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ABSTRACT
The effect of strain history and environment (air and

S50,-Na,S04) on the degradation of an aluminide coating applied to
a monocrystalline nickel-base superalioy (Rene N4) is examined.
An experimental technique which alioyse simulation of the rapid
heating rates and strain histories typical of gas-turbine airfoiis is
described. The technique utilizes high-frequency induction heating
of anisotropic stepped-disk specimens and is suitable for both
rapid screening tests and fundamental studies.

Tests performed in air show that both the compressive coating
strain encountered on specimen heatup and the tensile strain
encountered on cooidown critically affect aluminide coating
degradation. After 6000 cycles of heating from 520 to 1080°C in
2 seconds folloved by 30 second cooling, 80% coating penetration
by scalloping was observed. A similar treatment with 6 second
cooling resulted in alumina-filled coating cracks extending into the
substrate.



Coating degradation by scalloping appears to be the resuit of
initial oxide breakdown and surface roughening, followed by scallop
growth due to a combination of cyclic creep and enhanced oxide
cracking at the root of a scallop. Coating cracking appears to
occur early in coating life, with subsequent depletion of Al along
coating grain-boundaries, resulting in formation of Al-poor

films.

Tests performed in an environment that simulates the
corrosive nature of turbine combustion gases (NayS04-S0,-05)
showed an acceleration of corrosive attack with increasing coating
strain range. A mechanism for this increase in corrosion is
proposed whereby oxide cracking results in direct interaction
between the aluminide coating and NapSO4 melt. This direct
interaction increases the oxygen ion activity in the melt, resulting

in precipitation of porous, non-protective, Al,03.

Thesis Supervisor: Dr. Frank A. McClintock

Title: Professor of Mechanical Engineering
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Nomenclature

bulk modulus

stiffness constants [GPa]

elastic moduli of polycrystailine CODEP
coating and Al,0; [MPa]

100 and 110 elastic moduli of substrate [MPa)
100 and 110 shear moduli of substrate [MPa]

moles of ]ﬂl gas component

partial pressuie of jm gas component

temperature, °C

mean ceefficient of thermal expansion of
CODEP coating, Rene N4, and Al,03 oxide [°C™1]

skin depth of magnetic field [mm]

elastic substrate, coating strain

total substrate, coating, oxide strain
frequency of induction generator [kHz]
relative magnetic permeability
electrical resistivity of specimen [$2-m]
oxide stress [MPa]

Poisson’s ratio in 100 and 110
crystallographic directions
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Chapter 1

Cast monocrystal blades and vanes are currently used 1in

advanced gas turbines. The improved high-temperature creep and
thermal fatigue characteristics of the low modulus <100>
oriented airfoils allow higher turbine operating temperatures and
improved thermodynamic efficiency. Currently, the leading and
trailing edges of first-stage blades and vanes can reach
temperatures of 11009C during takeoff. During turbine operation,
blades and vanes experience large thermal transients. For
example, during takeoff of a jet-aircraft or helicopter the
temperature along the leading and trailing edges of a first stage
alrfoil will increase from 500 to 1080°C in 4 to 10 seconds.
During turbine shutdown, after landing and thrust reverse, the
temperature of first stage airfoils can decrease from 1060°C to
S00° in under 10 seconds. The maximum temperature encountered
by second stage airfoils is approximately 950°C.

Combustion gas composition. The air to fuel ratio of a gas
turbine is typically 50:1, making the combustion gas very
oxidizing. Under cruise conditions, typical mole fractions of
exhaust gas constituents for a turbine burning petroleum fuel
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vould be 0.15-0.20 O,, 0.73 Ny, 0.03-0.05 CO, and Hy0, 1074 to
1076 505, and 1076 to 1077 NapS04. Other hydrocarbons (CyHy,)
and nitrous oxides (NOy) are also present but at much lower
concentrations. In addition, depending on operating environment,
fuel and inlet air can contain the elements Na, Mg, Ca, and Si as

well as the anions C1™ and S04

Aluminide Ceatings

For protection against oxidation and hot-corrosion attack,
aluminide coatings are commonly applied to gas turbine blades
and vanes. These coatings are formed by reacting the airfoil
surface with aluminum to form the intermetallic NiAl, thus
enriching the surface in aluminum. The NiAl layer is itself
protected by the formation of an Al,Oz layger upon high
temperature exposure of the coated component. As a result of
high metal temperatures and the thermal strains due to
temperature transients and internal blade cooling, coating
degradation has become a dominant life-limiting phenomenon for

gas turbine bltades and vanes.

Structure of coating. Aluminide coatings consist of two zones
(Fig. 1): a fine-grained internal zone, and a large grained external
zone. The thickness of each of these zones is typically 25 to 5O
microns, depending upon coating technique and specimen
dimensions. For a coating formed by a low activity process [1],

the internal zone is comprised of fine equiaxed grains (x*5um) and
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containg precipitates of those substrate elemgnts that cannot be
completely dissolved in the NiAl matrix during coating formation.
The external zone is comprised of large columnar grains (x40um)
which contain substra‘e elements up to their solubility limit in
NiAl. Diffusion of substrate elements (e.g., Cr, Ti, W, Ta, Mo, Co)
into the coating can influence its oxidation characteristics and

mechanical properties.

Coating degradation. The primaru causes of aluminide coating
degradation are cracking, oxidation, and corrosive attack by
molten sodium sulfate (hereafter referred to as hot-corrosion).
Thermal fatigue can cause accelerated coating oxidation by the
repeated spalling or cracking of the protective Al,Oz that forms
on the coating during high temperature exposure. Hot corresion is
of concern when gas turbines are operated in sea-air
environments. In these environments, sodium present in the air

or fuel can combine with 50, to form Na;S04 by the reaction:
2Na(v) + SO5{(g) + 05(g) = Nay504(v)
Na,504(v), "¥#hich condenses on turbine vanes and blades at
temperatures of 850 to 10000C, can dissolve the protective

Al,0z oxide by, for example, the reaction

Na2804(l) + Al)0x = 2N8A102(|) + 505 + (1/2)02
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After dissolution of the protective oxide by Nap504 , accelerated

oxidation and sulfidation of the coating and substrate can occur.

In the first stage of an advanced gas turbine, where the
temperature along the leading and trailing edges of airfoils is in
excess of 10809C, coating oxidation is the dominant degradation
mechanism. In the second and third stages, where airfoil
temperatures are usually below 9500C, hot-corrosion attack of
the aluminide coating is the dominant coating degradation
mechanism. The temperature dependence of the degradation
mechanisms can be rationalized with reference to Fig. 2. The
partial pressure of sodium sulfate in the combustion gas of a
turbine is typically below 1070 atm. Thus, sodium sulfate will
not condense on first stage airfoils, where the gas stream
temperature is in excess of 13009C and airfoil temperatures are
above 1080°C. However, the combustion gas cools as it expands,
and the gas temperature drops to below 1100°C by the time it
reaches the second-stage airfeils. This lower gas temperature,
and the correspending lower airfoil temperatures (<9500C)
encountered in the lower stages, allow the condensation of
Nay304 onto airfoil surfaces (note that at 9000C the equilibrium
vapor pressure of Nay,SO4 is =10~ atm).

Thesis Objective

The overall goal of this thesis is to develop an experimental
technique that allows studying the effects of strain history and
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environment on pmtectwé coating durability and to apply the
technique developed to a coated monocrystalline superallioy of
current interest. The stress-strain histories, temperatures, and
environments are chosen to allow characterization of the selected
coating/substrate system for a variety of operatiny conditions

occurring in a gas-turbine.
Two results distinguish this work from that of others [2-8]:

(1) the successful development of a low-cost experimental
technique that can be used to characterize coating degradation for

a variety of coating/substrate systems and environments and,

{2) correiation of coating degradation mechanisms with the

straln history experienced by test specimens.

Thesi opsi

Induction heating of disk specimens as an improved
alternative to the use of fluidized beds or gas burner rigs in
thermal fatigue studies is discussed in Chapter 2. To illustrate
the versatility of the technique, the influence of strain history
on the durability of an aluminide coating applied to a
monocrystalline nickel-based superalloy is studied in air. Also
discussed in Chapter 2 are results obtained from a thermoelastic
finite-element analysis for the stress-strain history of the disk

specimens.
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The simultaneous thermal-strain cycling and oxidation tests
of Chapter 2 resulted in surface roughening and grain boundary
cracking of the aluminide. The mechanisms responsible for these
two modes of coating degradation are examined in Chapter 3 by
correlation of coating stress-strain history with the results of
microprobe analyses for changes in coating composition occurring

as a result of thermal exposure and thermal-strain cycling.

