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ABSTRACT

The recommended continuos operating temperature for Timetal 21S is below
540 °C. Application temperature for this alloy can, however exceed this level, with
attendant embrittiement due to oxidation. The present study examines the effects of
exposures in air on the tensile ductility of fully aged Timetal 21S sheet specimens in
temperature range 482 — 693 °C. In this thesis, the kinetics of the loss of tensile
ductility is investigated as a function of exposure temperature and sheet thickness.
The experimental embrittlement activation energies are estimated by determining
exposure times at various temperatures to reach close to zero ductility at room
temperature. The embrittlement kinetics is investigated for three different sheet
thickness; 0.12, 0.39, and 1.0 mm. The morphology of the surface layer and changes
in microstructure are examined using scanning electron microscopy (SEM) as a
function of exposure conditions. Phase changes as function of the exposure
parameters are investigated using transmission elqctron microscopy (TEM). Kinetics
of weight gain during exposure is also investigated. Results of this study show that
two distinct embrittlement mechanisms exist within the temperature range mentioned
above. At higher temperatures, >550 °C, the activation energy is 57 kcal/mole
indicating that the embrittlement process is controlled by diffusion of oxygen. Below
550 °C, the embrittlement activation energy approaches zero, a characteristic of a
diffusionless athermal transformation. Furthermore, the SEM examinations reveal that
a protective oxide layer is present only at temperatures higher than 550 °C. There is

also an indication of increased volume fraction of a phase in the vicinity of the
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surface. TEM examinations reveal an increase of the isothermal ® phase as function
of the exposure time increase. The general trend of these results lead to the conclusion
that embrittlement at higher temperature is caused by enhanced diffusion of oxygen,
which increases both the volume fraction of a phase and dissolved oxygen. At lower
temperature, below 550 °C, embrittlement is probably caused by an athermal
transformation of 3 to ® phase resulting from oxidation of molybdenum, which is a 8

stabilizer.
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ndication of increased volume fraction of o phase in the vicinity of the surface.
A examinations reveal an increase of the isothermal o phase as function of the
ysure time increase. The current work results lead to these following conclusions:
Thermal aging in vacuum does not degrade the ductility of an overage (OA) heat-
treated specimen but thermal exposure (aging) in air environment does cause
pronounced ductility loss.

DA heat treatment provides better fatigue properties than the solution treatment and
aging, STA heat treatment. Before any exposure, OA heat treatment provides
better elongation and better AKy, on the expenses of the ultimate tensile stress
(UTS) and yield stress (YS) in comparison to the STA heat treatment. After
exposure, AKy, of the specimens with OA heat treatment is still higher than those
specimens with STA heat treatment.

Timetal 21S with OA heat treatment is stable during the exposure in the air up to
600 °C, but the level of the remained ductility depends on the contaminated
volume fraction.
Tensile stress of the OA heat-treated Timetal 21S was not affected up to exposure
temperature 600 °C, but higher temperature than 600 °C caused a strength
degradation. This indicated that the increase of the oxygen weight concentration
more than 0.21 % in the bulk caused a decrease in the strength. That is because the
increase of oxygen led to an increase of a-phase, which has less strength than B-
phase, which is around 300 versus 800 MPa respectively.

During the OA heat treatment the initial ductility is degraded due to a

combination of two phases o and ®, however the variation of the initial ductility
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Appendix 2
A. 2 - Moly Equation

fo. Eq. = 1.0 * (Wt. % Mo) + 0.67 * (Wt. % V) + 0.44 * (Wt. % W) + 0.28 * (Wt. %
Ib) + 0.22 * (Wt. % Ta) +2.9 * (Wt. % Fe) + 1.6 * (Wt. % Cr)......- 1.0 * (Wt. %

1),

n the above equation the constant before each alloying element reflects the ratio of
ne Bc Table 2 for the moly baseline (i.e. 10 for titanium alloys) divided by the . for
he specific element.

ixample Timetal-21S which has a chemical composition of (15 Mo - 2.7 Nb - 3 Al -

).2 Si)

vlo. Eq. for Timetal-21S=1.0*15+028*27-3 *1+0 * 0.2 =12.756

184



Appendix 3
A. 3- Random Walk

Two types of the random walk: (1) Random walk, (2) Correlated random walk
vill be discussed her to clear one picture of the nature of the diffusion mechanisms.
7igs. I1.20 and I1.21 are representing the ‘diffusion by a vacancy mechanism’, and the
diffusion by an interstitial mechanism’ respectively which are examples of the two
{ifferent types of the random walk.

