of GB

To describe a GB, five independent parameters (macroscopic degrees of freedom, DOFs) are
needed [41]. A rotation axis 0 (2 DOFs) and rotation angle 6 (1 DOF) are used to specify the
misorientation of the mutual grains, while the normal n to the GB plane (2 DOFs) is used to
describe its specific orientation. Besides these five DOFs, three other microscopic parameters
represented by a vector T exist to describe the rigid translation of both grains relative to each
other, parallel (2 parameters) or perpendicular (one parameter) to the GB. However, these three
parameters are controlled by energetic factors and cannot be chosen in an arbitrary way.
According to the rotation angle or misorientation, GBs can be divided into small angle GBs
(6<15°) and large angle GBs (6>15°) [42]. Based on the relationship between n and o, GBs can
be divided into tilt GBs (o+n) and twist GBs (o//n) or mixed (in other cases). Also, if the
adjacent grains are mirror symmetrical, the GB is called symmetrical, otherwise asymmetrical.
This kind of categorization is simplified. Due to the symmetry of the lattice, the same GB can

be described in several different ways.



Small angle GBs can be described as dislocation arrays when the misorientation angle is small,
as it can be accommodated by an array of dislocations [43, 44]. It can be divided into tilt GBs

and twist GBs, the former composed of edge dislocations and the latter of screw dislocations.

Compared with small angle GBs, large angle GBs are much more complex. There are several
models to describe large angle GBs, among which the coincidence site lattice (CSL) is most
commonly used. When tilting or twisting to a specific angle, a plane crossing the GB from one
grain to the other exists. Namely, some sites in the GB coincide with the ideal atomic sites in
both grains and are called the CSL. They form another lattice whose unit cell is bigger than the
original lattice. The ratio of the primitive cell volume of the CSL to that of crystal lattice, X, is

used to characterize the CSL. In cubic lattices, £ can be simply derived from the GB normal

[45]

T =8(h*+k*+1?) 21

where 6=1 if h? + k? + 12 is odd and & =1/2 if h? + k? + 12 is even because in cubic systems,
whenever an even number is obtained, there is a coincidence lattice site in the centre of the cell

which then means that the true area ratio is half of the apparent quantity.

GBs with low X contain a high density of coincidence sites and can be regarded as special GBs
or CSL GBs. These GBs have lower free energy and hence have a higher possibility to exist

from the energy point of view. This is consistent with experimental data.

Problems arise when the tilt angle deviates from the exact value needed to form a CSL GB
because a small deviation results in a dramatic change in coincidence and consequently a
change of X. To compensate, secondary GB dislocations are introduced. Then the
characterization as a CSL GB can be conserved even with a small angle of deviation. The

maximum deviation is empirically calculated by



m=18 2.2

where vo=15° is commonly used. £ is a constant and 1/2 is used by the most commonly adopted
criterion proposed by Brandon[46]. Other values such as 1 [47] and 2/3 [48] are also used by

other authors.

As will be shown in the next part, GB misorientation has an effect on the GB segregation. A
precise determination of the GB misorientation should be done at the same time as measuring
the GB segregation. Jang [49] has proposed a detailed method using the electron diffraction in
a TEM to determine the grain orientation, including the X value, misorientation and the normal
to the GB plane. The basic procedure is firstly to determine precisely the orientation of each
grain, followed by the determination of GB misorientation. In this project, this method will be

used.

2.2.2 GB energy
By applying the dislocation model proposed by Read and Shockley [50], the GB energy can be
calculated exactly as the total energy of all the dislocations in the GB. For tilt GBs, it has been

shown that the energy of a dislocation of unit length can be expressed by

2

b D
a In—+E, 23

Ej=———
T 4n(1—v) 1

where v is the Poisson ratio, p the shear modulus, D the dislocation spacing, ro = b the
magnitude of the Burgers vector, and Ec the energy of the dislocation core. According to Read
and Shockley [50], the limiting distance of the dislocation stress field is about D. So the
dislocation density of unit GB length can be approximated to 1/D. The GB free energy with a

misorientation of 6 can then be expressed as



0 ub?

G:m 4t(1 —v)

1
Ing+Ec| = 6(A - Blng) 24

where A=Ec/|b| and B=p|b|/4x(1-v) [50]. This model has been verified by experiment. It should
be noted here that this model can only be applied when 6 is small enough. With the increase of
0, the dislocation spacing decreases. When D decreases to an extent that two dislocations are
too close and lose their identity, the dislocation model cannot be used anymore. Generally, the

transition 0 between small-angle and large-angle GB lies roundabout 13-15° [51-53].

Another model was proposed by Sakaguchi [54] using molecular dynamics and statics, the sink
strength (GB energy) dependence on the misorientation was calculated and the result indicated
that the GB energy increased with misorientation except the CSL GB, where a local minimum

was present [54].

2.2.3 GB free volume

The free volume is an interatomic region with low electron density that aids the mobility of
neighbouring atoms, enabling GB sliding, grain rotation and GB dislocation emission [52]. It
affects the segregation as it serves as the segregation site for the solute. It has been shown that
GB free volume depends on the misorientation angle. By atomistic molecular dynamics
simulation, GB free volume has been found to increase with misorientation angle until 50°, and
then to decrease. The result is shown in figure 2.3 [55]. This is consistent with the results by

first-principle calculations [56].
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Figure 2.3 Calculated free volume for <110> symmetric tilt GBs. ao is the lattice parameter,

reut 18 the cut off distance and CN means coordination normalized [55].

2.2.4 GB diffusion

Diffusion has been investigated both experimentally and theoretically as it is involved in many
processes, such as sintering, segregation and creep. The volume and GB diffusion of Cr in Ni-
Cr-Fe alloys was measured using radioactive tracer °'Cr [57]. The GB diffusion coefficient
over a temperature range 585-1150 °C is 3-5 orders of magnitude higher than that in the lattice
and the ratio decreases with temperature. Similar results have also been reported for Zn in Al
[58]. The GB diffusion coefficient is misorientation dependent. Using molecular dynamics and
statics, the vacancy diffusion activation energy along CSL boundaries was calculated [59]. It
was found that the activation energies were different for different boundaries. This is consistent

with the experimental results in Al bicrystals (figure 2.4) [60, 61].
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Figure 2.4 GB diffusion coefficient along [110] tilt boundaries in Al as a function of the tilt

angle [60].

The different structures in the GB and the grain interior affect the GB segregation by supplying

sites for the solute atoms or by acting as a defect sink.

2.3 Equilibrium segregation (ES)
The thermodynamics and isothermal kinetics theory of ES were first set up by McLean [16]
and then developed by Guttmann [62]. Ogura [63] further developed the theory to calculate the

segregation level during non-isothermal processes such as cooling.

2.3.1 Mechanism

It has been stated in section 2.2 that a GB is composed of an irregular atomic configuration
including compression and expansion sites. So, solute atoms or impurities occupying the GB
sites raise the system free energy less than those in the grain interior. The energy difference

AG, the segregation free energy, acts as the force driving the solutes to diffuse to the GB.
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The diffusion mechanisms for interstitial and substitutional atoms are different. Interstitial
atoms are free to move to any adjacent interstice. So, the diffusion coefficient is controlled by
how easily an interstitial atom can move to the adjacent interstice. Substitutional atoms diffuse
via a position swap with a vacancy. Therefore, the diffusion coefficient is controlled by the
ease with which a vacancy can form and the atom exchange with the vacancy. Normally the
coefficient of interstitial diffusion is higher than that of substitutional diffusion. It has been
confirmed that Al, Cr and Mo are substitutional, while B, C, O and N are interstitial in Ni [64].
Based on the assumption that P occupies a substitutional site, the segregation energy has been
calculated and the result is consistent with the experimental results [26, 65]. By calculating the
energy change when the solute elements take the substitutional or interstitial sites using first-
principle calculations, it is found that P prefers the substitutional site [64]. Also, the relaxation
volume when the solute atom is introduced to the lattice has been evaluated. A slight decrease
(about 0.1%) of the volume is expected if P is located at the substitutional site, while a 0.7%
or 1% increase would be expected with P atoms taking the tetrahedral or octahedral interstitial
sites, respectively [64]. XRD results show that the lattice parameter of the y phase in IN706
alloy decreases from 0.35988nm to 0.35953nm with P content increasing from 0.002% to
0.025%, indicating that P occupies substitutional sites [39]. P introduced lattice parameter
reduction has also been observed by XRD in austenitic iron, which has a very similar structure
to that of Ni [66]. The diffusion coefficients of several elements at 700 °C are listed in table
2.1[67, 68]. Ni, Al, Cr, Mo and P diffuse much more slowly than C, indicating that Al, Cr, Mo

and P are substitutional while C is interstitial. This is consistent with [64].

Table 2.1 Diffusion coefficients of Ni, Al, Cr, C, P and S in Ni [67, 68].

Elements Ni Al Cr C P S

13




D (700°C)(m?/s) 1.20*101° | 1.20%10%8 | 2,55*101° | 5.11*10" | 6.14*108 | 2.45*107

2.3.2 Thermodynamics.

Based on statistical mechanics, McLean [16] proposed an expression to describe the ES. As
this is expressed in the form of a Langmuir absorption isotherm [69], the expression is often
called the Langmuir-McLean equation. The equilibrium concentration of the segregant at the

GB can be written as (see Appendix equation A8)

m
gb CO

_ < AG)
1-C 1-Co P\TRT 25

where Cgj, is the equilibrium concentration at the GB, C, the concentration inside the grain and
AG the segregation free energy. Guttmann [62] modified McLean’s model by considering the
interaction between solute atoms and impurities and assuming that the same area was occupied
by all of the elements. For a multicomponent system with a limited number of segregation sites,
the segregation equation can be expressed as

c? G
Co? — Z%:M C](D 1- lewiM Gy

exp(—AG,;/RT) 2.6

where M is the solvent, | and J are two of the solute atoms, C? and C; are the concentrations
of solute | at the GB and inside the grain and C°? the fraction of the total available sites. The

segregation free energy AG; is given by (see Appendix equation A56)

AG, = AGY — alty(1 —2xP) + Z aj X? 2.7
JEJ
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Where AG! is the segregation energy of | without interaction with M, a4, is the binary 1-M
interaction coefficient in M, a;; is the relative interaction between | and J and can be calculated

as (see Appendix equation A57)

2.3.3 Kinetics

To obtain equilibrium segregation, a long enough time is needed, which is not easy to reach
under practical conditions. So, the kinetics are analysed and often used. As it is a process of
diffusion, the dependence on time is controlled by the diffusivity of the solute atoms or of the
impurities in the matrix. McLean [16] analysed the kinetics by using Fick’s Law to describe
the diffusion. The diffusion process can be simplified as diffusion in two half-infinite crystals
with uniform solute contents. The segregation equation can be expressed as (see Appendix
equation A18)

Cyp(t) — Cgp(0) _
Cgp(0) — Cgp(0)

4Dt ) 2VDt
eric

— 2.9
a20? ab )

1—exp(

where C,,(¢) is the GB content after time t, C,;,(0) is the GB concentration at t=0, Cyj, () is

the equilibrium content at GB, D is the diffusivity of solute in the matrix, 4 is the thickness of

the GB and a is given by C‘gl;—(@with C, the concentration in the bulk sample. The character
0

of the kinetics is that with the increase of time, the GB concentration increases monotonically

until it reaches the equilibrium level.

2.3.4 Important factors in ES

There has been much research concerning the effect of various factors on ES:

(a) Temperature. It has been shown thermodynamically that with an increase of temperature,

the equilibrium concentration at the GB decreases. Kinetically, though the expression does not
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explicitly contain a temperature term, temperature does affect the segregation kinetics by its
effect on diffusivity. When the temperature is too low, a high segregation concentration is
expected, but the low temperature results in slow diffusion and thus a longer time to achieve
equilibrium. Practically it is hard to reach the equilibrium state at temperatures below a certain

temperature which is dependent on the melting point Tm [17].

(b) Solid solubility. Without considering inter-element interactions, the segregation equation
can be simplified to the Langmiur-McLean absorption isotherm with a segregation free energy

of [70]

AG, = AH? — TAS? = AH} + RTlna, — TAS? = AH; + vRTInX; — TAS® 210

where AH; corresponds to the extrapolated segregation enthalpy of a solute with unlimited
solubility in the matrix, a, is the activity of solute I at the solubility limit X; and v is a constant.
This simplification has been verified for several systems, especially dilute alloys. Relevant
parameters have been measured for Ni-S [71], Ni-In [72] and a-Fe-Si [73]. The results showed
that T|AS?| < |AHY|. Thus neglecting the term TAS?, a direct relationship between free energy
and solid solubility X can be deduced as AG, = AH; + vRTInX; [70]. A decrease in solubility
causes a decrease in free energy, eventually enhancing GB segregation. Ni strongly reduced
the solubility of Sbh. Clayton and Knott [74] found that in a steel with 200ppm Sb, there is no
susceptibility to embrittlement at 520°C when the Ni content is 0.5%, while the ductile-brittle
transition temperature increased dramatically under the same conditions for higher Ni content

(2%, 5%).

(c) GB misorientation. As discussed in 2.2, GB misorientation has a close relationship with the
GB energy. Also, the energy difference between the GB and the grain interior is the driving
force for equilibrium GB segregation. Therefore, a tight dependence of equilibrium GB
segregation on the grain orientation is expected. However, little research has been done on this
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topic. Powell [75, 76] found that the GB segregation in a Cu-Bi alloy was misorientation
dependent and they thought that the anisotropy was caused by the GB structure. However, no
quantitative or even qualitative relations were proposed, mainly because polycrystalline
samples were used and the mean segregation content of several GBs was obtained. By using
a-Fe-Si and a-Fe-Sn bicrystals, Watanabe [77] found that the amount of segregation increased
with increasing tilt angle. However, the results were not consistent with those of Hoffmann
[78], who obtained scattered data concerning the dependence of GB segregation of P, C and Si
on the misorientation angle in [100] symmetrical tilt bicrystals of Fe-Si. The probable reason
is the elemental interactions between C, P and Si due to site competition or co-segregation [79-

81].

(d) Grain size. The relation between the matrix concentration C,,, and the GB concentration

Cgyp of the solute can be described as

Copf +Cn(1 = f) =Gy 2.11

where C, is nominal concentration and f is the volume fraction of GB which can be calculated

by

(g) 4AmR?

— — ] 2.12
= W = 39/2R

where @ is the GB thickness and R is the average grain radius. By combining 2.5, 2.11 and 2.12,

the GB concentration can be obtained by [82]

Co— 32
Cop 20 2R - BG 2.13
1-Cp  1-G kT

When C, > %Cgb, the effect of grain size can be neglected. This has been confirmed in a Fe-

0.17wt%P alloy. There is essentially no difference in the ES level of P when the grain size is
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in the range 10 — 1000 um [83]. However, the grain size effect is quite remarkable if C, and
¥¢ p are comparable. GB concentration increases with grain size, especially at low
2R Y

temperature [82]. This has been confirmed by using AES in interstitial-free steel aged at 600 °C
and 680 °C and in a 2.25Cr-1Mo steel aged at 520 °C and 560 °C [84]. This is consistent with
experimental results which indicated that the Y content at GBs in alumina increased with grain
size when the Y content was not high enough to be saturated or to form precipitates [85].

Similar results for Ca and Si have also been reported in ZrO2 [86].

(e) Elemental interaction. According to Guttmann’s model [62], elemental interaction affects
GB segregation via its effect on the segregation free energy. A positive value of interaction
coefficient or attractive interaction between elements | and J results in a much more negative
free energy and therefore increases their tendencies to segregate to the GB. This is called ‘co-
segregation’. Using AES, Dong [22] found that P segregates to the GB in Ni-base alloy 718
and both Mo and Nb co-segregate to the GB, with their contents increasing with the increase
of P content at the GB. When the attractive interaction was strong enough, 2-D interfacial
compounds were expected to form, which has been confirmed by Menyhard [87]. On the other
hand, inter-elemental repulsion supressed the GB segregation. A strong repulsive interaction
between P and Si has been detected in a P doped Fe-Si alloy by Lejcek [81]. In some other
cases, there is no interaction between solutes. Even in this case, the segregation of elements
can be affected by the others. Because the total number of sites available for the solutes to
occupy is limited, the total segregation content should also be limited. Generally, the stronger
segregant will remove the weaker segregant from the GB when they compete for the same
segregation sites. This is called site competition and was observed for the GB segregation of P

and C in Fe [79, 80], and for S and Si in an Fe-Si alloy [88].
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ES has been widely used to describe the segregation of impurities and to interpret the
mechanical properties of various alloys. Considering both the sublimation enthalpies and atom
sizes, Seah [23] proposed a theory to evaluate the effect of various elements on GB cohesion.
The result showed that P, S and several other elements decreased the cohesion, causing GB
embrittlement, while N, B and C were beneficial to GB cohesion. Using first principles
calculations, Briant [89] drew the conclusion that P with strong electronegativity extracted
electrons from the surrounding metallic atoms and weakened the metal-metal bonds, resulting
in GB fracture. However, it is hard to interpret the intermediate temperature embrittlement of
metals and alloys and the reverse temper embrittlement, because some phenomena are contrary
to the models. For example, research shows that with increasing aging time at 540 °C, the
segregation content of P and the degree of embrittlement in a 12Cr1MoV steel first increased

and then decreased [90].

2.4 Non-equilibrium segregation (NES)

Aust [88] found in 1968 that in Zn with 100ppm Al air cooled from 350 °C, there was excess
hardening in the GB relative to the grain interior. Two typical characteristics of the hardening
were: (a) it increased with increasing solid solution heat treatment temperature; (b) the
hardening spread several microns into the grains from the GB. Both of these could not be
rationalized by ES. This is called NES. Other research papers [91, 92] have since been
published, confirming the existence of NES. Radiation induced segregation (RIS) is another

type of NES, which has been observed in steels [93, 94].

2.4.1 Models and mechanism

Both cooling and radiation induce supersaturated vacancies. Solute diffuses to or away from
the grain boundary via the diffusion of the vacancy flux. Two possible mechanisms have been
proposed based on whether the solute diffuses via solute-vacancy exchange (i.e. inverse

Kirkendall effect) or solute-vacancy complexes.
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As described in [93], a vacancy gradient between the grain interior and the GB generates a
vacancy flux, Jv, towards the GB. A balanced atom flux (Ja+Js) with equal magnitude is
induced away from the GB, where Ja and Js are the fluxes of elements A and B. If the diffusion
coefficients of A and B equal each other, the GB concentration of A and B will not change.
Otherwise, the faster diffusion component will be depleted at the GB. According to table 2.1,
the diffusion coefficients of P, Al, Cr and Mo are quite close. Also, calculations in dilute Ni
alloys indicated that inverse Kirkendall effects are dominant when the binding energy between
solute and vacancy is lower than 0.2 eV, while complex diffusion is dominant with a binding
energy above 0.2 eV [95]. The binding energy between P and vacancy has been calculated to
be ~0.33 eV in Ni by strain field method [96], suggesting that the inverse Kirkendall effect is

not the dominant mechanism.

A solute-vacancy complex theory of NES was proposed by Aust [97] and Anthony [98] based
on an assumption of local equilibrium between vacancies, solutes and the vacancy-solute
complex at a given temperature. Song [99] described theoretically the mechanisms for the
complex diffusion for both substitutional and interstitial solutes in fcc and bcc crystals. Based
on the diffusion coefficients of the solutes, the activation energy for complex diffusion can be
evaluated. Here only substitutional and interstitial solutes in an FCC matrix are shown. There
are two possible migration paths for the substitutional atom to diffuse, as shown in figure 2.5.
A vacancy is denoted by 0O, while a solute atom is marked as ®. For the first path (figure 2.5a),
the vacancy jumps from site A to site B and then to site C. Finally, the position of the vacancy
and solute interchange. Another mechanism involves a vacancy jumping from A to D and C,
finally interchanging with the solute. The new position after jumping is shown in figure 2.5c.
By both mechanisms, the complexes can diffuse to the GB. During the jumping shown in 2.5a,
the distance between the vacancy and solute atom changes from 0.707 ao (site A) to 1 ao (site

B) and then to 0.707 ao (site C), where ao is the lattice parameter. So partial dissociation and
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re-combination of the vacancy-solute complex are required in this process. This is called the
dissociation mechanism. The migration energy of the complex is the sum of the vacancy-solute
binding energy and the migration energy of the vacancy (the energy for the vacancy to jump to
the solvent atom site), or the migration energy of the solute (the energy for the vacancy to jump
to the solute atom site). The selection of the former or latter depends on which is larger. For
the second mechanism, the distance between vacancy and solute is 0.707 ao no matter whether
the vacancy takes site A, D or C. This is referred as the non-dissociation mechanism. The
migration energy by this mechanism is the larger of the vacancy migration energy or the solute
migration energy. Compared with the dissociation mechanism, the non-dissociation
mechanism is more energetically favourable as no dissociation and recombination of the

vacancy-solute complex is required.

For an interstitial atom, two jump sequences are shown in figure 2.6. The solute atom jumps
from site A to site B and then the vacancy jumps from site C to site D. The new position is
shown as figure 2.6b. Another sequence has a solute jumping from site A to site B and a
vacancy jumping from site C to site E. For both mechanisms, no dissociation or recombination
is required. So the migration energy is the larger of the vacancy migration energy and solute

migration energy.
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Figure 2.5 Schematic drawings of the migration processes of vacancy—substitutional solute
complexes in fcc crystals with (a) dissociation and (b) non-dissociation mechanisms, and (c)

the new position of the complex after the vacancy jumps [99].

Figure 2.6 Schematic diagrams of the migration processes of vacancy—interstitial solute
complexes in fcc crystals via two different ways (a and c); (b) and (d) are the new positions

of the complex after the jumps illustrated in (a) and (c), respectively [99].
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For interstitial and substitutional solutes, the migration energy can be different. Also, the
vacancy jump frequency for each jump of the complex is different. The vacancy jumps three
times during the complex diffusion to a new site for a substitutional solute, while only one
jump of a vacancy is required for an interstitial solute. This will result in a different pre-

exponential factor, and finally a different diffusion coefficient for the complex.

The diffusion coefficient of the complex formed by the substitutional solute P and vacancy can

then be calculated as below. The self-diffusion coefficient of Ni can be written as [100]

. E
Dsl\éllf = Dy exp (— k_:14"> = 1.27 X 10~ *exp(—2.9 eV/KkT) m2s~1 2.14

where D, is a pre-exponential factor which corresponds to the vacancy jump frequency and E,
is the diffusion activation energy. According to [101], E, is the sum of the vacancy formation
energy (E¢) and the vacancy migration energy (E;,). Ef is 1.5 eV [68] in Ni. Thus, the vacancy

migration energy can be calculated as

Em = Eq— Ef =29eV — 1.5eV = 14 eV 2.15

The diffusion coefficient of a vacancy in Ni is therefore

kT

E
D, = D, exp <— 2 f) = 1.27 X 10~ *exp(—1.4 eV/kT) m?s~! 2.16

Diffusion coefficient of P in Ni is given by [64]

1.78 eV
kT

Dp = 1.0 x 108 exp (— )mzs‘1 2.17

The activation energy (E}) is the sum of the vacancy formation energy and the solute migration

energy. The solute migration energy can then be calculated as E}n=E};-E,f =0.28 eV. According
to the above discussion, the activation energy of the complex is the larger of the vacancy
migration energy or solute migration energy. The pre-exponential factor of the complex is one

third of the pre-exponential constant of the vacancy diffusion as the vacancy jumps three times
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for each migration step of the complex. So, the diffusion coefficient of the complex can be

written as

1.4 eV
kT

DNt =&*ex (—%) =423 x 10 %ex (—
¢ TP \Tyr) T P

>1nzs_1 2.18
Considering an equilibrium between vacancies V, solute atoms P and V-P complexes
[V]+ [P] & [C] 2.19
The concentration of vacancies and complexes can be calculated by [92]
E
— _Zr 2.20
[V] = kyexp(— -
[C] = k [V][P Ey 2.21
= kc[V1[Plexp( -
where E; and Ej, are the vacancy formation energy and vacancy-solute binding energy.

