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1
Solute Transport During the Cyclic Oxidation of Ni-Cr-Al Alloys
by James A. Nesbitt

Michigan Tééhno]ogica] UhiVersity
Houghton, Michigan

INTRODUCTION

Most superalloys require protective surface coatings to achieve practical
component 1lives in high-temperature, oxidizing, and corrosive environments.
Continued advances in the high-temperature mechanical properties of Ni and Co
based superalloys have increased their possible operating temperature to 1200°C
(1). Ni or Co alone do not form oxides capable of surface protection at the
elevated temperatures (2). In the past, many supera11oys contained sufficient
quantities of Cr to provide protective CY‘ZO3 oxide scales whereas the recent
advances in the mechanical properties have come mainly at the expense of the
Cr content (3). The result has been an increase in the structural stability
of superalloys while the surface stability has decreased (2).

Protective coatings are generally of two types, aluminide diffusion
coatings and overlay coatings. Currently, thgﬂmost promising overlay coatings
are alloys in the NiCrAl and CoCrAl systems (1). Bcth coating types provide
high-temperature oxidation protection by the selective oxidation of Al.
a—A1203, the high-temperature oxide phase, allows minimal transport of A]3+
and 02' ions, thereby providing sufficient oxide protection between the metal
and the environment. In general, the most important requirements for protec-
tive coatings for gas turbine superalloys are (1):

1. resistance to oxidation accompanied by thermal cycling,

2. vresistance to thermal fatigue cracking, and

3. resistance to hot corrosion (for specific applications and environ-

ments).

The bulk of this report will deal with resistance to oxidation accompanied

by thermal cycling. The resistance to thermal fatigue cracking will be briefly

discussed below. The resistance to hot corrosion will not be considered.



Thermal Fatigque

Therma] fatigue results from mechanical strains induced in superalloy
components undergoing thermal cycling. Many superalloy applications, such as
jet engine turbine components, entail thermal cycling during normal use. The
danger of thermal fatigue is component cracking, especially in brittle surface
coatings (4). The strains are typically great enough to propagate cracks into
the superalloy component (1) resulting in catastrophic failure. Hence, some
ductility is required in protective coatings to resist thermal fatigue cracking.

Two-phase overlay coatings are capable of greater ductility than aluminide
diffusion coatings. The surface phase of aluminide coatings is based on the‘
intermetallic NiAl (CoAl) phase. It is unfortunate that the NiAl phase is
quite brittle below approximately 700 - 900°C depending on the exact Al concen-
tration (3,4). For many advanced airfoil designs, thermal strains can peak at
Tow temperatures, and brittle ccatings can prove to be inadequate for some
applications (1). In comparison, two-phase NiCrAl (CoCrAl) overlay coatings
combine the oxidation resistance of the brittle NiAl (CoAl) phase with the
ductility of the Ni (Co) solid solution phase. Naturally, the ductility of
the two-phase structure is dependent on the amount of the NiA1 (CoAl) phase
present. Therefore, two-phase overlay coatings sacrifice Al content (less

NiAl phase) for the required greater ductility (1).

Oxidation Protection

Oxide protection by overlay coatings depends on the ability of the coating
to supply continuously the Al necessary for ATZO3 formation and growth. When
the A]ZO3 oxide scale is adherent and intact, the slow ionic transport in the
scale is the rate-controlling step (5), thereby fixing the overall rate of Al

consumption. The ionic transport, or diffusion, in the oxide scale is depen-

dent on the diffusivities of the ions, the interface concentrations at the



gas/oxide and oxide/metal boundaries, and the thickness of the oxide scale (6).
As the scale thickens, the ions must travel greater distances, and the rate of
Al consumption decreases.

Control of the oxidation rate by diffusion in the scale allows definition
of a specific flux or delivery rate of Al, viz., the requisite flux. The
requisite flux is the specific delivery rate of Al from the metal to the oxide

required for exclusive formation and continued growth of an Al1,0, oxide sca1e.+
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As so defined, the requisite flux is equal to the rate of Al consumption (7)
as controlled by diffusion in the oxide scale and is therefore dependent on
the oxide scale thickness. When the oxide scale is thin, the requisite flux
will be great; as the oxide scale thickens, the requisite flux will decrease.
Oxide protection by the overlay coating is afforded when the flux of Al from
the coating substrate to the oxide scale is equal to the requisite flux.

Overlay coatings when bonded to superalloy substrates undergo loss of Al
by interdiffusion with the substrate (1,9). Al diffusion into the superalloy
substrate effectively reduces the Al content of the coating. The degree of
interdiffusion will depend on the diffusivity of Al in the superalloy substrate
(9,10). If the Al diffusivity is high, more Al can be lost to the substrate
than is consumed in the formation and growth of the A1203 oxide scale (11).
As the Al reserves in the coating are depleted, the coating will be unable to
supply the requisite flux to the oxide/coating interface, and the coating may
cease to provide adequate protection (10,11).

The diffusional processes involved with the oxidation of coated superalloys

may be divided into two related studies: the diffusional trénsport of Al to the

oxide/coating interface, and the interdiffusion of Al between the coating and

+The requisite flux as defined above is equivalent to the ionic flux
designated S as used by Wagner (8) and the "flux of Al consumed due to oxidation,

A] i1 . , .
Joxide as discussed by Pettit (7).



superalloy substrate. This thesis will deal mainly with the former study, viz.,
the diffusion of Al to the oxide/metal interface, specifically in two-phase
NiCrAl alloys.

Thermal cycling of NiCrAl alloys results in cracking and spalling of the
protective A]ZO3 oxide scale (12). The oxide cracking and spalling is a con-
sequence of mismatch between the coefficients of thermal expansion of the oxide
and the metal substrate (13,14).+ Since the requisite flux is greater for thin
oxide scales, the requisite flux associated with oxide spallation will be
greater than if the oxide scale had remained adherent and intact. As a result,
the rate of Al consumption will also be greater when crackfng and spalling of
the oxide scale occurs (3,15). The danger of a higher rate of Al consumption
is a more rapid depletion of the Al reservoir in the two-phase region. When
the alloy is unable to supply the requisite Al flux to the oxide/metal inter-
face, the poorly protective oxides of Ni, Co, or Cr will form (7,15). This
failure of the protective oxide scale is commonly referred to as breakaway
oxidation (6) and occurs in many alloys where a reactive metal (as Cr, Si, or
A1) is selectively oxidized to form a protective oxide scale (16,17).

The ability of the alloy to supply the requisite flux is dependent on the
solute diffusivity and the concentration gradients near the oxide/metal inter-
face. The effect of the diffusivity and the bulk allcy composition {with
regard to the phase diagram) on the ability to supply the requisite flux in
two-phase alloys can be illustrated most simply by reference to three theoret-
ical binary alloys. Assume that all three alloys form the same solute oxide
at the same rate so that the amount of solute consumed at any time will be the

same. For simplicity, imagine the oxide to remain at a constant thickness

TIn the remainder of this report, metal, météT'subsfféié[wﬁhdmaTTbyww§Tﬁ;~“'
refer to the coating alloy unless otherwise specified.



(as results from oxide volatization or spallation occurring at the same rate
as oxide growth). Therefore, the requisite flux for each alloy is constant
and equa].

For the first alloy (alloy 1), consider a slab of a y+8, A-B alloy where
B is the B rich solute phase, and y is the A rich solvent phase. If a slab of
alloy 1 is oxidized, B will diffuse to the oxide/metal interface where it is
oxidized, and a vy layer depleted of the B phase will grow inward from the metal
surface. A schematic drawing of the B concentration/distance profile for two
oxidation times, t <t* and t=1t*, is shown in Figures la and 1b. The initial
solute concentration, CO, and the maximum B solubility in the vy phase, CYB’
are shown in a possible A-B phase diagram in Figure le. For simplicity only,
the B concentration profiles in the near-surface y layer have been drawn as
straight 1ines. The total amount of B consumed after t* hours can be deter-
mined as the difference between the initial B concentration profile and the B
concentration profile at t= t*, indicated by the crdss—hatched area in Figure
1b.

The B concentration gradients at t<t* and t= t*'(Figures la and 1b) are
equal because at both times the alloy is supplying the constant requisite flux.
Up to the time t=1t*, as the width of the Tayer increased, the B concentration
at the oxide/metal interface could decrease, maintaining a constant B concen-
tration gradient and supplying the constant requisite flux. But at t= t*, the
B concentration at the oxide/metal interface has decreased to zero (Figure 1b).
As the y-layer width continued to increase (t>»t*), the B concentration gradient
must decrease, alloy 1 would no longer be capable of supplying the requisite
flux, and the B oxide scale would fail; i.e., oxides of the solvent A would

begin to form.T

+Basic thermodynamic considerations show that the A oxides begin to form
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Oxidation of y+8 Binary Alloys
All alloys form the same solute oxide at the same rate. a. Alloy
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Figure 1 cont.
Phase diagram for A-B binary alloys.



Increasing the diffusivity enables alloy 1 to continue to supply the
requisite flux and provide a protective B oxide scale for a longer time (t>t*).
Doubling the diffusivity of alloy 1 would allow the B concentration gradient
to be reduced by a half and yet still supply the requisite flux. At t=t*,
the y-Tayer width of alloy 1 with twice the diffusivity would be slightly
greater than that shown in Figure 1b, but the B concentration at the oxide/
metal interface would be significantly greater than zero (due to the lower
concentration gradient). Hence, increasing the diffusivity increases the
ability of an alloy to supply the requisite flux. The drawback to an increased
diffusivity is the rapid loss of solute from a coating to the metal substrate,
more rapidly depleting the coating and possibly resulting in an earlier oxide
scale failure (t<t*).

The effect of the initial solute concentration on the solute flux can be
illustrated by considering a second v+ 8 alloy (alloy 2) with a greater B
content (CS > Cy3 D C g same as alloy 1) oxidized for t* hours. The resulting
B concentration/distance profile is shown in Figure lc. Since the amount of B
consumed is controllied by the requisite flux of the oxide scale, both alloys 1
and 2 have equal concentration gradients in the y layer and also have lost the
same amount of B at t=t* (the cross~hatched areas in Figures 1b and 1c are
equal). Since 52, the y-layer width in alloy 2, is less than gl, the y-layer
width in alloy 1, the B concentration at'the oxide/metal interface in alloy 2
is greater than zero. Hence at t=t*, alloy 2 does not exhibit breakaway
oxidation but is still able to supply the requisite flux to the oxide. There-

fore, increasing the solute concentration increases the protective life of

before the B concentration at the oxide/metal interface is equal to zero. But,
for a solute with a very high affinity for oxygen (as in the case of Al in Ni
or Co), the same thermodynamic considerations show that the solute concentra-
tion at the interface is many orders of magnitude less than the solvent concen-
tration at the same interface (i.e., 1 ppm Al in Ni) (7) and may therefore be
approximated as zero.



oxide scales on binary alloys.

A third alloy (alloy 3) with the same B concentration but a greater B
solubility in the vy phase (c:';B
illustrate the beneficial effect of the greater B solubility. After oxidation

> CYB; Coo D same as alloy 1) can be used to

for t* hours, alloy 3 is still able to supply the requisite flux. The B con-
centration gradients in the y layer of both alloys are equal, but the B con-
centration at the oxide/metal interface in alloy 3 is greater than zero
(Figure 1d). The detrimental effect of the opposite change from that illus-
trated above for CO’ CYB or D could be similarly reasoned. In a ternary alloy
system, the initial solute concentration (CO), the maximum solute concentration
in the solvent phase (Cyﬁ)’ and the diffusivity (D) may all vary at the same
temperature. The detrimental effect of two of the above parameters could over-
come the beneficial effect of the third. For example, it is possible to
envision a ternary alloy with a greater initial so]ute concentration failing
before another ternary alloy with a lower initial solute concentration.
Oxidation studies can be arbitrarily divided into two overlapping cate-
gories, isothermal oxidation and oxidation accompanied by thermal cycling.
The main emphasis of this report concerns the latter category dealing with the
Al diffusion in two-phase NiCrAl alloys during oxidation accompanied by thermal
cycling. Since isothermal oxidation studies provide insight to the oxidation

behavior observed during the more complex cyclic ox1‘dat1’on,Jr

the pertinent
isothermal oxidation studies will be briefly reviewed before considering cyclic

oxidation.

+Cych’c oxidation will hereafter refer to oxidation accompanied by
thermal cycling.
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Isothermal Oxidation

Experimental. High temperature isothermal oxidation of (Ni,Co,Fe)CrAl

alloys results in the selective oxidation of Al (5,18,19). Alloys containing
greater than 4 -6 wt.%Al form external A1203 oxide scales which generally
thicken parabolically with time (5,18). Since the oxide growth is controlled
by diffusion in the oxide itself, there is little difference between the growth
rates of external A1203 oxide scales on various base alloys (Ni,Co, or Fe) (18)
or alloy cdmposition. The differences appear negligible in comparison with

the growth rates of other possible oxides (Ni0, Co0O, or Cr203) (3,5,18,20).

After short oxidation periods, transient oxides of Ni, Co, Fe, or Cr
typically appear on the alloy surface (5,21-23). The greater the Al concen-
tration of the alloy, the quicker the replacement of transient oxides by a
continuous A1203 oxide scale. For-alloys with low (less than 4 wt.%) Al con-
centrations, the less-protective oxides may never be fully replaced by a con-
tinuous A1203 oxide scale. When the less-protective oxides remain on the
alloy surface, oxygen diffusing into the alloy internally oxidizes the Al with
the resultant growth of a subscale of A1203-precipitates below the sample
surface (5,18).

The transition from transient oxide formation to a continuous A1203 oxide
scale and the absence of such a transition is directly related to the diffusion
in the near-surface region. Alloys with high Al concentrations are rapidly
able to develop large Al concentration gradients and supply the relatively
high A1 flux necessary to establish an external scale of A1203. In comparison,
alloys with less than 4 -6 wt.%Al cannot develpp the flux necessary for forma-
tion of an external layer of A1203° Internal oxidation of Al occufs below
the less-protective oxides (5,18). The denser the A1203 precipitation in

the subscale layer, the more tortuous the path the incoming oxygen must travel,



11

and the.greater the chance of formation of a continuous A]ZO3 layer below

the subscale region. If a significantly large volume fraction of A1203 pre-
cipitates is deposited at the subscale/metal interface, the A]ZO3 precipitates
may “link up," forming a continuous A1,0, layer (5,24). 1If a continuous

273
layer of A]203 is not formed, continued internal oxidation essentially depletes
the alloy of free Al. The resulting oxidation rate is relatively high, being
associated with the less protective oxides Cr203, Ni0, CoO (5,18), etc.
Oxide maps, experimentally determined, indicate regions of specific oxide
control on isotherms of the ternary phase diagram. Oxide maps for the NiCrAl
system at 1200°C (5) showing regions of A1203, Cr203, Ni0, and spinel oxide
formation areshown in Figure 2.