The effect of a corrosive Na,50,/50,/0, environment on
aluminide coating degradation is examined in Chapter 4. The
environment, temperature history, and strain history are chosen
to roughly simulate the third-stage gas-turbine operating
environment. A possible mechanism for the acceleration of
coating degradation cbserved with thermal-strain cycling in the
corrosive Na,50,/50,/0, environment is discussed in detail.
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5
External Zone
Ni + f1 —> Nifl
(from (from
alloy) pack)

Internal Zone

Alloy - Nl — NIA! + precipitates

A &

Precipitates formed frem elements
of the substrate whose solubility
limit in Nifi is enceeded during
Coating formation

Fig. 1 Schematic illustration of an aluminide coating formed on a nickel-base

superalioy (low activity coating process).
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Chapter 2

Thermal Fatigue Testing of Coated Monocrystalline

Superalioys

Abstract

Induction heating of stepped-disk specimens to study thermal
fatigue of coated superalloys is well suited for studying
-anisotropic alloys, and is easily adaptable for corrosive or inert
atmosphere testing. Details of the experimental apparatus and
rasults of a thermoelastic finite element analysis to find the

stress-strain history are given.

To illustrate the technique, the effect of cyclic thermal
strains on the durability of an aluminide coating applied to a
typical monocrystalline nickel-base superalloy was studied in air.
Results show that both the compressive strain encountered on
specimen heatup and the tensile strain sncountered on cooldown
critically affect the aluminide coating degradation. After 6000
cycles of heating from 520 to 10800C in S seconds followed by
30 second cooling, 808 coating penetration by scalloping was
observed. A similar treatment with 6 second cooling resulted in

alumina-filled “cracks™ extending into the substrate.

Introduction
Coated monocrystal blades and vanes are currently used in
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advanced gas turbines. The improved high-temperature creep and
thermal fatigue characteristics of the low modulus <100>
oriented airfoils aillow higher turbine operating temperatures

and improved thermodynamic efficiency.

Currently, the leading and trailing edges of first stage
blades and vanes can rise from 500 to 1100°9C in 4 to 10 seconds
during takeoff. During turbine shutdown, after landing and thrust
reverse, the airfoii temperature can decrease from 1080 to 5000C
in under 10 seconds. As a resuit of high metal temperatures and
the thermal strains due to temperature transients and internal
blade cocling, coating degradation has become a dominant

life-limiting phenomenon for gas turbine blades and vanes.

The properties of a substrate is in many cases affected by the
presence of a protective coating and the thermal cycles
associated with coating application [10-14). The oxidation,
corrosion, and mechanical properties of the protective coating
itself are strongly influenced by substrate composition due to
diffusion of substrate elements into the coating during coating
application or interdiffusion between the coating and substrate
during high-temperature exposure [15-19]. Therefore, when
determining the mechanical behavior of a substrate, or the merit
of using a specific coating, the substrate and coating should be
examined as a unit. This testing should take into consideration

the temperature and strain history of the coated component, as
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well as the operating environment.

Currently there are several techniques available for studying
the effect of thermal fatigue on coating-substrate durability.
These include gas-burner rigs [20,21,22] and fluidized beds
[23,24,25]. Gas-burner rigs suffer from high costs and a
complex heat-transfer analysis, which makes it difficult to
correlate coating durability with the stress-strain history of test
specimens. The fluidized bed technique of studying thermal
fatigue has two serious drawbacks: (1) incompatibility with
corrosive atmosphere testing, and (2) lack of versatility in
studying arbitrary temperature histories or mission profiles due
to lack of easy control over specimen heating and cooling rates.
(For a given maximum and minimum bed temperature, changing the
heating or cooling rate of a spacimen requires a change in
spacimen dimensions or geometry.) Thermo-mechanical fatigue
tests are expensive and limit heating times to the order of a
minute.

Induction heating of stepped-disk specimens is an alternative
to the use of burner rigs and fluidized beds in thermal fatigue
studies. The induction heating technique [26] allows one to
subject test specimens to a variety of temperature and strain
histories typical of those encountered by the leading and trailing
edges of gas turbine blades and vanes. The technique is also

easily modified to allow thermal fatigue testing in inert or
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corrosive gas atmospheres (see Chapter 4).

In this chapter, the induction heating technique is illustrated by
studying the effect of strain history on the degradation of an
aluminide-coated Ni-base superalloy (Rene N4 [27,26]).

Experimental Precedure

Test Specimens. The constant thickness disk specimens used
in an earlier feasibility study [26], have been changed to
stepped-disk specimens (Fig. 3) to ailow periphery radii typical
of the trailing edge of a gas turbine airfoil. In addition, the
decrease in thermal mass along the disk periphery allows
modeling of the 4 to 10 second heating and 6 to 30 second cooling

experienced by the edges of internally cooled gas turbine airfoils.

For the present study, specimens were machined from a single
crystal rod of Rene N4 such that their faces veere normal to the
[001] crystal growth direction (see Fig. 3). Due to the anisotropic
elasticity of the specimen substrate the strain history along the
specimen periphery is a function of angular position, varying from
a maximum along <100> directions to a minimum along <110>
directions. Thus, this spacimen orientation, which includes four
radial <100> and <i10> directions, allows use of a gingle
specimen to study thermal fatigue of the coating under ths

different strain amplitudes developed along the specimen
periphery.
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Alloy composition, heat-treatment, and coating. The chemical

composition of the monocrystalline Rene N4 used in this study is
given in Table 1. Prior to the machining and coating operations,
the 19 mm diameter crystal rod was given a solutionizing heat
treatment in vacuum: 12?70°C for 2 hr, followed by furnace
cooling (average cooling rate measured at the surface of the rod
vwas 40%C/min to 5000C).

After machining, specimens were aluminide coated {29,30].
The coating was applied by a low-activity pack-aluminization
technique (CODEP B-1). The coating cycle was: 1050°C for 4 hr
in argon followed by cooling to 25°C. To cobtain the correct
substrate microstructure after aluminization, specimens were
heated in vacuum to 10500C, held for 1S minutes, then cooled to
259C in S minutes. Specimens were next aged for 16 hours at

870°C in vacuum.

Test apparatus. Thermal fatigue was obtained by inductively
heating stepped disk specimens (Fig. 3) around their peripheries
using a Lepel! solid state 2.5kw (450kHz) induction generator
coupled to a plate concentrator coil (see [26], Figs. 4a,b, 5, and
6). This technique relies on the skin effect obtained with
high frequency induction heating of metals (at 450 kHz the skin

ILepel Corporation Model #T7-2.5-1-KC1-B3W-T; supplied with a
Research Incorporated Set-Point Programmer Model #73211 and a

West Temperature Controller Model #1646 A—1-9441A.
[ ]
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depth obtained in nickel-base superalloys is approximately one
millimeter2). The concentrator coil is constructed with 5 turns
of 3.2 mm diameter copper tubing, and has a base-plate thickness
of 1.5 mm. The base-plate was machined with an 0.3 mm wide
air-gap, which extends from the inner to outer base-plate radii.
To prevent arcing, the air-gap was insulated with teflon. The
central hole in the concentrator plate is 22 mm in diameter,
which gives an air gap of 2.5 mm between the concentrator coil

base-plate and specimen periphery.

‘Specimens are positioned in the induction coil using 304
stainless steel support-rods attached to aluminum forced-air

cooling manifoldsS (see Figs. 5,6). The support-rods thread

2The skin depth (the depth at which the strength of the magnetic field
falls to 0.3679 of its surface value) is given by & =
J(p/-‘!ﬂzﬂo-?fur) where, p = resistivity [Q-m), f = frequency [Hz],
and M = relative permeability (=1 for non-magnetic materials).

3Due to the close proximity of the cooling manifolds to the specimen
surface and induction coil, radiation from the specimen and fringing
of the magnetic field cause heating of the manifolds. For the
aluminum manifolds used the maximum manifold temperature
reached was 350°C (for a specimen temperature of 1080°C). Had the
manifolds been constructed of a metal of higher resistivity (e.q.,
stainless steel or nickel) the magnetic-field fringing would have
resulted in much higher manifold temperatures, which could result in
fatigue damage of the cooling manifolds. The expected increase in
manifold temperature with resistivity was shown by tests with a 304
stainless steel manifold; for a specimen temperature of 1080°C the
stainless steel manifold reached a temperature of 750°C versus
350°C for the aluminum manifold.



together where they pass through the specimen center. The
support-rods also serve as heat-sinks for maintaining a radial
temperature gradient in the specimen. Heat transfer from the
specimen core to the suppert-rods is aided by passage of cooling
air through the core of the support rods. The cooling manifolds
were designed such that high velocity air (up to 200 m/s), exiting
from a 0.17 mm gap in a circular annulus 2.5 mm from the
specimen surface, impinged directly on the reduced thickness
periphery. Varying the airflow thru the annulus allows control
of the tensile strains encountered during the cool-down portion of
the temperature cycle. A microprocessor-based temperature
controller was used to give automatic control of the induction

generator and the on/off air supply to the cooling manifolds.