Table 2.2 Equilibrium concentrations of vacancies and complexes and the diffusion

coefficients of P and the V-P complexes at high temperature (1000 °C) and low temperature

(500 °C) in Ni.
Temperature 1000 °C 500 °C
Vacancy concentration [V] 4.67x10° 6.78x10710
Complex concentration [C] 1.13x10°° 1.13x10°°
Diffusion coefficient of P Dp, m?s! 9.11x10°% 2.54x10°%
Diffusion coefficient of complex D¢, m?s 3.68x10710 9.64x1014
Diffusion coefficient of vacancy Dv, m?s™ 1.10x10°° 2.89x10

Table 2.2 shows the equilibrium concentrations of vacancies and complexes and the diffusion
coefficients of P and the complexes at 1000 °C and 500 °C in Ni. When held at 1000 °C for

some time, equilibrium between the solutes, vacancies and complexes can be achieved both at
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the GB and in the grain interior. The concentration profile is shown in figure 2.7 [102]. After
qguenching to a lower temperature 500 °C, a new equilibrium at the GB can be reached
immediately because the GBs are vacancy sinks. Removing the vacancies causes complexes to
decompose to vacancy and solute, lowering the concentration of the complex. In the grain
interior, vacancy concentration will remain unchanged. This results in an increase of the
complex concentration according to equation 2.21 and the formation of a concentration
gradient between the GB and the grain interior (figure 2.7). Complexes diffuse to the GB and
decompose in the GB, resulting in an increase of solute. At the same time, solutes build up at
the GB and form another gradient (figure 2.7). This gradient drives solute to the grain interior

via vacancies.

The flux of the complexes to the GB and the back-diffusion of the solute can be calculated by

aC

Jo =—-D.VC, = =D, ax"' 2.22
aC;

Ji = —=D;VC; = —Dia—xl 2.23

Initially, the diffusion of the complexes to the GB is dominant because the concentration
gradient of the solute is low and the diffusion coefficient of the solute is also lower than that
of the complex. With the build-up of the solute at the GB, the concentration gradient increases
for the solute and decreases for the complex. This leads to an increase of the solute flux and a
decrease of the complex flux. At a specific time, these two fluxes equal each other and the
solute concentration at the GB reaches a maximum. After that, back-diffusion of the solute is

dominant and the GB concentration of the solutes decreases.
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Figure 2.7 Schematic drawing of concentration distribution of vacancies, solutes and
vacancy-solute complexes near a GB. (a) At temperature T1 and (b) quenched to and held at

lower temperature T [102].

2.4.2 Thermodynamics

The experimental results indicated that factors influencing GB included the temperature
difference between the solid solution temperature and the aging temperature, the cooling rate
and the aging time. Among these factors, only the temperature difference is related to the
thermodynamics. Faulkner [1] and Xu [3] derived the maximum segregation content at any
temperature (C,,(T)) using different methods as (see Appendix equation A42)

(B» —E) (E»—Ef)

2.24
kT, KT

Cn(T) = Cy(Ep/Ey)exp

where C, is the concentration of solute in the grain, £}, the binding energy between a vacancy
and a solute atom, E; the formation energy of a vacancy and T, the succeeding solution

treatment temperature.
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2.4.3 Kinetics

According to 2.4.1 there are two fluxes involved in the diffusion, i.e. the complexes to the GB
and the backwards diffusion of the solutes. At first, the diffusion process is dominated by the
diffusion of the complexes to the GB. At a specific time, the flux of complexes to the GB and
of solute to the grain interior equal each other. Segregation has reached its highest level. After
that time, the diffusion of the solute to the grain interior dominates. The time is called the
critical time t.. An expression for the critical time was first derivated by Faulkner [1] (see
Appendix equation A26)

2In(D,/D;
T (/D) 2.25
5(Dc - Di)
where r is the grain radius, § the critical time constant, and D, and D; the diffusion coefficients

for complex and solute, respectively.

Experimental evidence observed by Williams [92] was first explained by Xu [103] in Fe-
30%Ni(B) using particle tracking autoradiography (PTA). The samples were solution treated
at 1250 °C, quenched into a salt bath at 1050 °C and held for 3s-80s. The GB concentration of
B increases until 11-15s and then decreases. With the development of AES, direct measurement
of the GB concentration of B in FeAl alloys annealed at 400 °C after an air quench was achieved
by Gay [104]. A maximum concentration appears at 24h, confirming the existence of a critical

time for B in this alloy.

One of the most important GB NES situations is to confirm the NES of P in steel. Briant [105]
investigated the GB segregation of P in an HY 130 steel aged for different times at 480°C after
water quenching from 650 °C and found that the GB concentration of P first increased and then
decreased with the maximum appearing at 100-400h. The same results were also observed by
Misra [106] in a Ni-Cr-Mo-V steel. No reasonable interpretation was available when these
articles were published. Xu [107] studied the phenomenon again, calculated the critical time
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and concluded that they were due to the NES of P in steel. The NES characteristics of P were
also confirmed in a 2.25Mo-1Cr steel by Ding [108], in a 12Cr1MoV steel by Li [109] and in
a Cr steel with medium C by Zhang [110]. Briant [111, 112] investigated the segregation of P
in 304L steel aged for 100h at 500, 550, 600, 650 and 700°C after quenching from a solid
solution temperature of 1100°C and found that the maximum NES content appeared at 600°C
for this aging time. However, this could not be rationalized then. Wang [113] calculated the
kinetic curves and found that the critical time for 600°C is about 108h, quite close to the aging
time of 100h. With a temperature lower or higher than 600°C, the critical time deviated from
the aging time, resulting in a lower NES content. A similar phenomenon for Mg in a Ni-Cr-Co

alloy was also observed and successfully rationalized by Xu [114].

Based on the critical time, NES can be divided into two phases, the segregation phase when
the aging time is shorter than the critical time and the desegregation phase when the aging time

is longer than the critical time.

Faulkner [2] proposed that the solute distribution along the GB can be described by

[Cyn (6, 2) — Co]
[Cn (T) = Col

= erfc(x/2/D.t) 2.26

and

Cop(t,x) — C D.t. 2
[[gb ((TJ)C)— Coi) s (o,tt )2 exp(—x*/4D;1) 2.27

during segregation and desegregation stage, respectively.

Xu and Song [3, 115] also proposed kinetics of NES for both phases without considering the
distribution near the GB. For the segregation phase, the GB content can be expressed as (see

Appendix A36)
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[Con(®) = Co _ 4Dt
G —Col — + %P (azgz) erfc(2,/D t/ab) 2.28

and

[Cgb (tc) - Cg] [a]

0
> . {erf l—Z Do tc)l — erf[— —2 =)

Cop(t) = C, + ]} 2.29

for the desegregation phase.

Faulkner’s theory [2] and Xu’s formula [3, 115] did not consider the effect of grain size on the
segregation though the critical time depends on the grain size. Wu proposed a model illustrated
in figure 2.11 to calculate segregation and desegregation using one formula [4]. The process
can be divided into two parts, i.e. complexes diffuse to segregation zone and transfer through

the interface B.

Intergranular zone

| Interface A

Segregation zone

— Interface B

Non-segregation zone

Figure 2.8 Schematic illustration of the simplified structure and morphology of polycrystals

[4].
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Based on this theory, the segregation kinetics can be described by [4](see appendix A67):

Cgb (t) 2.

_ (ky = kc)Cop — k(@ — 1)Cgpe ™ + [ky(aCy, — Cgp) — kea(Cy, — Cpp)]e ™ 30
(ky — ko)[1 + (a — e~ vi]

where Cg"b is the transformed solute concentration in the non-segregation zone, CJ;, the initial

concentration and ky, k. and « are defined as

kV = 12DOV eXp (_%) /d2 231
12(d — 26)D _ 8
. L12(d = 26)Doc exp \ 7 232
¢ d3 — (d — 26)3
a = exp[Qf(To — T /kT,T] 2.33

where Q, and Q. are the migration energies of the vacancies and complexes respectively and

Qy is the vacancy formation energy.

Based on the critical time equation, the thermodynamic equation and the kinetic equation,
Kinetic curves can be obtained for different aging temperatures. When the aging time is shorter
than the critical time, the NES content is higher at a higher temperature than at a lower
temperature. This is due to the higher diffusivity of vacancy-solute complexes at high
temperature. In the desegregation phase, however, the NES content at a lower temperature will
eventually exceed that at a higher temperature. This kind of temperature dependence is an
important characteristic of NES. When aging for a specific time, there exists a temperature at

which the critical time is comparable with the aging time, yielding a maximum NES content.

2.4.4 Important factors in NES
(a) Temperature. As NES takes place when the temperature decreases and a concentration

gradient of complexes is formed between the GB and grain interior, temperature plays an
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important role in determining the segregation level. Thermodynamically, when cooling from
To to T, the maximum NES concentration at the GB increases with To and decreases with T
(Equation 2.24). Figure 2.8 shows the calculated maximum NES of B in steel when cooling
from different temperatures to 500 °C [107]. The NES level increases monotonically with To.
This is consistent with reported experimental results in Type 316 austenitic stainless steel

which showed obvious B segregation when cooling from 1200 °C but not from 1000 °C [92].
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Figure 2.9 The calculated maximum NES concentration of B in steel when cooling from

different temperatures to 500 °C [107].

Kinetically, temperature affects the diffusion coefficient and thus the GB concentration. The
calculated S content in a Ni-base alloy aged at different temperatures after quenching from
1180 °C is shown in figure 2.9 [116]. At a lower aging temperature, the critical time is longer
and the GB concentration during the segregation phase is lower as the diffusion coefficient of

the complexes is smaller than that at high temperature.
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Figure 2.10 The calculated results for the GB concentration of sulphur NES in a Ni-base alloy
for aging at 600, 620, 640, 660 and 680 °C after quenching from 1180 °C. The vertical

dashed line is for an aging time of 40 s [116].

(b) Binding energy. As the solute migrates via V-P complex diffusion, the binding energy
between a solute and a vacancy is another key parameter affecting the segregation level. With
too low a binding energy, the complex cannot form. The calculated relation between binding
energy and maximum segregation based on equation 2.24 is shown in figure 2.10 [1]. It can be
seen that the segregation level is high and does not change too much over a range 0.3-0.6 eV.
This is the suitable range for the NES [1, 117]. To best fit of the experimental results indicated
that the binding energy between Cr and vacancy should be as high as 0.5 eV [118, 119]. If the

binding energy is below 0.2 eV, no segregation of Cr will be observed [120].
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Figure 2.11 Effect of vacancy-impurity binding energy on the NES magnitude when cooling

to 750 °C from different solution-treatment temperatures [1].

Several methods have been proposed to calculate the binding energy. Based on elastic strain
field arguments, the binding energy can be calculated considering the change of interfacial
energy, surface energy and volume when forming V-S complexes [96, 121]. The P-vacancy
binding energy in steel and Ni was determined to be 0.33 eV [96], falling in the suitable range
for NES [96]. It should be noted here that this method did not consider the electronic effect.
More recently, first principles calculations have been widely used to calculate the binding
energy [122-128]. The results are consistent with those in [96] and with molecular dynamics

simulations [129].

Compared with P, the binding energies between Cr or Mo and vacancies are much smaller. The
calculated value of less than 0.1 eV is consistent with the experimental results obtained by
muon spectroscopy [130]. With such a low binding energy, NES of Cr or Mo is impossible

[120]. However, Cr and Mo were reported to segregate to the grain boundary in both steels and
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Ni-base alloys during quenching which was attributed to complex diffusion [118, 119], which
is contradictory with the calculations of [96]. The discrepancy between the calculation and
experiment is possibly due to the effect of non-metallic elements, such as C, B, N and P. To

verify this, samples free of B, C, N and P need to be used.

(c) Misorientation. Segregants occupy the free volume sites which are misorientaion dependent.
However, little research has been done on the dependence of GB concentration on
misorientaion. Ding [131] found the P contents at grain boundaries in steel were different
although the misorientation was not measured. Cr concentration at coincidence site lattice (CSL)
In electron-irradiated Fe—15Cr—20Ni alloys, the GB concentration of Ni was shown increasing
with tilt angle except for those special CSL GBs, where a local minimum was present [54].
GBs in irradiated 304 stainless steel was found to increase with X up to £ =15. Also, the
concentration at CSL boundaries is much higher than for random high angle GBs [132, 133].
However, the diffusion mechanism for irradiation induced NES is different from thermal
induced NES. In this project, the dependence of segregation on misorientation will be

investigated.

(d) Grain size. Unlike for ES, little has been done on the effect of grain size. NES of B in Type
316 austenitic steel during cooling was investigated using autoradiography [1]. A larger grain
size leads to more intense segregation. A similar result has also been reported for P in a
2.25Cr1lMo steel [108]. However, to achieve a larger grain size, a higher solution or
austenitization temperature was used. It has been shown that a higher solution temperature also
produces a higher segregation level. The effect of grain size cannot be isolated from the effect

of temperature.
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According to Wu’s theory, during the segregation stage, complexes diffuse to a narrow region
close to the GB with a thickness of 6. The mass transfer coefficient of the complex at interface

B can be calculated as [134]

Bc = 2D./(d — 26) 2.34

With increasing grain size, the mass transfer coefficient of the complex decreases, resulting in
a decrease of the GB concentration (figure 2.12). In the desegregation stage, solute diffuses to
the grain interior through a vacancy-mediated mechanism. The mass transfer coefficient of the

vacancy at interface B is

B, =2D,/d 2.35

A larger grain size leads to a smaller transfer coefficient and less solute diffuse to the bulk area,
resulting in a higher GB concentration. Also, the maximum segregation level relates inversely
to the grain size (figure 2.12). However, no direct experimental evidence has been observed.

This will be carried out in this project.

35



25

~ | d (um)
X

= 86.67
(4v]

= Or 76.67
-% i 66.67
5 56.67
g 151 46.67
8

4 i

'8 10 |

=0

Q

_? L

£

©

5 5

Q@

=

8 0 1 | 1 | 1 | 1 | 1 | 1 | 1 |

0 500 1000 1500 2000 2500 3000 3500 4000
Ageing time (h)
Figure 2.12 Predicted segregation kinetics with different grain size. The largest grain size was

obtained by fitting the experimental results [4].

(e) Elemental interaction. Xu extended Guttmann’s elemental interaction model to NES [117].
If one of the solute atoms has a binding energy in the range 0.3-0.6 eV and the attractive
interaction between solutes is stronger than that between solute and solvent (positive relative
interaction coefficient), co-segregation can take place even if the other solute has no
segregation tendency [117]. If the relative interaction coefficient is negative, the stronger
segregant will inhibit the segregation level of the weaker segregant. In both steels and Ni-based
alloys, non-equilibrium co-segregation of Cr or Mo with non-metallic elements such as B, C,
N, and P has been widely reported. P and Cr or Mo co-segregation has been reported in
2.25Cr1Mo steel quenched from 1100°C using EDS due to the attractive interaction between P
and Cr or Mo [108]. Similar results have also been observed in an industrial steel [109],

12Cr1MoV steel [21] and Fe-Cr-P alloy [19] by AES. Also, increasing the P concentration
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promoted the segregation of Cr [19]. In a Ni-Cr alloy and IN 718, P and Cr or Mo co-
segregation was measured by AES and attributed to the strong interaction between P and Cr or

Mo [20, 62]. The GB Cr or Mo concentration increased with GB P content (figure 2.13) [22].
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Figure 2.13 Relationship between the Auger peak ratio of P with that for Mo. Alloys 1, 2, 3

and 4 contain different C concentrations [22].

It should be noted here that all the samples studied contained C and/or B and/or N. Cr and Mo
can also co-segregate with these three elements. So, the interaction between P and Cr or Mo
cannot be isolated. To exclude the effect of other elements, simplified alloys free of C, B and

N need to be used and have been in this work.

2.4.5 Application
NES segregation has been used to interpret various mechanical properties, including the

intermediate brittleness and temper brittleness.

(a) Intermediate brittleness. It has been observed that Ti alloys [135], Ni-base alloys [136] and
Al-Mg alloys [137] suffer from brittleness in the temperature range 0.5-0.8 Tm. Several
mechanisms have been proposed to interpret this phenomenon, but no satisfactory explanation
obtained. Generally, to conduct a tensile test, the sample was held for at least 10 min before
mechanical testing after cooling from the higher solid solution temperature. Also, it took some

time for the sample to fracture. That is to say the samples went through the test isothermal time
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(TIT) after cooling. This process resulted in NES. So, Xu [138] proposed that intermediate
brittleness was due to NES during the mechanical test. At the specific temperature where
intermediate brittleness occurred, the critical time was comparable to the TIT. At lower and
higher temperature, the critical time deviated from the TIT, and the NES content in the GB

decreased. This eventually resulted in an increase of the ductility in both cases.

A slow tensile rate led to a longer TIT, which resulted in the movement of the maximum
brittleness temperature (T min) to a lower level. This was verified in an Al-Mg alloy [139]. With
a decrease of the tensile rate from 10 to 10°s™, Tmin also decreased from 380 °C to 230 °C. If
the sample was held for a long enough time around Tmin, intermediate brittleness can be

eliminated. This is consistent with the experimental results [140].

(b) Reverse temper brittleness

Reverse temper brittleness (RTE) is defined as the embrittlement appearing after heating and
slow cooling in the temperature range 350 °C to 600 °C in steels. RTE was first interpreted by
ES theory [141]. However, no completely satisfactory theory has ever emerged. Xu [3, 107]
analysed many experimental results concerning RTE and suggested that NES is the main reason
for RTE and that the critical time for NES led to a critical time for RTE. At this critical time,
embrittlement reached its maximum. On aging a 12Cr-1Mo-V steel for different times at 540
°C after quenching from 1050 °C, it was found that both the maximum NES content and the
minimum ductility appeared at around 500 h [90]. Similar results were also observed in a

medium-carbon Cr steel [110].

2.5 Analytical methods
2.5.1 Auger electron spectroscopy (AES)

AES was the first method to measure the GB content directly which validated the theory of

segregation and led to its rapid development [142]. During the past four decades, AES has
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remained the most commonly used technique to investigate segregation. Generally, samples
are fractured under high vacuum conditions to expose the GB planes without contamination.
AES can be used for all elements except for H and He with its strength lying in determining
light elements. The main limitation of AES is that an intergranular fracture mode is needed.
The segregation level varies for different GBs: those GBs containing the most amounts of
segregant are most brittle [77]. The fracture path will follow these GBs, making the measured
results larger than the true average levels. Also, it is difficult to quantify and careful calibration

is needed.

2.5.2 Secondary ion mass spectroscopy (SIMS)

Like AES, SIMS is also a surface sensitive technique with a depth resolution down to several
nanometres and a high elemental sensitivity of 1 ppb [143]. Also, sample preparation for SIMS
is relatively easy and compositional mapping is available now with instrumental development
[144]. However, SIMS suffers from a poor lateral resolution (50nm) and the quantitative results

are very unreliable even though relative concentrations can be measured within a factor of two.

2.5.3 Atom probe tomography (APT)

The most important characteristic of APT is a high spatial resolution, both laterally and depth-
wise [145]. The ultra-high resolution makes it a most useful method to determine GB
segregation and extensive usage is expected. However, it is difficult to prepare suitable
specimens. The recent development of focussed ion beam (FIB) for preparing tips may improve
this situation. Also, it is not suitable for severely brittle samples as they tend to fracture during
measurement due to the high mechanical stress imposed on the sample. And, the volume

examined is very small.
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2.5.4 Energy dispersive spectroscopy (EDS) of X-rays in an electron microscope

EDS is a direct and quantitative method to investigate GB segregation and has been widely
used in analytical electron microscopy, including both scanning electron microscopy and
transmission electron microscopy. The pioneering work was done by Doig and Flewitt [146],
who demonstrated that monolayer-level segregation can be detected in a thin foil. With the
development of the field emission gun, the incident probe size can be less than 2 nm. A high
spatial resolution can be obtained with an elemental sensitivity of about 0.25 at% [147].
Generally, there are two methods to determine GB segregation in the AEM. The first is to fix
the probe on both the GB and the inner grain to generate two spectra. Alternatively, a stepped
probe is used along a line perpendicular to the GB to obtain the segregation profile. The fixed
probe was adopted by Faulkner [148] to quantify the grain boundary segregation of P in a
2.25Cr-Mo steel and by Vorlicek and Flewitt [149] to determine the segregation layer thickness
of P. Stepping the probe along a line was used by Papworth and Williams to investigate the GB
segregation of P in a low alloy steel. Another method is to use 2D mapping to collect
compositional information from the grain interior and from the GB. This method can be used
to detect GB segregation at several GBs at the same time. However, as the total acquisition
time is limited by several factors such as stage drift, beam damage and contamination, the
acquisition time for individual points is much shorter than for point analysis or a line-scan,
resulting in low counts for each point and low analytical sensitivity. This was verified by
Papworth and Williams [150] who failed to detect GB segregation of P in a low alloy steel by

2D mapping.

As the GB is quite narrow (several atomic layers), signals from the matrix are also collected
by the detector, which resulted in a lower concentration measured. Deconvolution needs to be
done as a correction. Several models have been proposed by considering the probe profiles, the

width of the segregation layer and the sample thickness [151, 152]. The results indicated the
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effect can be neglected when the probe size used is comparable with or less than the thickness

of the segregation layer [151].

It can be seen that among the several common methods, EDS on a TEM has the advantages of
high precision, high spatial resolution and relatively easy sample preparation and it will be used

in this project.

2.6 Aim of this project

The aim of this project is to investigate the NES of P after cooling and aging in model Ni-base
alloys. The effect of misorientation angle and grain size will be investigated. Segregation of Cr
and Mo in samples with and without P addition will be looked at and the interaction between

P and Cr or Mo will be characterised.
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Chapter 3. Experimental procedure

3.1 Alloy preparation

3.1.1 Alloy melting

As shown in part 2.1, the effect of P on the mechanical properties is alloy specific. A
commercial superalloy is a complex system with more than ten different alloying elements plus
impurities and different phase contents. This situation makes it hard to isolate the effect of P
as well as the GB segregation characteristics of P. To investigate the segregation behaviour
while eliminating the effect of other factors, a simplified alloy system should be used. Further
to that, other elements will be added to the system to investigate the interaction between them

and P.