Small additions of reactive metals (as Y and Zr) greatly increase the
A]ZO3 oxide scale adherence of (Ni,Co,Fe)CrAl alloys (19,25-27). Most proposed
coating alloys for high-temperature use, therefore, contain various amounts
(< 1 wt.%) of these metal additions. Various propbsed mechanisms to account
for the increased adherence have been discussed elsewhere (19,25,28-31).
Numerous isothermal oxidation tests have shown that the reactive metal addi-
tions can significantly affect the oxidation rate (19,25,27). Oxide stringers
growing from the oxide scale into the metal substrate are observed on oxidized
alloys containing reactive metal additions. The origin or cause of the oxide
stringers is unclear for Zr-containing alloys where no enrichment of Zr is
ubserved (27). The oxide stringers observed in Y-containing alloys are qttrib—
uted to the preferential oxidation of grain boundary yttrides (19,25,28,29).

Theoretical. A theoretical solute concentration/distance profile for
oxidized alloys can be predicted by an appropriate solution to Fick's second

law subject to two boundary conditions. One boundary condition may be the

initial solute concentration in single-phase alloys or an interface



12

50at.%%
Al

—— Isothermal ——-—Cyclic
a NiO d NiO
b Cr,O e NiO, NiCr,0
3 10,
c Al5O05 NiA 04 ©
A|203
f Cr203
g Al203
50at.% 100 at.%
Cr Ni

Figure 2 Oxidec maps for the isothermal and cyclic oxidation of NiCrAl
alloys at 1200%C. Solid lines indicate limits for isothermal
oxidation, dashed lines indicate limits for cyclic oxidation.
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concentration when a second-phase is involved. The second boundary condition
at the oxide/metal interface may be either a solute concentration or a flux
condition. For predicting the solute concentration/distance profiles after
oxidatioﬁ of y+8 alloys, sufficient boundary conditions would be the initial
solute concentration (Co(t)) and the maximum solute solubility (Cyﬁ(t)) at the
v/y + 8 interface, and either the requisite flux (J(t)) or the solute concentra-
tion (Cs(t)) at the oxide/metal interface (see Figure 1). Wagner (8) has shown
that the solute concentration at the oxide/metal interface is not sufficiently
determined by thermodynamic considerations alone, but may be found by equating
the solute flux in the alloy with the ionic solute flux in the oxide. Wagner
has also shown that when the oxidation rate is controlled by diffusion in the
oxide, the solute concentration in the alloy at the oxide/metal interface is
non-zero. Ku (32) has shown that if the oxide scale grows parabolically, the

oxide/metal interface concentration is independent of time.f

The time-
independent solute concentration at the oxide/metal interface during parabolic
oxidation can be compared with the time-dependent solute concentration at the
same interface during oxidation when the oxide scale thickness and requisite
flux are constant, as shown in Figure 1. Bastow et al. (33) have predicted
time-dependent interface concentrations during the transient oxidation period
when non-parabolic rate laws apply.

Various researchers have applied a diffusional analysis to predict the

concentration/distance profiles of binary alloys exhibiting parabolic oxidation

TParabo]ic oxidation, parabolic oxidation behavior, and parabolic oxida-
tion kinetics will refer hereafter to oxidation which results in a parabolic

growth of the oxide scale (Axoxide= kl/f), a parabolic decrease in the requisite

flux (Jreq= kz//f), a time-independent solute concentration at the oxide/metal

interface (Cg=k3), and for y+8 type alloys, a parabolic growth of the near-
surface y layer ?AXY= kgvt).
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kinetics. FeCr (33-36) and NiCr (37,38) alloys have received the bulk of the
research. A paucity of the necessary thermodynamic and diffusion data has

precluded a diffusional analysis of the oxidation of ternary alloys.

Cyclic Oxidation

Experimental. Cyclic oxidation studies have concentrated on two areas:

investigating the various parameters affecting oxide spallation, and deter-
mining the effect of oxide spallation on the overall oxidation and metal con-
sumption rate. Early studies (20) have shown A1203/N1‘A1204 oxides or certain
Cr203 oxides to possess the best cyclic oxidation resistance, i.e., to be the
most adherent scales. However, Cr203 oxide scales are not considered practi-
cal due to transformation of Cr203 to Cr03, highly volatile at temperatures in
excess of 1100°C (2,3). The excessive volatization which occurs with high gas
velocities or Tow pressures could lead to early breakaway oxidation (20).
Alumina-forming alioys have been chosen as the bést candidates for cyclic
applications at temperatures in excess of 1100°C. An oxide map indicating the
regions of A1203, Cr203, Ni0, and spinel oxide formation during cyclic oxida-
tion of NiCrAl alloys at 1200°C (12) is shown in Figure 2.

Numerous investigations have shown oxide spallation to be affected signifi-
cantly by several parameters. Those parameters include cooling rates (39),
quench temperature (40), oxide dispersions in the alloy (41-43), and the cycle
frequency (the duration of the heating and cooling cycle) (17,44). Small addi-
tions of Pt to the alloy, or the presence of Pt in the furnace, have also been
observed to increase the oxide adherence (45-47). Probably the most signifi-
cant and beneficial effect is that produced by small additions of reactive
metals. Zr was found to improve significantly the scale adherence of alumina-
forming NiCrAl (12,48) and CoCrAl (44) alloys, and chromia-forming FeCr (41)

and Cr stainless steels (49). Y has also been found to increase the scale
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adherence of A]ZO3 on NiCrAl (19,25,30), CoCrAl (19,50), and FeCrAl (26,28,29,
51) alloys. In addition, Sc (28), Th (25), and Hf (50) have been shown to
exhibit a beneficial effect on scale adherence.

Evaluation of various alloys and active metal additions is typically

accomplished by comparison of sample weight change measurements’

made during
cyclic oxidation. During the high-temperature portion of a thermal cycle, the
sample weight increases parabolically with time as the oxide scale thickens.
Upon cooling, patches of oxide spall non-uniformly, decreasing the weight of
the sample. Depending on the scale adhesion, the overall weight change will
eventually become negative. When the oxide growth is approximately equal to
the oxide loss during each cyclie, the weight change will decrease linearly with
increasing oxidation cycles. Alloys undergoing cyclic oxidation accompanied by
scale spallation are said to exhibit "paralinear-type" (6) oxidation behavior,
descriptive of the weight change when plotted as a function of time as shown in
Figure 3 (alloy 5A). (Paralinear-type oxidation behavior is in contrast to the
parabolic weight increases observed during isothermal oxidation.) When break-
away oxidation occurs, the Tess protective oxides which form tend to spall at
greatly accelerated rates causing an even more rapid decrease in the weight
change (17), also shown in Figure 3 (alloy 14).

Theoretical. Two modeling techniques are typically employed to determine
the weight of metal consumed during cyclic oxidation. The two techniques are:

1. Macroscopic spalling models, and

2. Microscopic diffusion models.
Macroscopic spalling models predict the total weight of oxide formed, the

weight of the oxide which has spalled, and the Weight of oxide remaining

+For comparison of various sample sizes, the weight change is typically
divided by the total sample surface area (mg/cm?).



Figure 3.
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intact on the sample surface. Input to most spalling models consists of an
oxide growth constant and various spalling parameters to govern the amount of
oxide which spalls each cycle. Various models have been proposed for A1203
spallation from NiAl (52) and NiCrAl (53) alloys, and for the analogous case

of oxide volatization from Cr203—form1ng alloys (54).

Microscopic diffusion models simulate the solute diffusion to the oxide/
metal interface. The instantaneous solute flux at the oxide/metal interface
is either known, and input to the model as a boundary condition, or can be
determined from the solute concentration/distance profiles predicted by the
model. From the instantaneous solute flux, and the predicted concentration/
distance profiles, a diffusion model has the inherent capability to predict
both the weight of solute consumed as oxide and the time to the onset of
breakaway oxidation.

The solute concentration/distance profiles during cyclic oxidation are
described by a solution to Fick's second law subject to two boundary condi-
tions, the same as for the case of isothermal oxidation. The inner boundary
condition is also the same as that for isothermal oxidaticn, viz., either an
initial solute concentration or interface concentration for one-phase or multi-
phase alloys, respectively. The significant difference in predicting the
concentration/distance profiles during cyclic oxidation and isothermal oxida-
tion is the nature of the boundary condition at the oxide/metal interface.

The boundary condition at the oxide/metal interface during cyclic oxida-
tion is critically dependent on the extent of oxide spallation. As previously
stated, the requisite solute flux is inversely related to the oxide scale
thickness. The thinner the oxide scale, the greater the requisite solute flux.

During cyclic oxidation accompanied by oxide spallation, the average oxide

thickness will always be 1esé than if the scale had been fully intact. As a
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result, the requisite f]ux+ of alloys undergoing oxide spallation during
thermal cycling will always be greater than the requisite flux associated with
intact, adherent scales. The greater the extent of oxide spallation, the
greater the requisite flux.

An alloy must supply the requisite flux if the oxide scale is to rémain
protective during cyclic oxidation. For the case of parabolic oxidation of
a single-phase binary alloy, Wagner (8) and others (33,35-37) have shown that
balancing the ionic flux in the oxide with the solute flux in the alloy
results in a solute concentration at the oxide/metal interface less than the
initial bulk solute concentration of the alloy. Therefore, a solute concentra- .
tion gradient is established which supplies solute from the metal substrate to
the oxide. The solute concentration at the oxide/metal interface remains
constant as long as the oxide scaie thickens parabolically (32). But, if
during isothermal oxidation all or part of the oxide scale were to spall off,
rebalancing the ionic oxide flux and the solute alloy flux would result in a
further decrease in the solute concentration at the oxide/metal interface.
Whittle (55) has derived an approximate equation deséribing the solute concen-
tration in a single-phase binary alloy after total spaliation of the oxide
scale. The solute concentration at the oxide/metal interface, as calculated:
by Whittle, is always less than the interfacial solute concentration before
the oxide scale was Tlost.

Cyclic oxidation results in repeated oxide growth followed by total, or
partial, oxide spallation. Repeated application of the previous argument
would indicate a discontinuous decrease in the solute concentration at the

oxide/metal interface during cyclic oxidation accompanied by'scale spallation.

TDue to non-uniform oxide spallation, the requisite flux during cyclic
oxidation will always be considered as an average flux evaluated across a
sample surface.
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The extent of the decrease in the interfacial solute concentration would be
expected to depend on whether all, or only a portion, of the oxide scale
spalled. Similarly, the previous statements could be extended to predict a
decreasing interfacial solute concentration during the cyclic oxidation of
two-phase alloys.

The solute concentration at the oxide/metal interface must not be depleted
below that for thermodynamic stability of the solute oxide if the alloy is to
continue to provide a protective oxide scale (55). Stated otherwise, break-
away oxidation occurs during cyclic oxidation when the interfacial sclute
concentration has decreased to approximately zero. Time-dependent interfacial
solute concentrations resulting in breakaway oxidation were shown schematically
in Figures la and 1b.

Some researchers have predicted time-dependent oxide/metal interface
concentrations by assuming various oxide growth rate laws. Most of the pre-
dictions involve the non-parabolic oxidation rates associated with the initial
transient oxidation of binary alloys (56). Bastow et al. (33) have extended
the analysis to include the prediction of breakaway oxidation in a CoCr alloy
exhibiting paralinear oxidation behavior. The decrease in the Cr concentra-
tion at the oxide/metal interface was predicted as a result of the non-

parabolic requisite flux associated with Crzo3 volatization.

Philosophy and Approach

The cyclic oxidation of y+B8 , NiCrA1Zr(Y) alloys results in the selec-
tive oxidation of Al to form a protective A]ZO3 oxide scale. A y-phase sub-
surface layer thickens with time as Al is transported to the growing oxide.
Active metal additions affect the rate of oxide spallation which governs the

requisite Al flux for the sole formation and growth of A1203. The

requisite Al flux fixes the Al transport in the y-phase layer which controls
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the growth of the layer. The ability of the alloy to supply the requisite

flux is dependent on the diffusivity of the particular alloy, the maximum
possible Al gradient in the y layer, and the effect of the Cr concentration
profile on the diffusion of Al. The maximum possible Al gradient is a function
of the alloy composition with respect to the NiCrAl ternary phase diagram.
Hence, varying the Y or Zr content of the alloys affects the rate of oxide
spallation, which in turn affects the requisite Al flux, and therefore the Al

transport and growth rate of the y-phase subsurface layer.

Purpose

Verification

The first goal of this sfudy was to verify the effect of various requisite
flux conditions on the Al transport in y+8, NiCrAlZr(Y) alloys undergoing
cyclic oxidation. The y+pg alloys were chosen so as to allow examination of
the effect of various concentrations, various maximum solubilities of Al in
the y phase, and various diffusivities on the diffusional transport of Al and
on the ability of each alloy to avoid breakaway oxidation. Varying the Zr or
Y content of the alloys was used to induce differing oxide spallation char-
acteristics. The effect of the above parameters was examined by optical
microscopy and quantitative electron micrascopy of the alloys after various
cyclic oxidation exposures. X-ray diffraction of the oxide scale retained on

the sample surface was used to identify the oxide phases.

Prediction

The second goal of this study was development of a numerical model to
simulate the Al transport during the cyclic oxidation of y+8, NiCrA1Zr(Y)
alloys. Diffusion models are capable of predicting concentration/distance

profiles and phase layer widths (in multiphase applications). Diffusion
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models typically require the input of boundary conditions and diffusivities
specific to each alloy. The accuracy and validity of the predictions by the
diffusion model would be ascertained by a direct comparison with the results

from the experimental analysis of the cyclically oxidized alloys.
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EXPERIMENTAL RESULTS

Procedure

Three alloy compositions were chosen for examination of the Al transport
during the cyclic oxidation of y+ 8 NiCrAl alloys at 1200°C. Two alloy compo-
sitions contained approximately the same Al concentration but different Ni and
Cr concentrations, whereas the third alloy composition contained a greater Al
concentration but lower Ni and Cr concentrations. Different Zr contents were
added to each of the alloys to effect various oxide spalling characteristics.
The Zr was added by one of two techniques. One technique consisted of induc-
tion melting the metallic elemental constituents Ni, Cr, Al, and Zr in
alumina crucibles. In the second technique, metallic Ni, Cr, and Al were
induction melted in zirconia crucibles which permitted Zr to be leached |
from the crucible. The longer the melt was held in the zirconia crucible, the
greater the Zr content of the resulting a]]oy. One ailoy composition was
alloyed with Zr by both techniques to examine the effect of the Zr content and
alloying technigue on the oxidation behavior. The same alloy lcomposi”ciondr was
also alloyed with Y to allow a specific comparison of the effect of Y and Ir
on the diffusional transport of Al during cyclic oxidation. Following the
induction melting, all the alloy melts were poured into zirconia leaf
molds. Very little Zr was leached from these molds (57). The compositions of
the alloys and the method of alloying are listed in Table I.