The jump frequency tells, how often we may expect atoms to leave their
aormal positions, but it has nothing to say about the direction the atom will take for
any particular jump. Fig. 20 shows that the impurity atoms in this hypothetical two—
dimensional crystal can reach any of four interstitial positions by one unit jump. All
of these four positions are completely equivalent, and the probability that the impurity
will go to a particular one as a result of a particular jump is ¥4. This means that the
atom does not care which it jumps and it is purely a matter of chance which direction
it takes. The reason for this is that the impurity atom spends such a long time between
jumps (in vacancies compared to tﬁe time of one atomic vibration) that, after a jump,
the impurity comes to equilibrium with the rest of the crystal before the next jump
takes place. The preferential motion that resulted in the first jump is thereby lost, and
the second jump again occurs at random (where the host atoms have the same
probability as the impurity atom to move to the vacancy). All this is just another way
of saying that the 100,000 or more atomic vibrations between jumps are enough to

erase the atom’s memory and it forgets from where it came. Actually, 100,000
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vibrations are more than enough, since it only takes somewhere between 10 to 50
atomic vibrations to bring a distributed atom back to equilibrium.

The impurity atom accordingly takes a very haphazard path as it wanders
through the crystal. This path is said to constitute a random walk; because a particular
jump has no correlation with a previous jump, the motion is said to be uncorrelated.

Not all random walks are uncorrelated, however; for example, consider the
motion of a substitutional impurity atom that jumps by a vacancy mechanism. In
order to jump, the impurity must have a vacancy alongside it. After the jump takes
place, a second jump would be uncorrelated with the first if the impurity had equal
probability of making the second jump in any direction. But because we are dealing
with a vacancy mechanism, this would require that the sites surrounding the impurity
have equal probability of being vacant. But the jumping atom just came from a site
that is now vacant, and “the time that elapses before this vacancy moves away is of the
same order as the time between jumps”. Of all the sites surrounding the atom as it
prepares to make its second jump, the site it came from has a higher probability of
being empty than the others are. The two jumps are therefore correlated because the
impurity atom is more likely to go back where it came from when it makes its second
jump than to strike out in a new direction. If the degree of correlation is very high, the
impurity atom jumps back and forth between two positions “many times before it
moves” to some new position.

In such a case, the jump frequency of the impurity atom into a vacancy is much
higher than the jump frequency of a host atom into a vacancy. A substitutional

impurity atom is said to perform a correlated random walk. The degree of correlation
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is important in understanding the detailed nature of the diffusion mechanism. So all

the interstitial diffusion atoms perform a random walk not a correlated one.
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Appendix 4
A. 4- Homogenous Point Defect

We have seen that atoms in both of the substitutional and interstitial diffusion
hey jump in a random walk pattern. Also we know that the free energy is a
hermodynamic property, which controls the concentration of the vacancies and the
nterstitial atoms. Based on these two previous facts, one may now figure the
mportance of calculating the atom frequency r, which the atom has in performing the
-andom walk in both of the substitutional and interstitial diffusions. Having in mind
that the resultant motions for the homogenous point defect is zero.

Recall, that the change of the free energy (AF) in the metallurgy (where metal
transform in a spontaneous reaction) can be assumed as:

AF = AE - TAS

where AF = the change in the free energy due to introducing the vacancies or
interstitial mixture within the pure metal atoms (or alloy atom), so one can write AF
equal F, where subscript here means the free-energy due to a point defect (vacancies
or interstitial atoms etc. )

AE is the internal energy increase due to the vacancies or substitutional atoms,
as shown in the free energy App. 6, which can be written as ‘n, w’. Where n, is the
number of vacancies or interstitial atoms, w is the work required to introduce a
vacancy or an interstitial atom into the pure metal lattice.