Table 3.1 Nominal composition of the alloys used in this project (at%)

Alloy Ni Al Cr Mo P
1 Bal. 6
2 Bal. 6 0.1
3 Bal. 6 6
4 Bal. 6 6 0.1
5 Bal. 6 2
6 Bal. 6 2 0.1

The nominal compositions of the alloy studied are listed in table 3.1. Al, Cr and Mo are
common elements in superalloys. The basic composition was chosen based on the commercial
alloys compositions. Al is mainly used to form y’-NisAl strengthen phase [5]. A modern

superalloy usually contains 6 wt% Al (~12 at%). However, 6 at% is chosen in this project to
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produce a single-phase alloy according to the phase diagram shown in figure 3.1. Cr is
beneficial for the oxidation resistance and Mo is the main solution strengthening element [5].
However, Cr and Mo promoted the formation of TCP phase, which is detrimental to the creep
properties [5]. For second generation superalloys, such as PWA 1484, Rene N5, MC2 and TMS-
82+ the Cr content is in the range of 4.9-8 wt% and Mo is around 2 wt% [5]. GB segregation
of Al and its effect on the segregation of P has not been reported. Cr and Mo segregation and

their interaction with P have been reported [ 148, 149].
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Figure 3.1 Ni-Al binary phase diagram

Raw materials of Ni, Al and Ni2P with purities of 99.99%, 99.995% and 99.95% respectively
were used to produce Ni-Al and Ni-Al-P alloys using arc melting. Ni-Al-Cr/Mo with and
without P were prepared by plasma melting. The alloys were re-melted twice to eliminate any

cavities and improve the alloy homogeneity.

3.1.2 Solid solution heat treatment
Macro-segregation inevitably existed after casting. To make the sample homogeneous, a solid
solution heat treatment is needed. With a high temperature and a long time, the sample

oxidation has to be considered. To protect the samples, they were sealed with quartz tubes
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under argon. The heat treatment adopted here was 1300°C for 48h with a heating rate and

cooling rate of 1°C/min.

After heat treatment, microstructure observations were conducted. Samples were cut from the
alloys and polished with a final polish by OPS. They were then etched using a solution of 5g

CuSO4, 20mL HCI and 100mL H2O to reveal the GBs.

Figure 3.2 Microstructure of the as-heated (a) Ni-Al and (b) Ni-Al-P showing the large grain

size in both alloys

Secondary electron images of Ni-Al and Ni-Al-P alloys are shown in figure 3.2. It can be seen
that there are some small cavities with diameters of about 150pum in the Ni-Al, but in the Ni-
Al-P alloy no cavities were found. Both of the alloys have a large grain size of 500um to several

millimetres. For the Ni-Al-Cr/Mo alloys with and without P, the grain sizes are even larger.

3.1.3 Recrystallization

Problems arise with the large grain size. Firstly, the final TEM samples will contain few GBs
or even no GB, which is bad for investigating the GB segregation of P, especially the
relationship of P segregation with grain orientation as numbers of variously oriented grains are
needed. Moreover, according to the critical time equation, the critical time is proportional to
the square of the grain radius. Larger grains require a longer time to reach the maximum GB

segregation situation. Based on the thermodynamic parameters, the critical time can be
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estimated. For samples with a grain size of about 40um, the critical time is calculated as about
12h. However, for samples with a grain size of 500pum, the critical time can be as long as 1875h

(~2.5 months), which is not easy to reach in practice.

To reduce the grain size, recrystallization was utilized. Samples were first compressed by a
strain of about 60% and then annealed at 700 °C. It has been shown that recrystallization ended
after 6 minutes for a sample with a similar composition to ours after experiencing a much larger
strain of about 240% by rolling [153]. Due to the smaller strain, a longer time is needed to
complete the recrystallization process, so 2h was adopted. Again, the samples were sealed

under argon to prevent oxidation.

After annealing at 700 °C for 2h, the samples were cooled down at different cooling rate, i.e.
water quenching, air cooling and furnace cooling, to investigate the effect of cooling rate. Part
of the water quenched samples were heat treated at 1000 °C for 1h, water quenched and aged
at 500 °C for 20min, 2h, 12h and 48h to investigate the effect of aging time on the segregation

level.

The reasons to use 700 °C and 500 °C are: 1) in the point view of engineering, 700 °C is the
temperature for recrystallization of Ni-base alloys with low solute concentration and 500 °C is
the aging temperature for the precipitates [154]; 2) the temperatures cannot be too high or too
low, a high recrystallization temperature results in a large grain size and a low temperature
leads to a long recrystallization time and high ES concentration [16]. A high aging temperature

resulted in a low NES concentration and a low temperature leads to a low diffusion coefficients

[1].
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3.2 Microscopy characterization

3.2.1 Optical microscopy

The samples were ground on SiC papers down to 2500 grade and then polished to an OPS
finish. All the samples were etched by immersion in a solution of 5g CuSO4, 20mL HCI and
100mL H20 for 30s to reveal the GBs. The etched samples were observed on a Leica DMRX

optical microscope.

3.2.2 Scanning electron microscopy

The samples were ground and polished using the same method as described in 3.2.1. The
polished samples were examined in a TESCAN Mira 3 scanning electron microscope equipped
with an Oxford EDS system. Point analysis was carried out at 20kV with an acquisition time

of 300s, while the dwell time for a line-scan was 120s.

3.2.3 Transmission electron microscopy

TEM foils were prepared by twin-jet polishing using a solution of 5% HCIO4 and 95%
C2HsOH, at a current of 0.05A and a temperature of -25 °C and characterized using an FEI
Talos F200 microscope operated at 200kV. The Super-X EDS system consists of 4 EDS

detectors (figure 3.3).
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Figure 3.3 Schematic diagram of a cross section view of the Super-X design through the
objective lens and specimen. Two of the four X-ray detectors mounted on the cold trap

surrounding the specimen are shown [155]

The signal counts were much higher on this system than those acquired on the FEI Tecnai with
only one detector. For the same beam current, the count rates on both systems are shown in
table 3.2. The input count rate on the Talos is about 8 times higher than that on the Tecnali,
while the output count rate is more than 8 times higher than for the Tecnai due to a shorter dead

time on the Talos.

Table 3.2 Input and output counts rate on Talos and Tecnai

Input (kcps) Output (kcps)
Talos Tecnai ratio Talos Tecnai ratio
250pA 26.6 3.4 7.8 25.7 3.0 8.6
570pA 59.9 7.4 8.1 54.2 5.7 9.5
1040pA 122.8 154 8.0 99.6 9.0 11.0

Also, the higher signal can be sustained even with a high tilt angle. It has been shown that the
count rate reduces only by 20% when tilting £25 degrees [155]. This enables us to align the

GB without reducing the count rate too much.

The electron beam size used was measured by fitting the intensity profile to a Gaussian function.

The full width at half maximum (FWHM) was about 0.73nm (figure 3.4).
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Figure 3.4 Gaussian fit of the probe intensity profile.

Quantification of the spectra were performed using the Cliff-Lorimer method [156], in which

the X-ray intensities can be converted to the relative concentration by

3.1

Gi_,
G

o=

where C is the concentration, I the intensity and k the Cliff-Lorimer factor. This is valid only
when the film is thin enough that the absorption can be neglected. Normally, the absorption
effect needs to be considered. Goldstein proposed a method to correct the absorption effect by
multiplying the Cliff-Lorimer factor by a correction factor Aij [157]. According to Beer’s law,
estimation of Ajj requires the measurement of mass-thickness [157]. For example, the Al
concentration in the matrix measured without absorption correction is shown in black in figure
3.5. With increasing thickness from 30 nm to 140 nm, the apparent Al concentration determined
using a kaini factor of 0.6 decreased from 5.3 at% to 3.7 at%, while after absorption correction
using the thickness measured by CBED and a density of 7.9 g/cm?, the Al concentration did
not vary too much with thickness. The dependence of the absorption correction coefficients on

the thickness were listed in table 3.3.
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Figure 3.5 Measured Al concentration in the matrix of Ni-6Al alloy with and without

absorption correction.

Table 3.3 Absorption correction coefficient of Aai used for the quantification.

Thickness
35 49 70 &4 103 120 130 140
(nm)

coefficient 1.15 1.24 1.35 1.44 1.55 1.66 1.73 1.81

Experimental parameters, such as the probe size which determines the beam current, sample
thickness and dwell time affect the measured concentration. This will be discussed further in
Chapter 6. In this study, a beam current of 200 pA (corresponding to a probe size of 0.73nm),
thickness of 60-100 nm and a dwell time of 1s for line-scans and 10s for point analysis was

used.

49



Chapter 4. Segregation in Ni-Al-P

4.1 Introduction
Even at low content, the effect of P on the mechanical properties of Ni-base alloys is dramatic
due to its GB segregation [7, 8, 12]. A knowledge of GB segregation is therefore essential for

a deep understanding of the effects of P on nickel-based alloys.

It has been shown that temperature, holding time, cooling rate, elemental interaction, grain size
and misorientation all affect the GB segregation [13, 16, 77, 78, 82, 102, 107, 158], of which
Grain size and GB misorientation are key parameters for GB engineering. During the past
several years these have been a hot topic. By controlling grain size and GB configuration, the
mechanical properties can be modified [159, 160]. So, it is quite important to determine the
effect of grain size and misorientation on GB segregation. However, all the previous work
focused on ES. Little has been done on the relationship between the grain size and GB
misorientation and the NES content, particularly compared with their importance. So, detailed
research will be conducted in this project to reveal the relationship between grain size and GB

misorientaion and NES.

Triple junctions (TJs), as line defects in their own right with specific kinetic and
thermodynamic properties, have received more attention recently [161, 162]. They act as fast
diffusion paths due to their larger free volume as compared with GBs, which has been
confirmed both by diffusion experiments and molecular dynamics modelling [161-166]. TJ
serves as the nucleation site during phase transformation because of the removal of interfacial
material by forming an embryonic precipitate [161]. With a low mobility, they can exert a drag
on the GB motion and slow down the grain growth. Also, they have an effect on the mechanical
properties. For example, they have been identified as the nucleation site for cracks during high

temperature creep when GB sliding is operating [167]. Though intensive work has been done
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on the TJ structure, diffusion and mobility, there has been less focus on TJ segregation
compared with its importance, as segregation has been considered to affect the mechanical
properties dramatically. Possible reasons are: 1) experimentally, the TJ line needs to be aligned
before doing energy dispersive spectrometry (EDS) measurements, which is difficult and
sometimes impossible due to the limitation of the tilt angle. Also, the sample needs to be tilted
to a specific angle to maximize the X-ray counts the detector received where the TJ may not
be well aligned [168]. 2) due to the complicated TJ structure, simulations have only been done
on those composed from special GBs, such as £3 twin boundaries [169]. In this project, an
advanced TEM with four EDS detectors was used to check the segregation of P in Ni-base

alloy to TJs made by random GBs. This enables a high count rate even with a high tilt angle.

Holding time and cooling rate are also important as segregation is a dynamic process. For ES
and NES, the kinetics are different. ES increases with time, whereas NES displays a critical
time when segregation reaches a maximum. A detailed study of the segregation kinetics helps
an understanding of the relative contribution of ES and NES during heat treatment. This is also
important for optimizing the heat treatment conditions to obtain a certain microstructure and

GB composition.

4.2 Experimental results

4.2.1 Microstructure

The alloys used here are Ni-6Al and Ni-6Al-0.1P (at%). The Ni-Al-P alloy composition after
solution treatment was measured by SEM-EDS. The sample was plasma cleaned for 20 min.
One typical spectrum is shown in figure 4.1 and the measured concentrations from different
areas are listed in table 4.1. The measured concentration is quite close to the nominal

composition. Also, the sample is homogeneous after solution treatment.
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M spectrum 11

Figure 4.1 A typical spectrum collected from the matrix of the Ni-Al-P alloy after solution

treatment.

Table 4.1 Concentration measured from different areas in Ni-Al-P after solution treatment.

The standard error were included in the parenthesis (at%).

Spectrum Al P Ni

1 6.67 (0.04) 0.10 (0.02) 93.22 (0.02)

2 6.65 0.10 93.25

3 6.67 0.10 93.23

4 6.70 0.12 93.18

5 6.60 0.11 93.29

6 6.68 0.09 93.23
Average 6.66+0.03 0.10+0.01 93.23+0.04

Figure 4.2 shows the secondary electron SEM images of both samples after recrystallization.
The samples were etched by a solution of 5 g CuSO4, 20 mL HCI and 100 mL H20. It can be

seen that the grain sizes of both samples are typically less than 100 pm.

Figure 4.3 show the electron backscattered diffraction (EBSD) orientation map and the grain
size distribution obtained from Ni-Al and Ni-Al-P, respectively. Both alloys were completely

recrystallized with a random orientation distribution. The average grain sizes of Ni-Al and Ni-
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Al-P alloys are 10.9 um and 21.2 pm, respectively. The grain size of Ni-Al-P is larger than that
of Ni-Al due to the initially larger grain size of Ni-Al-P before recrystallization. Also, the grain
sizes are not homogeneous for both alloys. So, during EDS measurements on TEM, only those
areas with similar grain size were used and the actual grain size rather than the averaged grain

size will be used for the calculation.

Figure 4.2 Secondary electron SEM images of recrystallized (a) Ni-Al and (b) Ni-Al-P.
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Figure 4.3 EBSD orientation map and grain size distribution of Ni-Al and Ni-Al-P.

The misorientation angle distributions of both samples are shown in figure 4.4. With the
addition of P, the fraction of boundaries with a misorientation of about 60° decreases
dramatically. According to coincidence site lattice (CSL) theory [81] and considering the
maximum permitted deviation angle from the ideal CSL proposed by Brandon [79], these 60°
GBs can be regarded as twin boundaries. Research indicates that P lowers the stacking fault
energy [80], so why the addition of P reduces the twin boundary fraction remains unclear at

this stage.
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Figure 4.4 Misorientation angle distribution of Ni-Al and Ni-Al-P.

EBSD orientation maps of the samples with different cooling rates from 700 °C after
recrystallization are shown in figure 4.5. The averaged grain size is about 40 pm. No obvious

effect of the cooling rate on the grain size has been found.
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Figure 4.5 EBSD orientation map of Ni-Al-P samples cooled from 700 °C at different rates.
(a) water quench, (b) air cooling (c¢) furnace cooling with door open and (d) furnace cooling

with door closed.

Figure 4.6 shows the EBSD orientation map of Ni-Al-P after aging for 48 h at 500 °C. The

average grain size is determined to be 140 um.
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Figure 4.6 EBSD orientation map of Ni-Al-P after aging for 48h at 500 °C
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Figure 4.7 HAADF image of Ni-Al-P after water quenching following the recrystallization at

700 °C.

Figure 4.7 shows a TEM HAADF image of Ni-Al-P after water quenching from 700 °C. The
sample is fully recrystallized without observable dislocations. Very occasionally, a precipitate
with a size of about 300nm is observed in the matrix as shown in figure 4.8. EDS mapping in
figure 4.8 indicates it is Al and O rich. Electron diffraction (not shown here) confirms the

precipitate is Al2O3. This was probably introduced during the alloy melting.
(a)

Figure 4.8 (a) HAADF image and (b) EDS maps of a precipitate in Ni-Al-P water quenched

from 700 °C.
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4.2.2. GB segregation

Figure 4.9 shows typical GBs analysed in Ni-Al (a) and Ni-Al-P (c). The samples were tilted
carefully until the projected GB width reached the minimum (less than 2nm) to achieve GB
plane alignment with the incident electron beam. EDS analysis was conducted in spot mode at
the GB and in the grain interior and the corresponding spectra are shown in figure 4.9 (b & d).
In Ni-Al (figure 4.9b), there is no obvious difference between the spectra at the GB and in the
grain interior. This is consistent with the line-scan results (not shown). In Ni-Al-P (figure 4.9d),
an obvious peak from P exists in the spectrum obtained at the GB. It was much weaker in the
grain interior, indicating the existence of GB P segregation. This is in agreement with the line-
scan and mapping results shown in figure 4.10. Ni and Al are depleted at the GB, possibly due
to the site competition [62]. It can be seen that the concentration along a GB does not vary very
much. Also, the segregation thickness is about 10nm, which is in agreement with [170]. It was
found there that the holding temperature, cooling rate and vacancy-solute binding energy
strongly affected the segregation thickness. A higher holding temperature, lower cooling rate

and smaller binding energy resulted in a wider segregation layer [118, 119].

Deconvolution based on the method described in [151] has been performed. Assuming a
segregation layer of 2nm and a probe size of 0.73nm, the calculated concentration (Cca) is
slightly larger than the measured one (Cmeas) with a relationship of Cca= 1.0012Cmeas. The
difference is even smaller than the standard error. The reason is a top-hat profile was assumed
in [151] and the probe size is smaller than the thickness of the segregation layer. So this effect

was neglected in this study.
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Figure 4.9 (a) (c) STEM-HAADF images of typical GBs and (b) (d) EDS spectra obtained

from a GB and the grain interior in Ni-Al (a&b) and Ni-Al-P (c&d) water-quenched from 700

°C.
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Figure 4.10 Line-scan profiles across the GB shown in figure 4.9 (c) for Ni-Al-P water-

quenched from 700 °C.
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Figure 4.11 EDS maps of the GB shown in figure 4.9 (c) for Ni-Al-P water quenched from

700 °C.

4.2.3 Effect of misorientation on the segregation concentration

To investigate the effect of GB misorientation on segregation, the misorientation angle is
measured by first calculating the rotation matrix. There are several methods to obtain the
rotation matrix [171-174]. Among these methods, the one proposed by Liu et al. [172] is
relatively easy to operate. Only three different diffraction patterns from each grain are needed.
In this work, a similar method to Liu et al. [172] but with a different coordination system was
used. In their paper [172], they used [100], [010] and [001] to form the rotation matrix. In this
work, the axes with corresponding (o, B) tilt angles of (0°, 0°), (0°, 90°) and (90°, 90°) which
can be calculated from the obtained diffraction patterns were used. This method avoids the
calculation of the angle when [100], [010] or [001] were parallel to the beam direction and also
reduces the matrix calculations involved. Figure 4.12 shows an example of a GB and the

corresponding diffraction patterns obtained from each grain. Then the rotation matrix of each
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grain can be calculated as R1 and Ra. The rotation matrix can be derived by R=R2*R:!. The

tr(R)—1
2

misorientation angle can be deduced by the trace of R as 8=arccos( ). It should be noted

here that the symmetry of the cubic structure should be considered. 24 equivalent combinations
of misorientation angle and rotation axis could be obtained. The one with the smallest

misorientation angle was adopted.

-5.71,11.77 4.77,24.58

Grain B

101

-10.55,2.91 17.61,1.15

Figure 4.12 HAADF image of a low angle GB (13.3°) in Ni-Al-P and corresponding SAD

patterns together with the tilt angle and the angles between two zone axes.

To verify the accuracy of this method, 10 randomly selected GBs were characterised both by
SAD and transmission Kikuchi diffraction (TKD). For TKD, orientation determination is based
on the calculation of the orientation of the corresponding crystal lattice with respect to a
reference frame. Normally a sample reference frame is used and a sequence of rotations is
applied to bring the sample’s frame into coincidence with the crystal lattice frame. More details
can be found in [175]. The results are shown in figure 4.13. It can be seen that the difference
between SAD and TKD is less than 1°, indicating a high accuracy for this method. Using
electron diffraction in a TEM enables the study of GB at the thickness much greater than that

possible in a TKD.
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Figure 4.13 Comparison of the misorientation angles measured by SAD and TKD from 10

randomly selected GBs

Figure 4.14 shows the profiles obtained from GBs in Ni-Al-P alloy water-quenched from 700
¢ C with low misorientation angle (13°), high angle (45°) and twin boundary (60°). The high
angle GB concentration is much higher than that of the low angle GB, while no segregation to

the twin boundary was detected.
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Figure 4.14 P profiles obtained from high angle GB, low angle GB and twin boundary in Ni-

Al-P water-quenched from 700 °C.

At least four point analyses were made from each GB. The detailed relationship between the
misorientation and P concentration at GBs in Ni-Al-P water quenched from 700 °C is shown
in figure 4.15. With increasing misorientation, the P concentration increased until about 45°.
A further increase of the misorientaion angle results in a decline in the segregation level. For

>3 twin boundary, no obvious segregation was detected.
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Figure 4.15 Measured effect of misorientation angle on the averaged grain boundary

concentration of P in Ni-Al-P water quenched from 700 °C.

4.2.4 T) segregation in Ni-Al-P

As the GB concentration is misorientation angle dependent, different segregation levels are

expected at GBs close to a triple junction. It is of interest to investigate the composition at triple

junctions.

Figures 4.16 (a&b) show HAADF images of two TJs in Ni-Al-P water-quenched from 700 °C
where in each case all 3 associated GBs were tilted to align with the electron beam. The
misorientation angles associated with the individual GBs (varing between 32 and 55 degrees)
were determined and are listed in table 4.2. EDS Spectra collected from the TJs and the grain
interior next to the TJs are shown in Figures 4.16 (c&d). Obviously high P peaks can be seen

in the spectra collected from the TJ but not in those from the grain interior, indicating
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segregation of P to the TJ. This is more obvious in the line-scan results shown in Figures 4.16

(e&f). The P concentrations are 2.71 at% and 4.80 at% for TJ-I and TJ-II, respectively.
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Figure 4.16 (a-b) HAADF image of TJ-I and TJ-II, (c-d) spectra collected from the TJs and
the grain interiors and (e-f) P concentration profiles obtained from the line-scan across TJ-I

and TJ-II as shown in (a-b).

Table 4.2 The misorientation angles associated with each GB and the P concentration

measured from each GB, TJ and matrix in a Ni-Al-P sample water quenched from 700 °C.

1 GB Misorientation | GB concentration | TJ concentration Matrix
angle (°) (at%) (at%) concentration
(at%)
GB1 40.8 4.01
TJ-1 GB2 42.0 3.89
2.71 0.09
GB3 53.2 1.78
GB1 43.9 4.12
TJ-II| GB2 32.7 3.25
4.80 0.09
GB3 553 1.59
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Figure 4.17 shows EDS elemental maps obtained from the two TJs. GB and TJ segregation of
P are obvious. As shown in table 4.2, the P concentrations at different GBs are different in that
GB3 has an obviously lower value of segregation than GB1 and GB2, in both cases. This is
shown more clearly in figure 4.18 which presents the spectra collected from the TJs, GBs and
grain interiors. The P concentrations at GBs with misorientation angles of 40-44 ° (i.e. GB1
and GB2 associated with TJ-I and GB1 associated with TJ-II) are higher than that at GBs with
misorientation angles of 33°, 53° and 55°. This is consistent with the results shown in figure

4.15.

Figure 4.17 EDS elemental mapping of TJ-I (upper) and TJ-II (lower)

Figure 4.18 also shows that the P concentration at TJ-I is higher than that at GB3 but lower
than that at GB1 and GB2, while the P concentration at TJ-II is higher than all the constituent

GBs, consistent with the mapping results in figure 4.17.
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Figure 4.18 Comparison of the spectra collected from (a) TJ-I and (b) TJ-II and constituent

GBs shown in figure 4.16.

In the above measurements, the P concentrations at the GBs were measured from positions
located at least a few hundred nanometres away from the TJs. The P concentrations along the
GBs towards TJ-1 were also measured and the results are shown in figure 4.19. While the
concentration of P at TJ-I is about 2.71 at%, the concentration of P increased to about 3.89 at%
over a distance of about 100 nm from TJ-I along GB2. The concentration of P decreased from
2.71 at% at TJ-I to about 1.78 at% over a distance of about 40 nm along GB3. The P
concentration profile along GBI is characterized by a sharp increase to about 4.01 at% within

5 nm from TJ-1.
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Figure 4.19 P concentration profile at the GB measured versus distance from TJ-I along GBs

with different misorientation angle (shown in the image).