The rapid temperature transients (Figs. 7a,b,c,d) and the
dependence on measured temperatures in the specimen
stress-strain analysis, necessitated the use of extreme care in
using thermocouples for temperature measurement and control.
As described below, the accuracy and response time of the
thermocouple measurements was improved by maxrimizing the
contact area between the thermocouple-junction and specimen
surface and by using fine-gage thermocouples with low

thermal-mass junctions.

To increase the contact area between the thermocouple

junction and specimen and to position the thermocouples
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accurately on the specimen, 0.3 mm diameter by 0.15 mm deep
holes were drilled at specimen radii of 3.5, 4.0, 5.0, 6.0, and 6.5
mm. Fine-gage chromel-alumel thermocouples (0.13 mm wire
diameter) with 0.3 mm diameter ball-junctions were then
spot-welded into these positioning holes. It was undesirable to
locate thermocouple positioning holes along the highly stressed
periphery (radius = 7.15 to 8.5 mm). Therefore, to optimize the
response time and accuracy of temperature measurements made in
this region, the thermocouple junctions were thinned prior to
attachment such that the overall junction size measured 0.3 mm
square by 0.1 mm thick. For the temperatures of interest in this
study (up to 10809C) the 0.13 mm diameter chromel-alumel
thermocouples could be used for only 25 hr before oxidation led to
reading errors and embrittlement. Therefore, for long-term
feedback to the temperature controller, a Pt/Pt-10% Rh
thermocouple (0.20 mm wire diameter) was positioned at a

specimen radius of 6.5 mm.

To ensure that the specimens heated uniformly, six
thermocouples were located 60° apart at a distance of 2 mm from
the specimen periphery. The specimen was positioned such that
one of these thermocouples was adjacent to the base-plate
air-gap. The lateral position of the specimen relative to the coil
was then adjusted? until the temperature difference between

these six thermocouples was iess than 50C.
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In contrast to other coil geometries (e.g., helical coils), the
magnetic field produced by the plate concentrator coil did not
interfere with temperature measurements. The thermocoupie
temperature measuraments were found to bs within 2.1% of the
temperatures indicated by an optical pyrometer (width of
pyrometer filament = 0.8 mm) and within 1.1% of the
temperature indicated by melting point standards applied to the

specimen by stencil and airbrush as 0.5 mm wide annular rings.

For the particular specimen geometry and control system
used, the system could be ftuned to allow periphery heating from
520 to 1080°C in 3 seconds with less than a 2.5% overshoot in
temperature.  Cooling from 10809C to 5200C was possible in as
little as 4 seconds with a 3% overshoot in temperature. For the
520 to 1080°C temperature range of interest in this study the
response time of the thermocouple/chart-recorder system used to

record temperature history was less than 0.3 seconds.

4Due to the reduction in magnetic field intensity near the 0.3 mm
wide air—gap in the concentrator—-coil base—plate, uniformity of
periphery heating was improved with the specimen otfset
approximately 0.8 mm from the geometric center of the base-plate
hole, towards the base-plate air—gap. The variation in
circumferential periphery temperature was approximately 259C with
the specimen centered in the ceil, versus 59C with the specimen
offset. Uniformity of heating can be improved by increasing the
specimen—to—base—-plate air—gap. However, efficiency decreases
with increasing specimen—to—base—plate air—gap. Magnetic—fieid
fringing effects are also accentuated by increasing this air—gap.
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Thermal fatigue tests. To determine the effect of strain

history on coating oxidation and cracking, four different periphery
temperature hisicries were used; all with minimum temperatures
of 520°C and a 60 s hold at 10809C:

Heating Time (s) Cooling Time (s) Figure
) 30 7a
8 30 7b
39 30 7C
8 ' 6 °d

The strain histories corresponding to these temperature
histories are discussed in the next section. The rapid heating of
Figs. 7a,b and slow heating of Fig. 7?c are included to show how
the magnitude of the compressive periphery strains, encountered
during specimen heatup, affect coating durability. The slow
cooling of Fig. 7b and the fast cooling of Fig. ?d (30s versus 6s)
are included to show the effect of tensile strains on coating
durability.

dtress and strain history of test specimens.
The thin skin anaiysis used in [26], which assumes an abrupt

change in radial temperature between the specimen periphery and
core, was found toc be inadequate for the diffuse radial
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temperature gradients encountered in this study, since it does not
account for core deformation which can have a large effect on
strain history. It was therefore necessary to perform a
thermoelastic finite element analysis to obtain more accurate

stress-strain histoiies of the induction heated specimens.

Finite-element modeil. The elastic stress-strain history of
the test specimens was determined using the finite-element
program ABAQUS [31]. To determine if it was appropriate to use
generalized plane-stress elements for the stress-strain analysis
of the stepped-disk specimen, an axisymmetric z-r isotropic mesh
with the actual specimen thickness was compared to the same
mesh with a thickness 10% as large. The results show that,
except in the step itself, the through-the-thickness stresses
were nagligible and the circumferential stresses agreed within
3% .

Due to symmetry, it was only necessary to model a 45° octant
of the anisotropic stepped-disk specimen. The 136 element mesh
used (Fig. 8) was made up of 8-node bi-quadratic plane-stress
elements, each with nine Gaussian integration points. The
element width near the hole was chosen to ensure that the stress
concentration at the specimen-hole, linearly extrapolated from
integration points, would be accurate to within 12 . To maintain
symmetry, the displacements of all nodes along the <100> and

<110> radial directions were constrained to the radial direction
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and the shear stresses were set to zero.

The finite element analysis was simplified by noting that the
thin coating (<0.1 mm versus a specimen radius of 8.5 mm) gives
negligible constraint. It can therefore be assumed that the
coating undergoes the same strain history as the substrate
periphery. Prior to yielding of the coating, the stress history of

the coating differs by the ratio of the elastic moduli of the
coating and substrate. For the temperature range 250C to
110090C the elastic modulus of the coating is approximately 40%
higher than the <100> elastic modulus of the substrate and
approximately 20% lower than the <110> substrate modulus. As
Rene N4 and CODEP B-1 coating have similar thermal expansion
coefficients (Table 2) over the temperature range of interest, the
effect of thermal expansion mismatch on coating stress historg'

would be small in comparison to elastic modulus effects.

Material properties. The stiffness constants and mean
coefficient of thermal expansion of Rene N4, wkich are required
as input data for the finite element program, are given in Fig. 9
and Table 2, respectively. The original data for elastic moduli
and Poisson’s ratio, determined by an ultrasonic technique,
indicated an abrupt increase in bulk modulus for temperatures
greater than 870°C (see Appendix A). This abrupt increase in
bulk modulus was due to Poisson’s ratio approaching 0.5,

apparently caused by inelasticity present even at the 5000 Hz at
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which the data were taken. To circumvent this problem, the bulk
modulus B versus temperature “.ras extrapolated upward from
8700C, and these extrapolated values were used to normalize E' 00
and G, . E /B and Gwo/B were then extrapolated in Fig. A2
{Appendix A) to obtain the corrected values for E 100 and G yop 25 @
function of temperature. These corrected values were then used
to obtain the stiffness constants Cp,, of Fig. 9. (In ABAQUS [31]
the stiffness constants are denoted E; jkl-) A run with isotropic
values of the stiffness constants in the orthotropic finite

element program gave results identical to the isotropic solution.

Temperature history. As described earlier, the temperature
history of the test specimens was determined from thermocouple
data. Because of the radial heating and thin specimen (only 1.8
mm), it was assumed that there was no temperature gradient

through the thickness of the specimens.

Results of thermoelastic finite element analysis. The

circumferential periphery stress and strain histories along the
<100> and <110> substrate orientations for the different heating
and cooling rates of Figs. 7a,b,c,d are given in Figs. 10a,b,c,d.
(Sample input and output files for the finite element analysis
are given in Appendix B.) Note that the loops are caused by the
interaction of anisotropy and the changing thermal strains in the
core relative to the periphery and not by material hysteresis.

For the rapid heating rates of Figs. 7a,b,d, the maximum
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circumferential compressive strain in the periphery occurs along
the <100> directions at 10530C and decreases as the specimen
core increases in temperature. For the slow heating rate of Fig.
7c, where the transient radial temperature gradient is minimized,
the peak circumferential compressive strain occurs at the peak
temperature of 10809C. Prior to substrate gielding5, the coating
stress along the <i100> directions will be 40% higher than the
substrate, due to the modulus differences mentioned above.
Cyclic stress-strain data for stress in the aluminide ceating

could not be found.