AE =n, w
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AS is the increase of entropy (entropy of mixing) due to two reasons.
The first is due to the presence of vacancies or interstitial atoms, as shown in mixing
entropy (Sm) App. 7 and the second due to the vibrational entropy (n, s)
Sm=-nk[C In(C)+(1-C)In(1- C)]

where n is total number of atoms (na + ng), k = Boltzmann’s constant, C =
concentration of atom A, (1 — C) = concentration of atom B, n, = total number of
vacancies or interstitial atoms, and s = vibrational entropy due to one vacancy or
interstitial atom.

The above equation applies directly to the present problem (the presence of
vacancies or interstitial atoms) if we consider mixing of lattice points, in which there
are two types of lattice points: one occupied by atoms, the other unoccupied (in
vacancies case) or occupied with the interstitial atoms. If one can imagine a box has
two compartments, one filled with occupied lattice positions and the other filled with
empty position (vacancies) or occupied interstitial atoms, as shown schematically in
Fig. I1.19-A, the corresponding mixed state in the box is shown in Fig. I1.19-B

The present problem consists of mixing n, objects of one kind with n, of
another kind, with a total number of (n,+ny) to be mixed. Therefore, one can make the

following substitutions in the mixing-entropy equation:

n=n,+n,=1
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(1-C)=Co= — e

n,+n,

where C, is the concentration of vacancies or interstitial atoms, and C, is the
concentration of occupied lattice positions (the concentration of the pure metal). If the
above quantities are set into the mixing-entropy equation, we have

n n n n
S, =-(n,+n,) k [—F—In L t——2—In <
- n,+n, n,+n, n,+n, n,+n,

Simplifying the above Eq.

Sm =k [(no +np) In(n, + np) — np In (np) - 0o In (o))

The free-energy equation can be modified by the substitution for AE, AS. The
free-energy equation for introducing vacancies or interstitial atoms may be now
written as

Fo=npw-(ns+8S,)T
=n,w-nps T -k [(n, +np) In(n, + np) — np In (np) - no In (n)] T

As we recall, that the metallurgy reaction is spontaneous which in turn means
that this system (the system which introduce the vacancies or interstitial atoms in the
lattice) minimizing its free-energy to reach equilibrium for the system crystals. So, as
a result to reach that equilibrium, the derivative of F, with respect to n, must equal

zero, the temperature being held constant. Thus,

P

1 1
=w-sT-kT[(n,+n_ )—+— Hn(n,+n )-n, H—-lnnP
P o P P

0 = w-sT-kT[ln—2—]
(n,*n,)

n R (w-sT y
P =e kT

(n,+n,)
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In general, it has been found that the number of vacancies or interstitial

atoms (np) in a metal crystal is very small when compared with the number of atoms

(no). Therefore the
above equation can be modified to give

If both the numerator and the denominator of the exponent of the above

equation are now multiplied by N, Avogadro’s number (6.03*10%). Tt will define the

energy required to accomplish an equilibrium reaction per or by introducing a mole of

defect point (such as vacancies or interstitial atoms). Therefore the above equation
can be modified to give

Nw-NsT - (QesTN

n - ()

)
P —e NkT =g RT

n

[o]

Where Qs is the heat of activation, which is, the work required to form one
mole of vacancies or interstitial atoms, N is Avogadro’s number (number of molecules
in a mole) = 6.03*10%, k is Boltzmann’s constant, and R is universal gas constant = 2
cal/(mole-°K)

But, the vibrational entropy is constant for constant temperature. Therefore the

previous equation can be modified to give

where B is a constant equal exp (STN/RT)
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So, we got the equation of the solubility (or the concentration) of vacancies or
interstitial atoms in a pure atom system, which perform a spontaneous reaction to
reach the equilibrium (minimum free energy).

So far nothing has been mentioned about how many jumps the atom makes per
second (frequency) when the crystal in equilibrium in other words when the crystal
contains an equilibrium number of vacancies or interstitial atoms.

It is found that the vibrational energy distribution of atoms in a crystalline solid
is a ‘Maxwell-Boltzman Distribution’ where the probability ‘p’ that an atom has an
energy equal or greater than a certain energy say q, as shown in Fig. I1.22 which can
be expressed as

%

p=AeH
where k is Boltzman factor, T is the temperature, and A’ = Constant
This probability p should be proportional to the number of atom jumps per
second 1, into a vacancy or interstitial site (having in mind we did not yet account for

the existence of other atoms around the site)

9

r=Ae ¥

where A = A’ * the proportionality constant, and N (Avogadro’s number) now
multiplies both the numerator and the denominator of the exponent of the above

equation

[ =Ac K
P
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where Qpn is the energy (activation energy) required to move an atom into a
mole of vacancies or interstitial sites.