4.2.5 Effect of grain size

TEM samples with two different grain sizes were prepared to investigate the effect of the grain
size on GB P segregation in Ni-Al-P water quenched from 700 °C. Figure 4.20 shows secondary
electron images of each sample. It can been seen that the grain size of sample A (~60 um) is

much larger than that of sample B (~40 um).

Figure 4.21 illustrates the P concentration profile obtained from GBs with a similar
misorientation angle from each sample. The GB concentration from sample A with a larger

grain size is much lower than that from sample B.
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Figure 4.20 Secondary electron images of two samples with different grain sizes in Ni-Al-P

water quenched from 700 °C.
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Figure 4.21 P profiles collected across two GBs with similar misorientation angles of 33°

from sample A (of larger grain size) and B (of smaller grain size)
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Figure 4.22 GB concentration versus GB misorientation angles in the Ni-Al-P alloy water
quenching from 700 °C showing the effect of grain size. The grain size of sample A is larger

than sample B.

The P GB concentrations measured in both samples are shown as a function of misorientation
in figure 4.22. The GB content of P in sample B increases with increasing misorientation angle
until 40° and then decreases. The special GBs with X3 and X7 are both low. This is consistent
with the results shown in figure 4.15. Also, the GB concentrations of P in sample B is always

higher than for sample A with the larger grain size.

4.2.6 Effect of cooling rate and aging time

The cooling rates for water quenching, air cooling, furnace cooling with open door and furnace

cooling from 700 °C are estimated to be 200 °C/s, 10 °C /s, 0.5 °C /s and 0.1 °C /s,

respectively. The effect of cooling rate on the GB concentration of P is illustrated in figure
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4.23. With a cooling rate of 0.5 °C /s, the concentration is the highest. A quicker or slower

cooling will result in a lower P concentration at the GB.

(a) (b) -
sk i P 64 = 200°Cis
: e 10°Cls Is p 3
5] A 05°Cls i
= 4l -~ { voros . I
g £ 4 gt R
z % 1 15 % i
2 sl 2 34 é?z i ] IS
£ : ] e iy 1 SH
s S 2 i fi |}
o
52r 5 ik
2 s =
1k = [
and sl Aa s aassal M sl Aol T T T T T T
0.01 01 1 10 100 1000 0 10 20 30 40 50 B0

Figure 4.23 (a) Effect of cooling rate from 700 ° C on the GB concentration of P and (b) GB P
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Following a water quench from 1000 °C, the aging time dependence at 500 °C of the GB
concentration of P is shown in figure 4.24. It can be seen that the GB concentration of P
increases with aging time until 12h. A further increase of aging time leads to a reduction in the

P concentration.

4.3 Discussion and analysis

4.3.1 ES and NES

For a quenched sample, the segregation is developed during high temperature holding or
quenching because segregation at room temperature can be neglected due to the low diffusion
rate (see below). However, the diffusion mechanisms during these two stages are different. On
holding at high temperature, ES takes place. P diffuses to the GB through a vacancy-mediated
mechanism. The driving force is the energy difference between two states in which P is either
in the grain interior or at the GB [16]. In both states, lattice distortions are induced by P.
However, the distortion is smaller at the GB due to the free volume of the GB. For NES during
quenching, P diffuses to the GB via P-vacancy complexes. At high temperature, the
concentrations of vacancies (V), solute atoms (P) and complexes (C) are in equilibrium. During
cooling or aging, a new equilibrium between V, P and C is set up at the GB with a lower
concentration of the complexes as GBs are vacancy sinks. In the grain interior, the
concentration of vacancies remains and the concentration of complexes increases according to
equation 2.21. This results in a concentration gradient of the complexes and acts as the driving
force for P to segregate to the GB. Complexes decompose at the GB, resulting in a pileup of P
at GB [107]. At the same time, P back-diffuses to the grain interior via vacancies due to the P
gradient between the GB and the grain interior. At first, diffusion of the complexes dominates.
After a particular time, diffusion of P to the grain interior dominates. This particular time is

called the critical time at which the segregation concentration reaches the maximum [107].

The critical time can be calculated as [1, 3] (see Appendix A26 and equation 2.25)
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_r%In(D./Dy)

= 4.1
¢ S(Dc - Di)

where r is the grain radius, § the critical time constant, and D, and D; the diffusion coefficients

for complex and solute, respectively.

Table 4. 3 Parameters used in the calculation of the critical time [68].

Self-diffusion coefficient of Ni, m?s™ 1.27x10%exp(-2.9 eV/KT)
Vacancy formation energy, eV 1.5
Diffusion coefficient of P in Ni, m?s? 1x108exp(-1.78 eV/KT)

Diffusion coefficient of complexes, m?s? 4.23x10%exp(-1.4 eV/KT)

Critical time constant & 47
P-vacancy binding energy, eV 0.33
P matrix concentration, at% 0.1
Grain size, pm 40

Calculated using the parameters list in table 4.3 [68], the critical time is about 12.8s and
5.9x10%s at 700 °C and room temperature, respectively. That is why the segregation at room

temperature can be neglected.

During quenching, another parameter called the effective time is used to characterize the
segregation. By dividing the cooling curve into n steps each with a holding time of t; at

temperature of Tj, the effective time equivalent to holding at Ti can be calculated by assuming

that the diffusion distance during the j™ step is the same as holding at Ti for tg, where
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Dc(Ti)té = Dc(Tj)tj 4.2

Then the effective time can be calculated by summing the tg as [103]

te = Xj=1 tiexp(—E4(T; — T)) /kT;T;) 4.3

where Ea is the activation energy of the complex diffusion. Calculation of te requires the
quench rate value, which is not available. However, as discussed in Ref. [118], the temperature

as a function of cooling time may be approximated by

T = Tyexp(—¢t) 44

where ¢ is the cooling rate parameter, which is 1s™ for water quenching and small samples

[118].

By using the effective time, the non-isothermal process can be made equivalent to an isothermal
process. The effective time correspond to 450 °C was calculated as 17.98s on cooling from 700
°C, which means that the GB segregation developed during cooling process is equal to that
developed during a holding time of 17.98s at 450 °C. It should be noted here that the
contribution from each step is quite different as the diffusion coefficient is different. Figure
4.25 shows the effective time of each step with a holding time of tj at temperature of Tjand the
total effective time by temperature T. It can be seen that the effective time decreases with

temperature. Below 450 °C, the effective time at each step can be neglected.
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Figure 4.25 (a) The effective time of each step and (b) the total effective time at different
temperatures corresponding to 450 °C when water quenched from 700 °C. The holding time

for each step is 0.002s

If neglecting the NES process during the aging at room temperature, the measured
concentration of P at GB can be attributed to the combination of ES when holding at high

temperature and NES during quenching.

The maximum ES concentration can be calculated by [16] (see equation 2.5)

g Co (AG)
1-Cn 1-C PURT 4.5

Where Cj is the bulk concentration (0.1 at%) and AG is the segregation energy. No available
data has been found for the segregation energy of P in Ni. According to the results in section
4.2.6, the P concentration aged at 500 °C for 24h is only less than 1.5 at%. The time to reach
90% ES concentration can be estimated as 19h [176]. This means ES has been reached. Using
1.5 at%, the segregation free energy can be calculated as -17.4kJ/mol. Then the maximum ES
concentration at 700 ‘C can be calculated as 0.86 at%, which is small enough and can be

neglected. Another reason that ES was not considered is the low diffusion coefficient of P via
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vacancy. Using the parameters list in table 4.3, the diffusion coefficient of P via vacancy can

be calculated and is 6 orders lower than that of P via complexes.

NES during quenching can be calculated by considering the iso-thermal kinetics and the
effective time. When annealing at temperature T, the GB concentration at the segregation stage,

C,s(t), is given by [3, 115] (see equation 2.28)

Cps(t) — Cy — 1 exp (4Dct> orfc 2 Dct)

(T — @262 ab 45
where Cp"(T) is the maximum NES level during cooling from To to T, C; the bulk
concentration and a is the NES ratio, given by Cp*(T)/C,, 0 is the segregation width, 10nm in
this work. At the desegregation stage, P diffuses from the GB to the bulk via vacancies. So the
GB concentration at the desegregation stage can be written as [3, 115] (see Appendix A36 and

equation 2.29)

[Cbs (tc) ]

Cpa(t) = C +{ >

0 0 4.6
" {erf L/16Di(t - tc)l - erfl_./mui(t - tc)l}

C;*(T) after cooling from To to TL can be calculated by (see Appendix A42 and equation 2.24)

Ey  EP —Ef EP-Ef

m —
€' (1) = Gy exP kT, 4.7

where Ep* is the binding energy of the vacancy to the solute P and Ef is the vacancy formation
energy. According to [148], an appropriate Ti should be chosen rather than room temperature
because diffusion can be neglected below a certain temperature. For example, 580 “C was
chosen when calculating the NES of P in a 2.25Cr-1Mo steel in [148], while 450 °C was used

to calculate the NES of B in a Fe-30Ni% alloy, Al in Inconel 600, Cr in 2.25Cr-1Mo steel and
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Sn in 2.25Cr-1Mo0-0.08Sn in [115]. As stated in [148], the calculated result is sensitive to the
chosen temperature below which the diffusion can be neglected. Three different temperatures
were chosen for the calculation: 400 °C, 450 °C and 500 °C. Using the parameter list in table
4.3, the concentrations were calculated and are compared with the experimental results in table
4.4. When the chosen temperature Ti increases from 400 to 500 °C, the maximum NES level
decreases dramatically, as well as the theoretical concentration of P during quenching. The
calculated results are consistent with experimental results, especially when the temperature Th

is chosen to be 450 °C.

Table 4.4 Calculated and experimental P concentrations after water quenching

Temperature Th, °C 400 450 500

CIM(Ty), at% 11.00 2.73 0.81

Cp,(t,) (cal.), at% 5.08 2.19 0.76
C,(t,) (exp.), at% 1.71+0.98

According to [107], equation 4.7 is based on an assumption that the concentration of the
complex in the grain interior remained consistent during cooling and thus the equilibrium
concentration of the complex at the GB is equal to that in the grain interior at high temperature.
However, a calculation of the concentration of the complex in section 2.4.1 indicated that the
complex concentration at low temperature is much lower than that at high temperature. Also,
the complex concentration decreases with decreasing temperature. So, the assumption made in

[107] would overestimate solute concentration at the GB, especially for low temperature.

Though accurate decoupling the ES and NES is not possible in this work, the calculated
diffusion coefficients of P and of the complexes indicate that the diffusion of the complexes is

much quicker than that of P via vacancies, meaning that NES made the dominant contribution
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to the measured concentration. Another piece of evidence of the dominant NES is the
segregation width, which is about 10nm. Due to the different mechanisms of ES and NES, the
resultant segregation profiles are also different in each case. For ES, the driving force is the
energy difference when the solute atom locates in the matrix or at the GB. Only when the solute
atom takes the GB site, which is several atomic layers thick, can the system energy be reduced.
So the segregation profile is very narrow with a top-hat shape [177]. For NES, the driving force
is the concentration gradient of the complex. Thus a broader profile is expected. Though the
measured profile will be wider than the theoretical profile due to beam broadening, Monte
Carlo simulation shows that the full width at tenth maximum of the probe profile in the exit
surface is less than 2nm. This will not produce a measured profile with a width of about 10nm,
which is the typical width of the GB segregation measured. This means that NES dominates

the segregation process although ES may also exist.

There are two methods to decouple accurately ES from NES. One is in-situ heating, which has
received increasing attention during the past several years due to the development of in-situ
instruments [178]. The other is via minimizing the effective time by changing the cooling rate.
If the cooling rate is high enough, the effective time will be small enough to be neglected. Then

the measured results can be attributed to ES [102].

4.3.2 Effect of misorientation

The difference arises from the different GB configurations. With increasing misorientation, the
GB becomes more irregular. More available sites can be supplied for P to segregate to [179].
By atomistic molecular dynamics simulation, the GB free volume has been found to increase
with misorientation angle until 50°, and then to decrease (figure 2.3) [55]. This is consistent
with the results by first-principle calculations [56]. However, some special GBs like twin
boundaries are exceptional. These GBs are much more regular than normal large angle GBs
and the number of available sites for P to occupy is much smaller than for a random large angle
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GB. This results in a lower GB concentration of P. This is consistent with the results reported

in [54].

4.3.3 TJ segregation

To the author’s best knowledge, Yin et al [180] reported the first experimental measurement
of TJ chemical composition, performed using EDS on a nano-crystalline Cu sample. While
their experiment clearly showed the segregation of Bi to the GB and TJ, no experimental details
about the alignment of the GBs and the TJ with the electron beam were given. As mentioned
earlier the alignment of a TJ with the electron beam in a nano-crystalline sample is practically
very difficult. Based on a purposely prepared tricrystal foil, Sorbello et al [168] observed the
segregation of impurity elements (P and Sn) to a TJ after tilting one of the three GBs to an edge
on condition. More recently, 3D atom probe studies [181-183] have reported the segregation
of Bi to the TJs in Ni and C segregation to TJs in steel. Molecular dynamics and Monte Carlo
simulations indicated that Mg segregated to TJs in Al and resulted in the formation of
nuclei of an ordered phase [184]. Due to the existence of free volume at the TJ, it can serve as
a vacancy sink, just like a GB and a surface [185]. In the present work, it is likely that the fast
cooling during the water quench from 700 °C led to vacancy annihilation at the TJ and hence
to a concentration gradient between the grain interior and the TJ. The subsequent diffusion of
the solute-vacancy complexes to the TJ thus led to the observed TJ segregation. As suggested
in [180], the different TJ concentrations measured can be attributed to the structural
differences between the TJs which are dependent on the misorientation angles and planes
of the constituent grain boundaries. A quantitative relationship is currently not available and
also out of the scope of the current thesis, due to the complexity of the TJ structure. The number
of degrees of freedom needed to describe a TJ and the constituent grain boundaries suggest that
misorientation is, but not the sole parameter that one should consider in defining the structure

and therefore understanding the chemical segregation to a TJ.
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It is generally agreed that a TJ has a larger free volume and therefore a faster diffusion path
than the constituent GBs. For instance, the TJ diffusion coefficients of Ni in Cu [181-183], Zn
in Al [58] and Ge in Si [164] are 2-3 orders of magnitude higher than the corresponding GB
diffusion coefficients. Molecular dynamics simulation [163] has also confirmed that TJ
segregation would be expected to be larger due to the large free volume. This is consistent with
the experimental results of Bi in Cu where the Bi concentration at TJ was higher than those at
both a special GB and at random large angle GBs [180]. Monte Carlo simulation results also
indicate that Pd segregated to the TJ more than to special GBs [186]. According to this, one
would expect that the P concentration at TJs should always be higher than that at GBs. However,
this contradicts the current results which show that the P concentration at the TJ can be lower
than that at the constituent grain boundaries (cf. 2.71 at% at TJ-1 versus 4.01 at% at GB1 and
3.89 at% at GB2). This suggests that the free volume is not the only factor that determines the
TJ segregation level. Although the electron probe size is small (0.73 nm), the electron beam
spreading within the specimen may lead to an underestimate of the segregation level, but in
fact the higher P concentration at TJ-2 than that at all three constituent GBs implies that the P

segregation measurement at the TJ cannot be controlled by electron beam spreading.

Using Monte Carlo simulation, the segregation of Y in Mg to a TJ composed of 2 twin
boundaries and 1 random high angle GB was investigated [169]. It was found that the Y
concentration at the TJ is composition dependent and can be lower than for a random high
angle GB and even a twin boundary although the average free volume of TJ was always higher
than that of the other GBs. Some of the fee volume cannot serve as segregation sites due to a
large anisotropic factor [169]. In addition the anisotropic factor of the free volume, the shortest
interatomic distance and coordination number of Mg at the TJ were regarded as secondary

factors affecting the Y segregation. The simulation results suggested that high free volume,
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small anisotropic factor, large nearest atomic neighbour distance and high coordination number

enhance the segregation level [169].

Another possible reason that TJ concentration is not necessarily higher than GBs can be
explained by the binding energy and the activation energy of vacancy diffusion. As discussed
in [107], vacancy annihilation at a GB results in a gradient of the complex and the enrichment
of solutes at a GB. Vacancy annihilation depends on diffusion along the GB [187]. If the
vacancy migration energy is small, the vacancy will find an interstitial site and annihilate. So,
GB diffusion of vacancies plays a key role in determining the segregation level [185]. Using
molecular statics modelling along with the nudged elastic band method, the binding energy
between a vacancy and the GB and the activation energy of vacancy diffusion at several TJs in
Al, Cu and Ni were calculated [185]. Due to a large binding energy with the TJ of upto 1.2 eV,
the activation energy of vacancy diffusion at TJ in Ni was found to be larger than that in Al
and Cu, within the range 2.26 eV to 2.57 eV. This can be higher than the activation energy of
vacancy diffusion along GBs. For example, the activation energy of vacancy diffusion
determined using molecular statics based on embedded-atom-method potentials was below
1.8 eV along X5 (210) boundaries in Ni [188], which is consistent with other calculations
for £5 (1.5 eV), 211 (1.8 eV) and 237 (1.7 eV) GBs [59]. Therefore, the higher activation
energy for vacancy diffusion contributes to a lower mobility of the vacancy along the TJ and
eventually a lower TJ segregation level compared with that at the GBs. Therefore the relative
segregation level at TJ with regard to that at the constituent GBs has a contribution from both
the structural parameters such as the free volume, anisotropic factor, atomic distance,
coordination number and also the atomic diffusion characteristics including the binding energy

and activation energy.

As shown in figure 4.19, the P concentration on GBs varies with distance from the TJ. Similar
observations have been reported where the Bi concentration along the GB varies within a
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distance of 5 nm to 80 nm from a TJ in Cu [15]. Two possible reasons have been proposed
regarding the interplay between a TJ and its constituent GBs [180]. If the sample is in
equilibrium, the concentration gradient can be attributed to the decaying strain field of
the TJ at the constituent GBs [189] which may alter the GB structure, especially the
size and/or the geometry of the free volume available for the segregation. If the sample is in
a non-equilibrium state such as is the case in the current study, the concentration gradient may
result from the diffusion of solute atoms from the TJ to the constituent GBs or in the reverse

direction, depending on the structural characteristics and atomistic diffusion characteristics.

4.3.4 Effect of grain size

This can be interpreted via the critical time and effective time. As the critical time is
proportional to the square of the radius, it is much higher for sample A with larger grain size
than for sample B. While for effective time, it only depended on the initial temperature, final
temperature and the cooling rate. The effective times for both samples were the same, as they
experienced the same process. According to the calculated results in section 4.3.2, the effective

time is smaller than the critical time.

According to Faulkner’s theory [1, 2], the maximum segregation does not depend on the grain
size. Larger grain has longer critical time. The effect of grain size can be illustrated in figure
4.26. At the effective time te which is smaller than the critical time tc, the concentration for
grain size A (larger) is lower than that for grain size B. However, the underlying mechanism is
not clear as the diffusion coefficient and diffusion time thus the diffusion distance are the same

for smaller and larger grain size.
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Concentration

Time

Figure 4.26 Calculated grain size effect on the grain boundary concentration based on
equation 4.5 and 4.6. A and B represent different grain sizes and A>B. te is the effective time

during quenching from 700 °C.

Based on Wu’s model [4], the diagram of the P concentration profile with time for different
grain sizes (A>B>C>D>E) is shown in figure 4.27. It can be seen that with decreasing grain
size, the concentration peak shifts to the left. Also, the maximum concentration decreases with
grain size. At the effective time fe, the GB concentration increased with decreasing grain size
until C where the critical time for C is equal to the effective time and the concentration
difference reaches a maximum. A further decrease of grain size would result in a decrease of
the GB concentration as the effective time exceeds the critical time. The critical grain size
corresponding to a maximum GB concentration can be calculated by equating the effective

time and the critical time. For example, it is about 6 um when quenched into water from 700

°C.
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Figure 4.27 Calculated grain size effect on the grain boundary concentration based on Wu’s
theory [4]. A, B, C, D and E represent different grain sizes and A>B>C>D>E. t. is the

effective time during quenching from 700 °C.

It was found in section 4.2.6 (figure 4.23 and 4.24) that the segregation level during cooling
from 1000 °C is lower than that from 700 °C. The reason is also due to the size effect. The grain
size of the sample cooling from 1000 °C is much larger than that from 700 °C, resulting in a

lower segregation according to [4].

A critical grain size exists for each specific set of conditions, i.e. holding temperature, cooling
rate or aging time. Under these conditions, the P concentration at the GB increases with grain
size until the grain size equals the critical grain size and then it decreases. This is caused by the

critical time and is therefore a characteristic of NES. For ES, this is quite different. According

. . 6 . o . L
to equation 2.13, the condition C, > % Cgp 1s met in this work. This means that grain size has
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no effect on the segregation level if ES is the dominant mechanism, which is inconsistent with

the experimental results. Thus a NES dominant mechanism is again confirmed.

4.3.5 Effect of cooling rate and aging time

Based on the theory in section 4.3.1, the effective times corresponding to 700 °C during cooling
can be calculated as 0.26s, 5.2s, 104s and 622s for water quenching, air cooling, furnace
cooling with the door open and furnace cooling, respectively. Then the cooling rate dependence
can be replotted as the relationship between effective time and GB concentration, as shown in

figure 4.28. The critical time at 700 °C is 133s, which is quite close to our experimental result.

Based on the parameters used in section 4.3.1, the temperature below which diffusion of the
complex can be neglected is chosen to be 450 °C. Then the segregation profile can be calculated
using the parameters in table 4.3. The calculated results are shown in figure 4.29 and are

compared with the experimental results.
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Figure 4.28 GB P concentration dependence on the effective time cooling from 700 °C at

different rates
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From figure 4.29 it can be seen that the calculated concentration during segregation is slightly
smaller than the experimental results, while it is much lower during the desegregation stage.
This indicates an overestimation of the diffusion coefficient of P via vacancies in Ni as it is the

dominant process during desegregation.
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Figure 4.29 Comparison of the calculated and experimental GB P concentration during

cooling from 700 °C at different rates

Another problem of Faulkner’s [1, 2] and Xu’s theory [115] is that the grain size is not taken
into consideration. Our experiments clearly indicate that smaller grain size leads to higher
segregation when the effective time is smaller than the critical time. Also, the segregation
kinetics measured during cooling and aging demonstrate that the maximum segregation level
is grain size dependent. Wu [4] considers the effect of grain size by dividing the segregation
process into two steps, i.e. the diffusion of the complexes towards the enriched region close to
the GB and the mass transfer at the interface between the segregation region and the grain
interior (figure 2.11). Smaller grains have larger transfer coefficient and thus higher

segregation levels at the segregation stage, while in the desegregation stage, more solute
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diffuses to the inner grain due to the higher transfer coefficient in smaller grains, resulting in a
lower grain boundary concentration. Based on this theory, the segregation kinetics can be

described by (see Appendix A67) [4]:

Cgb (t) 4.

(ky —k)Chp — ke(a — DCipe™VE + [ky(aCdy — Cly) — kea(Chy — Chp)le™ 3
(ky — ko)[1 + (a — e~ vi]

where Cg"b is the transformed solute concentration in the non-segregation zone, CJ,, the initial

concentration and ky, k. and o are defined as [4]

ky = 12D,y exp (—g—;) /d? 4.9
12(d — 26)D _ 8
L. = ( )Doc exp (17 4.10
€ d3 — (d — 26)3
a = exp[Qf(To — T/kT,T] 411

where Q, and Q. are the migration energies of the vacancies and complexes respectively and

Qy is the vacancy formation energy.