The alloys were fabricated and oxidized at the Lewis Research Center of
the National Aeronautics and Space Administration. The alloys were oxidized

in the cast state without previous heat treatments. Isothermal oxidation was

+Different alloying techniques and different alloy additions (Zr or Y) to
the same alloy composition resulted in variations in the Al and Cr concentra-
tion (of 1-2 at.%) between the alloys.
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TABLE I

ALLOY COMPOSITIONS

Composition (at.$%)

Alloying
Alloy Designation Ni Ccr Al zZr (Y) Technique
Ni~13Cr-25A1-0.05Zr 61.95 13.26 24.73 0.054 a
Ni-14Cr-25a1-0.072r 61.92 14.35 23.66 0.066 b
Ni-14Cr-25A1-0.12Y 61.16 13.75 24.97 0.12y a
Ni-19Cr-24A1-0.042r 57.37 19.00 23.59 0.038 b
Ni-17Cr-28A1-0.18Zr = 54.41 17.06 28.35 0.18 b

a. Alloyed with 2r or Y by induction melting of the elemental, metallic

constituents in an alumina crucible.

b. Alloyed with Zr by induction melting metallic Ni, Cr, and Al in a

zirconia crucible allowing Zr to be leached from the crucible.
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performed at 1200°C in still air. Cyclic oxidation testing consisted of a
one-hour exposure at 1200°C in still air followed by a minimum cooling period
of twenfy minutes at approximately room temperature, also in air. The oxida-

tion/cooling cycle was repeated various times for each of the aHoys.+

The
change in weight per unit sample area was measured during both the isothermal
and cyclic oxidation tests. Paralinear weight change curves of the four Zr-
containing alloys indicate a significant range in thé oxide spalling character-
istics between the alloys. The weight change curves are shown in Figure 4.
At longer times, the Ni-13Cr-25A1-0.05Zr and Ni-17Cr-28A1-0.18Zr alloys exhibit
the most rapid weight loss, indicating poor scale adherence. In comparison, the
Ni-19Cr-24A1-0.04Zr and the Ni-14Cr-24A1-0.07Zr alloys exhibit a much lower
weight loss, indicating better scale adherence. Further details of alloy
fabrication, the oxidation equipment, and testing procedures are given else-
where (12,27,48).

The three alloys containing 24 - 25 at.%Al initially possess very similar
v+ 8 microstructures with 0.6~ 0.75 volume fraction of the B phase present.
The Ni-17Cr-28A1-0.18Zr alloy initially contains approximately 0.96 volume
fraction of the B phase. (The volume fractions of the g phase decrease after
long cyclic oxidation exposures. The microstructural changes during cyclic
oxidation will be discussed shortly.) The microstructures of the four alloys
and the alloy position in the y+ 8 field of the NiCrAl ternary diagram.at
1200°C are shown in Figure 5. The dendritic B phase (dark phase in the micro-
graphs of Figure 5) has the NiAl (or CsCl1) type crystal structure. The y'phase

(1ight phase in the micrographs of Figure 5) is a Ni solid solution with an FCC

TThe cyclic oxidation time referred to in this report will only account
for the high-temperature period of each cycle. Hence, cyclically oxidized
for 800 hours refers to 800 cycles, each consisting of one hour at 1200°C
followed by a minimum of 20 minutes at room temperature.
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Ni-171Cr - 284A1-182Zr |

50at % 100 at b
Cr Ni

.
Ni-190Cr-236AI-042Zr Ni-138Cr-250Al-12Y

Figure 5. Microstructures of the four, Y+f NiCrAl alloys
examined in this study.



27

type crystal structure. No enrichment of Zr was detected by optical metallo-
graphy, x-ray mapping'on the electron microscope, or by x-ray diffraction of
the three alloys containing Zr. The Y-containing alloy contained a low volume
fraction of a Ni and Y enriched phase at the boundaries between the y and 8
phases, most probably Ni yttrides (19,25,28,29). Hence, the solubility limit
of Y was exceeded but the solubility limit of Zr was not, in accordance with
previous studies (19,25,27,30).

The oxide phases retained on the surface of each oxidized alloy were
determined by x-ray diffraction. The intensities of the oxide and metal sub-
strate peaks were ranked to indicate the proportion of each of the oxide
phases present. The oxide and metal phases detected are listed and ranked in
Table II. The Ni-14Cr-24A1-0.07Zr and Ni-19Cr-24A1-0.04Zr alloys show the
strongest A1203 presence through 800 hours. Both alloys exhibited good oxide
spalling characteristics evident from the weight change data in Figure 4. The
Ni-13Cr-25A1-0.05Zr and Ni-17Cr-28A1-0.18Zr alloys show considerable spinel
formation after 500 hours of cyclic oxidation exposure. Both alloys exhibit
poor oxide spalling characteristics, also evident from the weight change data
in Figure 4. Continuous formation of A]203 results in the best oxide spalling
characteristics.

The oxide morphologies of the four alloys are as varied as the paralinear
weight change data of Figure 4. The oxide morphologies differ between alloys
and with increasing oxidation time. Examples of the various morphiologies are
shown in Figure 6. The oxide morphologies range from relatively flat (Figure
6a) to rough and porous (Figures 6b and 6g). Oxide spallation from a sample
surface does not occur uniformly but from random, discrete sections on the
sample surface. The sample surface of the Ni-14Cr-25A1-0.12Y alloy, shown in

Figure 7, illustrates the rahdom oxide spa]]ation.‘ The 1ight areas in



Alloy Time (hrs)

TABLE II

OXIDE PHASES PRESENT AFTER CYCLIC OXIDATION

Ni. Solid Soln.

AlZO3

Hi-13Cr~25A1-0.052r

Ni-14Cr-24A1-0.072x

Ni-14Cr~-25a1-0.12Y

Ni-19Cr-24A1-0.042¢

Ni-17Cr-28a1-0.182r

100
200

500
800

800

100
200
500
1000

100
500
800
1600

200
500
800

vs

vs

vs

vs

vs

8

)

vs

vs

Spinel (ao)

g

:

[ i i -]

S

vs

(8.06-8.09)
8.09
8.06-8.09

8.06

8.09
8.09-8.10
(8.09)

(8.06)
(8.06)
(8.08)
(8.06)

(8.09)
(8.06)
(8.06)

Othex

Cr203 {vw)

YAG (vw) Yttrogarnet
(3Y203-5A1203)

Zro2 (w) monoclinic and cubic

CIZO3 (w)

2

The oxide and metal phases were ranked by normalizing the. largest peak for each phase to the largest peak measured on that particular

sample. The normalized peaks were ranked as 0.8-1.0, very strong (vs); 0.5-0.8, strong (s); 0.2-0.5, medium (m); 0.1-0.2, weak (w);

and o0.1, very weak, (vw).

8¢



Figure 6 Surface oxide morphologies after cyclic oxidation
a. Ni-13Cr-25A1-0.052r alloy after 800 oxidation cycles
(500x) Db. Ni-14Cr-25A1-0.12Y alloy after 1000
oxidation cycles (100x).
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Figqure 6 cont. c. Ni-14Cr-24A1-0.07%Zr alloy after 800
oxidation cycles (100x) d. same as c.
(500x)
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Figure 6 cont. e. Ni-19Cr-24A1-0.04Zr alloy after 800
oxidation cycles (200x) £. same as e.
after 1200 oxidation cycles (100x).
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Figure 6 cont. g. Ni-19Cr-24A1-0.04 Zr alloy after 1600 oxidation
cycles (100x) h. Ni-17Cr-2831-0.182Zr alloy after
800 oxidation cycles (100x).
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Figure 7 Surface oxide morphologies on the Ni-14Cr-25A1-0.12Y
alloy after various cyclic oxidation exposures (100x).
a. 1 oxidation cycle b. 15 oxidation cycles
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d

Figure 7 cont. c¢. 100 oxidation cycles d. 200 oxidation cycles.
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the micrographs are the Tlocations where the oxide layer has spalied. After
200 cycles, the oxide had spalled from over half the sample surface. No cor-
relation was found between the pattern of oxide spallation and the initial
v+ 8 microstructure. After 1000 oxidation cycles (Figure 6b), the sample
surface bears no resemblance to the early oxide scales.

Oxidation of y+pg NiCrAl alloys results in the growth of a ﬁear—surface
v layer by dissolution of the B phase at the y/y+p8 interface. Al is trans-
ported across the y layer to the oxide/metal interface where it is consumed in
formation of the oxide. To determine the width of the vy layer, and to prepare
for quantitative electron microscopy, the orthorhombic-shaped samples were
sectioned perpendicular to the main axis (z or c), thereby exposing a cross
section of the alloy perpendicular to the plane of the oxide scale. The cut
samples were mounted and polished by standard metallographic techniques. The
near-surface y-layer width was measured by optical mjcroscopy using a filar
eyepiece. The volume fraction of the B8 phase was also measured optically after
various oxidation exposures. Following the optical examination, the mounted
samples were carbon coated for use in the scanning electron microscope.

Four to eight Ni, Cr, and AT concentration/distance profiles were measured
across the near-surface y layer for each alloy after various cyclic oxidation
exposures. The concentration/distance profiles exhibited differences when
measured across the y layer at various locations on a sample. The differences
between the measured concertration/distance profiles were usually greater than
the possible discrepancies intrcduced by the measuring technique. The dif-
ferences in the concentration profiles are therefore attributed to either com-
positional variation within the as-cast sample, or to a varying requisite flux
resulting from random oxide spallation. The concentration of the y and 8

phases in the v+ B region of each sample was also measured after various
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oxidation exposures. Greater detail of the technique for measuring the con-
centrations with the scanning electron microscope is given in Appendix A. The

results will be presented separately for each alloy.

Experimental Results

Ni-13Cr-25A1-0.05Zr

The near-surface y-phase layer thickened at a rapid, non-parabolic rate.
the volume fraction of the B phase decreased from 0.73 to 0.43 after 800
oxidation cycles. A third phase, Y', based on the N13A1-type intermetallic
phase formed at the y/y+ B interface between 500 and 800 oxidation cycles. In
addition, the sample underwent a volume distortion after 500 oxidation cycles
so that the sectioned plane (x-y plane shown in Figure 8) of the 800-hour sam-
ple had decreased in the y direction but increased in the x direction (Figure
8). Changes in the z direction could not be determined. The y layer, always
measured in the x direction on all samples, was observed to increase abnor-
mally due to the anomalous volume distortion. Considerable Kirkendall-type
porosity was evident in the near-surface y layer (Figure 8a) but was not
observed on other alloys exhibiting volume distortions (Ni-14Cr-25A1-0.12Y
alloy, Figure 8b). Therefore, the porosity alone cannot be the cause of the
volume distortion. The microstructures and the near-surface y layer after
various oxidation exposures of the Ni-13Cr-25A1-0.05Zr alioy are shown in
Figure 9.

The rapid loss of Al results in a time-decreasing Al concentration at the
oxide/metal interface. The decreasing Al concentration at this interface is
attributed to an increased requisite flux encountered during cyclic oxidation
accompanied by significant oxide spallation. Discontinuous loss of the oxide
scale results in an average scale thickness less than that which occurs during

paraboiic oxidation. The thinner oxide scale results in a greater requisite
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Figure 8 Volume distortion of sample coupons a. Ni-13Cr-25A1-0.05Zr
alloy after cyclic oxidation for 800 hours b. Ni-14Cr-25Al1-
0.12Y alloy after cyclic oxidation for 1000 hours. Schematic
drawing to right shows the relationship between plane of sec-
tioning (dashed) and sample coupon.
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100 hrs.

200 hrs,

Figure 9. Micrographs of the near-surface Y layer after cyclic
oxidation of the Ni-13Cr-25A1-0.05Zr alloy.
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flux (J. o 1/6X

req oxide)' The Al concentration at the oxide/metal interface

decreases with time, increasing the concentration gradient, and thereby
supplying the increased requisite Al flux for continued A1203 formation and
growth. The decreasing Al concentration at the oxide/metal interface is shown
as the left-most point of the Al concentration/distance profiles in Figure 10.
The Ni and Cr concentration profiles are also shown. The right-most point of
each profile indicates the position of the y/y+ B interface, and the Ni, Cr,
and Al concentrations at that interface. The right-most point also gives the
concentration of the y phase in the y+ 8 region of each sample. There were

no measurable concentration gradients in the y+ 8 region. The error bars on
the right—most point indicate the average standard deviation on the concentra-
tions on that particular Ni, Cr, or Al profile. Comparison of the individual
profiles measured at various locations on a single sample indicated the scatter
to be the result of profile-to-profile differences_and not the result of the
measuring technique. The differences between the concentration profiles
measured at various locations along the sample ére attributed to the non-uniform
oxide spallation observed following cyclic oxidation of these alloys (Figure 7).
The non-uniform oxide spallation results in a range in the oxide thickness on
the sample surface, which further results in a range in the requisite flux
along the sample surface. The differences in the measured concentration pro-
files reflect the varying response of the alloy in supplying Al over the range
of reqhisite flux conditions.

The Al and Ni concentrations at the y/y+ R interface (right-most concen-
tration points, Figure 10) increase with increasing oxidation time, whereas the
Cr concentration at the interface decreases with increasing oxidation time. In
addition, the entire Ni concentration profiles shift to greater Ni concentra-

tions with increasing oxidation»time while the Al and Cr concentration profiles
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41

generally decrease with increasing oxidation time. The overall increase or
decreasé in the concentration profiles can be observed and explained by
p]ottiné the concentration profiles as diffusion paths on the NiCrAl phase
diagram. The diffusion paths are observed to "translate" toward the Ni-rich
corner of the phase diagram, as shown in Figure 11. The solubility limit of
Al in the vy phase (the Tine dividing the vy and y+B fields) is the effective
solubility limit at 1200°C used throughout this study, as discussed in
Appendix B.

The diffusion path translation can be understood by determining the com-
position of the sample after oxidation. First, consider a Ni-18Cr alloy with
the same Cr/Ni ratio (0.21) as the Ni-13Cr-25A1-0.05Zr alloy (point A in
Figure 11). If pure Al is added to this binary alloy, the resulting composi-
tion of the NiCrAl alloy would lie on a line connecting point A to the 100
at.%Al1 corner, also passing through the Ni-13Cr-25A1 composition (see inset,
Figure 11). Similarly, if Al were removed from the Ni-13Cr-25A1 alloy, the
resulting tomposition would again fall on the dashed line in Figure 11. The
composition of the Ni-13Cr-25A1-0.05Zr alloy after oxidation is the sum of the
average compositions in the y+ 8 region and the near-surface y layer, weighted
in proportion to the fractional amount of the y+g region (or y layer) present
after the oxidation exposure. The average composition of the y layer, deter-
mined from Figure 10, and the average composition of the y+pg region, deter-
mined from the concentration and volume fraction of each phase, are indicqted
as open squares for each diffusion profile shown in Figure 11. The composition
of the sample lies on a line connecting the average compositions of the y+8
region and the y layer and is shown as open triangles in Figure 11. As shown,
the composition of the sample after oxidation closely follows the dashed line

of constant Cr/Ni ratio.
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The diffusion path translation results as a natural consequence of losing
Al from the finite sample coupons during the oxidation process. Since the
average. composition of the y layer resides to the left, or Cr-rich, éide of
the line of constant Cr/Ni ratio, the average composition of the y+ 8 region
must 1ie to the right, or Cr-poor, side of the line of constant Cr/Ni ratio.
As the average composition of the y+ B region shifts away from the Cr corner,
the concentration in the y phase at the y/y+ 8 interface also shifts in the
same direction. The shifts in the concentration at the y/&*—B interface tend
to "pull" the diffusion paths in the y phase away from the Cr corner, resulting
in the observed translation of the diffusion paths. The decrease in the
volume fraction of the B phase with increasing oxidation time (Figure 9) is
a result of the changing average composition in the y+ 8 region associated
with diffusion path translation.