Results and Discussion

After completion of testing, specimens were nickel-plated
and then ground parallel to their faces, down to the mid-plane.
The specimens were next diamond polished to a final finish of
G.25um.

SThe results of this analysis assume entirely e/gstic substrate
behavior. For the moderate heating rate of Figs. 8b,d data supplied
by General Electric, Lynn Massachusetts, shows that the initial
compressive yield strength of Rene N4 (0.1% offset, 1093°C) is
exceeded by approximately 8.5% along <100> directions. This data
also shows that for a total strain range of 0.40% the widths of the
10939C hysteresis loops increased from an initial value of 0.05% to a
maximum of 0.15% at 1000 cycles. It is important to note that
inelastic strains in the thin periphery will have relatively little effect
on the circumferential strains induced by the thicker core of the
specimen.
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. The backscattered-electron micrographs of Figs. 11a-h show
two distinct types of coating degradation: surface scalloping and
through thickness cracking. These micrographs clearly show the
greater degree of coating degradation obtained along <100>
periphery directions compared to the <110> directions. The
initial coating was found to be isotropic in microstructure with
substrate crystallographic orientation. In addition, a microprobe
analysis along the circumference of an as-coated specimen
showed no variation in coating composition with substrate
orientation. Thus, the difference in coating degradation with
substrate orientation can be attributed to the larger substrate
strains and hence larger coating strains along <100> directions,

consistent with the thermoelastic analysis.

The compressive periphery strain encountered during
specimen heating produced degradation in the form of scalloping
at the scale of the coating grain size (Figs. 11a-f). The Gs
heating of Fig. 72, which gave the largest compressive periphery
strains (0.56%), caused severe scalloping, with oxidation attack
extending to approximately 80% of the coating thickness along
<100> directions. The moderate (8s) heating of Fig. 7b (0.45%
compressive strain) resulted in <100> scalloping extending to
50% of the coating thickness. The slow (35s) heatup of Fig. 7c
(0.20% compressive strain) produced very little coating
degradation.
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Tensile periphery strain increments were produced by
decreasing the ccoling time from the 30s of Fig. 7b to 6s (Fig.
?d). This rapid cooling gave tensile strains of 0.20% along <100>
peripheries and resulted in crack-like defects extending into the
substrate (Figs. 11g,h). Microprobe analysis showed these defects
to be alumina-filled. This "cracking” is to be compared with the
coating scalloping (Fig. 11c,d) found after the 30s cooling of Fig.
¢b.

Conclusions

1. Induction heating of stepped-disk specimens provides a
versatile technique for studying the thermal fatigue degradation
of coated anisotropic materials. The apparatus can heat low
thermal mass disk specimens through a temperature difference of
6009C in as little as 3s, with less than a 2.5% overshoot in
temperature. The cooling rate of the specimen can be varied to
obtain rates as rapid as a 600°C drop in temperature in 4s. In
addition to allowing the study of the effect of a wide variety of
temperature histories, the technrique can also be modified (by use
of a 22 mm o.d. x 19 mm i.d. length of quartz tube for atmosphere
containment) to study the effect of corrosive or inert

atmospheres on coating or substrate durability.

2. 6000 thermal cycles, between a peak compressive substrate
strain of -0.56% at 10800C and a peak tensile strain of 0.03% at
5900C, gave coating scalloping to 80% of the coating thickness,
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but did not cause coating or substrate cracking. For 6000 cycles
between a peak compressive strain of 0.20% at 10800C and a peak
tensile strain of 0.01 at 590°C no coating scalloping was

observed.

4. 6000 thermal cycles between a peak compressive substrate
strain of -0.45% at 10800C and a peak tensile strain of 0.20 at
?500C, resulted in alumina-filled coating “cracks” extending into

the substrate.
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TABLE | - Chemical composition of Rene N4 (weight percent).

Al Cb Cr Co Cu Fe Hf Mo Ni Ta Ti V W
37 05 93 75 0.1 02 0.1 15 Bal 40 42 0.1 6.0

TABLE 2 - Mean coefficient of thermal expansion versus
temperature for Rene N4 and CODEP coating. (Values given are for a
reference temperature of 259C.)

Temperature,oC xng,°C"! (Rene N4} &, °C™! (CODEP)
100 11.97x 1076 -
200 12.06 -
300 12.15 -
400 1251 -
500 12.78 13.82% 1070
600 13.14 14.04
790 13.41 14.31
800 13.97 14.47
900 14.62 14.76
1000 15.41 15.39

1100 16.52 16.41
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(b) detail of specimen periphery

Fig. 3 Detailed drawing and crientation of stepped-disk specimen
used in coating durability studies. All dimensions in millimeters.
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Ol

(b) Top view of apparatus showing spiral-coil and cooling manifold.

Fig. 4a,b Pictures of induction heating apparatus used to study
thermal fatigue of coated monocrystals.
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(b) Top view of apparatus showing spiral-coil and Cooling manifold.
Fig. 4a,b Pictures of induction heating apparatus used to study
thermal fatigue of coated monocrystais.

:INTENTiONAL DUPLICATEnFXPQSPRF



41

core exhaust

AN

—
- NRUERRNNNN

NN
L
lucite retainer
/ spiral ccil
rubber spacer
_ S/
specimen
//

o~ e o v e - —

\conccn"om plote / \' ceramic plate
4

AN 7 NN\

air inlet —* L'—cxir inlet

), . S W M W W

core air inlet je—20mm —]

Fig. 5 Schematic of test apparatus for studying thermai fatigue in
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{(b) Periphery heating from 520°C to 1080°C in 8s, followed
by a 60s hold at 1080°C, foliowed by cooling to 520°C in 30s.

Fig. 7a,b Temperature history of stepped-disk specimens used in
coating durability study (air environment).
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Fig. 7c,d Temperature history of stepped-disk specimens used in
coating durability study (air environment).
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(a) <100> periphery direction (-0.56% < € < 0.03% .
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(b) <110> periphery direction (-0.36% < € < 0.01%).

Figs. 11a,b Coating degradation along periphery after 6000 fatigue
cycles. Periphery temperature history (Fig. ?a): 520 to 1080°C in
5s + 60s hold at 10800C, followed by cooling to 520°C in 30s.
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(a) <100> periphery direction (-0.56% < € < 0.03%).
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<110>

(b} <110> periphery direction (-0.36% < € < 0.01%).

Figs. 11a,b Coating degradation along periphery after 6000 fatigue
cycles. Periphery temperature history (Fig. 7a): 520 to 1080°C in
5S¢ + 60s hold at 10800C, followed by cooling to 5200C in 30s.

INTENTIONAL DUPLICATE EXPOSURE‘
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(c) <100> periphery direction (-0.45% < € < 0.03%).
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(d) <110> periphery direction (-0.29% < € < 0.01%).

Figs. 11c,d Coating degradation along periphery after 6000 fatigue
cycles. Periphery temperature history (Fig. 7b): 520 to 10800C in
8s + 60s hold at 1080°C, follewed by cooling to 520°C in 30s.
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<100>

<110>

Figs. 11c,d Coating degradation along periphery after 6000 fatigue
cycles. Periphery temperature history (Fig. 7b): 520 to 10800C in
8s + 60s hold at 10806°C, followed by cooling to 520°C in 30s.

INTENTIONAL DUPLICATE EXPOSURE
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(f) <110> periphery direction (-0.20% < € < 0.01%).

Figs. 11e,f Coating degradation along periphery after 6000 fatigue
cycles. Periphery temperature history (Fig. 7c): 520 to 1080°C in
35s + 60s hold at 10800C, followed by cooling to 520°C in 30s.
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(f) <110> periphery direction (-0.20% < € < 0.01%).

Figs. 11e,! Coating degradation along periphery after 6000 fatigue
cycles. Periphery temperature history (Fig. 7?c): 520 to 1080°C in
358 + 60s hold st 10800C, followed by cooling to 5200C in 30s.

INTENTIONAL DUPLICATE EXPOSURE
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Figs. 11g,h Coating degradation along periphery after 6000 fatigue
cycles. Periphery temperature history (Fig. 7d): 520 to 1080°C in
8s + 60s hold at 10809C, followed by cooling to 5209C in 6s.
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Chapter 3

The Chemical and Mechanical Processes of Thermal
Fatigue Degradation of an Aluminide Coating

Abstract

The effect of strain history on the degradation of an aluminide
coating applied to a monocrystalline nickel-base superalloy is
examined by induction heating of anisotropic stepped-disk
specimens, which allow the simultaneous study of several
crystaliographic orientations and corresponding strain histories
typical of service.