This formula is used to fit the experimental results obtained from the aged samples using the
method described in [4] and the results are shown in figure 4.30. By assuming that the pre-
exponential constant for both vacancy and complex diffusion is 5x10° m?s [2], the migration
energies of vacancy and complex can be derived from k;, and k. as 1.34 eV and 1.9 eV,
respectively. This is consistent with the results of P in CrMo steel and low carbon steel [2]. By
fitting the experimental data in ref. [109, 190, 191], the migration energies of the vacancy and

complex are determined as 1.24-1.80 eV and 1.91-2.17 eV [4].
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Figure 4.30 Experimental and fitted GB concentration of P during aging at 500 °C after

water-quenched from 1000 °C.
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Figure 4.31 Experimental and calculated GB concentration of P during cooling from 700 °C

using the fitted parameters.

Using the parameters obtained, the kinetic profile during cooling can be calculated and

compared with the experimental results as shown in figure 4.31. It should be noted here that
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the effective time is calculated again using the fitted parameters. A very good agreement

between the experimental results and calculations validates the theory proposed by Wu [4].

Research indicates that the effect of P on the mechanical properties is concentration dependent.
A higher P concentration at the GB increases the nucleation rate of GB carbides, leading to
finer and more evenly distributed carbides compared with at a lower P concentration. This is
beneficial for the stress-rupture properties. A further increase in P concentration results in the
formation of large blocks of carbides or ellipsoids and a reduction of the stress-rupture life [12].
P retards the diffusion of oxygen along GBs and protects the GB from oxidation, eventually
improving the creep life. But if the GB concentration of P is in excess, the cohesive strength of
the GB will become lower, leading to a reduction of the creep properties [8]. First-principles
calculations also indicate that there exists an optimum concentration for P segregation in the
GB region when the P-segregated GB can be even as strong as a clean GB [26]. As discussed
above, the factors affecting the GB concentration of P include holding temperature, cooling
rate, aging temperature and grain size. By altering these parameters, it is possible to derive an

optimum GB concentration for the P.

4.4 Conclusions

1. GB segregation of P after cooling or aging was detected at small and large angle GBs using
STEM-EDS. Comparisons of the diffusion coefficients of P via vacancies and complexes
indicate the enrichment at GB is mainly caused by NES. The GB P concentration is higher in
boundaries with larger misorientation and no segregation to twin boundaries has been observed.

This is caused by the larger excess free volume at high angle GBs than in low angle GBs.

3. Triple junction segregation was observed. However, the concentration at a triple junction
can be lower than at GBs. A concentration gradient along the GB near the triple junction existed

on the GBs with a width of 5-100nm.
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4. When the effective time is smaller than the critical time, the GB concentration of P decreases
with increasing grain size. Based on a theoretical analysis, a critical grain size of 6 pum is

expected during quenching from 700 °C.

5. A critical cooling rate corresponding to furnace cooling with the door open exists when the

GB concentration reaches a maximum. This is consistent with the calculations.

6. When aging at 500 °C, the GB segregation increased until 12h and then decreased. The

calculation of the critical time based on NES agreed well with the experimental results.

7. The calculated profile during cooling from 700 °C at different rates deviated from the
experimental results, especially during the desegregation stage. The calculated concentration
is much lower than the experimental results, indicating an overestimate of the solute diffusion

coefficient.
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Chapter 5 Interaction between P and Cr/Mo

5.1 Introduction

In the work reported in the last chapter, a very simple ternary alloy Ni-6Al-0.1P was used to
investigate the GB segregation of P. Modern superalloys contain more than ten kinds of
alloying elements, among which Cr is mainly used to improve the oxidation resistance and Mo
is beneficial to strength by forming precipitates. In such a complex system, the effect of inter-
elemental interaction on segregation is quite important. There are many experimental results
on the ES or NES of Cr and Mo in steel and Ni-base alloys with or without P. Segregation of
Cr/Mo in steel and Ni alloys has been attributed to Cr/Mo-vacancy complex diffusion (NES),
vacancy-mediated diffusion (ES) and an interaction with C/B/N/P (NES and ES). However, all
previous studies were on samples containing C which makes the mechanisms validation
impossible. In this chapter, we will measure the GB segregation behaviour in Ni-Al-Cr/Mo
with and without P but free from C/B/N. All three mechanisms will be discussed in the context

of the results.

5.2 Experimental results

5.2.1 Microstructure

The alloys used in this study are Ni-6AI-6Cr, Ni-6Al-6Cr-0.1P, Ni-6Al-2Mo and Ni-6Al-2Mo-
0.1P (at%) prepared by plasma melting. After solid solution heat treatment at 1300 °C for 48
h, sample homogeneity was checked via line-scans over a large area. The SEM images and
corresponding EDX profiles for Ni-Al-Cr and Ni-Al-Mo are shown in figure 5.1 and figure 5.2,
respectively. No macro-segregation has been observed in either sample. Similar results were

obtained for the samples with P addition but are not shown here.
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Figure 5.1 SEM image and corresponding profiles (line 5) of Ni-Al-Cr concentrations after

solution heat treatment
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Figure 5.2 SEM image and corresponding profiles (line 3) of Ni-Al-Mo concentrations after

solution heat treatment

Alloy compositions were measured by point analysis. Spectra from each of Ni-Al-Cr-P and Ni-
Al-Mo-P are shown in figure 5.3 and figure 5.4, respectively. A small but obvious P peak
appears in both spectra. The compositions derived from each spectrum and an averaged one
are listed in table 5.1 and table 5.2. The standard errors ¢ are included in red in parentheses.

The measured results are close to the nominal compositions for both alloys.
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the spectra showing a weak P peak

the spectra showing a weak P peak

Cr-P after solid solution heat treatment

Figure 5.3 SEM image of Ni-Al-Cr-P showing the positions of the point analyse and one of

Figure 5.4 SEM image of Ni-Al-Mo-P showing the positions of the point analyse and one of

Table 5.1 Compositions (at%) measured from each point and the averaged results in Ni-Al-

Sff;égm Al p Ni Cr
Spec 110 | 6.13(0.04) | 0.09(0.02) | 87.54(0.05) | 6.24(0.04)
Spec 111 6.02 0.14 87.66 6.18
Spec 112 6.07 0.11 87.57 6.25
Spec 113 6.06 0.14 87.57 6.22
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Spec 114 6.00 0.13 87.66 6.20

Spec 115 5.99 0.12 87.75 6.14

Spec 116 5.94 0.10 87.70 6.25

Average 6.03+0.06 0.12+0.02 87.64+0.08 6.21+0.04

Table 5.2 Compositions (at%) measured from each point and the averaged results in Ni-Al-

Mo-P after solid solution heat treatment

Spectrum
Label

Spec 26 6.11(0.04) | 0.10(0.02) | 91.81(0.05) | 1.99(0.03)

Al P Ni Mo

Spec 27 6.11 0.10 91.74 2.05
Spec 28 6.06 0.10 91.84 2.00
Spec 29 6.07 0.13 91.83 1.97
Spec 30 5.96 0.12 91.89 2.03
Spec 31 5.96 0.13 91.95 1.97
Spec 32 5.88 0.11 92.04 1.96

Average 6.02+0.09 0.11+0.01 91.87+0.10 2.00+0.03

EBSD orientation maps of the Ni-Al-Cr and Ni-Al-Mo specimens after annealing at 700 °C for
2 h are shown in figure 5.5. It can be seen from figure 5.5 that Ni-Al-Cr is fully recrystallized.
For Ni-Al-Mo, the whole area is from one grain and the colour varies due to the large strain.
This indicates the sample is not recrystallized. A STEM-HAADF image of Ni-Al-Mo annealed
at 700 °C for 2 h (figure 5.6) shows that the dislocation density is very high, meaning that the
recrystallization is not completed. The retardation effect of Mo on the recrystallization of steel

due to solute drag has been reported [192]. With Mo concentration increasing from 0.18 to 0.38
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wt% in a low alloy steel, the time corresponding to half recrystallization at 850 °C increased

from 75 s to 216 s [192].

™ T00pm * T00pm "

Figure 5.5 EBSD orientation maps after 2 h at 700 °C of (a) Ni-Al-Cr and (b) Ni-Al-Mo.

Figure 5.6 HAADF image obtained from Ni-Al-Mo after 2 h at 700 °C showing high density

of dislocations.

The microstructures of Ni-Al-Mo after annealing at 700 °C for different times are shown in
figure 5.7. Only after 8h the sample became fully recrystallized. So, 8 h has been used as the

recrystallization time.
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Figure 5.7 Optical micrograph showing the microstructure of Ni-Al-Mo after annealing for

(1) 1 h, (b) 2 h, (c) 4 h and (d) 8 h at 700 °C.

5.2.2 Segregation of Cr/Mo in Ni-Al-Cr/Mo

The line-scan profiles across GBs in Ni-Al-Cr and Ni-Al-Mo water quenched from 700 °C are
shown in figure 5.8 and figure 5.9, respectively. It is obvious that Cr and Mo are not enriched

at the GBs. The same results were observed in samples air or furnace cooled from 700 °C.

—Ni
80t —Al

Cr

Concentration (at%)

0 1 1 1 1
0 5 10 15 20

12659

MAG: 910kx HV: 200kV

Distance (nm)

Figure 5.8 HAADF image of a typical GB (28.6°) in Ni-Al-Cr water quenched from 700 °C

and the corresponding line-scans
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Figure 5.9 HAADF image of a typical GB (35.2°) in Ni-Al-Mo water-quenched from 700 °C

and the corresponding line-scans

It has been shown that the GB segregation level increases with the temperature at which the
sample was held and that there is a critical temperature below which no segregation will be
detected [118, 119]. So, a higher temperature of 1200 °C was used for the recrystallization heat
treatment, following by different cooling rates. For both alloys and with different cooling rates

(water quenching, air cooling and furnace cooling), no segregation of Cr and Mo was observed

(figures 5.10-11).
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Figure 5.10 HAADF image of Ni-Al-Cr air-cooled from 1200 °C and corresponding line-
scans cross the GB (37.4°).
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Figure 5.11 HAADF image of Ni-Al-Mo air-cooled from 1200 °C and corresponding line-

scans cross the GB (48.1°)

The results are inconsistent with previous results, which showed that Cr/Mo segregated to the
GBs of steel and Ni alloys during cooling [118, 119, 149, 158]. Possible reasons for this will

be discussed in section 5.3.1.

5.2.3 Segregation of P and Cr/Mo in Ni-Al-P-Cr/Mo

A GB line-scan from Ni-Al-Cr-P water quenched from 700 °C is shown in figure 5.12. P was
enriched at the GB while Cr was depleted. This is consistent with the elemental mapping shown
in figure 5.13. In the samples which were cooled from 700 °C at different cooling rates and in

the samples aged at 500 °C for different times, enrichment of P and depletion of Cr at the GBs

were also observed.
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Figure 5.12 HAADF image obtained from a typical GB in Ni-Al-Cr-P water-quenched from

700 °C and the corresponding line-scan carried out along the red arrow in the HAADF image.
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Figure 5.13 Elemental maps collected from the same GB shown in figure 5.12

Point analyses from Ni-Al-Cr-P water-quenched from 700 °C were performed and the
measured concentrations at the GB and in the matrix are listed in table 5.3. The GB P

concentration was much higher than that in the matrix, while Al, Cr and Ni are depleted.
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Table 5.3 Measured concentration (at%) at GB and matrix in Ni-Al-Cr-P water-quenched

from 700 °C.
Spectrum Al P Cr NI
5.88 0.02 5.79 88.31
6.12 0 5.98 87.89
Matrix
6.17 0.31 5.93 87.59
5.96 0.36 5.64 88.04
Average 6.03+0.14 0.17+0.19 5.84+0.15 87.96+0.30
5.87 3.56 491 85.66
5.49 3.7 4.82 85.98
GB
5.37 35 5 86.13
5.64 3.17 5.12 86.07
Average 5.59+0.22 3.48+0.22 4.96+0.13 85.96+0.21

Similar to Ni-Al-Cr-P alloy, the GB line-scans from Ni-Al-Mo-P (figure 5.14) indicated that P
segregated to the GB, while Mo was depleted at the GB. According to the elemental mapping,
it is not very obvious that Mo desegregated from the GB (figure 5.15). This is possibly due to
the low concentration of Mo and the small difference in concentration between the GB and the
matrix. Mo depletion could, however, be confirmed by point analysis, as listed in table 5.4.

The concentration difference of Mo between GB and matrix is less than 0.5 at%.
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Figure 5.14 HAADF image of a typical GB in Ni-Al-Mo-P water-quenched from 700 °C and

the corresponding line-scan.

Figure 5.15 Elemental maps collected from the same GB as shown in figure 5.14.

Table 5.4 Measured concentrations (at%) at the GB and in the matrix in Ni-Al-Mo-P water-

quenched from 700 °C.
Spectrum Al P Mo Ni
6.37 0.09 2.08 91.45
6.19 0.07 1.95 91.78
Matrix
6.38 0.07 2.11 91.44
6.19 0.10 1.98 91.73
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Average 6.28+0.11 0.09+0.02 2.03+0.08 91.60+0.18
5.06 4.17 1.72 89.05
5.24 4.16 1.79 88.81
GB
5.12 4.23 1.75 88.80
5.35 3.94 1.83 88.93
Average 5.19+0.13 4.13+0.13 1.77+0.05 88.91+0.12

Similarly to Ni-Al-P, triple junction segregation of P in Ni-Al-Cr and Ni-Al-Mo has also been

observed and is shown in figure 5.16 and figure 5.17, respectively.

Figure 5.16 HAADF image of a TJ and corresponding elemental maps in Ni-Al-Cr-P water-

quenched from 700 °C
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Figure 5.17 HAADF image of a TJ and corresponding elemental maps in Ni-Al-Mo-P water-

guenched from 700 °C

The relationship between the GB Cr and Mo concentrations at the GB and the P concentration
at the GB From Ni-Al-Cr-P and Ni-Al-Mo-P cooled from 700 °C at different rate is shown in
figure 5.18 and figure 5.19, respectively. With increasing P concentration, the Cr and Mo
concentration decreased. Linear least squares fitting shows that the relationship between the P

and the Cr/Mo concentration at the GB is
CEB = (5.90 4+ 0.08) — (0.35 + 0.02) = C5E
C&8 = (2.1340.03) — (0.08 + 0.01) = CS®B

The fitting parameters R? for Cr and Mo is 0.91 and 0.95, indicating a good fitting. This is
contradictory to previous results which indicated that P and Cr or Mo co-segregated to the GB.
P and Cr or Mo co-segregation has been reported in 2.25Cr1Mo steel quenched from 1100 °C
using EDS and interpreted as being due to an attractive interaction between P and Cr or Mo
[108]. Similar results have also been observed in an industrial steel [109], 12Cr1MoV steel [21]
and Fe-Cr-P alloy [19] by AES. Also, increasing the P concentration promoted the segregation
of Cr [19]. In a Ni-Cr alloy and IN 718, P and Cr or Mo co-segregation was measured by AES
and attributed to the strong interaction between P and Cr or Mo [20, 62]. Possible reasons for

the differences from my results will be discussed in section 5.3.2.
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Figure 5.18 Dependence of GB Cr concentration on the GB P concentration in Ni-Al-Cr-P

cooled from 700 °C at different rate (water quenching, air cooling, furnace cooling)
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Figure 5.19 Dependence of GB Mo concentration on the GB P concentration in Ni-Al-Mo-P

cooled from 700 °C at different rate (water quenching, air cooling, furnace cooling)
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The GB concentrations of P during cooling from 700 °C with different cooling rates in Ni-Al-
Cr-P were measured and are shown in figure 5.20. A critical cooling rate existed where the GB
concentration reached a maximum. A higher or lower cooling rate led to a reduction in the GB
P concentration. This indicated that P diffused to the GB via non-equilibrium segregation,
consistent with the results in Ni-Al-P. Compared with Ni-Al-P, the critical cooling rate is
smaller. This means the critical time is larger than that of Ni-Al-P (figure 5.20). The reason is
that the grain size of Ni-Al-Cr-P is much larger than for Ni-Al-P and the critical time is

proportional to the square of the grain size.
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Figure 5.20 Effect of cooling rate and the calculated effective time on the GB P concentration

in Ni-Al-Cr-P

The experimental results were fitted based on Wu’s theory (Equation 4.8) [4] (figure 5.21). The

parameters obtained are quite close to those for Ni-Al-P, with a slightly higher complex

diffusion migration energy.
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Figure 5.21 Comparison of the calculated and experimental P concentration at the GB in Ni-

Al-Cr-P alloy versus the effective time during cooling from 700 °C at different rate (water

quenching, air cooling, furnace cooling)

5.3 Discussion and analysis
5.3.1 Segregation of Cr/Mo

Cr segregation to GBs has been widely observed in steels and Ni alloys. Possible mechanisms

proposed are summarised as below.

1) Cr-vacancy complex diffusion (NES). Cr NES in a 2.25Cr1Mo steel after quenching
from 1050 °C and 1150 °C was observed using EDS [116]. As shown in Chapter 4, the
solute-vacancy binding energy affects the segregation level as the solute-vacancy
binding must be strong enough to diffuse as a complex. Based on an analysis of the Cr-
vacancy complex diffusion, it was found that the binding energy between Cr and

vacancy should be ~0.5 eV to achieve the measured segregation level [118]. This was

105



further confirmed in the same alloy water-quenched and in type 316 steel argon gas-
guenched from 950-1150 °C [119]. In 304 stainless steel, the GB concentration of Cr
after cooling from 1100 °C at different cooling rates was measured using EDS and
compared with calculations [170]. It was found that a binding energy between Cr and
vacancy below 0.2 eV led to trivial segregation and a best fit of the experimental results
indicates the binding energy should be 0.5 eV [170], which is consistent with the results
in [118, 119]. However, the binding energy of 0.5 eV required for the segregation is
much greater than expected. Using a strain analytical approach based on the lattice
energy change by forming the complex configuration from an isolated point defect and
solute atom [96], the binding energies of Cr to a vacancy in a-Fe and y-Fe are predicted
to be 0.12 eV and 0.036 eV respectively [99]. It should be noted here that these
calculations based on a dilute alloy system. When the concentration exceeds 1%, the
binding energy needs to be re-calculated. A molecular dynamics simulation using an
embedded-atom method (EAM) interatomic potential in Fe-10%Cr produces a binding
energy of 0.010-0.082 eV, depending on the exact method utilized [129]. This is
consistent with first principles ab initio calculations of 0.007 eV [124], 0.03 eV [122],
0.04 eV [128],0.05eV [125-127] and 0.057 eV [123]. Experimental results using muon
spectroscopy also indicated that the binding energy was smaller than 0.1 eV [130]. Even
a slightly repulsive binding energy of -0.03 eV between Cr and vacancy in a-Fe has
been obtained using the dimer and the nudged elastic-band methods [193]. The weak
interaction between Cr and vacancies indicates that a Cr-vacancy complex is unlikely
to be the main mechanism for the transport of Cr under normal experimental conditions.
This is consistent with the experimental results that no segregation of Cr has been
detected by atom probe tomography of Mo-free steel or a low carbon steel quenched

from 970 °C [194, 195].
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2)

The Cr-vacancy binding energy in Ni has also been calculated using different methods.
Based on strain field arguments, the binding energy in Ni was calculated as 0.1 eV [96].
First principles calculations indicated a repulsive interaction of about -0.05 eV between
Cr and a vacancy [196-198]. The very low or even repulsive binding energy indicates
that Cr-vacancy complex formation and diffusion in Ni is energetically unfavourable.
Interaction with other elements (ES and NES). A second solute species, like C, B, N
and P may also be present and interact with the Cr, affecting the segregation [170]. C-
Cr co-segregation in 304 stainless steel aged at 500 °C for 0.5 h (before carbide
nucleation) after water quenching from 1000 °C has been confirmed via APT [199].
Using EDS, segregation of Cr and formation of a GB chromium-rich carbide was
observed in a 2.25Cr1Mo steel cooled from 1000 and 1100 °C at different rates [149].
A similar phenomenon has also been observed in Ni-based Alloy 690 aged at 700 °C
after quenching from 1000 °C [199, 200], in 617B alloy aged at 700 °C after quenching
from 1175 °C [201], in a 700 °C aged Ni-19Cr-9Fe alloy [120] using APT, and in Ni-
base alloy 182 quenched from 1200 °C and measured by AES [202]. At the beginning
of aging, C diffused to the GB and then Cr migrated to the GB due to the attraction of
the C [199]. The attractive interaction between C and Cr has been confirmed by first
principles calculation [127, 203]. This interaction resulted in the co-segregation of C
and Cr. When the C and Cr concentrations are high enough, carbides start to nucleate
and grow at the GB, leading to the decrease or depletion of Cr at the GB [204-206].

A B-Cr interaction in steel has not been observed. However, B is reported to have a
larger segregation tendency than C and to compete with C for the GB segregation sites
[199, 207]. B additions thus may reduce the segregation level of C and lead indirectly
to a decrease in the Cr segregation. That is probably another reason why no Cr

segregation has been observed in low carbon steel and Mo-free steel with B additions
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[194, 195]. Different from steels, a B-Cr interaction was detected in a Ni-base alloy.
GB chromium boride together with GB segregation of B and Cr were observed by APT
in N18 alloy [145]. This is consistent with the EDS results from Nimonic PE16 alloy
[204] and from Rene 80 alloy [208]. It was suggested that the segregation of B is via
the migration of B-solute-vacancy complexes rather than B-vacancy complexes as
models based on the latter did not match the measured B segregation level [204].

P and Cr co-segregation have been reported in 2.25Cr1Mo steel quenched from 1100
°C using EDS [108] and in an industrial steel [109] and Fe-Cr-P alloy [19] by AES.
Also, increasing the P concentration promoted the segregation level of Cr [19]. In Ni-
Cr and Ni-Cr-Mn alloys, P-Cr co-segregation was measured by AES and attributed to
the strong interaction between P and Cr [20].

N and Cr co-segregation has been observed by AES in low alloy steels [209, 210] and
Ni-Cr-Mo-V steel [106]. It was found that the segregation patterns of Cr and N are
similar, while P and Cr had different critical times of GB segregation [106] [209, 210],
indicating that N rather than P co-segregated to the GB with Cr. Co-segregation of Cr
and N to the free surface have also been reported in several steels [211-213]. In Ni-base
Hastelloy C-276, Cr-N co-segregation to a free surface was confirmed by AES [214].
It should be noted that all samples studied for the interaction between B/N/P and Cr
contain C. So, the effect of C on the segregation should be excluded. This is possible
by an analysis of the interaction coefficient, as will be discussed in section 5.3.2.
Compared with the first posited mechanism of Cr-vacancy complex diffusion, which
required a larger binding energy than expected, segregation caused by interaction with
C/B/N/P seems more reasonable and can be used to explain most of the segregation

behaviour of Cr in steel, as all the studied steels contain C or/and P.
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3) Diffusion via vacancies (ES). This has been observed in samples which had been aged
for a long time. Using EDS, GB segregation of Cr was detected in 2.25Cr1Mo steel
aged at 520 °C for up to 210 h [215]. Cr has been demonstrated to be a fast diffuser in
iron, with its diffusion coefficient dependent on the concentration [216, 217]. First
principles calculations also indicated a lower migration energy for Cr via a vacancy
mechanism in Fe [193]. In Ni-base alloy IN 718 aged at 560 °C for up to 216 h, the
segregation level of Cr measured by EDS is much lower than that in a 2.25Cr1Mo steel
[215, 218]. This is consistent with the results from APT on the same alloy which was
held at 600 °C for at least 10000 h [219]. A possible reason is that the diffusion
coefficient of Cr in Ni is lower than that in Fe [57, 220]. It should be noted that the C
concentration in 2.25Cr1Mo steel is 4-6 times higher than in IN 718 and C may promote
the segregation of Cr due to the attractive interaction between C and Cr. P was also
present in both alloys. So the ES mechanism cannot be validated due to the C and P
presence. By analysing the dependence of the ES free energy of Cr on the P
concentration at the GB in low-Mo, 12Cr steel, the ES free energy of Cr without P was
obtained as -0.4 kJ/mol [221]. This small, negative value indicates that Cr does not
segregate to GBs in Fe without the addition of P. The segregation observed is due to
the interaction between Cr and P.