Diffusion path translation requires diffusion to occur in the y+ 8 region
of the alloy. It is apparent that the average composition of the y+ g8 region
increases in Ni concentration (F%gure 10). Therefore, Ni must diffuse into
the y+ B region as Al and/or Cr diffuse from the region. The fact that there
were no measurable concentration gradients in the y+ B8 region suggests that
the region behaves as a thin, finite section; i.e., the average composition of
the regioh changes uniformly with negligible concentration gradients.

The Ni atoms must diffuse up the Ni concentration gradient in the vy layer
in order to enter the y+ 8 region. A mass balance of Ni at the y/y+g inter-
face, when considering the interface motion, requires the diffusion of Ni into
the y+g region. The diffusion of Ni up its own concentration gradient is
permissible when the Ni flux is significantly influenced by the concentration
grz“ients of either Cr or Al. Diffusion of Al down its own concentration

gradient in the y layer from the v+ 8 region is supported by both the decrease
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in the average Al concentration in the y+B region (Figure 10) and by mass
balance considerations regarding the motion of the y/y+8 1nterface. The
interface motion also requires a flux of Cr atoms toward the moving interface
(Appendix C). Since the average Cr concentration in the y+8 region decreases
with increasing oxidation time (Figure 11), part of the Cr supply comes from
transport of Cr in the y+ B8 region to the y/y+ B interface. In addition, since
the average Cr concentration in the y layer also decreases with increasing
oxidation time (Figure 11), Cr must also diffuse down the Cr concentration
gradient in the y layer to the y/y+ B8 interface. Therefore, changes in the
average composition of both the y+ B8 region and the y layer, along with mass
balance considerations at the y/y+ B8 moving interface, suggest that Al and Cr
diffuse down their respective concentration gradients while Ni diffuses up its
own concentration gradient.

Diffusion of Ni away from the oxide/y-layer interface is not contradicted
by the observation of mixed Ni oxides in the scale (Table II). Considerable
oxide cracking or spalling to the metal substrate would allow a high concen-
tration of oxygen to contact the metal. Significant amounts of NiO may
initially form and rapidly grow since Ni is the most abundant species at the
oxide/metal interface. As Al diffuses to the interface, the Al will react
with the Ni0 to form the more thermodynamically stable NiA1,0 When the

274"
Ni0 is completely converted, an A1203 scale will form below the N1A1204.
Figure 12 shows a duplex scale structure for the Ni-13Cr-25A1-0.05Zr al]oy
after 800 hours of cyclic oxidation. The area indicated A is the metal sub-
strate containing obvious oxide grain imprints. The rough area designated B
was determined by energy-dispersive spectroscopy (EDS) to contain roughly 60%
Cr, 30% Ni, and 10% Al, probably a mixture of NiCr204 and N1'A1204 spinels.
The area designated C shows co}umnar grains containing mainly Al, most
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b

Figure 12. Scanning electron micrograph of the surface oxide scale on

the Ni-13Cr-25A1-0.05Zr alloy after 800 oxidation cycles.
a. oxide scale (dark) and metal substrate where oxide has
spalled (light), (600x); b. high magnification of oxide
scale edge showing duplex oxide structure; note oxide im-
prints in the metal substrate, A; mixed spinel oxides, B;
andcolumnarzu203 grains, C. (2400x)
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probably A1203 (oxygen could not be detected with the EDS), growing below the
spinels into the metal substrate. The explanation of initial Ni0 formation
converting to a'Spihel with subscale formation of A1203 is similar to models

of transient oxide formation during isothermal oxidation (5,21,23).

Ni-14Cr-24A1-0.07Zr

The oxide scale provided by this alloy affords greater oxide protection
during cyclic oxidation than the previously discussed Ni-13Cr-25A1-0.05Zr alloy
with approximately the same composition. The present 0.07Zr alloy was alloyed
with Zr by induction melting elemental Ni, Cr, and Al in zirconia crucibles,
allowing the Zr to be leached from the crucible. Two points are 1mmedi&te1y
obvious in a comparison of the microstructures and concentration profiles of
each alloy. First, the y layer of the 0.07Zr alloy is much less than the pre-
viously discussed 0.05Zr alloy, both after 800 oxidation cycles (Figure 13).
Secondly, the Al concentration at the oxide/meta]‘interface after 800 oxidation
cycles is considerably greatgr for the 0.07Zr alloy than that for the 0.05Zr
alloy after 800 or even 500 oxidation cycles. The concentration/distance
profiles for the 0.07Zr alloy are shown as open points in Figure 10. The
concentratiqn profiles (Figure 10), taken together with the difference in the
v-layer widths (Figure 13) and the weight change data (Figure 4), indicate that
the 0.07Zr alloy possesées much better spa}]ing characteristics than the 0.05Zr
alloy. A study of the effect of the Zr concentration on the cyé]ic oxidation
of NiCrAl1Zr alloys by Barrett, Kahn, and Lowell (48) indicates that thé dif-
ference in the Zr content of the two alloys does not explain the variation
observed in ‘their oxidation behavior. Hence it appears that the variation in
the cyclic oxidation behavior may be attributable to the method of alloying
the Zr and fhaf Ir pick¥up from the zirconia crucibles during the induction

melting process improves the cyclic oxidation behavior of these alloys. The
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improved cyclic oxidation behavior resulting from Zr pick-up from the zirconia
. crucibles is under further investigation at the NASA-Lewis Research Center (57).
The Ni-14Cr-24A1-0.07Zr alloy was also examined after isothermal oxidation
for 200 and 1000 hours at 1200°C. The y-layer width after jsothermal oxidation
is very slight in comparison to the width following cyclic oxidation. The Y-
layer widths and resulting microstructures after isothermal and cyclic oxidation
of the 0.07Zr alloy and the cyclic oxidation of the 0.05Zr alloy are compared in
Figure 13. The B phase in both alloys underwent considerable coarsening during
the high-temperature exposure. The volume fraction of the B phase remained
essentially constant during isothermal oxidation (0.64 - 0.68), whereas the
volume fraction of the g phase significantly decreased during cyclic oxidation.
The difference in the volume fractions of the B phase is directly attributable
to the lack of any significant diffusion path translation in the isothermally
oxidized alloy. Thevre1ative1y large Toss of Al during cyclic oxidation re-
sults in significant diffusion path translation, changes in the average compo-
sition of the y+ 8 region, and consequently, a change in the volume fraction
of the B phase.
| Limited concentration measurements in the y layer after isothermal oxida-
tion up to 1000 hours indicate a very low Al concentration gradient. A Tow Al
concentration gradient is consistent with the expectation of a low requisite
flux during parabolic oxidation. The near-surface Y layer was measured'to
thicken parabolically with time. The thin black oxide stringeré growing in
from the oxide scale are common in Zr-containing alloys (27,48). The growth
of the oxide stringers into the substrate appears irrespectivewgf the presence
of either the v or B phase (Figure 14). EDS ané]ysis of the stringers indicates

a high Al content (presumably A]ZO with a very slight trace of Zr.

3)



Figure 14.
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Growth of the Al _O_ stringers into the
substrate of the Ni-14Cr-24A1-90.072r
alloy after 1000 hours of isothermal
oxidation. (300x)
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Ni-19Cr-24A1-0.04Zr
| This alloy exhibited the best cyclic oxidation resistance of the four
alloys studied. Strong A1203 formation (Table II) resulted in a Tow loss of
scale during cyclic oxidation, as indicated by the weight change data in Figure
4. The near-surface y layer increased at a much lower rate than the other
cyclically oxidized alloys. Figure 15 shows the alloy microstructures after
cyclic oxidation to 1600 hours. The volume fraction of the B phase decreased
only slightly from approximately 0.62 to 0.53 after 1600 oxidation cycles.

The good cyclic oxidation behavior of this alloy is reflected in the Tow
Al concentration gradients in the y layer. A low requisite Al flux associated
-with good oxide scale adherence results in a very small decrease in the Al
concentration at the oxide/metal interface. The concentration/distance profiles
are shown in Figure 16. The 800-hour Al concentration profile appears abnor-
mally high, most probably the result of an increased Al content produced at
the casting stage. The relatively low loss of Al from this alloy results in a
small amount of diffusion path translation, shown in Figure 17. The difference
in the concentration profiles resulting from a low, and high, requisite flux
condition can be seen by comparing the concentration profiles of the
Ni-13Cr-25A1-0,05Zr alloy and the Ni-19Cr-24A1-0.04Zr alloy, shown in Figures
10 and 16, respectively. The obvious difference between the concentration
profiles is the Al concentration at the oxide/metal interface. The interfacial
Al concentration of the Ni-19Cr-24A1-0.04Zr a]]oy remains relatively high
(> 8 at.% after 1600 hours), whefeas the interfacial concentration of the
Ni-13Cr-25A1-0.04Zr alloy is. considerably lower (< 7.5 at.% after only 800
hours. |

The good oxide adherence of Ni-19Cr-24A1-0.04Zr alloy may be due to

accommodation of the thermally induced strains by the increasingly convoluted
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100 hrs.

200 hrs.

500 hrs.

800 hrs.

Figure 15. Micrographs of the near-surface Y layer after cyclic
oxidation of the Ni-19Cr-24A1-0.04%Zr alloy.
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1200 hrs.

Figure 15. cont. Ni-19Cr-24A1-0.04Zr alloy.



Concentraticn (At.%)

T | { I T ! 4 i ! { | | !
[ R L 3
I A
000 L e
TR 8 e % Ni
L e e -
\\i
72 >
st
30 ;‘im: A —
= Wi -
EOH s L‘.‘:L\ ‘=~~
i o= ‘5*1* Cr
‘O\\ - -
~““'~~o-\~§ _ .
25 T ———— %*
) Ni-19Cr-24 Al-0.04 Zr 7
50 v-100hrs —
O 4-200hrs
®-500hrs
- ®-800hrs -]
0-1600hrs
15+ )
oo~ ¢ ._—;—i O T T é
| 2 A g8 -7 '
10 "‘i::b‘ ,,,,,,, o-—""" N -
000
_ =L _
0 ! | | ] i i 1 | ! | 1 | I
0 50 100 150 - 200 250 300 350

Distance (Um)

Figure 16. Ni, Cr, and Al concentration/distance profiles in the

Y layer after cyclic oxidation of the Ni-19Cr-24Al-
0.04Zr alloy.



50at
Al

Ni-17Cr-28AI1-0.18 Zr

% 200hrs
& 800hrs

Ni-19Cr-24A1-0042Zr

& 200hrs
v 16C0Ohbrs

Ni-14Cr-25A1-0.12Y
O 200hrs
O 1000hrs

100at%

50at%
Cr Ni

Figyre 17. Diffusion path translation after cyclic oxidation of. the
Ni-19Cr-24A1-0.04%Zr, the, Ni-14Cr-25A1-0.12Y, and the
' Ni-17Cr-28A1-0.18%r alloys.

12



55

oxide/metal interface. Oxide ridges are apparent in Figures 6c - 6g. The con-
vo1uted»oxide/meta] interface is also apparent in the micrographs of Figure 15
(800-1600 hour exposures). The source containing References 13 and 15 dis-
cusses the theoretical and experimental aspects of stress effects and oxide

morphologies during oxidation.

Ni-14Cr-25A1-0.12Y

The Y content of this alloy effects cyclic oxidation behavior very simi-
lar to that of the Ni-13Cr-25A1-0.05Zr alloy. The near-surface y layer
increases at approximately the same rate for both alloys through 500 hours.
The difference at Tonger times is probably due to different volume distortions
which occur in both alloys at the Tongest oxidation time (Figure 8b). The
similarity in the y-layer width between the two alloys can be observed by
comparing the micrographs of the Y-containing alloy (Figure 18) with those of
the Zr-containing alloy (Figure 9).

The concentration/distance profiles also exhibit characteristics similar
to the Zr-containing alloy. The Al concentration at the oxide/metal interface
significantly decreases with increasing oxidation time, while the Al concen-
tration at the y/y+ B interface similarly increases as a result of diffusion
path translation. The concentration/distance profiles are shown in Figure 19,
Two Al concentration profiles are shown for the 1000-hour sample near the
oxide/metal interface. The Tower Al concentration profile resulted from
measuring the concentrations in the metallic sections which extended past the
average oxide/metal interface positiqn. The diffusion path translation is
shown in Figure 17.

Two important points are worth noting in a comparison of the Y- and Zr-
containing alloys. First, the Al concentration at the y/y+ 8 interface is

approximately the same for both alloys at each oxidation time. This similarity
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Figure 18. Micrographs of the near-surface Y layer after cyclic
oxidation of the Ni-14Cr-25A1-0.12Y alloy.
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implies that Y does not significantly affect the maximum solubility of Al in
the vy phése. It is also shown in Appendix B that Zr does not appear to signi-
ficantly affect this solubility. Second, although both alloys have approxi-
mately the same y-layer width after equivalent oxidation times, the Al concen-
tration gradient in the Y-containing alloy is greater than that in the Zr-
containing alloy. The similar y-layer widths imply that both alloys have lost
Al at approximately the same rate, further implying that both alloys have
approximately the same requisite flux. The difference in the concentration
gradients, but the same requisite flux, suggests that Y adversely affects the
supply of Al to the oxide/metal interface. Since Appendix C suggests that the
Al flux in the y layer is mainly dependent on the Al concentration gradient, it
may be inferred that Y decreases the Al diffusivity below that -in the Zr-
containing alloy. A greater concentration gradient is therefore required in
the v layer to supply the same requisite flux as the Zr-containing alloy.

The oxide stringers observed after oxidation of Y-containing alloys are
generally attributed to the selective oxidation of grain-boundary yttrides.
Figure 20 shows the selective oxidation of a grain boundary yttride after 100
hours of cyclic oxidation of the Ni-14Cr-25A1-0.12Y alloy. EDS analysis of the
unoxidized portion of the yttride indicated a composition of mainly Ni with

lesser amounts of Y and trace amounts of Al and Cr.

Ni-17Cr-28A1-0.18Zr

The high Zr content of this alloy effects poor oxide spalling character-
istics similar to the Ni-13Cr-25A1-0.05Zr and Ni-14Cr-25A1-0.12Y alloys. The
Al content, being the highest in this alloy, results in a Tower growth rate
of the near-surface y layer while still supplying Al to the oxide scale at
approximately the same rate as the Ni-13Cr-25A1-0.05Zr and the Ni-14Cr-25A1-0.12Y

alloys. The width of the y layer in the Ni-17Cr-28A1-0.18Zr alloy is shown in



59

Figure 20. Selective oxidation of grain boundary yttrides
on the Ni-14Cr-25A1-0.12Y alioy after cyclic
oxidation for 100 hours. (500x%)

|
|
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Figure 21. The high Zr content also results in an increased occurrence of
A1203 stringers in the vy layer, apparent in Figure 21. The increased number
of oxide stringers accounts for the abnormally large, positive weight change
during cyclic oxidation (Figure 4).