Depending on substrate strain history, two modes of coating
degradation were  observed: surface  scalloping  and
through-thickness cracking. Tolerable coating scalloping (<10%
of total coating thickness) was observed for 6000 cycles between
strains of -0.45% at 1080°C and 0.01% at 5900C. Degradation by
through-thicknese coating cracking was observed for 6000 cycles
between strains of -0.45% at 1080°C and 0.20% at ?50°C.

The depth of coating scailoping correlates well with peak
compressive substrate strain. Based on this correlation, a
mechanism for scaliop initiation and growth involving cuyclic
oxide cracking and creep is discussed.
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Coating cracking appears to be the result of tensile coating
strains applied below the transition temperature of the aluminide
coating.

Introductian

In many instances the useful life of a gas-turbine airfoil is
determined by the life of the protective coating. Aluminide
coatings are typically degraded by the combined effects of
oxidation, hot-corrosion, and thermal fatigue. As noted in
Chapter 1, for airfoil temperatures in excess of approximately
1000°C, oxidation is the dominant mechanism of coating
degradation. For airfoil temperatures below 950°C, which is
typical of the leading and trailing edges of second and third stage
airfoils, hot-corrosion attack is typically the dominant mode of
coating degradation (this mode of coating degradation is

discussed in Chapter 4).

Recent isothermal and cyclic oxidation and corrosicn studies
pertaining to aluminide coating degradation [18,20] have not
addressed the important effect of strain history on coating
degradation.

In this chapter the effect of substrate strain history on
aluminide coating degradation is examined. The degradation
observed is correlated with the temperature and strain history of
the test specimens.
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Experimental Procedure

dSpecimen geometry, substrate composition and _aluminide
coating. As discussed in Chapter 2, 17mm diameter stepped-disk

specimens were machined from a monocrystal rod of Rene N4,
such that their faces were normal to the [001] crystal growth
direction (see Fig. 3). The composition of the monocrystalline
Rene N4 substrate and details of the specimen heat treatment and

aluminization process are given in Chapter 2.

Test apparatus. As described in detail in Chapter 2, induction
heating of stepped-disk specimens (Fig. 3) was used to produce

cyclic thermal strains in the aluminide coated Rene N4 specimens.

Isothermal oxidation test. To determine the effect of
isothermal exposure on aluminide coating degradation and to
provide a reference to compare with the coating degradation
obtained as a result of cyclic thermal strains, a specimen was
isothermally oxidized in air for 120 hr at 10809C. The 120
hours represents the sum of the 6000 hold times of 60 s each
used in the cyclic oxidation tests, plus a time-weighted average

to account for the effect of slow cooling in the cyclic tests.

Cyclic_oxidation tests. To determine the effect of strain
history on coating oxidation and cracking, the temperature
histories of Figs. 7a-d were selected. The corresponding
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substrate strain histories (Figs. 10a-d) were determined in

Chapter 2 by a thermoelastic finite element analysis.

Microprobe analysis and backscattered electron micrographs.
Distributions of the major coating elements (Al, Cr, Co, Ni, Mo,
Ta, Ti, and W) present in the as-coated and thermally exposed
specimens were determined with a JOEL Model 7320 electron
microprobe. A wavelength scan indicated that the concentration
of the minor substrate elements Cu, Fe, Hf, and Nb in the coating
were below detectable limits (about 0.1 at¥). For the
quantitative analyses the incident electron beam was operated at
an accelerating petential of 15 kV and a current of 20.00 nA. The
beam diameter at the specimen surface was 0.8 um with a
positioning accuracy of better than 5 nm. For an accelerating
potential of 15 k¥, the depth of penetration of X-rays, which is
dependent upon the density of the phase analyzed, is less than 2
pm for the Ni and refractory-rich phases analyzed in this study.
To help preclude changes in beam current caused by mechanical
effects, all specimens and standards were mounted
simultaneously in the microprobe vacuum chamber prior to
standardization and analysis; this prevents straining of the
filament due to changes in pressure encountered with installation
and removal of samples. For all analyses performed in this study
beam-current drift was less than 0.03 nA. To prevent erroneous
analyses, each specimen was carefully focused at a magnification

of 20,000X. The quantitative analyses involved measurement of
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the X-ray intensities in the Kx lines of the coating elements and
comparing them with the X-ray intensities from pure elemental
standards. Compositicn was obtained using a ZAF (atomic number

adsorption and florescence) correction program.

For the backscattered electron micrographs used in this
Chapter (Figs. 12-15) the optimal accelerating voltage for
obtaining good contrast between coating phases was found to be
23 kV. Note that the various shades of gray in backscattered
electron micrographs are due to differences in average atomic
number. The lighter the shade, the higher the average atomic
number of elements in that region.

Results and Discussion
As-coated specimen

Background. The driving force for aluminization is the
difference between the activity of the source aluminum in the
pack and activity of the aluminum at the substrate surface.
Marker studies, performed by Janssen and Rieck [32] on Ni-Al
couples, show that for a low activity of source Al, the coating
forms by predominant owfward diffusion of Ni from the
substrate through the growing NiAl layer; substrate elements
other than Ni essentially remain stationary in the substrate
during coating formation. This outward diffusion of Ni during
coating formation in low-activity packs has also been verified by
Goward et al [30,33] for the aluminides formed on nickel-base
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superalloys. The outward diffusion of Ni results in a two-zone
coating (see Fig. 1); an outer zone which forms above the
original substrate surface and an inner zone which forms in a
narrow region below the substrate surface. The inner coating
zone can be identified by its high density of micron-size
refractory rich precipitates, which form as a result of the high
concentration of Cr, W, and Mo in the inner coating zone and their
low solubility in B(NiAl1).

Coating morphology. The coating thickness along the entire
specimen periphery was within 70t4um. Any variation in coating
thickness was gradual, and amounted to no more than a 4um

variation over an arc of approximately 300.

Results of microprobe analysis. Due to the sub-micron phase
separation present in the outer-zone matrix it was necessary to

increase the beam diameter from the 0.8 um, used in other
analyses, to 2um. Thus, the values obtained represent the
nominal composition of the outer-zone. For analysis of the
inner-zone matrix and precipitates the beam diameter was
reduced to 0.8 um. The quantitative microprobe analyses
performed along <100> and <110> peripheries showed that within
the resolution of the microprobe (better than 0.5 at¥ for all
elements analyzed) no variation in coating composition (matrix
and precipitates) was observed between these two substrate

orientations. A high magnification backscattered-electron
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micrograph showing typical coating structure is given in Fig. 12
along with results cof a microprobe analysis for coating

composition along this typical <100> periphery direction.

In Fig. 12 the outer and inner coating zones are clearly visible.
As shown on the Ni-Cr-Al ternary phase diagram of Fig. 16, the
outer zone is near-stoichiometric § (see Point 2)1%. Note that
the coating formation temperature was 10500C; however, little
difference exists between the extent of the f-phase field at
1050 and 1080%C. The sub-micron phases present in this zone
were too small to be analyzed by the microprobe, but have been

identified in previous studies as «(Cr,Mo) precipitates [33,34l.

The removal of Ni from the subsurface region of the substrate
during coating formation has resulted in the transformation of
this region from ¥ + ¥’ to a near-stoichiometric ${Nisl) (see
Points 1 and 2 on the ternary of Fig. 16).  The high density of

10when plotting coating composition on the Ni—-Cr—Al phase diagram it
is assumed that Co substitutes for Ni, with Ti, Ta and Mo substituting
for Al This is consistent with phase extraction studies of
superalloys [35,36,37]. Further justification for including Co with Ni
is provided by the observation that (1) the Co—Ci—Al phase diagram
is similar to the Ni-Cr-Al diagram, (2) Co has an atomic radius only
1% larger than Ni and (3) the diffusion of Al and Cr is approximately
the same in cobalt and in nickel. It should be noted however that Co
is known to reduce the solubility of Al and Ti in ¢ [38]. This
decreased solubility would shift the § + &' phase boundaries of the
Ni-Cr-Al ternary towards the Ni corner.
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elongated refractory-rich precipitates in the inner zone (labeled

17 in the micrograph of Fig. 12) are refractory rich (W, Cr,
Mo) precipitates which, as mentioned above, form as a result of
the low solubility (<4 wt®) of W and Cr in near-stoichiometric 8
at the coating formation temperature of 10500°C.

To  summarize, the pack-aluminizing process  and
post-aluminizing heat treatment forms a coating based on
near-stoichiometric B(NiAl). The coating is comprised of an
outer zone which contains a sub-micron dispersion of precipitates
{(probably Cr, Mo rich) and an inner zone containing a dense
dispersion of refractory rich Cr and W precipitates.