Compared with Fe, no available data for the ES free energy was found in Ni alloys. To
verify this, Ni-6Al-6Cr alloy free of C and P was aged at 700 °C for up to 200 h and
quenched into water. Figure 5.22 is the HAADF image and corresponding profile across
a GB in the sample aged for 200 h. It is obvious that no Cr segregation was detected.
This indicates that the ES free energy of Cr is too small to generate GB segregation of

Cr, consistent with the calculations in [221]. The segregation of Cr mentioned in the
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literature was more probably due to the interaction of Cr with other elements, such as

P and C.
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Figure 5.22 HAADF image and line-scan profile of the Ni-Al-Cr aged at 700 °C for 200 h

followed by water-quenching

Based on the above discussion, the absence of GB segregation of Cr during cooling from 700
°C and 1200 °C, and the aging at 500 °C for up to 48 h can be attributed to the low binding
energy between Cr and vacancies, the absence of B, C and P which can attract Cr to the GB

and a low segregation free energy of Cr via an ES mechanism.

Similar to Cr, the GB segregation of Mo has also been investigated in steels and Ni-base alloys

and possible mechanisms are:

1. Solute-vacancy complex diffusion (NES). Mo segregation was measured using EDS in
a 2.25Cr1Mo steel with P or Sn additions after cooling [149]. This is consistent with
the results in the same alloy in [158]. A Mo-vacancy complex diffusion mechanism was
proposed as the binding energy calculated based on the strain field analysis was 0.38
eV and 0.43 eV in ferritic and austenitic steel matrices, respectively [96]. This is
comparable with the P-vacancy binding energies of 0.36 eV and 0.41 eV, and much

larger than those of Cr of 0.12 eV and 0.036 eV [96]. The binding energy falls into the
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range 0.3-0.6 eV suggested by Xu [117], which is suitable for the occurrence of NES.
A first principles calculation also indicated that the Mo-vacancy binding energy in bcc
Feis0.33 eV, similar to 0.36 eV for P [125]. However, these results of the Mo-vacancy
binding energy are much larger than other first principles calculations, such as 0.08 eV
[122],0.09 eV [222] 0.10 eV [128] and 0.17 eV [223]. The difference between different
calculations makes it hard to determine whether Mo-vacancy diffusion plays a key role
during cooling. Compared with iron, the binding energy of Mo to vacancies in Ni is
much smaller. Using first principles calculations, the binding energy was determined to
be 0.01 eV [224], which is consistent with the calculated results in [198]. Such a low
binding energy makes the formation and diffusion of Mo-vacancy complexes unlikely.
Interaction with other elements (ES and NES). B-Mo segregation and the formation of
Mo boride at GBs was observed using 1-D atom probe in a 316L steel during cooling
[225]. A similar phenomenon has also been reported in a quenched low-carbon steel
using APT [194]. Using ES theory, the measured segregation of B and Mo by APT in
low carbon steel and its dependence on cooling rate was explained [226]. However, this
contradicts previous results which indicated that B segregation during cooling is of non-
equilibrium type [194, 195, 225, 227, 228]. Also, the measured segregation profile
indicates that the width of the segregation zone is several nano-metres, falling into the
range of NES and much larger than the ES of several atomic layers. In Ni-base
superalloy 617B water-quenched from 1175 °C, GB segregation of B and Mo was
detected [201], which is consistent with the results for Astroloy [228], N18 [145] and
HAYNES 242 [229]. It was found that the segregation level of B and Mo in PE16
increases with the solution treatment temperature and depends on the cooling rate,
which is a characteristic of NES [204]. Also, the GB concentration of Mo increases

with B, indicating a synergistic segregation of B and Mo [204].

111



P-Mo co-segregation in a 2.25CrlMo steel during quenching and tempering was
measured using EDS [108]. Using AES, the co-segregation of P and Mo was measured
in 2.25Cr1Mo and 12Cr1MoV steels [21]. The GB concentration of P increases with
the Mo content at the GB [21]. Similar results have also been observed for both ES and
NES in steels [109, 158, 230]. In Ni-base alloy IN718, P-Mo co-segregation was
observed by AES [22, 37]. The GB P concentration increases with that of GB Mo.

Using AES, the co-segregation to a free surface of Fe-3.5Mo-N alloys was reported and
the calculated interaction coefficient between N and Mo is very close [231, 232].
Similar to Cr, all the samples studied here for the interaction between Mo and P/B
contain C. So, the effect of C on the GB segregation of Mo should be excluded. This is
possible by analysis of the interaction coefficient, as will be discussed in section 5.3.2.
Diffusion via vacancies (ES). This was observed in samples subjected to long term
aging. Using EDS, the segregation of Mo was measured in a 2.25Cr1Mo steel aged at
520 °C for up to 210 h [215]. Similar results have also been reported for Ni-base 718
alloy aged at 560 °C for up to 216 h [218] or in service at 600 °C for more than 10000
h [219]. The segregation level of Mo in 718 alloy is more or less the same as that in
2.25CrlMo steel [215], although the temperature is higher and the nominal
concentration is higher in the 718 alloy. A possible reason is that the diffusion
coefficient of Mo via a vacancy mediated mechanism is about 2 orders lower in Ni than
in Fe [233-235]. It should be noted here that all these samples contained C and P or B,
which may induce Mo segregation by attraction. By fitting the experimental data from
a 2.6Cr-0.7Mo-0.3V steel, the intrinsic segregation energy of Mo, AGS,, was
determined as 20-22 kJ/mol [236, 237]. However, this is much larger than the 0.1
kJ/mol in 12Cr1Mo and 2.25Cr1Mo steel [221] as the interaction coefficient of P and

Mo estimated in [221] is much larger than that in [236, 237].1A range of 8.8-11.8 kJ
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/mol was obtained from several Fe-Mo-P alloys [238], which is between the results
reported in [221] and those in [236, 237].

Compared with Fe, no data were found for Ni alloys. To verify whether Mo segregation
during long term aging is caused by the diffusion of Mo via vacancies or the interaction
between Mo and C, B or P, a Ni-Al-Mo sample was aged at 700 °C for up to 200 h
followed by water quenching to check whether Mo segregation develops during this
stage. Figure 5.23 shows the HAADF image and corresponding profile across the GB
in the samples aged for 200 h. Slight Mo segregation was detected. It is consistent with
the elemental maps shown in figure 5.24. Similar results have also been observed in a
sample aged for 50 h. The segregation width is less than 2 nm, indicating ES. This is
different from the results for Cr which was not enriched at the GB. Possible reasons are
a higher diffusion coefficient or a higher segregation energy of Mo than for Cr. By first
principles calculations, the diffusion coefficients of Cr and Mo have been shown to be
very close at 700 °C [239, 240]. This indicates that the segregation energy of Mo is
probably higher than that of Cr, consistent with the calculation in [238]. Also, the
segregation level of Mo in this study is much lower than that reported in [218]. This
means that an elemental interaction between C/P and Mo rather than vacancy mediated

diffusion of Mo is the main segregation mechanism in those reported in the literature

[218].
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Figure 5.23 HAADF image and profile of Ni-Al-Mo aged at 700 °C for 200 h followed by

water-quenching

Figure 5.24 Elemental maps of Ni, Al and Mo obtained from the area shown in figure 5.23

Based on the above discussion, it can be concluded that a low binding energy between Mo and
vacancies, absence of a synergistic effect with minor elements like B, C and P and a low
diffusion coefficient resulted in no GB segregation of Mo being detected after cooling from

700 °C and 1200 °C.

5.3.2 Effect of P on Cr/Mo

This can be divided into elemental interaction (attractive or repulsive) and site competition.

It has been shown that the segregation of impurities (S and As) can be promoted by the addition
of transitional metal Ce in a Ni-Cr-Mo steel [241]. This is consistent with previous results
which showed that alloying elements e.g. La and Ce were necessary for the embrittlement of
steels by impurities e.g. P and As [242]. This indicates that an interaction between these two
categories of atoms, 1.e. impurities and transition metals, exists. A co-segregation model was

first proposed by Guttman [62] to explain the interaction between metallic alloying elements
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and non-metallic impurities during ES. This model considers the GB as a homogeneous bi-
dimensional phase @, in which all the thermodynamic parameters can be defined, similar to a
bulk phase. During diffusion, a thermodynamic equilibrium between the bulk phase and @ is
established, i.e. the chemical potentials of each element in both phases are the same.

According to the model, the segregation energy in a ternary solution with impurity | and

transition metal M in solvent S can be calculated as [62] (see Appendix A54 and A55)
AG; = AGY + ay,; N 51

AGy = AGY + ay, N 5.2

where a;,, is the relative interaction coefficient between M and | and N and N2 are the
concentrations of the impurity and metal at the GB, respectively. a;,, can be calculated by [62]

(see Appendix A57 and equation 2.8)

. 5.3
Ay = Ayp — Ays — Agg

where a,;, ays and a;g are the intrinsic interaction coefficients between M and I, Mand S and
I and S, respectively. Normally, the interaction between M and S is weak and can be neglected

[243, 244].

A positive a;,; indicates that an attractive interaction between the solute M and | compared
with | and S results when balancing all the interactions. This will lead to the enhanced
segregation of each other. Even when M did not segregate to the GB in the binary S+M system,
addition of a slightly GB segregated element | resulted in the segregation of M, and in turn
enhanced | segregation. If aj,, is negative, stronger segregating elements will cause the
desegregation of weaker segregating elements, even when both I and M are not very GB active.
An attractive interaction between C and Cr and a repulsive interaction between C and Si have

been observed in liquid Fe [245].
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Xu [117] extended Guttmann’s equilibrium co-segregation model to NES by assuming the
thermodynamic equilibrium between bulk phase and GB 2-D phase is still valid during the
whole diffusion process, i.e. both the segregation and desegregation stages. This is reasonable
as thermodynamic equilibrium is only concerned with short range diffusion and in a small
region close to the GB [117]. Based on this assumption, co-segregation of M and | can take
place when one of the binding energies between M or I and vacancies fall in the range 0.3-0.6
eV and the relative interaction coefficient a;,, is positive. If a},, is negative, elements with a
stronger segregation tendency will discourage the segregation of those with a lower segregation

tendency.

The above discussion indicates the importance of the interaction coefficient between solute and
solvent atoms. There were some interaction coefficient measurements. Using the slag/metal
equilibration technique, the interaction parameter between P and Cr in Fe-Cr-P alloys with a
Cr concentration lower than 20 wt% was measured to be 0 in the range 1350 °C -1450 °C [246].
This is close to the previous results of -0.0386 [247], -0.0366 [248], and -0.085 [249] at 1300 °C
in similar alloys using the same method. Thermodynamic calculation indicates that the
interaction parameter between P and Cr is positive and decreases with temperature over the
range 1420-1620 °C [250], which is different from the results in [246]. All these experiments
were done in liquid alloys at high temperature and the interaction parameter should be different
from that in the solid state. For example, the interaction coefficients for P-Ni and P-Mn in the
liquid are close to 0, much smaller than that in the solid [221]. So it is not safe to use these data
to do a quantitative analysis in solids [221]. By analysing previous experimental data, the
relative interaction coefficient between P and Cr/Mo was calculated based on Guttmann’s
model [221]. The relative P-Cr interaction coefficient, a},., in 12Cr steels was obtained as
68.4+9.6 kJ/mol [221, 251, 252]. This is much higher than the 2-5 kJ/mol obtained from a low

alloy Cr steel [253]. The positive value indicates that P can co-segregate with Cr to the GBs in
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Fe. Also, the interaction coefficient is dependent on the concentration of Cr. Increasing Cr
concentration leads to a decreasing coefficient [221]. Fitting the experimental data in Fe-
1.2at%Mo-P and Fe-0.3at%Mo-P [250], the relative interaction coefficients between P and Mo,
p 0, Were determined as 177 kJ/mol [221] and 150+26 kJ/mol [251, 252] respectively. Using
the data for 12Cr-Mo [254] and a 2.25Cr1Mo steel [255], a},,, Was determined to be 125
kJ/mol [221]. This is much higher than the 19.7 kJ/mol for a 2.6Cr-0.7Mo0-0.3V steel [237].
The possible reason is the neglect of the interaction of Mo with other elements, such as C, when
fitting the experimental data. The relative interaction coefficient can be over or under estimated
depending on the relative interaction coefficient of Mo with other elements. If the value is
positive, then the contributions from other elements were also attributed to P. This results in an
overestimation of aj,,, and vice versa. Though the values of a},,, are quite different in
different alloy systems, positive a},,, and co-segregation of P and Mo are expected in Fe.
Compared with Fe, experimental data on the segregation of P and Cr/Mo in Ni-base alloys are
limited. Also, it can be expected that the estimated value is alloy dependent due to the addition
of C and/or B. It was proposed by Guttmann [62] that the interaction coefficient between
elements i and j can be roughly estimated using the standard enthalpy of formation of the stable

phase containing i and j at 25 °C

a;; = —AH) /N;N; 5.4

where N; and N; are atomic percent in the phases formed by i and j, respectively.

P and Cr/Fe/Mo/Ni can form different types of phosphides. For example, P and Cr can form
CrsP, Cr2P, Cri2P7, CrP, CrP2 and CrP4. P and Fe can form FesP, Fez2P, FeP, FeP2 and FePa.
P and Mo can form MosP, Mo4P3, MoP, MoP2 and Mo2Ps. P and Ni can form NisP, Ni2P,
NiP, NiP2 and NiP3s. The standard enthalpies of formation of MxPy (where M=Fe, Cr and Ni)

have been measured and were reviewed in [256]. Here we only consider MsP as this is the most
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general form [257]. The measured standard enthalpies of formation of FesP, CrsP and NisP
were in the range -128 to -200 kJ/mol, -93 to -183 kJ/mol and -140 to -337 kJ/mol, respectively.
These data were combined with the heat capacities and entropies to generate enthalpies. The
standard enthalpies of formation of FesP and CrsP were determined as -143 kJ/mol and -163
kJ/mol [256]. The relative interaction coefficient of Cr and P in Fe, a},., can be calculated as
107 kJ/mol by equations 5.3 and 5.4. By fitting the solubility profile of P for different Cr
concentrations, the formation enthalpy of CrsP can be obtained and a},. determined using the
fitted enthalpy as 100 kJ/mol [257], close to our calculated results of 107 kJ/mol. This means
P and Cr can co-segregate to the GB in Fe, which is consistent with the results in [221, 251-
253]. For NisP, no assessment was done in [256] so the averaged value of -194 kJ/mol was
used. a,- in Ni can then be determined as -171 kJ/mol by equations 5.3 and 5.4. The negative
value indicates that P and Cr co-segregation cannot happen in a Ni alloy. Rather, this repulsive
interaction will lead to the desegregation of Cr according to [62, 117]. This is consistent with
our experimental results. Experimental data for the standard formation enthalpy of MosP are
very rare. So it is difficult to calculate the relative interaction coefficient of Mo and P, a},,,,,
in both Fe and Ni. However, a},,, in steel can be obtained by fitting the solubility of P to be
176 kJ/mol [257]. This is consistent with previous results [221, 251, 252], indicating that Mo
can co-segregate to the GB with P in Fe. Also, the standard formation enthalpy of MosP can
be calculated to be -176 kJ/mol. The relative interaction coefficient of Mo and P, a},,,, in Ni
can then be determined to be -85.3 kJ/mol. The negative a},,, in Ni alloy indicates that Mo

will deplete at the GB, consistent with our experimental results.

Based on the above discussion, segregation of Cr and Mo in Ni alloys during long term aging
cannot be attributed to an interaction between P and Cr/Mo. To further confirm the relative

repulsive interaction between P and Cr/Mo in Ni, Ni-Al-Cr-P and Ni-Al-Mo-P were aged at

118



700 °C for 200 h following by water-quenching. Figures 25-28 are the corresponding line-scans

and elemental maps.
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Figure 5.25 HAADF image and corresponding line-scans of Ni-Al-Cr-P aged at 700 °C for

200h followed by water-quenching.

Figure 5.26 Elemental maps of Ni, P, Cr and Al obtained from the area shown in figure 5.25
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Figure 5.27 HAADF image and line-scans of Ni-Al-Mo-P aged at 700 °C for 200h followed

by a water quench.

Figure 5.28 Elemental maps of Ni, P, Mo and Al obtained from the area shown in figure 5.27
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It can clearly be seen that P segregated to the GB, while Cr and Mo are depleted at the GB.
Also, the segregation width is less than 2 nm, which is typical of ES. The depletion of Cr and
Mo during ES is consistent with our NES experiments, confirming that a},,, and ap.,. in Ni

alloys are both negative.

By NES and long term aging experiments, it has been confirmed that the main mechanism of
Cr/Mo depletion in Ni alloys is due to the interaction between Cr/Mo and P as both a},,, and
apc In Ni alloys are negative. According to the discussion in section 5.3.1, the mechanism of
Cr/Mo enrichment at the GB reported in the references is the interaction between Cr/Mo and
C/BIN. To validate this, the relative interaction coefficients between C/B/N and Cr/Mo/Fe/Ni
need to be determined. The standard formation enthalpy of Cr/Mo carbides, borides and nitrides
are more negative than those of Fe/Ni carbides, borides and nitrides (tables 5.5-5.7). This
results in a positive relative interaction coefficient according to equations 5.3 and 5.4 and thus
co-segregation of Cr/Mo with C/B/N in both Ni and Fe alloys, consistent with the experimental

results listed in section 5.3.1.

Table 5.5 Standard formation enthalpy of Cr/Mo/Fe/Ni carbides (unit: kJ/mol) [258]

Carbides | CrsC2 | Cr7Cs | Cr2sCs | MoC | Mo2C | FesC | NisC

-AH+° 941 | 208.1 | 396.2 | 285 | 498 | -24.7 | -37.7

Table 5.6 Standard formation enthalpy of Cr/Mo/Fe/Ni borides (unit: kJ/mol) [258]

Borides | CrB CrB2 | MoB | Mo2B | FeB Fe.B NiB Ni2B | NizB

-AHe | 753 | 119.2 | 123.8 | 132.2 | 59.4 | 55.6 | 46.4 | 63.7 | 88.9
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Table 5.7 Standard formation enthalpy of Cr/Mo/Fe/Ni nitrides (unit: kJ/mol) [258]

Nitrides

CrN

Cr2N

Mo:2N

Fe2N

FesN

NizN

-AH+°

117.2

125.5

81.6

3.8

11.7

-0.8 [65]

If more than one non-metallic element is present in the alloys, the systems become more
complex as the interaction between different non-metallic elements, as well as the interaction
between non-metallic elements and metal elements need to be considered. For example, C-B
interaction has been reported [199, 207] and may affect the segregation behaviour of Cr in steel

[194, 195].

Another possible reason causing the depletion of Cr/Mo at the GB is site competition. The
available sites at the GB for the segregants to take are limited. If several elements have the
tendency to segregate to the GB, they compete for the limited sites. Elements with higher
segregation tendency occupy preferentially the available sites, preventing other elements from

segregating [259].

Although site competition has been widely invoked to explain the antagonistic segregation
behaviour, especially of different non-metallic elements, such as C and P [19, 80, 260], P and
N [79] and S and C [261], it is hard to distinguish from repulsive interactions. For example, the
site competition behaviour between C and P reported in [19, 80] can also be explained based
on the strong repulsive interaction between C and P [251], which has been confirmed by first
principle calculations [127]. The difference is, the former set all the relative interaction
coefficients equal to zero and use ASi° as an adjustable parameter, whereas the latter choose
the reverse. Validation of both approaches requires accurate measurements or theoretical
assessments of the coefficients. Despite the difficulties, general rules of site competition have
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been proposed [259]. Firstly, segregated atoms need to take the same sites at the GB. Secondly,
site competition effects should only matter when the GB concentration is high enough. In our
case of P and Cr/Mo in Ni, both P and Cr/Mo are substitutional in the matrix and they are
expected to take the same sites at the GB. However, the antagonistic segregation behaviour
between P and Cr/Mo happened under all conditions, even with a low concentration at the GB.
This indicates that site competition is unlikely to be the main mechanism causing the depletion

of Cr/Mo at the GB.

5.4 Conclusions
1. Cr and Mo segregation in Ni-Al-Cr and Ni-Al-Mo during cooling from 700 °C and 1200 °C
with different cooling rates and following aging at 500 °C for up to 48 h was not observed due

to the low binding energy between Cr/Mo and vacancies.

2. In Ni-Al-Cr and Ni-Al-Mo alloys aged at 700 °C for up to 200 h, Cr does not segregate to
the GB as the segregation energy of Cr is close to 0, while Mo segregates slightly to the GB

after due to the low but positive segregation energy of Mo.

3. In Ni-Al-Cr-P and Ni-Al-Mo-P cooled from 700 °C at different rates or aged at 500 °C for
up to 48 h, P segregated to the GB, while Cr and Mo were depleted at the GB. Also, the Cr/Mo
concentration increases with decreasing P concentration at the GB. This is inconsistent with

previous results which showed that P and Cr/Mo co-segregated to the GB in steels and Ni alloys.

4. In Ni-Al-Cr-P and Ni-Al-Mo-P aged at 700 °C for up to 200 h, P segregated to the GB while

Cr and Mo were depleted.

5. The relative interaction coefficients between P and Cr/Mo in Ni, ap,,, and ap.,., were
calculated based on Guttmann’s theory. Negative ay,,, and aj,. indicated a relative repulsive
interaction between P and Cr/Mo and the desegregation of Cr/Mo caused by P segregation.