More interesting in the Ni-17Cr-28A1-0.18Zr alloy is the occurrence of
Tocalized breakaway oxidation after 500 and 800 oxidation cycles. Internal
oxidation of Al, signaling external formation of less protective oxides of Ni
and Cr, is shown in Figure 22. An increased slope in the weight change data
after approximately 500 oxidation cycles (Figure 4), indicating rapid spalla-
tion of poorly adherent scales, further attests to the onset of breakaway
oxidation. Breakaway oxidation occurs in localized regions because of the non-
uniform nature of oxide spallation from the sample surface. The x-ray maps of
Figure 23 show Cr-rich oxides (probably Cr203) forming in an internally oxi-
dized subscale region indicating significant oxygen influx into the alloy.
Figure 22 also shows a partial link-up of A1203 precipitates at the boundary
between the y layer and the internally oxidized zone.

Breakaway oxidation results from a failure of the alloy to supply the
requisite Al flux for sole formation and growth of an A]ZO3 oxide scale. As
was eviaent from the previously discussed alloys, the Al concentration at the
oxide/metal interface decreased with time, increasing the Al concentration
gradient in the y layer, and allowing the alloy to supply the requisite flux
to the oxide scale. Decrease of the interfacial Al concantretion to zero
prevents further supply of the requisite flux, and less-protective oxides will
eventually form. Formation of less-protective oxides permit a high infiux of
oxygen into the alloy substrate internally oxidﬁzing the Al. Further oxida-

tion results in either total internal oxidation of the Al in the sample, with

rapid spalling of Ni and Cr oxidec, or internal oxide link-up resulting in a
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Figure 21. Micrographs of the near-surface 7y layer after cyclic
. oxidation of the Ni-17Cr-28A1-0.18Zr alloy. '
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X-ray maps of internal oxidation substrate shown in
Figure 22. a. Internally oxidized subscale (180x)
b. Al x-ray map.
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new A]ZQ3 protective barrier. The greater the volume fraction of internally-
oxidized precipitates deposited, the more tortuous the path the incoming oxygen
must travel and the greater the chance of precipitate link-up establishing a
continuous, protective oxide scale. Rapp (58) has reviewed the theoretical

and experimental work regarding the solute concentration and diffusivity
necessary for the transition from internal oxidation to the formation of an
external, continuous oxide scale. It is apparent from Figure 23 that the
supply of Al to the internal oxidation/y-layer interface is sufficient to
reestablish a continuous A]ZO3 barrier by link-up of the A1203 precipitates.

The Al concentration at the oxide/metal interface for the Ni-17Cr-28A1-
0.18Zr alloy decreases to nearly zero after 800 oxidation cycles. The Al
concentration profiles showed a significant difference in concentrations
between the five to eight profiles measured at various locations along the
sample surface. The profiles are shown in Figure 24. The two error bars
below the Al concentration profiles are indicative 6f the differences between
various concentration profiles measured on the same sample. The concentrations
at the y/y+ 8 interface change in accordance with the diffusion path transla-
tion shown in Figure 17.

The occurrence of breakaway oxidation on the 500 and 800 hour samples
results from a failure of the alloy to supply the requisite flux when the Al
concentration at the oxide/metal interface decreased to nearly zero. It is
interesting to note that this ¢1loy with the highest Al content (28 at.%)
undergoes breakaway oxidation before the alloys with less Al, even though the
requisite Al flux and the weight of Al consumed in this alloy will be shown to
be similar to that in the Ni-13Cr-25A1-0.05Zr and Ni-14Cr-25A1-0.12Y alloys.

This point will be discussed further in the next section.
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The observations concerning the Al transport during the cyclic oxidation

of NiCrA1Zr(Y) alloys will be briefly reviewed. The differences between iso-

thermal and cyclic oxidation will also be noted. The observations from the

experimental analysis are:

1.

Oxide spallation during thermal cycling results in a more rapid loss
of Al over that which occurs during isothermal oxidation. The accel-
erated loss of Al is due to the higher requisite flux associated with
cyclic oxidation.

Repeated oxide spallation results in a decreasing Al concentration at
the oxide/y-layer interface. The interfacial Al concentration de-
creases, increasing the concentration gradient, in order to supply
the higher requisite flux. No measurable decrease in the interfacial
A1 concentration was observed during isothermal oxidation.

The rate of Al decrease at the oxide/y-]ayér interface was in propor-
tion to the severity of the oxide spallation. The Ni-13Cr-25A1-0.05Zr,
the Ni-14Cr-25A1-0.12Y, and the Ni-17Cr-28A1-0.18Zr alloys, all with
poor spalling characteristics, exhibited large decreases in the inter-
facial Al concentration after 800 - 1000 hours. In comparison, the
Ni-19Cr-24A1-0.04Zr alloy, with good spalling characteristics, exhiﬁ%h
ited a small decrease in the interfacial concentration after 1600
hours.

Breakaway oxidation was observed when the Al concentration at the
oxide/y-layer interface decreased to approximately zero in the
Ni-17Cr-28A1-0.187Zr alloy. Breakaway oxidation resulited from a
failure of the a]]oyf%o continue to supply the requisite flux.

The y-layer width foT]owing cyclic oxidation was considerably greater
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. than that observed after isothermal oxidation. The growth rate of
the v layer in the cyclically oxidized alloys reflects the influence
of the increased requisite flux associated with oxide spallation.

6. The loss of Al from finite samples led to diffusion path translation,
changes in the composition of both phases in the y+ 8 region, and a
decrease in the volume fraction of the B phase. The isothermally
oxidized alloys, having Tost relatively 1little Al, showed insignifi-
cant diffusion path translation or decrease in the volurme fraction

of the B phase.
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NUMERICAL MODELING RESULTS AND DISCUSSION

Numerical Modeling

Numerical models may be used to simulate and predict the diffusional
transport in alloys at elevated temperatures. Most numerical models are based
on finite-difference techniques which permit considerable flexibility when a
closed-form analytical solution is not possible. The flexibility of a numeri-
cal model allows incorporation of cencentration-dependent diffusion coefficients,
complex boundary conditions, non-isothermal temperature conditions, and over-
lapping diffusion fields. A number of binary and ternary numerical models
utilizing finite-difference techniques have been developed to simulate diffu-
sion under various conditions (59-62). Even with the increased flexibility,
numerical models still require some assumptions in order to determine a
solution.

Numerical modeling of atomic diffusion in systems containing moving
boundaries requires solution of Fick's second law in all single-phase regions
constrained by mass balances at the moving boundaries. If concentration-
independent diffusion coefficients are assumed, Fick's second law for the

NiCrAl system can be stated as (63):

2 2
. DA “d“c'é'] * Dpe - 'C(zz‘r“ (1a)
dt dx " odx

2 2
Ter Derar ﬁ_c‘gl * Depe - C"g‘r' (1b)
dt r dx ror s

ax

where CA] and CCr are the Al and Cr concentrations, respectively. The parameters
x and t refer to distance and time, respectively. The four diffusion coeffi-

cients——DA]A], DCrCr’ DA]Cr’ and DCPA]-Wi]] be defined shortly.
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The mass balance at the y/y+ B interface has the form:

dc dc
0 yydE _ v - Al Cr
(Cay - Car) g8 = Ia,e = (P “ax * Dater @k : (2a)
dC dC
0 Yy 48 - gy - Al Cr
(Cor = Cor) G = “Jore = {Pcrmr "ax ¥ Dorer o . (2b)
where: %%»= velocity of the y/y+ B interface,
JX] £ = A1 flux in the vy phase evaluated at the y/y+ B interface,

CA] = Al concentration in y+ g8 region,

CK] Al concentration in the y phase at the y/y+ 8 interface.

The Cr concentration parameters in Eq. 2b are defined similarly to those for
the Al. The Al and Cr fluxes are defined by the right-most term within the
brackets in Eqs. 2a and 2b. DA]A] and DCrCr in Egqs. 1 and 2 are the main or
direct diffusion coefficients relating the Al concentration gradient to the Al
flux and the Cr concentration gradient to the Cr flux (right-most terms, Egs.
2a and 2b), respectively. DA]Cr and DCrA1 are the cross term, or indirect,
diffusion coefficients relating the Cr concentration gradient to the Al flux
and the Al concentration gradient to the Cr flux (right-most terms, Eqs. 2a
and 2b), respectively. The terms containing DA]Cr and DCrA1 in Egs. 1 and 2
are referred to as the cross terms whichkdescribe the effect of one component
on the diffusion of other components in ternary and more complex systems (63).
Loss of a component from the metal substrate at a free surface results in
recession of the metal substrate. The appropriate equation describing the

metal recession due to loss of Al from the y phase in NiCrAl alloys is:

(Vay) s %
Al dt Al

——— (3a)
Y Mg
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dg
dt

VA] = partial molar volume of Al in the y phase,

where: velocity of the metal substrate recession,
CZ] = Al concentration in the y phase at the oxide/y-layer interface,

JX] = Al flux in the y phase evaluated at the oxide/y-layer interface

{

(defined similarly to the right-bracketed term in Eq. 2a).
The greater the partial molar volume of Al, the greater the surface recession
caused by loss of Al from the metal substrate.

The second goal of this research consisted in developing a model to simu-
late the Al diffusion in y+ g NiCrAl alloys during cyclic oxidation. As pre-
viously shown, the diffusion of Al to form an A1203 oxide scale results in the
growth of a near-surface y layer. The loss of Al from the metal substrate
resulted in the recession of the A1203/y—]ayer interface. Hence, it was
necessary to determine the Al diffusion in the near-surface y layer constrained
by the y/y+ 8 and A1203/y—1ayer moving boundaries. The cross term effect of
the Cr concentration gradient was neglected on the basis that DA]A] was much
greater than DA]Cr’ as suggested by the diffusion couple work in Appendix C.
Therefore, the Al transport was modeled on the assumption that the Al concen-
tration gradient was the dominant driving force for Al diffusion.

A numerical model was developed capable of predicting Al concentration/
distance profiles, the yv/y+ B8 interface motion, the oxide/y-layer surface
recession, and the weight of Al consumed. In addition, the model could pre-
dict the time to breakaway oxidation by predicting the time the Al concentra-
tion at the oxide/v-layer interface approached zero. Seven assumptions were
made in the development of the numerical model. They were:

1. The diffusion coefficients were independent of concentration.

2. The y/y+B interface was planar.

3. The oxide/v-layer interface was planar.
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4. The partial molar volume of Al was independent of concentration and
phase. ' |
5. Sample heat-up and cool-down times were rapid; i.e., diffusion only
occurred at 1200°C.
6. Only A]ZO3 was formed.
7. The driving force for Al was solely the result of the Al concentration
gradient. _
The finite-difference forms of Fick's second law and the mass balances at
each interface were utilized to describe the Al diffusion. The resulting
diffusion equations to be solved were:

2

dC d-C
- D— (4a)
dt dx2
in the y layer;
dg
Y _ 0y 2L gy - .p d¢
(C c) e Jl D ax (4b)
at the y/y+B interface; and
(I‘VA'I) dg
- s 2 _ 43v| - _pdC
7 C 3t D 3 (4c)
Al %2 i

at the oxide/y-layer interface, where the concentration and flux parameters
refer only to Al, and D refers to the diffusion coefficient approximating DA]A]
as discussed in Appendix C. A1l other parameters are described previously for
Egs. 1, 2, and 3.

The boundary condition at the oxide/yv-layer interface may be stated as
either a time-dependent flux (JZ) or as a time-dependent interface concentra-
tion (CS). If the flux (Jg) or the specific rate of Al consumption (i.e., the
requisite flux) is known, the interfacial Al concentration can be determined

from the right-most term in Eq. 4c and Fick's second law in the vy layer (Eq. 4a).
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Similarly, if the Al concentration at the interface (Cs) is known, Egs. 4a and
4c alloy the flux (Jg) to be determined. The interfacial Al concentration (C%),
estimated from the concentration/distance profiles measured on the cyclically
oxidized alloys, was input to the model. The range of concentration gradients
measured on the cyclically oxidized alloys did not facilitate easy estimation
of the flux (Jg).

The time dependence of the Al concentration at the y/y+ B8 interface was
also input to the model. ‘The Al concentration at this interface increased with
time as the diffusion paths translated toward the Ni-rich portion of the phase
diagram. The time dependence of the Al concentration at the y/y + 8 interface
and at the oxide/y-layer interface is shown in Figure 25. The finite-difference
form of the diffusion equations and the basic operations of the numerical model
are described in greater detail in Appendix D. The determination of the dif-

fusion coefficients for each alloy is shown and discussed in Appendix C.

Results and Discussion

Al Concentration Profiles and y-Layer Widths

The numerical model is able to predict accurately the Al concentration
profiles and y-layer widths through 500 hours for the Ni-13Cr-25A1-0.05Zr alloy.
The anomalous volume expansion of this alloy results in the underestimation of
the y-layer width for the 800-hour prediction. The predicted and measured Al
concentration/distance pkofiles are shown in Figure 26.

Similarly, the concentration/distance profiles and y-layer widths are
accurately predicted for the Ni-14Cr-25A1-0.12Y alloy through 500 hours. Again
the anomalous volume expansion results in the underestimation of the y-layer
width at 1000 hours. The concentration/distance profiles are shown in Figure
27. The curvature in the 500-hour and 1000-hour Al concentration profiles is

greater than the curvature in the predicted profiles. The additional curvature
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may be the result of either a concentration dependence of the diffusion coeffi-
cient, the diffusion coefficient decreasing as the Al concentration decreases,
or the effect of the Cr concentration profile on the Al diffusion.

The concentration/distance profiles and y-layer widths were predicted
with moderate success for the Ni-19Cr-24A1-0.04Zr alloy. This alloy exhibited
the best oxide spalling characteristics of the four alloys studied and, conse-
quently, has lost the least Al to the formation of A1203. Since the requisite
flux for this alloy was relatively low, the concentration gradients measured
and predicted were also low in comparison with the other alloys. The measured
and predicted concentration/distance profiles for this alloy are shown in
Figure 28. Small changes in the time dependence of the Al concentration at
the oxide/metal interface, or at the y/y+B interface, resulted in large changes
in the y-layer width. In addition, small differences in the initial alloy com-
position could also result in large differences between the predicted and
observed behavior. An example of this is the high Al concentration measured
in the vy layer of the 800-hour sample. The predicted concentration profile is
much lower than that measured resulting in an overestimation of the y-layer
width.

The concentration/distance profiles and y-layer width for the Ni-17Cr-28A1-
0.18Zr alloy were also predicted with moderate success. The width of the y
layer was predicted fairly well through 500 hours but overestimated at 800
hours. The 500-hour and 800-hour samples were both from a different melt than
the shorter-time samples and appear to have a slightly higher Al concentration
at the y/y +B8 interface than what would be expected based on the shorter-time
concentration profiles. The measured and predicfed concentration/distance
profiles are shown in Figurg 29.