Isothermal oxidation.
Coating morphology. 120 hours at 10899C has increased the

total coating thickness along the specimen periphery from 70 um
to 90+5um. Changes in coating thickness along the periphery
were gradual, with no scalloping or localized oxidation of the
coating observed. Comparison of Figs. 12 and 13 shows that the
thickness of the outer-zene matrix has increased by
approximately 13% (from 48 to 5Sum) after isothermal exposure,
with the thickness of the inner-zone matrix increasing by
approximately 38% (from 22 to 35um).

Results of microprohe analysis. Microprobe analyses

performed along <100> and <110> periphery directions showed
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essentially no variation in coating composition (matrix and
precipitates) between these two substrate orisntations. The
results of a typical analysis for a <100> orientation is presented
in Fig. 13. The lack of gradient in element concentration
observed 'in the coating matrix indicates that diffusion and
equilibrium partitioning of elements between the two coating
zones occurs within 120 hr at 1080°C.

Isothermal exposure has increased the nickel equivalent (Ni +
Co) in the outer coating zone from an average of 49 at¥ to 55.4
at¥. The Al-equivalent (Al1+Ti+Ta+Mo) has decreased from an
average of 49 at® to 39 at%.' The Cr content has increased
from 3 to 6 at¥. The Ni-Cr-Al phase diagram of Fig. 16 shows
that this changes the bulk coating composition in the outer-zone
from near stoichiometric 8, as coated, to a composition that is
close to the $/(3+¥) phase boundary (see Points 2 and 3, Fig. 16).

In the outer coating zone, the sub-micron phase which was
present in the as-coated condition dissipated, due to the
increased solubility of «(Cr,Mo) with increasing Ni content (see
Fig. 16 and the Ni-Cr-Mo ternary of [38]). In the inner coating
zone, the refractory-rich (W, Cr) precipitates present in the
as-coated condition have coarsened and agglomerated (analysis pt.
"2", Fig. 13). Extending from the’ coating/substrate interface
are fine refractory-rich (W, Cr, Mo) needles, aligned with <110>
substrate directions (analysis pt. “3", Fig. 13). These o-phase
needles form as a result of the continued diffusien of Ni from the
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substrate into the coating, which decreases the Ni content, and

hence solubility of W, Cr, and Mo in the sub-coating zone [39].

Coating oxidation. As a consequence of the 120 hr isothermal
exposure an oxide approximately 2.5 um thick has developed along
the coating surface (black band in backscattered electron
micrograph of Fig. 13). SEM examination of the oxide showed it
to be continuous with only minor cracking ebserved along 100 and
110 substrate orientations: <100> oxide crack-opening < 1 um
{crack length < 28 um), <110> oxide crack-opening < 0.5 um
{crack length < 15 um). A quantitative microprobe analysis

showed the oxide to be stoichiometric Al,0;.

Pettit [40] gives the parabolic rate constant for oxidation of
Ni-25 wt %Al at 1080°C as kp = 5x10713 g2/cm*-s (see Fig. 17).
Based on this data, the oxide thickness after 120 hours at 1080°C
should be 2.48um!1; in excellent agreement with the average

NThe increase in weight due to oxidation (am g 02~ /cm?) is related
to the parabolic rate constant kp and time t by (am)2 = kp xt.
Thus, for ky =5 x10713 g2/cm?-s and t = 432,000 s (120 hr), Am =
4.65 x 1074 g 027 /cmm2.  For PAY,0, = 3.87 g/cm> the oxide thickness
hgx 18t

n_ Amg027|102gAl,0z]  cm?
cmz | 48 go2- |3.97 g Al,0;5

Ox = 2.46x 10”4 cm
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2.5um thick oxide observed (Fig. 13).

To summarize, isothermal exposure for 120 hours at 10809C
results in a 20% increase in coating thickness, to approximately
90 pm. The bulk aluminum concentration drops from 48 at%
as-coated to approximately 34 at® after isothermal exposure (Al
equiv. decreases from 49 to 39 at%). Coarsening and
agglomeration of the refractory-rich precipitates present in the
as—-coated condition occurs, along with precipitation of o-phase

needles in the subcoating zone.

Thermal cycling and oxidation.
Coating _morphology. The nominal coating thickness of all

specimens after thermal cycling was roughly 90 pm, which was
the same as obtained with isothermal oxidation. The increase
in nominal thickness of the inner and outer coating zones was

also similar to that obtained with isothermal oxidation.

The low magnification micrographs of Figs. 11a-g and the high
magnification companion micrographs of Figs. 15a-h indicate that
there are two distinct tgpes of coating degradation: scalloping,
which occurs for the rapid heating and slow cooling rates of Figs.
7a,b,c, and cracking, which occurs along the high strain <100>
directions for the rapid cooling rate of Fig. 7d. Both of these
modes of coating degradation are typically observed in service
[41,42]. After a brief discussion of the quantitative microprobe
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analyses for coating-composition, the mechanisms responsible for
these two distinct modes of coating degradation are discussed

separately below.

Resu f _microprobe analyses of coating matrix. The
results of typical microprobe analyses of the coating matrix along
<100> and <110> orientations for the specimen subjected to
rapid S s heating are presented in Figs. 14a,b. As with the
isothermally oxidized specimen, the microprobe traces of the
thermally cycled specimens showed no discernible gradient in
element concentration through the coating thickness. For ease of
comparisen of coating composition between specimens, the
results of the microprobe analyses at a distance of 2-5pum from
the coating surface (outer-zone matrix), at the coating
mid-thickness, and at a distance of 4-8um from the
coating/substrate interface (inner-zone matrix) are summarized
in Table 3a, along with resuits obtained from the isathermally

oxidized and as-coated specimens.

Table 3a shows that, except for the low-strain <110>
orientations of the specimen subjected to slow 35s heating, the
element concentrations in the coating matrix of the thermaily
cycled specimens were similar, varying between specimens by no
more than 0.8 at® for any element.  This low-strain <110>
orientation of the slowly heated specimen was found to contain
approximately 33.7 at® Al, which is roughly 1 at%® higher than the



67

Al content of other thermally cycled specimens. For all
thermally exposed specimens there was essentially no gradient in

element concentration in the coating matrix.

esul mic be e n cipi ns. The
low magnification micrographs of Figs. 11a-h and higher
magnification companicn micrographs of Figs. 15a-h show 2
bright precipftate film approximately 2 um wide that appears
along most of the coating surface, whether scalloped or not (see
analysis points "D"). Similar precipitates occur along many
coating grain boundariecs and adjacent to cracks formed along
<100> directions of the specimeri subjected to the rapid cooling
cycles (see analysis points °C"). From Table 3b, the Al
concentration of these bright precipitates is between 15.9 and
17.2 at¥ Al (24.6 to 25.7 at¥ equiv. Al), whereas the Al
concentration in the cuter-zone matrix of the thermally cycled
specimens was appruximately 32.5 at%: this corresponds to ¥’ in

a $-matrix (see Fig. 16, Points 4a and 4b].

Microprobe traces performed with 1um steps showed the
change in concentration between the coating matrix and ¥’
precipitates {surface, grain-boundary, and lower-zone) to be
abrupt, indicating that the growth of ¥’ is interface-controiled,
rather than diffusion-controlled. It is interesting toc note that
the diffusivity of Al in ¥’ is about an order of magnitude lower
than the diffusivity of Al in § [43], which is in agreement with
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the lack of a concentration gradient observed in the $-matrix.
The angular nature of the interface between the ¥’ and p-matrix
suggests that the interfaces formed have low surface energy.

It is interesting to note that both the isothermally oxidized

and thermally cycled specimens show approximately the same

drop in bulk Al-concentration in the coating matrix when
compared to the as-coated composition {irom & 48 at¥ as-coated,
te approximately 34 at® after isothermal exposure, and 32.5 at®
after cyclic exposure). This suggests that the mafor decrease
in bulk-Al coating concentration is the result of interdiffusion
between the coating and substrate during long term thermal
exposure, rather than significant consumption of Al due to Al,03
formation. The grwmoanced Al depletion that results in ¥’
formation along the coating surface is, however, caused by a more
local phenomenon such as continued cyclic oracking of Al,03,

allowing localized oxidation of the coating.

The Al depleticn and subse'quent 8’ formation along coating
grain boundaries can be attributed at least in part to the
increased flux of Al through these boundaries to the coating
surface, in 1esponse to both cyclic cracking of Al,0; above the
boundariss, and the increased grain-boundary flux of Al due to
comprescive stress acting normal to the columnar gramn

boundaries.
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Coating oxidation. After 6000 cycles the average oxide
thickness obtained by thermal cycling varies between 11.5um for
cycling between strains of -0.20% and 0.01% to 24pm for cycling
between strains of -0.56% and 0.03% (see Figs. t1a,f). This
Compares with the 2.5um thick oxide obtained with isothermal
oxidation. With reference to the <110> micrograph for the
specimen subjected to the mild 35 s heating (see Fig. 11f),
it appears that a critical value of strain or strain rate is required
for oxide breakdown and subsequent formation of ¥’ along the
coating surface. This is consistent with the findings of Rahmel
[44] which show that cyclic cracking or spalling of Cr,0; on a

flat surface requires a critical value of strain.