Now, to get the average frequency per atom r. It is obvious that r, (the
frequency of atom into a vacancy or interstitial site) time n, (the number of vacancy
sites or interstitial atoms in a system) will give us the total frequency in the system as
if only one atom exist. So, we must divide the previous result by the total number of

atoms in the system

(%G,

& &
r=BeRT*Ae®RT= Cg KT

In general, the rate, at which an atom jumps, or moves from place to place in a
crystal, depends on two energies. Qg the energy required to introduce (form) a mole
of vacancies or interstitial atoms into the alloy lattices. And Qm, the energy barrier
that must be overcome in order to move a mole of atoms into vacancies, such as the
interstitial self-diffusion and the vacancy mechanisms, which are shown in Fig. 11.20
and Fig. I1.21. But, one must recall that there are another types of diffusion does not
need the formation energy Qr such as the interstitial impurity and the substitutional
impurity diffusion (since the impurity atoms already have been existed as a result of

different processes such as the manufacturing processes).
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Appendix 5
A. 5- Diffusion in Nonhomogenous Concentration Crystal

This App. will show the change of a mater concentration as function of time
and 1-D.The relationship represents what is so called Fick’s second low.
Choose a rectangular parallelepiped in the crystal with dimensions as shown in
Fig. I1.24. Assume concentration distributions that vary in x-direction only. At time t
the concentration in the parallelepiped is c(t). At slightly later time t+At the
concentration has changed to some other value c(t+At). The change in the number of
atoms during time dt in this parallelepiped volume Ax cm’® is
Ax [c(t+At) — c(1)] (1)
The only reason of the number of atoms have changed because the number
entering at the left face is different than the number leaving the right — hand face. Let
J(x) be the flux of diffusing atoms at the left — hand face of this parallelepiped.
J(x+dx) is the flux at the right — hand face. The increase of the number of atoms in the
parallelepiped during time dt is
At[J(x) — j(x+Ax)] 2)
equating Eq. 1 and Eq. 2 and dividing by dx dt which gives

c(t+At) - c(t) _ i I(x+Ax) - J(x)
At Ax

3)

If we take the limit as dx and dt approach zero, both sides of Eq. 3 reduce to

the definition of a derivative and

o __a1

a o @
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but the flux J can be expressed as function of the jump frequency term r
(achieved in App. 4) as follow
Let N(L) and N(R) represent the number of atoms on the left and right faces in
the parallelepiped respectively. r is the jump frequency.
J=ar [NIL)-NR)] &)
where (a) is determined by the crystal structures.
Substituting in Eq. 5 for number of atoms N by the concentration ¢ and assume
the distance in the x-direction is L between the two faces
J=arL[c(L)-c(R)] (6)
Dividing [c(L) — ¢(R)]=Ac by L and substitute for ¢ as L go to Ax then take the

limit as Ax approaches zero

c(R) - (L) _ c(x+Ax) - c(x) _Ac

L Ax Ax
lim 26 = jjm A0 - () _ ¢
A0 Ax  Ax0 Ax ox
oc _c(R) - c(L)
ox L
¢

-¢R) = - L= 7

c(L) - c(R) ™ (7

substituting'Eq. 7 in Eq. 6 gives

J=-aL2rQS
ox

_.p &
J Dax )]
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what should be noted here that the diffusion coefficient D is function of the
atom jump frequency r which in turn function of the temperature App. 4 and the
diffusion mechanism (p.54 [X]).

Substituting Eq. 8 in Eq. 4, which gives what so called Fick’s second law

b _ 0 e
Z=—02) ©)

if D is not function of the concentration c, Eq. 9 can be simplified to give

2
_ngDac

a ot (19)
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Appendix 6
A. 6 - Example of Oxides Resistance

This example will show the manipulation of the different diffusion rates of the
alloy’s components to build a protective oxide layer against more oxidation at high
temperature, the main steps (techniques) to achieve that goal, and the change of the
scale composition during the initial oxidation.

Let us take Ni-9 Cr-6 Al wt. % alloy for demonstration.