Also, the calculated relative interaction coefficients between C/B/N and Cr/Mo in Ni are all
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positive meaning that Cr/Mo can co-segregate to the GB with C/B/N. This is possibly the main
mechanism to account for the Cr/Mo segregation reported in the literature as all the samples

studied previously contained C and/or B/N.
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Chapter 6. Effect of experimental parameters on chemical analyse

6.1. Introduction

TEM-EDS has been widely used in chemical analysis, especially for small scale features such
as nanoparticles and GBs, due to its higher spatial resolution which derives from the higher
acceleration voltage and thinner samples in a TEM as compared with those in an SEM [218,
262]. It has been shown that some experimental factors affect the chemical analysis results
dramatically. Generally these effects can be divided into two categories: interaction volume
(probe size and beam broadening) and beam damage. When measuring GB segregation, a larger
probe size leads to a higher statistical accuracy by increasing the signals, although a broader
segregation profile with a lower peak value is obtained [263, 264]. Beam spreading during
electron transmission through the thin foil has been regarded as the primary factor limiting the
spatial resolution [265]. Therefore, many theoretical analyse and experiments have been
performed. Based on single scattering theory, an equation defining the beam broadening (b)

was first proposed by Goldstein [266] and then modified by Reed [267] as follows:
b(em) = 7.21 X 105 x (=) x (B)/2 x 3/ (6.1)

where Z is atomic number, Eo the incident energy, p the density, A the atomic weight and t the
foil thickness. Monte Carlo simulation has also been performed by considering the effect of
backscattering, multiple scattering and inelastic scattering [268] which gave results smaller
than those calculated by Equation 6.1 in several materials with specimen thickness larger than
100 nm [268]. Experimental results obtained by measuring the difference between the 90%
probe size at the bottom and top surfaces were consistent with Monte Carlo calculations in
medium thickness foils [269-272]. However, recent experimental results indicated that beam

broadening was smaller than the predicted value, especially when the sample thickness is less
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than 200 nm [273]. On the other hand, beam damage has been demonstrated as a factor that
affected chemical analysis results [274-276]. Electron-beam-induced surface sputtering and
bulk displacement have been widely reported. Theoretical calculations have also been
conducted to quantity this effect [277]. The threshold energy for both surface sputtering and
bulk displacement and the corresponding cross section have been calculated for elements with
atomic number up to 92 and for an acceleration energy of 0.1-1.5 MeV [277]. The threshold
energy for surface sputtering is much lower than that of bulk displacement. When using an
acceleration of 200 keV which is quite common nowadays, most elements can be sputtered on
the surface, while only a few can be displaced with the bulk [277]. Also, the cross-sections for
different elements are different, resulting in preferential surface sputtering or bulk
displacement and eventually local concentration alteration. Even though both the effects of
interaction volume and beam damage have been widely researched, it is still unknown which

is the dominant factor.

6.2. Experimental procedure

An alloy with the nominal composition of Ni-6Al-0.1P (at%) was prepared by arc melting and
solution heat treated at 1300 °C for 48 hours, compressed by 60% and subsequently heat-treated
at 700 °C for 2 h followed by water-quenching. TEM samples were prepared by twin jet
polishing using a solution of 5% perchloric acid in ethanol at a current of 50 mA and a
temperature of -20 °C. Chemical analysis was carried out across a GB (figure 6.1a) on an FEI
Talos F200X with four SDDs. The GB was carefully tilted to make sure its projection width
was smaller than 2 nm (figure 6.1b). Various beam currents, acquisition times and thicknesses
were used to verify their effect on chemical analysis. At region 1, beam currents of 100 pA,
200 pA, 500 pA and 1000 pA were used for the line-scans with an acquisition time of 1 s for
each point. At region 2, the acquisition time was changed from 0.5s, 1's, 2 sto 4 s for each

point with the same beam current of 200 pA. Regions 1, 2, 3, 4 at distances of 0.45, 1.1, 4.5
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and 8 um from the edge were used with an acquisition time of 1 s and beam current of 200 pA.
Thickness measurements were conducted on a JEOL-2100 using convergent beam electron
diffraction (CBED) and a g of (113). EDS data were processed by Bruker Esprit using the Cliff-
Lorimer method [156]. Absorption was corrected by using sample thickness and density
because this has been found to affect chemical analysis results, especially for low energy X-

rays in high atomic number materials [278].

Figure 6.1 (a) HAADF image of the GB in Ni-Al-P alloy showing the regions to perform the

analyses and (b) magnified HAADF image of the GB

6.3. Results and discussion

6.3.1 Effect of acquisition time

The effect of acquisition time on the P concentration profile measured is shown in figure 6.2.
With increasing acquisition time from 0.5 s to 4 s, the P concentration at the GB declined by
more than 50%. As the beam current and the foil thickness are identical for each measurement,
the effect of initial probe size and beam broadening can be neglected. The effect of acquisition
time can be attributed to beam damage. With increasing acquisition time, beam damage became
much more serious (figure 6.2c). When using 0.5 s, beam damage can barely be seen. Dark

area caused by surface sputtering can clearly be seen after the line-scan when the acquisition
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time increased to 4 s. This is not contamination as the contrast of the contamination would be
bright. All three elements (Ni, Al and P) can be sputtered by the electron beam as the threshold
energies for Al, P and Ni to be sputtered are 41 keV, 47 keV and 108 keV, respectively, smaller
than the incident energy [277]. For bulk displacement, the threshold energies for Al, P and Ni
are 148 keV, 167 keV and 355 keV, indicating that only Al and P can be displaced [19]. Though
all three elements can be affected by beam damage, the cross sections for surface sputtering
and bulk displacement are different (table 6.1) [277]. It should be noted that the cross section
list in table 6.1 is for pure elements. Depending on the chemical state, this will be different for
different systems. For example, the cross sections of Ni, Al in pure elements and NiszAl are
different [275]. However, no matter whether pure elements or not, the cross section for Al is
larger than that for Ni. So, it is reasonable to use the data for pure elements in this study. The
total cross section for P is the largest, followed by Al and Ni. The decrease of apparent P
concentration at the grain boundary was due to its large cross section, because more P atoms
are sputtered or displaced than Al and Ni. The measured Al concentration at grain boundary is
expected to decrease with increasing acquisition time due to its total cross section being larger
than the average cross section of Al, P and Ni in Ni-6Al-0.1P. This is consistent with the

experimental results (figure 6.2b).

~
)
~
&~
T

(b) ::_ o B (C) i ﬁ‘Bs ;—i‘;ﬁ

Concentration (at%)
w w » -~
o o o w
—_—
————
— ——
—e—
B
—
—
n &
r

P concentration (at%)
~N

N &
@0
T T

20f {

:
/) A
A M A & o
bl ; o DI P I PO R o
- 00 05 1.0 15 20 25 30 35 40 45 3
Distance (nm) Acquisition time (s) =

Figure 6.2 (a) Line-scans for P with different times, (b) effect of acquisition time on GB
concentration of P and Al and (c) beam damages by the electrons with different acquisition

times
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Table 6.1 Surface sputtering (c.), bulk displacement (s, ,) and total (s, ,) cross sections of

Al, P and Ni with an electron acceleration voltage of 200 kV [277]

Al P Ni
Gss (barns) 383.75 424.67 344.26
Opa (barns) 24.55 16.98 -
Ciot (barns) 408.30 44165  344.26

In this section, only beam damage was considered, while the effect of interaction volume was
neglected because it was same for each scan. However, both of these two factors should be
considered under some circumstances such as different beam current or foil thickness. This

will be discussed in the following section.

6.3.2 Effect of beam current

The effect of beam current on the P concentration profile is shown in figure 6.3a. As the beam
current increased from 100 pA to 1000 pA, the measured grain boundary P concentration
decreased by more than 50%. As the foil thicknesses were the same for these scans, the effect
of beam broadening was the same in each case. The possible reasons are probe size and/or

beam damage.

The probe size was measured by fitting the intensity distribution to a Gaussian expression. The
full width at half maximum (FWHM) was used as the probe size and is shown in figure 6.3b.
The probe size increased with beam current, as expected. When the probe size increased, the
interaction volume also increased, resulting in the true concentration profile being folded with

the beam profile and a decrease in the maximum concentration measured. On the other hand,
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beam damage also became more serious with increasing beam current (figure 6.3¢). This can

also lower the measured grain boundary P content as shown in section 6.3.2.
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Figure 6.3(a) line-scan profiles of P with different beam current, (b) measured probe size for
different currents, (c) beam damage and (d) effect of beam current on P and Al content at the

GB.

To verify which is the dominant factor, the measured concentration of Al at the grain boundary
can be monitored. If interaction volume is the dominant factor, the measured Al content should
increase as more signal from the bulk area where the Al concentration was higher is collected.
If beam damage is the dominant factor, the concentration of Al should decrease as shown in
section 6.3.1. The measured Al concentration is shown in figure 6.3d. It can be seen that the
measured Al concentration at the grain boundary decreased with increasing beam current up to
500 pA. When the beam current increased to 1000 pA, the Al content increased dramatically

though remaining smaller than that at 100 pA. This indicated that initially beam damage rather
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than interaction volume is the dominant factor. Subsequently, the effect of interaction volume

took over when the beam current rose to above 500 pA.

From figure 6.3b it can be seen that the probe size is less than 1nm when the beam current is
smaller than 500 pA. This is comparable with the projected GB width. Within this range, the
effect of probe size is not profound. At 1000 pA, the probe size is about 1.31 nm, which is
broader than the projected GB width, resulting in more signal from the bulk. This leads to a
decrease in P concentration and an increase of Al concentration as compared with the situation

at 500 pA.

6.3.3 Effect of thickness

Foil thickness was measured by convergent beam electron diffraction (CBED). Figure 6.4a
shows a CBED pattern taken at position 4 using a 113 g which is large enough to avoid
systematic row interactions. Fig. 4b shows the measured results and the corresponding linear
fit which corresponds to a thickness of 151 nm. The measured extinction distance &g of 62 nm
is close to the 67 nm reported in [279]. The effect of foil thickness on the measured P
concentration profile is shown in figure 6.5a. With thickness increasing from 30 nm to 130 nm,
the P concentration decreased by about 40%. Just as in section 6.3.2, this can be attributed to
beam broadening or beam damage. Beam broadening would lead to an increase in Al
concentration as more signal from the bulk area would be collected, while beam damage would
result in a decline in the Al concentration, just as in section 6.3.1. The measured Al content
increased with increasing thickness (figure 6.5b). This indicated that beam broadening rather
than beam damage is the dominant factor. This can be verified by measuring the Al
concentration in the matrix as beam broadening, unlike beam damage, would not cause a
concentration variation. The result is shown in figure 5¢. With increasing thickness, the Al

concentration remained almost constant, which agrees with the results of Jiang [280].
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Figure 6.5(a) Line-scans for P for different specimen thicknesses, (b) effect of thickness on
the GB concentration of Al and P, and (c) effect of thickness on the Al concentration in the

matrix

6.3.4 Concentration, accuracy and counts

Figure 6.6 shows all of the data obtained under different conditions and the corresponding
relative errors. With increasing counts, both the measured P concentration at the GB and the
relative error decreased except with a beam current of 1000 pA. The counts are only about
5200, which is even smaller than those for 500 pA. At first, the counts were about 18000, which
is normal for a larger beam current. However, the count rate dropped very quickly to 5200.

This was caused by the serious beam damage.
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Higher counts are needed when performing EDS analysis to improve the accuracy. However,
higher counts resulted in more serious beam damage and/or beam broadening which resulted
in a decrease in the measured P concentration. On the other hand, if the counts are too low, a
large statistical error is obtained. So an optimized condition exists which compromises between
the measured concentration and the statistic error. In this study, the optimized counts were
determined as between 5000 and 12000. It should be noted here that optimum results could not
be obtained by controlling the counts only. For example, a shorter acquisition time can be used
to collect optimum counts on a thicker specimen. However, this will result in a lower P
concentration at the grain boundary because of the beam broadening. This is similar for beam
current. A larger beam current with a shorter acquisition time results in a decrease of the P
concentration due to the larger probe size. So the optimum experimental conditions should be
a compromise between beam current, acquisition time and specimen thickness. According to
figure 6.6, the optimum conditions correspond to a beam current of 200-700 pA, acquisition

time per point of 0.5-1.5 s and specimen thickness of 40-80 nm.
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6.4. Conclusions

The effect of acquisition time per point, beam current and specimen thickness on the measured
P and Al concentrations at a GB were investigated using STEM-EDS. With increasing
acquisition time, beam current and specimen thickness, the measured P concentration
decreased. Possible reasons including the interaction volume and beam damage were
considered. Beam damage rather than interaction volume was the dominant factor for long
acquisition time and high beam current, while interaction volume was the dominant factor for
large specimen thickness. The optimum number of the counts are suggested to lie between
5,000 and 12,000. This can be achieved using a beam current of 200-700 pA, acquisition time

per point of 0.5-1 s and specimen thickness of 40-80 nm.
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Chapter 7. Conclusions and future work

7.1 Conclusions
STEM-EDS has been employed to measure the GB segregation of P and/or Cr/Mo in Ni-base

alloys. The following conclusions can be drawn.

1. P segregated to the GB of Ni alloys during the cooling process and the following aging
stage with a NES pattern driven by the concentration gradient of the P-vacancy
complexes. The segregation width is about several nanometres.

2. The segregation level of P is misorientation angle dependent. With increasing
misorientation angle, the segregation increased until about 45°. A further increase
resulted in the reduction of the segregation. The segregation at special CSL GBs were
much lower than that at random high angle GBs. No segregation was detected at the
twin boundary. Possible reason of this misorientaion angle dependent segregation is the
dependence of the GB free volume on the misorientation angle.

3. Triple junction segregation was observed but could be higher or lower than the
constitution grain boundaries. At the grain boundary close to the triple junction, a
concentration gradient existed within a range of several to 100 nanometres.

4. When the effective time is shorter than the critical time, the concentration increased
with decreasing grain size. This can be interpreted based on Wu’s theory, in which the
mass transfer coefficient is inversely proportional to the grain size.

5. A critical time existed during cooling and aging when the P concentration at the GB
reached maximum. Shorter or longer time led to a decline of the P concentration. This
is due to the competition of the two fluxes, i.e. P-vacancy complexes diffusion to the
grain boundary and the P diffusion to the grain interior. Calculated results considering

the grain size effect were quite close to the experimental results.
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6. InNi-Al-Cr/Mo alloys, no segregation of Cr/Mo has been observed during cooling after
short time annealing and following aging process. Mo slightly segregated to the GBs
after long term aging (200h) while no segregation of Cr has been observed. It is hard
for Cr/Mo to form complexes with vacancy as the binding energy between Cr/Mo and
vacancy in Ni is lower than 0.1 eV.

7. In Ni-Al-Cr/Mo-P alloys, P segregated to the grain boundary while Cr/Mo were
depleted at the grain boundary. Dependence of Cr/Mo concentration on the P

concentration can be fitted as
CEB = (5.90 + 0.08) — (0.35 + 0.02) = C5B
CS8 =(2.1340.03) — (0.08 + 0.01) = C5EB

8. Depletion of Cr/Mo can be attributed to the negative relative interaction coefficients
between P and Cr/Mo in Ni. This is consistent with the calculations based on the

standard formation enthalpy of Cr/Mo phosphides.

7.2 Future work
1. The effect of P on the mechanical properties is alloy specific as the influence is indirect
through its effect on other microstructures, such as grain boundary precipitates and
grain boundary segregation of other elements. A simplified alloy needs to be used to
exclude the effect of other factors. Though calculations indicated that P segregation
affected the grain boundary cohesion, no experimental evidence has been reported. Also,
the segregation level at each grain boundary is different. Mechanical test on bulk
samples only showed the averaged effect. Effect of P on single grain boundary needs
to be investigated. In-situ mechanical test in SEM and TEM supplies such a way

and some work has been done on other alloys.
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2. The effect of grain size on the segregation has been confirmed when the effective time
is smaller than the critical time. According to Wu’s theory, there is a critical grain size
when the segregation reached to maximum. This needs to be further confirmed. By
annealing at high temperature for different time, the grain size can be modified.

3. Triple junction segregation. It has been a debate for long time that whether the TJ
energy is higher or lower than the constituent GBs. Direct experimental evidence is
rarely reported, our results provided a way to investigate this debate as the segregation
is shown depending on the free volume, which can be related to the energy.

4. The results on the elemental interaction are different with the literatures, which is
possibly due to the interaction between C and Cr/Mo as all the samples studied
contained C. However, no experimental results have been carried out. To verify this,

samples contain C and Cr/Mo need to be used.
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Appendix I: equation derivation

1. ES thermodynamics (Equation 2.5)

Consider a system with N lattice sites occupied by Q solute atoms and n GB sites occupied by
g solute atoms. Let the distortion energies when a solute atom occupies the lattice site or the

GB site be E and e, respectively. The Gibbs free energy can then be determined

G=qge+ QE—KT{InN'n! —In(N - Q)!'Q!'(n—q)!q'} Al
Equilibrium is when G is at a minimum, i.e.

G

— = A2
dq 0
Using the approximation
Inx! = xInx — x A3
and
Q + q = constant Ad
we find
¢ _ Q E—e
n—q_N—QeXp( kT) A5
The equilibrium concentration at the GB and inside the grain can be written as
q
;f, = ; Ab
Q
=— A7
Co N

138



Combining A5, A6 and A7,

gb _ 0 A
1-cn - 1—COeXp(RT) A8

2. ES kinetics (Equation 2.9)

Suppose the initial and equilibrium concentrations at the GB are Cg;, (0) and Cgj (o). The
ratios of the two GB concentrations to that in the grain interior (C1) are a; and a,. As the
boundary is too thin, the diffusion process can be simplified as diffusion in two half-infinite

crystals with uniform solute contents. The diffusion equation is

92C _ac

il A9
dx2 ot

At any time t, the concentration in the grain close to the GB is C=Cgyj, () /a,. The interface

condition is

D(ac) _0(0Cy _aze(ac) AL0
0x/eo 2\ 0x | 2 \0t/,

where 0 is the GB thickness. Equation A9 can be simplified by a Laplace transform, putting

C= f e PtCdt All
0
Equation A9 becomes
PC_ e G AL2
oxz 1 D

where gq?=p/D. This equation has two solution in the form of % and e®. The former is chosen

to keep C bounded. Then
_ C
C=Me ™ +— Al3
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Equation A10 can also be simplified by Laplace transform

5 aC _aze( _ alC) AL
0x x=0_ 2 p a,

Inserting A13 into Al4 gives

_ (a, — ;)G 0

= Al15
Dq(a,q0 + 2)

Replacing A15 in A13

C=Cl(%_ )e—qx+ﬁ A16

Dq (q +é) p

From Tables of Laplace transforms,

CeC — ¢ (1 al) 2x N 4Dt X +2\/Dt A7
- a,) P\ a0 a6 erfe 2VDt  a,0

Putting x=0 gives the grain concentration in contact with the GB and the GB concentration can

be obtained by multiplying C by «a,

Cap(t) — Cgp(0) _
Cop (@) — Cp(0) P (azez

) A18

3. Critical time (Equation 2.25)

Assuming the reduction rate of the complexes is proportional to their concentration during

diffusion, i.e.

— = kC, Al9

the time dependent concentration can be obtained as

C _t
—((:) = e_kt =e Tc A20
Ce
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where tc is the time when the concentration of the complexes inside the grain and at the GB

are in equilibrium, i.e. no net flux. The diffusion distance is then half the grain size d

§.d?
D.t. = C4 A2l
Then
4Dt
& = e 0cd? A22

ce

At the GB, the change rate of the solute concentration can be written as

a¢;
a_tl = k(Cnax—C) AZ3

where C,,,, 1S the maximum permissible solute concentration at the GB, the time dependent

solute concentration at the GB can be obtained as

_4D;t
Ci=Cpax(1—e 6id2) A24

At the critical time, the change rates of the complexes and solute are equal:

aC a¢;
atc t=t, = _a_tl|t=tc A25
Combining A22, A24 and A25 we can get
_ d?In(D./D;) A6

° 46(DC - Di)

4. NES kinetics during segregation phase (Equation 2.26)

Equation 2.26 can be obtained using the same method as equation for 2.9 because it can also
be simplified to diffusion in two half-infinite crystals with uniform solute contents. The
difference is the diffusion coefficient. For ES, it is the diffusion coefficient of the solute, while

it is the diffusion coefficient of the complex for NES.

5. NES kinetics during de-segregation phase (Equation 2.27)
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The Gauss solution of the diffusion equation is

S(0) ( x? )
Clx) = exp | — A27
2./mD;t P 4D;t

where S(0) is the amount of the solute at x=0 and t=0. Gauss solution describes a diffusion
process that solutes are concentrated in an infinitesimal region at beginning. The situation here
is the solutes are concentrated in an infinite region at the beginning. This infinite region can be
divided into infinitesimal parts and the solution can be obtained by summing all the Gauss
solutions from each infinitesimal part. By an integral of equation A27, the solution can be

obtained as

X
5 r—Dit) A28

where A and B are constant. For the desegregation, two error solutions are used considering

C(x,t) = A+ Berf(

the diffusion from both sides of the GB. The solution can be written as

d d
Cont) = A+Berf| — 2| 4 cerf—— 2 A29
X, = - & &
2 Di(t_tc) ZVDi(t_tc)

where A, B and C are constant. At the beginning of the desegregation, t=t, the following

conditions should be met
d
x<<—§,C(x,t):A+Berf(—00)+C(—00)=A—B—C=Cg A30
x=0,C(x,t) = A+ Berf(®) + C(—0) = A+ B — C = Cyp(t,) A31

d
x>>E,C(x,t)= A+ Berf(o) +C(0) =A+B+C =(, A32

Combining A30, A31 and A32, A, B and C can be obtained as

A=, A33
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B =

N| =

[Cgb (¢) — Cg] A34

1
C = == [Cop(te) = ] A35

Substituting A, B and C into A29 and let x=0, the GB concentration during desegregation can

be obtained as

_ [Con(te) — Cg]_{ [ 0 l_ _ 6 }
Cap(t) = C4 + 5 erf —2 XCETA) erf| —Zm] A36

6. NES thermodynamics (Equation 2.24)

Considering a situation from a high temperature To to a low temperature T. At temperature To,
the concentration of the vacancies and complexes can be calculated by
V] =k Er A37

Ep

KT, A38

[C] = kc[VI[I]exp(

where k,, and k. are constant. Substituting A36 into A37, the concentration of the complexes

at To is

E, — E;
kT,

[C] = kcky[T]exp( ) A39

Similarly, the concentration of the complexes at temperature T is

E, —E
b__Ty A40
kT

[C] = kcky [1]exp(
The magnitude of the segregation can be indicated by the ratio of the excess concentration at

Totothatat T

A4l

g (CYIDr,  (Ey—E Ep—E
1, ‘([C]/[I])T‘exp( KT kT, )
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Eq. A41 suggests that the GB segregation level will monotonously increase with a decreasing

E}p, which is clearly wrong. So, a correction term must be included, in which [I] 4, is relative

E}, (generally smaller than Ef). Therefore, E,/Ef is added to Eq. A41 to give Eq. A42

(B» —Br) (E»—Ef) A4D

[Ny = 11g(Ep/Er)exp kT, kT

(An equivalent description of this theory is that a new equilibrium is set up at the grain

boundary at temperature T with a complex concentration of [C]r,. This is not correct as the

concentration will be lower than that and the concentration of the solute is thus overestimated.)
7. ES free energy (Equation 2.7)

Consider the grain boundary as a bidimentional phase ¢ where all the thermodynamical

quantities can be defined just like in the bulk phase B, such as the atomic concentrations Nf’,

the activities a]‘.i’ = fjd’l\lj‘i’, the chemical potentials /,L;-l) for species j. The equilibrium condition
is

ul = b A43

The intergranular layer cannot be considered ideal as the intergranular concentrations of solutes
are very high. So, the interactions between atoms cannot be neglected. The interaction
coefficients «;; in a regular solution can be related to the excess free enthalpy AG*, or to the
enthalpy of mixing AH™ . For a ternary system with solute 1 and 2 in a solvent 3, the excess
free energy can be written
AGE = AH™ = —z a;iN;N; = —a;,N; N, — 3N, N3 — 13N, N3 Add
i<j
where N; is atomic concentration of solute i. In a single-phase, i.e., homogeneous, ternary

system
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AGE = Z Nip; = Nipy + Nyptp + Nipig A45
i

B JAGE _ Rl (f1>

U1 — Uy = N, y = n f A46
B OAGE _ Rl (fl)