Oxide stress-strain history

It is likely that oxide breakdown is a precursor to coating
scalloping. Thus, to identify those portions of the specimen
strain histories that are likely to result in damage of the
protective Al,0; oxide, a thin-skin analysis is used here to relate
substrate strain history to the stress-strain history of the oxide.
The analysis assumes initially that the oxide forms on a flat
surface.

As shown in Fig. 18, the Al,0z oxide that forms on the
aluminide coating during high temperature exposure has a
coefficient of thermal expansion that is 65% that of the coating
and substrate. The elastic modulus of polycrystalline Al,0;
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(Fig. 19) is approximately ?0% higher than the <100> substrate
modulus and 452 higher than the <110> substrate modulus. Thus,
as discussed in detail below, the oxide undergoes a stress history
that differs considerably from that of the substrate which sets

the strain history of the coating and oxide.

For all temperature histories the Al,0; oxide forms
predominantly during the 60 s hold at 1080°C. Thus, prior to
specimen cooldown, the oxide stress will be due entirely to
intrinsic growth strains!2, Since the thin oxide offers
negligible constraint to the substrate, the increment in total
oxide strain &¢g, during specimen cooldown or heatup must
equal the change in total substrate periphery strain 8¢g. The
increment in total oxide strain 8¢y, is equal to the sum of the
elastic strain Segy (=60,4/Egy) and the strain due to thermal

expansion of the oxide xq,8T:

seox = 863 = seox + aox 8T . (2)

'2Extrapolation of data for the diffusivity of A13* and 02~ ions in
polycrystalline Al,0z% [45] shows that at 1080°C the bulk diffusivity of
AP is an order of magnitude higher than 02~ diffusion. Thus, the
oxide grows at the oxide/gas interface. This fact, in addition to a iow
Pilling-Bedworth ratio of 1.3 ( P.B. ratio = Vol. of 1 mol. of
oxide/Vol. of metal to produce t mol. of oxide ), would tend to
minimize growth stresses. Furthermore, the oxide that forms is
polycrystalline; thus strains caused by epitaxial oxide growth are
absent.
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Equating this strain increment to the total strain increment in
the substrate which, ignoring inelastic deformation, has only

elastic (8¢g) and thermal (xgy 8T} components, gives

seox = 855 + (O(S - 0(03)81' - (3)

It is important to note that the substrate strain, and therefore
the oxide strain, is a function of periphery orientation (see Figs.
10a-d).

For a change in oxide strain given by Eq. 3 the change in

circumferential stress in the oxide is!3

The peak tensile and compressive oxide stress and stress range

determined from Eq. 4 are summarized in Table 4.

13The present discussion is limited to initiation of a surface scallop.
Once a scallop has developed the stress and strain in the oxide
predicted by Eqs. 3 and 4 would be increased by strain intensification
at the root of the scallop.
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During cooling, the oxide that formed on the already
compressively strained periphery, will tend to expand as the
compressed periphery undergoes elastic expansion from
redistribution of stress in the disk. This elastic substrate
expansion upon cooling gives a pesitive contribution to the
elastic oxide stress 8054 This positive increment in oxide
stress is countered by the strain generated due to differences in
thermal expansion between the coating and oxide, so that for g >
xgx and 8T < 0, a compressive contribution to the oxide stress
increment results. The total stress increment in the oxide 80y
depends upon the relative magnitude of these elastic and thermal
components, according to Eq. 4. Thus, in the early stages of
specimen cooldown, where the decrease in elastic compressive
substrate strain (increase in 8eg) is rapid and of greater
magnitude than the negative thermal contribution («g - &qgy)8T,
tensien is produced in the oxide. Since the compressive
substrate strain developed prier to specimen cooldewn from
1080°C is greatest along <100> peripheries, whereas the thermal
strain increment is isotropic, the oxide tension produced during
cooldown will be greatest along <100> peripheries. For all
orientations of the slowly cooled specimens, the peak oxide
tension develops at 950°C and decreases in magnitude with

further cooling, becoming compressive at approximately ?000C.

During heating, elastic compression of the substrate due to
unequal heating results in a negative contribution to oxide stress
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(EguS€s < 0), whereas the mismatch in thermal expansion
coefficients between substrate and oxide produces a positive
contribution to the oxide stress ( Egy{xg-xqgy)ST > 0 ). The large
negative increments in elastic substrate strain which occur on
initial heatup for the rapid Ss heating rate results in a maximum
oxide compression of -900 MPa at 1057°C, prior to achievement
of a steady-state temperature at 10800C. For all other
temperature histories the maximum compressive oxide stress
during specimen heatup was reached at a lower temperature (see
Table 4). Since oxide growth stresses and inelastic behavior are
ignored, the oxide stress and strain must returm to zero at the
completion of a full temperature cycle (10800C to 1080°C). It
should be noted that a shift in mean coating-stress towards zero
will not affect the oxide stress history, which is governed by the

coating strain.

Coating Scalloping
Possible mechanisms for the initiation and growth of a surface

scallop are discussed with reference to the stress-strain history
of the surface oxide and the strain history of the aluminide

coating.

Scallop initiation. Oxide breakdown (by cracking or spallation)
and subsequent surface roughening by coating oxidation is a likely
precursor to scailop initiation. Oxide cracking can occur during

specimen cooling where, as discussed earlier, tensile stresses
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develop in the oxide. Compressive shear cracking or spaliation of
the surface oxide is possible during the initial stages of specimen
heating where elastic substrate compression produces oxide
compression. Initial oxide breakdown would be expected to occur
first at coating grain boundaries where a higher than average
oxide growth rate typically occurs due to rapid Al diffusion to the
coating surface along coating grain boundaries [46].

SEM examination of the oxide formed on the thermally cycled
specimens showed the presence of oxide cracking and spallation
(on a scale small compared to the oxide thickness) along all
substrate orientations. 'These examinations showed that many of
the oxide cracks were inclined at angles between 30 and 60°C
from the circumferential stress direction; implying compressive
shear cracking of the surface oxide may have occurred. The
extent of oxide cracking and spallation was most severe along the
highly strained <100> substrate orientations (see Figs. 20a,b for
SEM micrographs of the surface oxide developed after 6000 cycles
of 8s heating and 30s cooling).

Examination of Table 4 shows that the tensile oxide stress
developed along like orientations of the slowly cooled specimens
is identical: 600 MPa for <100> orientations and 260 MPa for

<110> orientations. Thus, the contribution to oxide breakdown
by tensile cracking is the same along like orientations of the

slowly cooled specimens. The lack of appreciable coating
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roughening observed along the <110> orientations of the specimen
subjected to 35s heating and slow cooling (Fig. 11f), suggests
that tensile oxide stress acting alone is not responsible for the
initial surface roughening that is a likely precursor to scallop
growth.

Examination of Table 4 shows that for a given substrate
orientation the coinpressive oxide stress increases as the
specimen heating rate increases. Thus, along a given substrate
orientation, the extent of shear-cracking and compressive
spallation of the oxide should increase with an increase in
specimen heating rate, as verified by SEM examination of the
surface oxide formed on all specimens. Thus, compressive shear
cracking of the exide, acting alone or in conjunction with tensile
oxide stresses, and if of sufficient magnitude, offers another
avenue for initial oxide breakdown and localized coating
oxidation.

To summarize, it appears that oxide compression, acting alone
or in conjunction with oxide tension, is responsible for initial
breakdown of the protective surface oxide. Once oxide breakdown
has occurred, surface roughening can develop by the cyclic

process of oxide cracking and localized coating oxidation.

Scallep growth by repeated oxide cracking. As discussed

above, the tensile oxide stress developed during cooldown along
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like orientations of the slowly cooled specimens is identical (see
Table 4). Therefore, if repeated tensile oxide cracking during
spacimen cooldown were the ncipal parameter that
determined growth of a coating scallop, a similar degree of
scalloping would be expected along like orientations of these
specimens; the scalloping shown in Figs. 11a-f shows that this

is clearly not the case (sse also Table 4).