In this case the alloying components form oxides with varying stability (recall
the ambient partial pressure of oxygen versus the free energy required to form the
oxide of pure metal): AG (ALLO3) < AG (Cr,03) <3 AG (NiO).

Thus Al;O; is the most stable oxide and NiO is the least one. Continuous

scales of Al,O3 give the lowest oxidation rates, and thus it is desirable to adjust the
alloy composition to obtain what is so called ‘selective oxidation’ of aluminum.
For Ni-Al alloys it is necessary to use alloy containing 10-20 wt. % Al in order to
obtain continuous Al,O3 scales. However, for that alloy (Ni-Cr-Al) of our choice, a
much smaller amounts of aluminum are needed to achieve the same effect. Thus our
selected alloy (Ni-9Cr-6Al) produces continuous, protective Al,O3 scales at high
temperatures (above 1100°C). This is illustrated in Fig. I1.25 which compare the
oxidation weight gain at ‘1 atm.O; and 1200°C’ for different alloys.

The explanations for this general type of oxide mechanism (in few words is,

protector, displacement reaction, selectively oxidized) as follow:
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One may consider that the chromium acts as a ‘protector’ to prevent internal
oxidation of aluminum. During the very initial oxidation, oxides of all three
components Al,O3, Cr,0s3, and NiO, are formed. However if sufficient chromium
present in the alloy, the initially formed NiO will be reduced by chromium through
‘the displacement reaction’ ‘3NiO + 2Cr(in alloy) — Ni (in alloy) + Cr;05’. In this
manner a continuous layer of Cr,O; is formed in the alloy. This is in turn, reduces the
oxygen activity at the scale/metal interface to such a low level that aluminum in the
alloy can now be ‘selectively oxidized’ to build up a continuous Al,Oj3 scale.

At high temperatures and high oxygen pressures Cr,O; will also gradually
evaporate as CrOs, and the oxide left with a continuous, highly protective scale is

ALOs.
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Appendix 7
A. 7 - Mixing Entropy

Entropy (absolute entropy) is a measure of the energy that is no longer
available to perform useful work within the environment. It can be called as the
“randomness of the system” because it increases as the system goes from order to
irregular or random fashion (i.e. vibrational-entropy).

In metallurgy (metal transformation), the free energy is the driving force for
the diffusion of atoms, which occur with a spontaneous reaction, which in turn is an
irreversible process which means increasing in the entropy. This total entropy
production (increase) can be a result of the addition of different entropy productions
such as vibrational-entropy, mixing-entropy etc. Mixing-entropy is the one of our
interest, because it can be applicable directly in the diffusion in metals as shown in the
App. 4 of “homogeneous point of defect”

Example: to show the derivation of mixing-entropy

Assume two different gases A and B under the same temperature and pressure
in an insulated two compartments ;box, then the partition is lifted.

From the first law of thermodynamic

dE =dQ + dW
dE=0

where dQ is heat absorbed by the system (A and B gases), dE = change in
internal energy of the system, dW = work done on gases by the surrounding

from the driving force of diffusion

dF = dE - TdS
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dF =0-TdS

from Boltzman’s equation [S= k In (p)] of the relation between the probability
of certain state (mixed or unmixed gases) and the entropy of the system at a given
state

AS =8; - S, = kln(p2/p1) (D)

Where S;, and S, are entropy of unmixed and mixed gases respectively, and
p1, and p; are probability of unmixed and mixed gases respectively

from the assumption of a perfect gases under same temperature and pressure,

so the volume occupied by the gases must be proportional to the number of atoms in

M)
(2)(3)a0

where na , and ng are the number of A and B atoms respectively, V4, and Vg

the gases. Thus

o)

are volume originally occupied by gases A and B respectively, and C is the
concentration of A

Since

VA np . VB ng
= = — 3
ne(] /(%) ®)
Assuming the mixing probability is the highest. Thus

Pz =1 (4)

Substituting Eqs. 2, 3, and 4 in Eq. 1. As a result, we have

AS=- knCIn(C)-kn (1-C) In (1-C)
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if it is assumed that the total mixed gases is one mole. Thus
n=N (Avogadro’s number)
AS=- R[CIn(C)-(1-C)In(1-C)]

where R equal k N (Universal gas constant), and AS is the mixing-entropy
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Appendix 8
A. 8 - Equilibrium between Two Phases

The condition of equilibrium of a solid solution of one phase with two
components (where the reaction occur under the same temperature and pressure as the

original components at) is

n,d Fatny dF, =0 )

where the subscript hold for the components A and B

dF,=—=— (partial molal of free energy)

Assuming the change in the free energy in A direction occurs while the
amount of the free energy in B component still constant, based on that it is just an
infinitesimal change amount in A direction (component).