The longer-time concentration profiles exhibit more curvature than the
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predicted concentration profiles. The additional curvature could be due to
either concentration-dependent diffusion coefficients or the cross-term effect
of the Cr concentration profiles. The curvature in the concentration gradients
near the oxide/metal interface may also be due to the very irregular shape of
this interface caused by the protrusion of the A1203 stringers into the y layer.
The Al diffusion in this region may not be in the single direction towards the
oxide/metal interface but in three directions as Al also diffuses to the oxide
stringers in a direction parallel to the sample surface. The increased sinks
for the Al diffusion could effect Tower Al concentrations and steeper Al
gradients in the regions containing the oxide stringers.

The ability of the model to predict the width of the y layer for each of
the four cyclically oxidized alloys is shown in Figure 30. The Ni-14Cr-24Al-
0.07Zr alloy after isothermal oxidation is shown also. Good agreement is
evident for each of the alloys excluding the 800-hour Ni-13Cr-25A1-0.05Zr sam-
ple and the 1000-hour Ni-14Cr-25A1-0.12Y sample, both of which exhibited
anomalous volume expansions.

The agreement between the predicted and experimentally determined weight
of Al consumed is shown in Figure 31. The experimental values were determined
graphically by the use of Figures 26 -29. The anomalous volume expansions
and the inability to determine accurately the oxide/metal surface recession at
longer times prohibited the experimental determination of the weight of Al con-
sumed beyond 500 hours. Because of the scatter in the ccncentration values in
Figures 26 - 29, the accuracy of the experimental values is estimated to be
+ 15%. Figure 31 shows that the Ni-19Cr-24A1-0.04Zr alloy exhibits the lowest
loss of Al, consistent with the observation of good spalling characteristics
attributed to an adherent A1203 oxide scale. The alloys Ni-13Cr-25A1-0.05Zr,

Ni-14Cr-25A1-0.12Y, and Ni-17Cr-28A1-0.18Zr exhibit a high loss of Al indicating
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poor sca]e adherence during cyclic oxidation. It is interesting to note that
the alloy with the best scale adherence contained the lowest Zr content which

was obtained by - leaching Zr from a zirconia crucible during the melting process.

Breakaway Oxidation

Predicting the time to breakaway oxidation can be illustrated for the
Ni-13Cr-25A1-0.05Zr alloy and the Ni-17Cr-28A1-0.18Zr alloy. Figure 31 indi-
cates that both alloys have lost approximately the same amount of Al after 800
hours of cyclic oxidation. Hence, the requisite fluxes for both alloys were
approximately equal. After several hundred oxidation cycles, the requisite
flux approaches a constant value as the average oxide scale tends toward a
constant thickness. The constant oxide-scale thickness is a consequence of
scale growth being equal to scale spallation during each cycle. This behavior
results in the linear portion of the paralinear weight change curves shown in
Figure 4.

An approximately equal time-independent flux (Jg) was input to the numeri-
cal model as a boundary condition at the oxide/y-layer interface for the
Ni-13Cr-25A1-0.05Zr and Ni-17Cr-24A1-0.18Zr alloys. The Al concentration at
the oxide/y-layer interface of the higher-Al-containing alloy was predicted to
approach zero at a much shorter time. The input flux and the predicted inter-
facial Al concentration is shown in Figure 32. A parabolically decreasing flux
and the resulting time-independent interfacial Al concentration for ihe iso-
thermal oxidation of the Ni-14Cr-24A1-0.07Zr alloy is also shown. The experi-
mental scatter in the Al concentration near the oxide/vy-layer interface in the
Mi-17Cr-28A1-0.18Zr alloy suggests that breakaway oxidation over much of the
sample surface could occur before 1000 oxidation cycles. The observation of
limited breakaway oxidation after 500 hours, and the occurrence of greater

areas undergoing breakaway oxidation after 800 hours (Figure 22), confirm the
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model's prediction of the early failure of the high-Al alloy even though both
alloys Have lost approximately equal amounts of Al.

The time to breakaway oxidation is dependent on the alloy composition and
the Al diffusivity. The Al content, as just shown, is not a sufficient param-
eter for ranking alloys according to their ability to resist breakaway oxida-
tion. The alloy composition, specifically with regard to its position in the
v+ B region of the phase diagram, and the diffusion coefficient, relating the
- Al flux to the concentration gradient, must also be considered when predicting
breakaway oxidation. The importance of the diffusivfty and alloy position in
the phase diagram can be seen in a comparison of the two alloys previously
discussed, viz., the Ni-13Cr-25A1-0.05Zr and the Ni-17Cr-28A1-0.18Zr alloys.
The diffusivity of the Tow-Al Ni-13Cr-25A1-0.05Zr alloy was measured as twice
that of the high-Al Ni-17Cr-28A1-0.18Zr alloy. Therefore, the low-Al alloy
could supply the same Al flux to the oxide/metal interface as the high-Al alloy
but with only half the Al concentration gradient. The difference in the con-
centration gradients near the oxide/metal interface is obvious from a compari-
son of the predicted Al concentration profiles for each alloy at 800 hours,
shown in Figure 33, where both alloys are supplying the same requisite flux
(Figure 32).

Two important points regarding the bulk alloy composition and position in
the phase diagram can be noted in Figure 33. First, the high-Al alloy has a
Targe concentration drop at the y/y+B interface, from the bulk concentration
(CO) to the maximum solubility of Al in the y phase (Cyﬁ)' The large concen-
tration difference at the y/y+ 8 interface allows the high-Al (28 at.%Al) alloy
to supply the same amount of Al to the oxide after 800 hours with less than
three-fourths the depletion width of the Tow-Al (25 at.%A1) alloy (see Figures

1b and 1c). The second point to note is that the position of the high-Al alloy
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in the y+pg field results in a low value of the maximum solubility of Al in
the vy pHase (CYB)' Consequently, the Al concentration at the oxide/y-layer
interface is lower than that in the low-Al alloy. The same statement would be
true even if the diffusivities, and therefore the concentration gradients, of
both alloys were equal (see Figures 1b and 1d). An optimum y+8 alloy compo-
sition may be selected to maximize the time before breakaway oxidation. The
alloy would be chosen with the highest possible Al solubility in the y phase
(CYB) and the maximum Al content (CO) effecting a low y-layer growth rate. An
alloy fitting this description is indicated as point A on the ternary phase
diagram in Figure 33.

The assumptions made in the development of the numerical model can be
examined to identify some of the possible sources of inaccuracy introduced to
the model. The assumption of a planar interface at the Y/y-FB boundary appears
justified by the observation that the boundary remains planar on a macroscopic
scale (Figures 9, 13, 15, 18, and 21) and by the fact that no concentration
gradients were observed in the y+g region of any sample. The assumption of a
constant molar volume seems reasonable based on the observation that consider-
able variation in the partial molar volume results in relatively small changes
in the overall diffusion behavior (Appendix D). The assumption of exclusive
formation of A1203 was accepted even though some oxides containing Ni and Cr
were observed. Formation of Ni or Cr oxides would accelerate the motion of the
oxide/metal interface but voula be expected to have no greater effect on the
overall diffusion behavior than the partial molar volume. The assumption that
negligible diffusion occurs during heating and cooling of the sample appears
justified considering the exponential relationship of the diffusion ccefficient
with temperature. The assumption of a planar interface at the oxide/y-layer

interface was only an approximation to the actual case, especially for the alloy
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containjng the highest Zr concentration (Ni-17Cr-28A1-0.18Zr). This assumption
may have accounted for some of the inacuracy in the predicted concentration
profiies especially near the oxide/y-layer interface. The assumption of negli-
gible cross-term effects (i.e., DA]A] >> DA]Cr) has been adequately discussed
in Appendix C. No conclusive justification for the concentration independence
of the diffusion coefficients can be given. Any concentration dependence of
the diffusion coefficient could easily account for most of the discrepancy
between the predicted and measured concentration profiles. Based on the dif-
fusion data for the similar CoCrAl systems (64), DA]A] could easily vary with
composition by an order of magnitude. A further assumption, not explicitly
stated, was that the initial composition of each sample, oxidized at different
times, was the same. Possible exceptions to this assumption were noted for

alloys Ni-19Cr-24A1-0.04Zr and Ni-17Cr-28A1-0.18Zr.

Summary

The results of numerically modeling the Al transport during the cyclic

oxidation of y+ g NiCrAl alloys will be briefly reviewed. The results were:

1. The Al concentration/distance profiles resulting from cyclic oxida-
tion of the v+ B alloys were predicted fairly accurately through 500
hours. The anomalous volume distortions in two of the alloys, and
differences in the 800-hour alloy compositions in two of the alloys,
did not facilitate accurate predictions beyond 500 hours.

2. The y-layer widths and the weight of Al consumed were likewise pre-
dicted with good accuracy through 500 hours but with less accuracy
beyond 500 hours.

3. The experimental Al concentration/distance profiles showed more
curvature than those predicted for several of the alloys. The

increased curvature could be the result of cross-term effects or,
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more likely, a concentration dependence of the Al diffusivity.
4. Breakaway oxidation was correctly predicted to occur in the alloy

" with the greatest Al content before an alloy with a lTower Al content.
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CONCLUSIONS

Several conclusions may be drawn from the present study of the Al trans-
port during the cyclic oxidation of y+ B8 NiCrA1Zr(Y) alloys. The conclusions
from the experimental results are: -

1. Oxide spallation results in an accelerated loss of Al from the sample.

2. Repeated oxide spallation results in a decreasing A1 concentration at
the oxide/y-Tayer interface.

3. The rate of Al decrease at the oxide/y-layer interface is in propor-
tion to the severity of the oxide spallation.

4, Breakaway oxidation occurs when the Al concentration at the oxide/
v-layer interface is approximately zero.

5. The y-layer width thickens at an accelerated, non-parabolic rate.

6. The loss of Al from finite samples leads to diffusion path transla-
tion, changes in the composition of both.phases in the y+ B region,
and a related decrease in the volume fraction of the B phase.

The conclusions from the numerical modeling study are:

1. The diffusional transport of Al in the y-phase layer can be modeled
with acceptable accuracy to predict the y-layer thickness, the
concentration/distance profiles, and the weight of Al consumed.

2. Breakaway oxidation can be predicted from the bulk alloy composition,

approximate diffusion coefficients, and the requisite flux.
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APPENDIX A
TECHNIQUE OF QUANTITATIVE ELECTROM MICROSCOPY

"The Ni, Cr, and Al concentrations in each of the NiCrA1Zr(Y) a]]oy$ were
determined by use of a scanning electron microscope (SEM), an energy-dispersive
x-ray spectrometer (EDS), and a numerical correction scheme. The SEM was a
JEOL JSM 35C operated at an accelerating potential of 20 KeV and a beam current
of approximately ].x10'9 amperes. The instrument was equipped with a beam
current stabilizer. The x-ray source size, or approximate volume producing
x-rays (65) was calculated to be 1.0- 1.5 um. The EDS system consisted of an
EDAX Si(Li) counting system coupled to a 711 series multichannel analyzer.

The EDS system was connected to a Texas Instrument 733 ASR high-speed data
terminal interfaced to a Data General NOVAZ mini-computer. The mini-computer
contained both peak stripping routines and various correctional schemes.

The correctional scheme used in this study accounts for the three main
sources of interference between elements in an alloy. The three interference
effects accounted for are:

1. The variation in the generation of x-rays due to changes in the matrix
composition and the incident electron energy. This effect is commonly
referred to as the "atomic number effect" (Z) because of its depend-
ence on the average atomic number of the matrix.

2. The absorption (A) of the x-rays characteristic of one element by the
other elements in the matrix. The degree of absorption js dependent
on the depth distribution of the generated x-rays gnd on the absorp-
tion coefficients of each of the other elements in the matrix.

3. The secondary fluorescence (F) of x-rays generated by one element when
it absorbs the primary x-rays generated by a-second-element.

The equations to account for the above interference effects are commonly



92

Y
g

referred to as ZAF corrections. The correctional scheme used in this study

(66) wa§ a modified version of the original computer program, designated FRAME,

incorporating the ZAF corrections. Input to the program consisted of the x-ray

intensity ratios (described later) for each element in the matrix, the char-

acteristic x-ray line being used (Ka in the preseht study), the operating

voltage, and the ang1esvbetween the incident electron beam, sample surface,

and the EDS collector. |

The typical sequence of steps to determine the concentration at a single

point in the matrix is given below. The SEM was operated in the spot mode for
%ﬁ a set time, usually between four and five minutes. The continuous spectrum
with the characteristic beaks for Ni, Cr, and Al was collected and stored by}
the EDS and multichannel analyzer. The continuous spectrum from the multi-
channel analyzer was entered into the mini-computer, and the Ka peaks of Ni,
Cr, and Al were stripped from the continuous spectrum by numerical routines
g% stored in the mini-computer. The stripped Ka peak intensities were divided by
their respective pure element (Ni, Cr, and Al) intensities, measured under the
same operating conditions. The resulting quotients, commonly referred to as

the intensity, or k, ratios for each element were input back into the mini-

computer along with the operating voltage of the SEM, the characteristic x-ray
line used to determine the intensity ratios; and the appropriate angles as
previously described. The computer program applied the ZAF corrections to the

intensity ratios and listed the weight fraction for each element. In almost

%; all cases, the sum of the weight fractions of Ni, Cr, and Al was in the range
0.95 - 1.00, most often-between 0.98 - 1.00.

Nine NiCrAl alloys of unknown compositibn were analyzed by the above
procedure td determine the accuracy of the ZAF correctional routines. Seven

Y—phaée a]Toys ;ﬁ&”tWOwé-phase alloys were fabricated and homogenized at IZObsbg
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for a week. The samples were sectioned and a portion of each sample was
ana]yzed by atomic absorption at the NASA Lewis Research Center. The remaining
portion of each alloy was analyzed following the procedure as described above.
The compositions as determined by atomic absorption are compared with the
compositions determined with the ZAF correction routines in Table A-l.Jr As
shown, the relative errors are the greatest for the Al concentration; but the
maximum relative error only amounts to less than 0.5 wt.% difference in the Al
concentraticn. Therefore, the accuracy of the Al concentration as determined
in this study, at the worst, could be set at approximately + 10% relative,

which amounts to an absolute error of less than 0.5 wt.%Al (v 1.0 at.%Al).

+The position of the nine standards in relation to the measured phase
boundaries of the NiCrAl system at 1200°C are shown in the phase diagram of
Figure B-1 in Appendix B.