= ks =N, . = RTin 7 A4T7

2

(aAGE> BT <f2) A8
- f— _— — nl|—
:u'2 M3 aNz . f3

In the boundaries, where AGE # 0 owing to the high values of the solute concentrations Nf’

and Nz"’ , the activity coefficients are calculated by A44-A47

2 2

_RTlnf1¢ = “fs(l - N1¢) + a%(qub) +(af’2 - “;pz - af;)qub(l - N1¢) A49
2 2

—RTlan¢ = “g)z(l - N2¢) + af;(Nfb) +(af’2 - “;pz - af;)Nfb(l - de)) AS0

N Rt N N ) ¢ ¢\ P NP
—RTInf;" = “13(N1) +a23(N2) +(aj, —az; —a3)N; N, AS1

The bulk phase where NZ and N2 and thus AGE are small can be considered as ideal:
—RTInfP = pf — pj® — RTInNf =0 A52

Then the segregation free energy for solute i can be written as

I

AG; = (ud® — u%P) — (u2? — ud®) + RTln(f > A53

L

Combining A49, A50, A51 and A53, the free energy for solute 1 and 2 can be obtained as
AG, = AGY+al,(1—2ND)+(af, — afy — af)NS A54

AG, = AGY+a?,(1 - 2ND)+(af, — af, — al)N? A55

For a multicontinent system, the free energy of solute i can be written as
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86, = MG —aff(1-2N0) + )" afj? A5
J#1

where AG) is the segregation energy of | without interaction with M and

ajj = Qij — Ay — Ay AS7
8. NES kinetics by Wu (Equation 2.30)

Let the vacancy concentration (in atomic fraction) over the entire grain be Xv(t), the vacancy
concentration on the intergranular zone side of interface A as X}, the volume of the segregation
zone Vs, the surface area of the non-segregation zone S, the complex concentrations (in molar
concentration) in the segregation and nonsegregation zones X2 and XY, solute concentration
(in atomic fraction) in the segregation zone be Xs(t), the transformed solute concentration (in
atomic fraction) in the non-segregation zone be X¢, the vacancy transfer coefficient in interface

A Bv, and the complex transfer coefficient in interface B Bc.
According to the theory of convective mass transfer, at interface A,

VedXy
dt

= SGIBV(XIi/ —Xy) AS8
With the initial condition, X,,(0) = X, it can be obtained
X, (t) = X\ + (X0 — XP)exp(—kyt) A59
where
kv = BvSe/Va AB0

Similarly, at the interface B, we can get

VedX2

dt = SN.BC(Xé‘V _Xg) ABl

The local equilibrium among the three concentrations of vacancies, solute atoms, and

complexes can be formulized as
E
X = KXy Xsexp(—) AB2
kT
X& and X can then be given by
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E
X8 = KOXVXSexp(ﬁ) AB3

. E
Xy = KOXVXéexp(ﬁ AB4

Substituting Egs. A63 and A64 into Eq. A61 gives

XsdXy | XydSs

dt dt = kCXV(XSi — Xs) AB5

where
ke = BcSn/Vs A66

Substituting Eq. A65 into Eq. A59 and making use of the initial condition X(0) = X2, one
can acquire the segregation Kinetics as
C,p,(t)
gb A
(kV - kc)Cglb - kc(a - 1)Cgl'be—kvt + [kV(CZCgOb - Cglb) - kca(C;b - Céb)]e_k( 67
(ky — k)1 + (a — De~fovf]

where C;b is the transformed solute concentration in the non-segregation zone, Cp,, the initial

concentration and ky, k. and « are defined as

ky = 12Dyy exp (—g—;) /d? A68
_ _Qc
. 12(d — 26)Doc exp (— £5) A69
€ d3 — (d — 26)3
a = exp[Q(To — T/KT,T] AT0

where Q, and Q. are the migration energies of the vacancies and complexes respectively and

Qy is the vacancy formation energy.
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Appendix Il: Monte Carlo simulation and theoretical calculation
of SEM image intensity and its application in thickness

measurement

1. Introduction

STEM-in-SEM reveals the internal structure of thin foil samples with high contrast and
resolution due to the low voltage and thin sample utilized, which increase the electron
scattering cross-sections and reduce the interaction volume [281]. In the last few years, thin
foil samples have also been widely used for diffraction study in SEMs. The so-called
transmission Kikuchi diffraction (TKD) technique employs the traditional EBSD detectors but
very thin samples [282]. Compared with bulk sample, it is more complicated for the SEM
imaging of thin samples as the image contrast may vary with thickness, as well as composition
and topography. So it is quite important to understand the expected contrast seen in both
secondary electron (SE) and back-scattered electron (BSE) modes. A combination of Monte
Carlo (MC) simulation and experiments help to interpret the image contrast and how it varies

with imaging conditions, such as sample thicknesses and voltages.

On the other hand, it is important to obtain accurately the thickness of thin samples when the
density of microstructure features, such as precipitates, dislocations and dispersoids is needed.
It is also important for absorption and fluorescence effect corrections when energy dispersive
spectroscopy (EDS) is used for composition analysis. Focused ion beam (FIB) can be used to
cut the sample to reveal the cross section and then directly measure the sample thickness.
However, this method is destructive. Electron energy loss spectroscopy (EELS) and convergent
beam electron diffraction (CBED) have also been used widely to determine the sample

thickness. For EELS, the thickness calculation is based on a simple relationship between the
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log-ratio intensity distribution and the ratio of mean free paths of electron inelastic scattering
to sample thickness, that is ¢ = Aln(1/Io), where t is the sample thickness, A the mean free path
of inelastic scattering, | the total intensity of the zero loss peak and the plasma peak and lo the
intensity of the zero loss peak [283]. In the CBED [284], the sample thickness can be linked to

1

the fringe minima observed as (siz + 22
g

) t2 = n?, where si is the deviation of the ith minimum

from the exact Bragg position, &g is the extinction distance and ni an integer. Thickness can be
determined from the slope of the plot of s? versus n?. Both EELS and CBED methods can give
a reliable thickness. Especially for CBED, in which case the relative error is better than 2-5%
even with the above simple version of the formula [285]. Even better accuracy can be obtained
by quantitative many-parameter fits to the intensity profiles of the CBED discs [286]. However,

both methods are time consuming, especially when many thickness measurements are needed.

Since the BSE coefficient and SE yield have been widely researched using experiments and
theoretical calculations and for thin samples, both depend on the thickness [287]. There is a
potentially more efficient way to determine the thickness of a specimen based on the BSE
coefficient and SE yield obtained. In this paper, the intensity profiles of both BSE and SE
images were measured experimentally vis-a-vis Monte Carlo (MC) simulations and theoretical

calculations, and the application to thickness determination is discussed.
2. Experimental procedure and simulation

Pure Mg TEM samples of 3 mm diameter were prepared by twin-jet polishing using a solution
containing lithium chloride 8.8 g, magnesium perchlorate 19.3 g, methanol 833 mL and
butoxyethanol 167 mL, at a voltage of 70 V and a temperature of -45 °C. Both BSE and SE
images were taken at different acceleration voltages (HV) of 5, 10, 15, 20, 25 and 30 kV using
two different sample holders (an STEM holder and a TKD holder) in a TESCAN Mira

microscope (the configurations are shown in Figure 1). The SE and BSE detectors used are an

149



Everhart Thornley detector with standard grid bias and a YAG detector with a single annular
scintillator, respectively. The other imaging conditions were kept the same. The image intensity
profiles versus distance from the edge of the hole were obtained from defined positions. The
sample was finally cut apart using the FIB at these defined locations to directly measure the

thickness of the sample.

Fig.1 two types of holders used in this study: (a) STEM holder and (b) TKD holder
MC simulation of the SE and BSE yields was done using CASINO version 3.3 [288] with a

thickness step of 0.1 pum from 0.1 um to a thickness when no electrons can get through the
sample and with different energies from 5 to 30 keV in steps of 5 keV. At 5 keV, the initial
thickness was set as 10 nm with a step size of 10 nm. In every case, 1,000,000 electrons were
considered. The cut-off energy was set to 50 eV for all the conditions. It has been shown that
the mean penetration depth in aluminium is less than 1 A when the cut-off energy changed
from 100 eV to 20 eV [289]. So the effect of cut-off energy used in the current work on the SE
and BSE signals and therefore the thickness determination was regarded as negligible. The
modified Bethe formula given by Joy and Luo [290] and Lowney [291] was used to determine

the stopping power and the scattering cross section was calculated by ELSEPA model [292].

The BSE coefficient of bulk samples has been widely researched using both experiment and
theoretical calculation as it is the foundation of the BSE imaging. Hunger [293] measured the

BSE coefficients of 28 elements and derived an analytical expressions of the dependence of
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BSE coefficient on the electron energy and the atomic number. For light elements with Z
smaller than about 50, the BSE coefficient decreased with increasing incident electron energy
and vice versa. However Everhart [294] derived a formula which showed that the BSE
coefficient was independent of the incident electron energy, which is consistent with the MC
simulations using both single and plural scattering models. Joy [287] suggested the
inconsistences between the experimental results [293] and computed data [294] probably arose
from the variety of methods used to measure the BSE coefficient. Compared with bulk samples,
BSE coefficients of thin samples have received little attention with regard to the relationship
between BSE coefficients and thickness. Niedrig [295] reported a linear relationship between
BSE efficiency and the sample thickness for most elements (except those with low atomic
number) in the low thickness region which is much smaller than the penetration depth of the
incident electrons, and proposed a model to interpret the experimental results. Nakhodkin [296]
extended the Everhart model to films with thicknesses between 0 and R/2, where R is the
maximum penetration depth. Using a simple potential between electron and atom, Kanaya [297]
obtained an equation which can be used to calculate the BSE coefficient over the whole range
0 to R, the predicted BSE coefficients were much bigger than the experimental results [298].
MC simulation has therefore been carried out to determine the dependence of BSE coefficient

on the thickness.

In contrast to BSE coefficients, SE yields do not depend upon the atomic number, while
strongly depend on the incident electron energy [287]. Baroody [299] formulated a theory
based on the Sommerfeld model [300] and pointed out that the dependence of SE yield on
incident electron energy can be described using a single curve. However, the calculated data
were lower than the experimental results [299]. After that, several theories were proposed to

calculate the SE yield, e.g. by Seiler [301], Dionne [302]. Joy [303] thoroughly examined the
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correlation between SE yields (6) and the primary electron energy (Ere) for 44 elements and
proposed a semi-empirical law to describe the correlation

) E E
— = 1.28(=) "7 11 — exp[—1.614(mor) 7]
Y Epg Epg

where 8™ is the maximum SE yield and E7} the corresponding energy for the maximum SE
emission. For Mg, the parameters were set as 0.8 and 240 eV respectively, which agree
reasonably well with the experimental results of 0.8 and 300 eV and the calculated results of
0.67 and 280 eV by Kanaya [304]. Only those SE excited near the surface can reach the surface
and escape from it. The escape depth had been revealed by MC simulation, indicating that the
escape depth in Cr for 20 keV electrons was about 3 nm [305]. This is consistent with the result
of Seiler [301], which showed that the escape depth of SE is about 5 where A is the mean free
path of SE and of the order of 5 nm and 75 nm for metals and insulators, respectively. This can
be used to explain why the SE intensity profiles had a step at the edge of the holes. As the
sample thickness is much greater than 5 nm, the SE yields by PE saturated immediately even
at the edge.

Considering the contribution of BSE, the total SE yields from the top surface of a thin sample

can be derived as
& = 6pe(1+ Bn)

where et is SE yield by primary electrons (PE), B is the ratio of the SE generated by a BSE
and by a PE, and n the BSE coefficient. BSE energy is smaller than the PE energy but larger
than E7} (240 eV for Mg) and within this energy range, the SE yields increased with decreasing
incident electron energy [303]. Also, the BSE had a broad angular distribution and Kanter’s
experiment [306] showed that the SE yields increased with the tilt angle when the incident
electron energy was above 5 keV. Both of the above factors indicated that  should be larger

than unity 1. This was confirmed by experiments and MC simulations [307-309]. Reimer’s
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results indicated f is in the range of 1.5 - 3 for both Al and Au with the incident electron energy
in the range of 10 — 35 keV [309]. This is smaller than the MC simulation predicted value of 2
—5[308] and Drescher’s [307] experimental results of 4 - 6. As the BSE energy and angular
distribution depend on the thickness of the sample,  also should be related to the thickness and
can be described by a distribution function f (E, 0). However, an accurate expression of f(E, 0)
is not available. As a simplification, f(E, 0) can be estimated as f1(E)*f2(0), i.e. B can be
calculated by considering the contributions of energy and angular distribution separately. The
contribution of energy distribution has been discussed by Joy [303], while the contribution of

angular broadening can be calculated by [309]

fon/z f,(0) sec 6 sin 6d6
Bo = 2 .
fo f2(0)sin 6d6

Both the energy and angular distribution can be obtained by MC simulation. In this work, the
SE vyield excited by PE was calculated and the BSE coefficient derived from MC simulation.

The calculated results were compared with the MC simulation.

As MC simulation did not provide the SE yield from both surfaces, calculations were conducted.
To calculate the SE yield from the bottom surface, we started with the calculation of the
maximum range (R) the electrons can get through and the transmission possibility in Mg. The
transmitted electron energy and the exit angle from the bottom surface will also be considered
to calculate the SE yield caused by the transmitted electrons. The maximum range of electron

can be calculated by the integration of dE/ds, the stopping power proposed by Bethe [310] as

dE _ oo PZ 1166E
ds a8 "
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where Z is the atomic number, p the density of material, A the atomic weight and J the mean
ionization potential. Based on experimental measurements, Burger [311] proposed the

dependence of Jon Z as

585\ .
= (9.762 - Zo_lg) .10

For Mg, J was determined to be 154 eV.

This model is consistent with the results of Tung [312] calculated based on a statistical model
when E is larger than 1 keV, while it gives a much smaller prediction in the lower energy range
because J is energy dependent rather than a constant. Joy [290] modified Bethe’s model to

incorporate this energy dependence by adding a correction term:

dE __ooooPZ, 1166(E +0.85))
ds TR 7 ]

The modified model is consistent with Bethe’s model in the high energy range, and the
accuracy was improved in the low energy range. According to Lowney [291], a residual term
of 0.4 eV/nm showed the best fit with experimental results. The same residual term was used
in the present simulation using CASINO v3.3. The maximum range of the electrons can then
be calculated by the integration of the stopping power. In this paper, R was determined to be

0.50, 1.6, 3.2,5.2,7.6 and 10.3 um for HV used at 5, 10, 15, 20, 25 and 30 kV, respectively.

The transmission possibility calculated by Kanaya’s semi-empirical formula was smaller for
elements of low atomic number in the range of 0-0.3 R due to the overestimation of the
scattering cross section [297]. Fitting [313] also formulated a normalized formula to describe

the experimental data

N = exp[—4.605 (%)p]
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where p is a transmission parameter which reflected the different efficiency ratios of elastic
and inelastic processes in different target materials and dependent on the atomic number and
the initial electron energy. Experimental results [314] indicated that p is about 2 for Al and 2.2
for Si in the energy range of 5-30 keV and can be written for a wide range of atomic number

and energy (3<Z<80, 1 keV < E <1 MeV) as
1
p = (0.8 + 2By)In(=)
By

where Bo is the backscattering coefficient. According to this relationship, p was determined as

2.2 for all the energy ranges used in the current work.

The electron energy after getting through the material can be calculated by integration of the
stopping power. However, this overestimates the energy as the beam broadening has not been

taken into consideration.

Similar to SE excited by BSE, the energy and angular distribution should be taken into
consideration when calculating the SE yields from the bottom surface. The energy distribution
can be obtained by MC simulation. However, the angular distribution is not provided by MC
simulation. As a simplification, the most probable angle of the transmitted electron was used.
Cosslett’s experiments [315] indicated that the most probable angle increases with increasing

sample thickness as

Z3/2

px
A =12x107 —=—
4 E, A

where Aa is the most probable angle and the other parameters as defined earlier.

The total SE yields can then be obtained as the sum of the SE excited by primary electrons,

BSEs and transmitted electrons.

3. Results and Discussions
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The experimental SE and BSE images and the corresponding image intensity profiles obtained
using Image-Pro Plus versus the sample thickness using different holders and HVs are shown
in figure 2 and figure 3. The red line in figure 2 shows the position where intensity profile was
obtained. Noticeably strong SE signals were detected in the hole with TKD holder but not with
the STEM holder. This is probably due to the interaction between electrons and the stage
underneath the specimen, which may generate SE and reach the detector. While for STEM

holder, electrons going through the hole are all trapped by the tube.

It can be seen from figure 3 that the intensity profiles of the BSE images were quite similar for
both holders, increasing with thickness until saturation. However, the trends were different
with different holders for the SE image intensity. Using the STEM holder, the SE image
intensity profile increased with the thickness until saturation, which is similar to the BSE
profiles though the SE profiles had a step at the edge of the hole. With the TKD holder, the

intensity increased to a maximum value and then decreased.
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Figure 2 BSE and SE images obtained under different HVs with holders. Red line shows the

position where intensity profile was obtained.
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Figure 3 Intensity profiles versus thickness extracted from: (a) BSE image with STEM
holder, (b) BSE image with TKD holder, (c) SE image with STEM holder and (d) SE image
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Figure 4 Comparison of normalized BSE intensity profiles between simulations and

experiments

The BSE vyields in the MC simulation and experiments are illustrated in figure 4. To make a
direct comparison, the profiles were normalized by setting the minimum and maximum as 0
and 1 respectively. From figure 4 it can be seen the simulated curve is consistent with the
experimental curve, increasing with thickness to a saturation value. The thickness when the
BSE reached to saturation can be obtained from the simulation (experimental) curves as 0.18
(0.38), 0.7 (0.82), 1.2 (1.34), 2.0 (2.27), 3.0 (3.53) and 3.9 pm (4.51 um) with an HV of 5, 10,
15, 20, 25 and 30 kV, respectively. The simulated value is lower than that of the experimental
results. Residual terms of smaller values than 0.4 eV/nm have been assessed which obviously
generated slightly larger thickness calculated. However the material dependence of the residual

term needs to be defined as future work.

3.2 SE yields

The resultant SE yields from the top surface are shown in figure 5. Similar to BSE, the image
intensity profiles were normalized. The trend that SE yields increased with thickness until
saturation is consistent with the SE image intensity profiles obtained. There is a sudden change
of the intensity profile between hole and sample, resulting in the formation of a step. The point
when the intensity profile deviated at the step was determined and set as the zero point. The
experimental results and MC simulated results agree reasonably well except that the thickness
when SE vyields reach to saturation for simulation and calculation is lower than experimental
results. This is reasonable as it has been shown that the increasing SE yields are due to the
increasing BSE yields and the saturation thickness for BSE curve is lower by simulation than

experiment.
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When using the STEM holder, only electrons excited from the top surface were collected by
the detector as electrons exited from the bottom surface were confined within the tube of the
holder. However, the TKD holder offers no shielding of the electrons exited from the bottom
surface. With the bias of the SE detector, those SE exited from the bottom surface can also be
detected, thus resulted in different SE image intensity profiles compared with those used the

STEM holder.
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Thickness (um)
Figure 5 Comparison of normalized SE intensity in the top surface between simulation,

experiments and calculation.

The normalized result is shown in figure 6. With increasing sample thickness, the SE yield
increases to a maximum value and then decreases. The total SE yields can be divided into three
parts, i. e. the contribution from the PE, BSE, and the transmission electrons. SE generated by
PE is a constant. Contributions from BSE increased until saturation. SE yields from the bottom
surface decrease to 0 as the transmission possibility decreases. The sum of these three parts
results in a peak. Also, with increasing incident electron energy, the peak shifted towards larger
thickness side. This is consistent with experimental results. To compare quantitatively the
result of MC simulation and that of the experiment measurement, the image intensity profiles

were normalized and are shown in figure 6. It can be seen that there were deviations between
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the experimental and the simulation results though the trends of the intensity profiles are
consistent. There are two characteristic thicknesses, one is the peak thickness, and the other is
the saturation thickness. The peak thickness for calculation (experiment) is determined to be
0.08 (0.17), 0.2 (0.25), 0.6 (0.61), 0.9 (1.06), 2.3 (2.58) and 2.7um (3.22pm), for 5, 10, 15, 20,
25 and 30kV, respectively. The simplification of the contribution of angular distribution used
and the neglect of collection efficiency may contributed to the difference between the
simulation and the experimental results observed. The saturation thickness is 0.5 (0.61), 1.6
(1.74), 3.2 (3.68), 5.2 (6.85), 7.6 (10.32) and 10.3um (13.86um) for simulation (experiment)
and for 5, 10, 15, 20, 25 and 30kV. This difference is due to the penetration depth which is
determined by stopping power which was in turn affected by the residual terms used. The
application of the residual term and the exact values for different materials may need further

study.
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Figure 6 Comparison of normalized total SE yield between the calculation and the

experiments.

3.3 Application to thickness determination

As discussed in the above section, the SEM image intensity is related to sample thickness and

thus in principle can be used to measure thin foil sample thickness. Figure 4 indicated that BSE
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image intensity profiles with different holders were identical while the SE image intensity
profiles vary depending on the holder used. Also, for SE image, more factors had to be taken
into consideration because SE can be generated by primary electrons, BSEs and transmitted
electrons and the collection efficiency might be different for SE yielded at the top and bottom
surfaces. Moreover, it has been stated that to normalize or fit the intensity profiles of SE image
obtained using the STEM holder, the height of the steps due to the sudden change of the
intensity had to be determined, which could not be done precisely. For the SE images obtained
using the TKD holder, it is difficult to find accurate mathematical expressions to calculate the
SE yield. On the other hand, the electron backscattering process is less sensitive to the surface
condition and surface texture than the SE emission. As such the BSE image intensity profiles
are more reliable for the sample thickness determination. Experimental profiles can be used as
references to determine sample thickness by comparing the intensity profiles with that of

samples whose thickness were unknown. A four-parameter (to, A1, A2, As) sigmoidal curve

A — A
t—t,
Az

n=4;+

1 + exp( )

has been shown to provide the best description of the experimental BSE intensity profile [316].
Using the same equation, a normalized experimental intensity profile of the BSE image with
the incident electron energy of 30 kV using the STEM holder is shown in figure 7(a), together
with a fitting curve using the same equation above. The parameters used are also shown in
figure 7(a). Similar results could be obtained for other incident electron energies. By using this
profile as a reference, the thickness of other samples with same composition can be directly
derived by measuring the normalized intensity profile. An example was shown in figure 7(b)
where the thickness derived using the above method is compared with the thickness measured
from a FIB prepared sample. The difference between the two is less than 10%. Compared with

other thickness measurement techniques like CBED and EELS, this method is much more
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efficient as only a BSE image is required. This could be useful when the sample thickness at

various positions needs to be determined repeatedly on different samples of the same material

composition.
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Figure 7 (a) Normalized experimental and fitted curves with HV of 30kV and STEM holder

with fitted parameters embedded, (b) comparison of the measured and calculated thickness

4. Conclusion

Both the BSE image and SE image intensity profiles obtained from samples of different
thicknesses and incident electron energies were studied using MC simulation and analytical
calculation using either the STEM holder or the TKD holder. The results obtained agree
reasonably well with the experimental obtained image intensity profiles. The BSE image

intensity profile can be used to determine the sample thickness with a reasonably good accuracy.
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