However, for two phases a and  and two components A and B the free

energy as follow

Fe=n®Fe+n°F*
F? =n£F§ +n€?§ @)

Let a small quantity (dna) of component A is transferred from the alpha
phase to the beta phase. As a result of this transfer, the free energy of the alpha phase
will be decreased, while that of the beta phase will be increased. The total free energy
change of the system is the sum of these two changes and can be represented by the

derivation of Eq. 2 with respect to na, then applying the equilibrium condition Eq. 1

on the system. Thus
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dF =dF°+dF®
dF*=n}dF; +dn%F?
=n} dF; +(-dn)F;
dF?=n® dF +dn’F’
=nf dF?+dn F°
dF =n®dF?+dn F+n2dF?+(-dn)F?
dF =(nf dF}+n%dF; y+dn F;+(-dn)F;

Applying the equilibrium condition where dF goes to zero. Thus
dF=0=0+dn (F°-F)
as dn is not zero, thus
FP=Fe
the above quite general result is not restrict to system of only two components
or systems containing only two phases. In fact, it may be shown that, in the general
case where there are M components with p phases in equilibrium, the partial molal

free energy of any given component is same in all phases.
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Appendix 9
A. 9 — Definitions

Cold work: When the metal is plastically deformed at temperatures that are
low relative to its melting point

e/a: The average group number or electron / atom

Eutectoid: 1t’s the liquid phase of an alloy freezes to two solid phases

Flux of mater (J): The number of atoms moving in the positive x direction per
second across a square centimeter.

Isomorphous: 1t’s the liquid phase of alloy freezes to produce one single type
of crystals.

Hardenability of a titanium alloy: 1s a phrase that refers to its ability to permit
full transformation of the alloy to martensitic phases or to retain beta to room
temperature.

Soaking time: 1t is the time required for the solution treatment of an alloy
based on the thickest component in the furnace. -The rule is 20 to 30 min./in. of
thickness. If the solution treatmeﬁt at temperature is higher than the transus, one must
watch for the grain growth.

Solid solution: 1t is the homogeneous mixtures of two or more kinds of atoms
occur in the solid state

Thermal stable alloy: 1t is the ability of the alloy to resist changes of its
mechanical properties. In alpha — beta titanium alloys, thermal stability is function
of beta-phase transformation. During cooling from the annealing temperature, beta

may transform and may, under certain conditions and in certain alloys, form the brittle
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intermediate phase omega. So, a stabilization annealing treatment is required to
produce a stable beta phase capable of resisting further transformation when exposed
to elevated temperatures in service.

Hundredfold: Material resistance is increased 100 times.

Polytopic material: Material has the ability to change phases as function of the

temperature changes i.e. titanium
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Appendix 10

A. 10 - A Matlab code to plot the theoretical concentration of a diffused
element in a material

% This code to plot the concentration of a diffused

element in a material

of

will

axis

% based on the complimentary error function erfc(x)
function [R]=consent (D, t,ho,inc,h);
t=t"';
for m=1:length(t)
x1l=ho:inc:h;
x1=x1";
x=x1./(2*sqrt(D*t(m,1) .*3600));
for n=1:length (x)
y(n,l)=erfc(x(n,1));

end

xX1=x1(:)*10000; % to change from cm to micrometer

y=y(:).*¥0.02; % Assuming the maximum concentration
Timetal 218 is 2%

plot (x1l,vy)

hold on

end

hold off

R=1;

$ D the diffusivity in cm2/sec

% t (hrs) the time in hours, for example t=10:20:110

plot from 10 30 50 ...110 hrs

% ho (cm) the surface it always put as zero (ho=0)

& inc it how much increments of the distance in x-

you wish to see

% h (cm)is the depth in the specimen as you want

% example:T=650 C

% D=3.9138e-011; t=10:20:110; ho=0; inc=0.0002; h
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