TABLE A-1

COMPARISON OF THE NI, Cr, AND Al CONCENTRATIONS AS MEASURED

BY ATOMIC ABSORPYWION AND TECHNIQUE USED IN THIS STUDY *

* %

Atomic Abscrption ZAF Correction % Relative AC
' Routines Exror

Y phase

62.57 34.34 3.09 64.56 34.59 3.16 3.2 0.7 2.3 1.99 0.25 0.07
66.54 29.50 3.96 67.89 29.20 4.39 2.0 1.0 10.8 1.35 0.30 0.43
70.28 24.74 4.98 70.16 24.67 4.92 0.2 0.3 1.2 0.12 0.07 0.06
76.41 17.95 5.64 ‘75.63 17.62 5.91 1.0 1.8 4.8 0.78 0.33 0.27
73.40 24.26 2.34 76.20 24.50 2.35 3.8 1.0 0.4 2.80 0.24 0.01
79.83 17.88 2.29 80.81 17.54 2.22 1.2 1.9 3.0 0.98 0.34 0.07
90.34 7.10 2.56 89.30 6.67 2.33 1.2 6.0 9.0 1.04 0.43 0.23
R phase

66.77 14.84 18.39 "65.92 15.40 18.58 1.3 3.8 1.0 0.85 0.56 0.19

73.21 8.00 18.79 73.49 7.85 18.53 0.4 1.9 1.4 0.28 0.15 0.26

all concentrations in wt.%

* % '
% relative error = (At. Abs. - ZAF)/ At. Abs.x 100

¥6
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APPENDIX B
EFFECTIVE NiCrAl PHASE DIAGRAM AT 1200°C

An effective phase diagram for the NiCrAl system at 1200°C was determined
and utilized throughout this study. Quantitative electron microscopy (Appendix
A) in the y+ B region of'various alloys yielded the concentration of they phase
at the y/y + 8 phase boundary and the concentration of the 8 phase at the y/y+R8
phase boundary. The concentration of the y phase at the y/y+ 8 phase boundary
demonstrated a good fit to a single T1ine when plotted on the NiCrAl phase dia-
gram, whereas the concentration of the B phase at the B/y+ 8 phase boundary
showed more scatter about a single 1ine. The experimentally determined data
points and the effective phase boundaries, indicated as solid lines, are shown
in Figure B-1. The concentrations and heat treatments are given in Table B-1.

Two points of particular interest in this study can be noted by reference
to the effective y/y +8 phase boundary. First, the boundary shows no par-
ticular dependence on the Zr or Y content of the alloys. In addition, the
Ni-13.9Cr-25.1A1 alloy, containing no Zr, shows the same approximate concen-
tration at the phase boundary as the Ni-13Cr-25A1-0.05Zr alloy. Hence, there
is no significant dependence of the y/y+ g phase boundary on the Zr or Y con-
tent of the examined alloys. Second, the concentrations of the y phase at the
v/y + B phase boundary show the same fit to a single line regafd]ess of whether
the alloy was isothermally annealed as part of a diffusion couple, isothermally
oxidized, or cyclically oxidized (where diffusion path translation caused a
change in the concentration of the vy and g phases with time). Therefore, it
appears that the y and g phases were at thermodynémic equilibrium during the
elevated temperature period of cyclic oxidation.

The y/y+ 8 and the B/y+ B phase boundaries determined in this study are

at lower Al concentrations than the published NiCrAl phase diagram for 1150°C.



50at’e
Al

Standards
1s-Os ®

50at%
Cr

Effective phase boundaries for the NiCrAl system at 12000C determined in

Figure B-1 A
this study. Dashed lines indicate 1150 C phase boundaries from Reference 67.

96



97

TABLE B-1i

ALLOY COMPOSITION AT THE Y/Y+B AND B/Y+B BOUNDARIES

Alloy 3 Alloy Composition (at. %) Treatment

cr AL zr(Y)
1 13.3 24.7 0.05 cyclically oxidized 100, 200
500, & 800 hours.
2 13.8 25.0 0.12y cyclically oxidized 100,
200, 500, 1000 hours.
3 17.1 28.4 0.18 cyclically oxidized 100,

200, 344, 400, 500, 800

hours.
4 19.0 23.6 0.04 cyclically oxidized 100,
200, 500, 800, 1600 hours.
5 14.4 23.7 0.07 isothermally oxidized 200

and 1000 hours.

6 14.4 23.7 0.07 cyclically oxidized 800
hours.

7 13.9 25.7 0.0 isothermally oxidized 200
hours.

8 9.7 17.2 0.17 cyclically oxidized 200
hours.

9 14.4 23.7 0.07 isothermal anneal in excess

of 100 hours {(diffusion couple).
10 16.0 17.5 0.11 isothermal anneal in excess of
100 hours (diffusion couple).
11 20.8 16.5 0.02 isothermal anneal in excess of

100 hours {diffusion couple).

Standards isothermal anneal for 1 week
1s 35.9 6.2 —_—
2s 30.7 7.9 —_
3s 25.6 9.9 —
4s 18.6 11.3 —

5s 25.9 4.8 -
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TABLE B-1 (cont.)

Alloy # Alloy Composition (at. %)

Cr Al Zr (Y)
6s 19.2 4.7 —
7s 7.7 5.4 ——
8s 13.6 32.4 —

9s 7.3 33.2 —_



93

The 1150°C phase diagram reported by Taylor and Floyd (67) is shown as dashed
lines in Figure B-1. ‘The differences between the measured y/Y + 8 boundary and
that reported are greater than the maximum + 1.0 at.%Al accuracy of the con-
centration-measuring technique (Appendix A). Taylor and Floyd also indicated
that raising the temperature results in an increase in the Al concentration of
the y/y + B phase boundary. Hence, the difference in the y/y+ 8 phase boundaries
cannot be explained by reference to the 50°C temperature differential. A more
accurate reassessment is'necessary to clarify the discrepancy between the

observed and reported phase boundaries.
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APPENDIX C
DIFFUSION COEFFICIENTS

Introduction

Diffusion phenomena in ternary alloys may be significantlybdifferent
from those observed in binary alloys. In both alloys, atoms diffuse down
their own chemical potential gradients, but whereas in the binary case the
chemical potential gradient of a component increases with increasing concen-
tration of that component, no such generalization can be stated for the
ternary case. As a result, "uphill" diffusion, component diffusion up its
own concentration gradient, or diffusion in a two-phase region is possible
in ternary alloys.

In a ternary system, four diffusion coefficients are required to describe
the interdiffusion of atoms. The coefficients are of two types (64): direct
diffusion coefficients which relate the flux of a component to its own con-
centration gradient, and cross-term diffusion coefficients which relate the
flux of a component to the concentration gradients of the other components in
the system. It can easily be shown that two components are sufficient to
analytically describe ternary diffusion (63). The appropriate diffusion
equations relating concentrations, positions, and time for non-steady-state

diffusion in a single phase is Fick's second law. The appropriate ternary

form is:
dc dc
dc, d Dyy ~a—1- d D12 d2
= X + M')S_ (C._la)
dt dx dx
dc dc
ac, d Dy —a—l— d Do ’6‘2“
= e % (C-2a)

dt dx dx
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where: Ci = concentration of either component 1 or component 2 (i = 1,2),
t = time,
D11,~D22 = direct diffusion coefficients,
012’ 021 = indirect diffusion coefficients,

x = distance parameter.
The terms containing D12 and D21 are commonly referred to as the cross terms.
Fick's first law relates the flux of either component to the concentration

gradients of both components. The appropriate form for Fick's first law is:

dC1 dC2

Jp = Dy g - Dy ax (C-2a)
dC1 dC2

o = Doy 3 " Do2 ax | (C-2b)

where J1 and J2 are the fluxes of component 1 and component 2, respectively.
The other symbols are as described previously. For the case of a moving
boundary between a single-phase (y) and a two-phase (y+Rg) region, the

appropriate mass balance at the interface is:

(C? - C¥) %%—= ’Jz,g for component 1 (C-3a)
(cy - cf) & - -Jf , for component 2 (C-3b)
where: %% = velocity of the y/y+pg interface,
J¥,E = flux of component i evaluated at the interface as approached
from the y phase (i = 1,2),
C? = concentration of component i in the y+ B8 region (i = 1,2),

(ap]
. <
1}

concentration of component i at the interface as approached
from the y phase (i = 1,2).

A schematic of the concentration/distance profiles for the case where a y+8



102

NiCrAl alloy is diffusion bonded to a y-phase NiCr alloy is shown in Figure
C1. |

The effect of the cross terms on the diffusion behavior of NiCrAl alloys
can be estimated by a judicious selection of y/y+pg diffusion couples. It was
the intent of this particular investigation to estimate the effect of the
cross terms on the diffusion of Al and to investigate the possibility of using
a single diffusion coefficient to describe the Al transport. Towards this
purpose extensive use was made of diffusion couple measurements on similar

v+ 8 NiCrAl alloys by S. R. Levine of the Lewis Research Center (9).

Experimental Procedure

Various y/y+ g diffusion couples were utilized to investigate the dif-
fusion behavior of three y+ B NiCrAl alloys. The composition of the three
v+ B alloys corresponded to the basic alloy compositions {minus Zr and Y)
studied in the cyclic oxidation portion of this inVestigation. The y+8
alloys were cut, polished to 600 grit with SiC paper, and placed adjacent to
various NiCr y-phase alloys in a molybdenum (Mo) canister (Figure C2). The
canister and contents were annealed at 1200°C in an inert atmosphere for
various times. The lower thermal expansion of the Mo canister caused a com-
pressive stress to be placed on the couples resulting in diffusion bonding
at the elevated temperature. The composition of the y+ g8 NiCrAl alioys and
the y-phase NiCr alloys are listed in Table C1.T

Diffusion of Al from the Al-rich y+ B8 alloy into the NiCr alloy resﬁlted

in g dissolution and the consequent growth of a y-phase layer into the original

TThe various y/y+ £ couples will hereafter be referred to by the short
designation given in Table Cl. In this designation of i/j, i will refer to
the y+ B8 alloy or "source" (high A1), and j will refer to the y-phase alloy
or "sink" (low Al).
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Cape. | 1]Y]2|X[2]2| Mol

Figure C-2 Cross sectional diagram of Mo canister and diffusion couples
used in determining the approximate diffusion coefficients.
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TABLE C-1

ALLOY COMPOSITIONS USED EE_Y/Y+B DIFFUSION COUPLES

Alloy Designation Ni Cr Al
Source
1 61.9 14.4 23.7
2 57.9 19.0 23.6
3 54.6 17.1 28.2
4* 63.3 12.7 24.0
4—Zr* 63.1 12.7 24.0
Sink
W 89.0 11.0 —
X 80.0 20.0 —
Y 70.0 30.0 —
Z 60.0 40.0 —

*
Reference 69.

zr
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two-phase alloy. A typical microstructure after a diffusion anneal is shown
in Figure C-3. The diffusion couples were sectioned perpendicular to the
origiha] y/y+8 interface so that the y-Tayer width could be measured. The
couples were polished, etched, and the y-layer width was measured by optical
microscopy. The width was observed to increase at a parabolic rate in agree-
ment with the previous study (9). The time dependence of the y-layer width
for both studies is shown in Figure C-4. The Al and Cr concentrations were
measured in the y phase at the y/y+ 8 interface (CK], Cgr in Figure C-1) for
the 1/Y and 2/Y couples by the technique described in Appendix A. The limited
data indicate that the measured concentrations (Cgr, CX]) are the concentra-
tions at the end of tie .lines passing through the y+g alloy compositions (see
dotted line in Figure C-1a). This behavior will be referred to as tie-line
diffusion. Some A1203 precipitates appeared at the y/y+8 interface, probably

as a result of oxygen remaining in the sealed Mo canister. The appearance of

the precipitate seemed to have Tittle effect on the diffusion kinetics.

Experimental Results and Discussion

The approximately equal growth rates of the y-phase layer in couples 2/W,
2/X, 2/Y, and 2/7 (2/_ couples) indicate the Cr concentration gradient had

little effect on the Al diffusion; i.e., DA]Cr is much less than D This

ATAT"
can be understood by reference to Eqs. C-2a and C—3d where component 1 repre-
sents Al and component 2 represents Cr. In Eq. C-3a, the y/y +B8 interface
velocity (%%J is approximately the same for the 2/ couples. CX] and CX1

can be assumed constant for the same source alloy (Figure C-1a). Therefore,
from Eq. C-3a, the Al flux JX],& must be apprdximate]y equal for each of

the 2/ couples. The Al concentration gradient (dCA]/dx) can also be assumed

to be essentially constant since the Al concentration at the y/y+ 8 interface
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Consideration of couples 2/X and 2/Z by similar reasoning implies the cross
terms to be either dominant or significant with respect to the diffusive flux

of Cr. The data in TableC-2 show that at a low Al concentration, DCrA] and

L

DCrCr are similar in magnitude.

Small additions of Zr have only a slight effect on the growth rate of
the y layer (69). FigureC-4 illustrates the slightly larger v-layer growth
rate of couple 4/Y over the couple 4-Zr/Y (where the source alloy contains
approximately 0.16 at.%Zr). Both couples have approximately the same y-layer
growth rates as the couples with similar source alloys 1/Y, 1/W, and the 2/ _
couples. Significant in the 4/ _couples is the Kirkendall-type porosity in
the y layer. Two points can be noted in regard to the porosity. First,
there is roughly twice the amount of porosity in the y layer in the 4/Y
couple where no Zr is present. Second, the Tlocation of the porosity is
always on the y+ B side of the original y/y+8 interface. Micrographs illus-
trating these two points are shown in Figure C-5.

It may be inferred that the intrinsic diffusivity of Al is greater than
the‘intrinsic diffusivities of Ni or Cr in y+ B8 NiCrAl alloys. Interdiffusion
of Ni, Cr, and Al occurs by the vacancy mechanism. In the four y+8 alloys
studied, Al diffuses from the high-Al v+ B source alloy into the MiCr sink
alloys while the Ni and Cr diffusion is in the opposite direction (Figures
C-1b and C-1c). The appearance of the porosity in the y+pg side of the dif-
fusion codp]e indicates a very rapid diffusion of Al to the NiCr alloy re-
sulting in a non-equilibrium concentration of vacancies on the y+ 8 side.

It is possible that the porosity is a result of vacancy'coalescence into
larger pores. This suggestion is supported by the fact that the intrinsic
diffusivity of Al is greater than the intrinsic diffusivity of Ni in Ni solid

solution binary alloys (70,71).
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Thg Tower fraction of porosity in the Zr-containing alloy can also be
explained by reference to a non-equilibrium concentration of vacancies in the
y*+B side of the diffusion couple. Zr atoms are relatively large and would
introduce compressive stresses about the Zr atoms in the Ni solid solution
matfix. Formation of Zr-vacancy complexes could reduce the stress about each
Zr atom. Hence, the formation of Zr-vacancy complexes would reduce the over-
abundance of free vacancies, thus reducing the porosity in the Zr-containing

couple.

Discussion of Analysis

It was decided to employ a binary analysis to determine a single diffusion
coefficient approximating DA]A]‘ This decision was based on the previous
observation that the Al diffusion was most strongly influenced by the Al con-
centration gradient. An analytical solution was derived to describe the dif-
fusion of Al and the resulting parabolic growth of the y layer in y/y+8
diffusion couples. Five assumptions were necessary for this analysis:

1. The diffusion coefficients were concentration independent.

The v/y+ B8 interface was planar.

No diffusion occurred in the y+ g region.

Lol w ~N
° . .

The partial molar volume of Al was independent of concentration and
phase.
5. The driving force for diffusion of Al was solely due to the Al concen-
tration gradient; i.e., cross-term effects were considered negligible.
The analytical solution (72) consists of an equation describing the Al
concentration in the y layer and original NiCr alloy as:

X
[1+erf(==)]
_ JiDt
Car(®) = Coy v ey (C-4)
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where: CA](X) = Al concentration measured from the original y/y + B8 interface,

n = parameter specific to each y+pg alloy defined below,
D = diffusion coefficient which approximates DA]A]'
The y-phase layer width is described by
£ = 2nvYDt (C-5)

where £ is the y-phase layer width. The n parameter is determined from a

mass balance equation at the y/y+ g interface:

0 Y
n/m (G - Cp) | exp(nd) (C-6)

cX] (1 + erf(n)]

where all symbols are as previously defined. Eq. C-6 can be numerically
solved for the n parameter for each of the y+8 alloys. From Eq. C-5 and the
data in Figure C-4, the diffusion coefficient D may be determined. The
parameter and diffusion coefficients are listed in‘Tab]e C-3.

The assumptions made to facilitate a binary analysis were considered
acceptable for approximating the diffusion coefficient. The y/y+8 interface
was observed to thicken macroscopically as a planar interface, even though it
was obviously not planar on the microscopic scale of the individual B-phase
particles. No concentration gradients were measurable in the y+ 8 region nor
was there a detectable decrease in the volume fraction of the g phase near
the y/y*—é interface, both observations indicating insignificant diffusion
in the v+ B region. The effect of a variable partial molar volume of Al on
the diffusion coefficient should be small and within the accuracy of the other
measurements. The validity of ignoring the cross-term effects on the Al dif-
fusion has previously been discussed. No general statement can be made con-
cerning the concentration dependence of the diffusion coefficient. It can be

observed that for the three different alloys examined, the measured diffusion



TABLE C-3
INTERFACE COMPOSITIONS AND DIFFUSION COEFFICIENTS MEASURED ON THE Y/Y+B DIFFUSION COUPLES

Couples Czr (at. %) ézl (at. =) _Q Ez/t (lO—lOcmz/s) D (lO_locmz/s)
1/wW 12.2-12.7% 0.38-0.39 7.6 12.5-13.2
1/Y 24.7 12.2-12.7 0.38-0.39 7.2 11.8-12.5
2/W 11.0-11.2% 0.32 7.0 17.1
2/X 11.0-11.22 0.32 7.6 18.6
2/Y 29.6 11.0-11.2 0.32 7.1 17.3
2/2 11.0-11.2°% 0.32 7.6 18.6
3/W 35.0 8.9-9.4° ~0.2-0.22 1.5 7.7-9.4

! Assumed equal to 1/Y couple
2 Assumed equal to 2/Y couple

* Estimated from Ni-17Cr-28a1-0.182r alloy examined in the oxidation section of this thesis

611



116

coefficients vary by less than a factor of three, not a very large difference
with regard to diffugion coefficients, suggesting Tlittle concentration depend-
ence over the range of concentrations examined.

It is somewhat informative to compare the measured diffusion coefficients
with the interdiffusion coefficients, D, in the Ni solid solution regions of
the Ni-Al and Ni-Cr binary systems. The measured diffusion coefficients were
in the range of 6Ni-A1 in the Ni-Al system shown in Table C-4. This observa-
tion implies (64) that the chemical potential of Al in NiCrAl alloys is
principally a function of Al concentration and virtually independent of Cr
concentration. This suggestion is consistent with the previous observation
that DA]CriS significantly less than DA]A]' Further support of the weak Cr-
concentration influence is that the phase boundary between the y and the y+8
regions on the NiCrAl phase diagram 1lies almost parallel to the NiCr side,
indicating a weak dependence of the chemical potential of Al on the Cr concen-
tration (64).

The exact diffusion coefficient used in the computer model developed and
used in this report is shown in Table C-5. The diffusion coefficients used
for the Ni-17Cr-28A1-0.18Zr and the Ni-14Cr-25A1-0.12Y alloys were slightly
less than the diffusion coefficients measured on the equivalent alloy not
containing Zr or Y. Justification for this slight decrease was suggested

previously in the section discussing the effect of Zr on the diffusion of Al.
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TABLE C-k

COMPARISON OF Ni-Al AND Ni-Cr INTERDIFFUSION COEFFICIENTS AT 12000C

v

-10 2
DNi-Al (10 cm”/s) Reference
7.0 = 23.7° 71
7.6 68
14 - 24 70
B
Ni-Cr
3.3 - 4.5 37
1.8 - 3.9 T3
D
7.7 - 18.6 _This Study
TABLE C-5
DIFFUSION COEFFICIENTS USED IN THE NUMERICAL MODEL
Alloy D (10_10cm2/s)
Ni-13Cr-25A1-0.05%Zr 12.3
Ni-14Cr-25A1-0.12Y 10.0
Ni-17Cr-2LkA1-0.042r 17.1

Ni-17Cr-2841-0.187r 6.2
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APPENDIX D
THE NUMERICAL MODEL

A numerical model utilizing finite-difference techniques was developed
to simulate the Al diffusion during the cyclic oxidation of v+ 8 NiCrAl alloys.
Finite~-difference techniques have been well established as an effective tool
in modeling compiex diffusion behavior in both binary and ternary alloys.
The numerical model developed in this study incorporates the complex boundary
conditions at both the oxide/metal interface and the y/y+8 interface observed
to occur during the cyclic oxidation of y+ g NiCrAl alloys.

Seven assumptions were made in the development of the numerical model.
They were:

1. The diffusion coefficients were concentration independent.
The v/y + B8 interface was planar.

The oxide/y-lay=r interface was planar.

=~ W N

The partial molar volume of Al was independent of concentration and
phase.
5, The sample heat-up and cool-down times for each cycle were rapid;
i.e., diffusion only occurred at 1200°C.
6. Only A1203 was formed.
7. The driving force for diffusion of Al was solely due to the Al
concentration gradient. .
The validity of each assumption is discussed in the numerical modeling section
of this report.
The selective oxidation of Al in y+ 8 NiCrAl alloys results in the growth
of a y layer in the near-surface region. A solution of Fick's second law

yields the Al concentration/distance profiles in this layer. A unique solution
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to Fick's second law requires knowledge of the boundary conditions at the
oxide/y-layer interface and at the y/y+ B8 interface. A mass balance at each
interface yields their position and velocity. The finite-difference equivalent
of*Fick's second law, the mass baiance at the oxide/y-layer interface, and the
mass balance at the y/y+8 interface are shown in Table D-1.

The finite-difference technique requires definition of a grid of points
across the y layer. The grid points are equally spaced across the layer, each
point being associated with a specific Al concentration. Six to eight grid
points were used in the present study. A linear concentration profile across
a vy layer of 0.1-1.0 um width was assigned as an initial starting condition.
The initial concentration profile and y-layer width were chosen so as to have
negligible effect on the final solution. An initial concentration profile for
six grid points is shown in Figure D-1. The grid spacing, Ax, is determined by
dividing the y-layer width (gl - gz) by n, the number of grid spacings desired.
Interfacial Al concentrations, Cl and Cn+1 (at the oxide/y-layer interface and
v/y+ 8 interface) were assigned as the boundary conditions.

The basic operation of the model is a sequential iteration of the finite-
diffgrence calculations for successive increments of time. The equations were
therefore incorporated into a computer program to facilitate the repetitive
calculations. Three fundamental calculations were performed in modeling the
Al diffusion during the cyclic oxidation of NiCrAl alloys. The first calcula-
tion during the i'th iteration can be divided into two steps. First, the Al
concentration at the oxide/y-layer interface (C}) and the Al concentration at
the y/y + B interface (Cn+1) were assigned for the particular oxidation time
iAt. Second, the finite-difference form of Fick's second law operated on
each concentration/grid point in the y layer, excluding the two interface

concentrations previously assigned. The first fundamental calculation
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TABLE D-1

EQUATIONS USED IN NUMERICAL MODEL

Partial Differential Ecuation Finite Difference Eguivalent

a. Fick's Second Law

2 (C.-C.) C, .-2C.+C.
+ o
.(_i__c.::D-—-—-——d;: J j.::D 3123 3 j=2,n
at ax At Ax
b. Mass Balance at Y/Y+B Interface
AE
a - 1 n+l n
(Co“cyﬁ) _El.= J (CO CYB)- At D Ax
dat 1
c. Mass Balance at the oxide/Y layer Interface
%25, 2y, 24
dt 2 At Ax

d. Murray-Landis Transformation

%k
none

c* - Cj+1_C;j--l j~1 A£l+n—j+1 Agz
J J 2Ax n n

i
(@]

i=2,n

*
C3 refers to the concentration at the jth grid point at time t+At

* %

n

Cj refers to the concentration at the jth grid point at time t after

the M-L shift.
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assigning the interface concentrations and operating on each grid point at
time iAt is shown schematically in Figure D-2a.

‘The second calculation during the same iteration, iAt, can also be
divided into two parts. First, the flux of Al from the y+8 region into the
vy layer (Jl) is calculated and the y/y+ 8 interface position (gl) is increased
accordingly. Second, the flux of Al passing from the y layer to the oxide
(Jz) is calculated and the oxide/y-layer interface position (52) is increased
accordingly. The second fundamental calculation is schematically shown in
Figure D-2b.

The third calculation determines the new grid position based on the
increased y-layer width and adjusts the concentrations from the old to the
new grid positions. This shift is sometimes referred to in the literature as
the Murray-Landis (M-L) transformation (74). The third fundamental calcula-
tion is schematically shown in Figure D-2c. The finite-difference form of
the M-L transformation is listed in Table D-1. Following each iteration, the
time is incremented to (i+1)At, the Al concentration at both interfaces
(C1 and Cn+1) are recalculated, and the three fundamental calculations are
repeated.

The total weight of Al consumed in the oxidation reaction can be deter-
mined from the flux of Al entering the oxide at the oxide/y-layer interface.
The Al consumed during each iteration can be estimated as the product of the
flux (J2) and the time interval (At). The total weight of Al consumed at a
specific time is simply the sum of the weights of Al consumed during each
iteration up to the specified time. A conversion of the units of the weight
of Al consumed from that involving atomic percent to the more appropriate
units of milligrams required the density of the y+8 alloys. A simple rule

of mixtures of the density of each pure metal weighted by the atomic fraction
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Time:=iAt

Figure D-2c Main Tteration Scheme
New Grid Position and Concentration Correction
X = -
AX = (£ - E,)/n

®
O

concentration/grid point before M-L shift

concentration/grid point after M-L shift



126

of each component in the alloy was used to estimate the density. Measured and
estimated densities for some y and Y+ B8 alloys are listed in Table D-2.

Recession of the metal surface at the oxide/metal interface is dependent
on the partial molar volume of Al in the y phase (see Table D-1c). The par-
tial molar volume of Al is a concentration-dependent variable. To determine
the motion of the oxide/metal interface, the partial molar volume of Al (VA])
was estimated from the lattice parameter data for a Ni-20Cr-5A1 alloy (67).*
The determined value of 7.1 cm3/mole can be compared with the molar volumes of
pure Ni, Cr, and Al of 6.6 cm3/mole, 7.2 cm3/mo1e, and 10.0 cm3/mo1e, respec-
tively. The partial molar volume was converted from units of cm3/mo1e to
units of inverse atomic percent to be compatible with the concentration units
in the computer program. The calculation to determine the partial molar volume
of Al is shown in the following section.

The partial molar volume of Al determined fof a Ni-20Cr-5A1 alloy was
taken as an average value for the y layer. Accounting for the motion of the
oxide/metal interface results in an increase in the width of the y layer
(measured from the original metal surface) and a corresponding increase in
the weight of Al consumed. The y layer increased only 6 - 12 percent in the
four alloys studied when the oxide/metal interface motion was taken into
account. For a specific alloy composition, increasing or decreasing the value
of VA] by 50% (more than spanning the range of the pure element molar volumes)
resulted in less than a 5% change in the y-layer width. Hence, using an
average value for the partial molar volume of Al in the y layer was considered
as an acceptable approximation in the present modeling study.

The validity of the finite-difference technique was verified by comparison

+(wt,%)
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TABLE D-2

. LEASURED AND ESTIMATED DENSITIES OF SELECT NiCrAl ALLOY

Alloy Measured Density_ Estimated Density

(at. %) (gms/cc) (gms/cc)
Ni-13Cr-25A1-0.052x 7.4 7.2
Ni-19Cr-24A1-0.04%r 7.1 7.1
Ni-21Cr-16al 7.4 7.5
Ni-36Cr-6al 7.8 7.9
Ni-26Cr-10A1 7.8 7.8
Ni-26Cr-6Al 8.1 8.2

Ni-8Cr-8Al 8.4 8.4
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with a ;1osed—form analytical solution. Derivation of a closed-form solution
required the same assumptions previously given for.the finite-difference solu-
tion. The general form of the analytical solution is given in Reference 72.
In addition, the closed-form solution also required the assumption of a time-
dependent concentration at the oxide/metal interface and at the y/y+8 inter-
face. As the number of grids used in the finite-difference solution was
increased, the solution “converged" to the closed-form solution. The relative
difference between the predicted interface position and the predicted weight
of metal consumed, for both solutions, decreased as the number of grid points
used in the numerical solution was increased (Figure D-3). For the case of
four or more grid points, the relative difference between the closed-form and
finite-difference solutionswas less than 1%.

The computation time for the numerical solution increased as the number
of grid points in the y layer was increased. The time interval for each
iteration (At) decreased as the number of grid points was increased, while
the number of calculations during each iteration also increased. The number
of necessary iterations for the indicated number of grid points is shown in
parentheses in the Tower plot in Figure D-3. Six to eight grid points were
chosen as a balance between the necessary computation time and an acceptable
error in the finite-difference model.

Closely associated with a proper choice of the number of grid points is
an appropriate choice of the time interval (At) during each iteration. The
conservative condition

_0.25 A%

At i)

was used for most of the modeling of the four alloys in this study. Doubling

the time interval resulted in less than a 1% relative difference between
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solutions, whereas tripling the time interval produced no solution (similar
to the case of one gfid point in the upper plot in Figure D-3).
A complete listing of the computer program incorporating the finite-

difference solution is included at the end of this appendix.

Partial Molar Volume of Al

The partial molar volume of Al at the concentration Ni-20Cr-5A1 (wt.%)
was estimated by using a second-order Taylor series expansion. The partial
molar volume of Al at the concentration Ni-20Cr-5A1 is determined by projecting
a plane tangent to the three-dimensional volume surface at the concentration
Ni-20Cr-5AT. The intersection of the tangent plant with the pure Al axis is
the partial molar volume of Al at the concentration Ni-20Cr-5A1. The appro-

priate form of the Taylor series expansion is:

7 ) AV N
VA] =V + ZE?—(O‘O-O.Z) + A (0.0-0.75)
100A1 Ni-20Cr-5A1 Ni-20Cr-5A1 Ni-20Cr-5A1
where: VA] = intersection of the tangent plane with the pure Al axis;

this value is the partial molar volume of Al at the concentra-
tion Ni-20Cr-5A1.

V = molar volume of a Ni-20Cr-5A1 alloy.

f%%~= change in the molar volume with changing Cr concentration
evaluated at the concentration Ni-20Cr-5A1.
ﬁ%%—= change in the molar volume with changing Ni concentration

evaluated at the concentration Ni-20Cr-5A1.
The volume changes were estimated from the lattice parameter data of Reference
67. The partial molar volume of Al was initially determined in units of
(K)B/unit cell and was converted to cm3/mo1e by reference to the fact of four
atoms per unit cell in the face-centered cubic lattice structure and Avogadro's

number of atoms in a mole of metal.
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