Although compressive shear cracking of the oxide can
contribute to the initial surface roughening which is a precursor
to scalloping, cyclic oxidation tests by Fleetwood [47] suggest
that continued scallop growth by this mechanism is unlikely and
that, in addition, elastic substrate straining is necessary for
scallop growth. In Fleetwood’s work, 12 mm dia. by 6 mm thick
button specimens of polycrystalline Ni-Cr-Al-Ti-Co-Mo alloys
{(which form Al,0; during high-temperature oxidation) were
subjected to 1500 cycles consisting of 15 minutes heating to
10500C in a refractory furnace, followed by S minutes cooling in
air to 1500C. The results of Fleetwood’s work show that
although a continuous layer of &’(NizAl) had formed beneath the
Al,03; as a result of long term exposure (500 hrs), only minor
surface roughening and no scalloping of the aluminide coating had
occurred. Unfortunately, Fleetwood gives no data for the expected
stress-strain history of the specimens or oxide (heating and
cooling curves are also not given). However, as an approximation,

it can be assumed that the slow heating and cooling rates produce
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uniform heating and cooling of the substrate. Thus, with
negligible constraint from the thin surface-oxide, the elastic
substrate strains during heating and cooling are essentialiy zero.
In the absence of elastic substrate strains, the stress and strain
developed in the oxide is due entirely to differences in thermal
expansion between the substrate and surface oxide. This gives
an approximate compressive oxide strain of (xg - xg)6T =
-(8.5 - 14.0)x1070 oc~1 x (-900%C) = -4.95%x10™3 and a
compressive stress of Egy(xg - xgx)6T = ~1690 MPa. These
values are larger than those encountered in the present study,
where a maximum compressive oxide strain of -2.8x10™> and
stress of —900 MPa are encountered (see Table 4). Thus, the
absence of surface scalloping observed in Fleetwood’s
specimens, with their negligible elastic substrate strain but
approximately 50% higher compressive oxide stress, suggests that

although initial surface recughening can occur as a result of

cyclic shear cracking of the oxide, elastic or plastic substrate

straining is required for further scallop growth.

It should be noted that although tensile or shear oxide cracking
does not appear to be the mechanism &7rectély responsible for
scallop growth, the strain intensification at the root of a coating
scallop could produce enhanced oxide cracking. Thus, it is
possible that oxide cracking could act in parallel with another

mechanism for further scallop growth.
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Scallop growth by kinematically irreversible cyclic creep. As
shown in Figs. 21a,b the average depth of coating scalloping

correlates approximately with peak compressive substrate strain
(= peak compressive coating strain) and substrate strain-range (=
coating strain range). A mechanism for scallop growth consistent
with this correlation is kinematically irreversible cyclic creep of

the aluminide coating produced by slastic substrate strains.

If primary creep has a Bauschinger component on load reversal,
continued scallop growth due to cyclic creep is possible!d.
Growth by this mechanism is in analogy with the continued
surface roughening found by McClintock [49] for cyclic plastic
straining of power-law hardening materials under constant strain

amplitude. As shown schematically in the 1-D model of Fig. 22,

an-area difference between two adjacent regions of the coating
undergoing cyclic creep produces a strain difference between the
two regions. This strain difference Jmcrwases with continued
cycling due to the kinematically irreversible Bauschinger
component of creep. This increasing strain difference Fmcryases
the area difference between the two deforming regions. The
essential feature of this mechanism is the increased area
difference expected with increasing creep amplitudes,

consistent with the correlation of average scallop depth with

14pyre power—-law creep is kinematically reversible and would
therefore give no net scallop growth, as proven by Berg and
McClintock [48].



79

coating strain range (Fig. 21b).

Proposed mechanism for coating scalloping. The proposed

mechanism for coating scalloping involves the following steps:

1. Initial breakdown of the oxide due to tensile or compressive
{shear) oxide cracking, followed by localized coating oxidation and
surface roughening. A likely site for initial oxide breakdown
would be near coating grain boundaries, whera a high initial flux
of Al would be expected to result in rapid oxide formation and an
initially larger than average oxide thickness.

2. Continued growth of coating scallops as a result of the
inherent instability of a surface depression subjected to
kinematically irreversible cyclic creep and enhanced oxide

cracking at the root of a surface depression.

Coating cracking.

For the rapidly cooled specimen, cracking along coating grain
boundaries is observed for <100> directions. No coating cracking
was observed along <110> directions. Examination of Fig. 15g
and Table 3b, shows that the cracks are lined with Al-poor ¥’
(Point C), of similar composition to the ¥’ that forms along the
coating surface (Point D).

For the <100> orientations the 6s cooling time produced a
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peak tensile strain ef 0.20% during cooldown, at a temperature of
?000C (see substrate strain history of Fig. 10d). Allowing for a
possible shift in mean-stress towards zero would give a
maximum tensile strain of 0.50% in the coating during cooldown
from the hold strain of -0.30% at 1080°C. For zero mean-stress
an upper limit for the strain rate in the coating is 0.0050/2s =
0.0025 s”! (from Fig. 10d). For this strain rate and a
temperature of ?00°C, Fig. 23 shows the strain to cracking for
CODEP coatings applied to Rene 125 (an alloy of similar
composition to Rene N4) is approximately 1% [42]. Thus, one is
tempted to conclude from Fig. 23 that early coating cracking is
unlikely and therefore cracking must occur after formation of the
less ductile grain-boundary ¥’. Two factors tend to discount

this and suggest that grain boundary cracking occurs early in the
test:

(1) Had cracking occurred after ¥’ formation along grain
boundaries, we would expect to observe signs of deformation
between the discontinuous ¥’ islands that line uncracked grain
boundaries. The lack of this deformation suggests that cracking

occurs early in the test prior to extansive ¥’ formation.

(2) Fig. 23 and similar coating ductility plots [1,50,51] are
typically constructed by using a 20X objective to visually observe
cracking of coatings applied to cylindrical tensile-type
specimens. Thus, the strain recorded will be that for
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macroscopic coating and substrate cracking, with early cracking

occurting at lower strains.

It is interesting to note that the degradation observed along
<110> orientations (Fig. 11f), where coating cracking did not
occur, correlates roughly with substrate peak compressive strain
and strain range (Figs. 21a,b).

In summary, the critical substrats strain for coating cracking
lies in the range 0.08% < €.t < 0.20%. For this range, coating
cracking appears to occur early in the coating life, with
subsequent depletion of Al along coating grain-boundaries,

resulting in formation of Al-poor ¥’ films.

Conclusions
1. No influence of substrate crystallographic orientation on
coaling composition was observed, except through substrate

strain amplitude.

2. Aluminide coating degradation in oxidizing atmospheres
depends critically upon the strain history of the substrate, which
in turn sets the strain hictory of the thin aluminide coating and

Al,03 surface oxide.

3. Depending upon periphery strain history, two modes of coating
degradation are observed: (1) scalloping, which occurs during
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rapid heatup and slow ceoling for Ae > 0.21% and (2) coating

cracking, which was observed during rapid cooldown of the
coating for Ae = 0.65%.

4. Coating scalloping is not observed for a peak compressive
coating sirain below -0.20%, with a strain range of 0.21X%.
Tolerable scalloping (<10% of total coating thickness) was
chserved for a peak compressive strain of ~0.29%, with a strain
range of 0.30%. Thus, to pravent coating scalloping, which is the
result of compressive strains generated in the substrate during
heatup, it is necessary to maintain the peak compressive coating
strain below ~0.20%, with the strain range held below 0.21%. For
ship and commercial aircraft gas turbines, coating degradaticn
due to compressive scalloping can be reduced by increasing the
turbine to full power at a slower rate (e.g., in 15s rather than
58).  This will reduce the temperature gradients in the airfoils
which are responsible for compressive strains.

9. To precluds early coating cracking in oxidizing environments
it is necessary to limit substrate tensile strains to
approximately 0.08% (based, on a pseudo-elastic analysis). As
tensile strains are encountered on turbine cooldown after thrust
reverse, the practical solution would be to reduce engine speed at
a slower rate after thrust reverse, a practice that is not

currently employed by commercial aircraft companies but could be
implemented.
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6. Average scallop depth correlates well with peak compressive
substrate strain and substrate strain range. A mechanism for
coating scalloping consistent with this correlation involves
initial surface roughening by tensile or compressive (shear) oxide
cracking, followed with scallop growth by kinematically
irreversible cyclic creep.



Table 3a
(0), at coating mid-thickness {m), and 4-

interface (i).

along microprobe truce line. See Fi

periphery strains.

Fig.
12

13

15a

15b

15¢

15d

15e

15f

154

15h

Temp. hist
heat  cool
as-coated
isothermal
5 30
8 30
35. 30
8 6

jii> Jocati
<100s 0
m
i
<100> 0
m
i
<100> o
m
i
<110> 0
m
i
<100> 0
m
i
<110> 0
m
i
<100> 0
m
i
<110> 0
m
i
<100> o
m
i
<110> 0
m
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Element
Ni Co Al Ti_Tse Mo W
45.1 4.0 482 04 0.1 0.1 0.1
46.5 43 46,1 0.5 0.1 0.1 0.1
48.0 5.5 366 44 04 04 0.6
494 6.0 343 39 05 0.2 0.1
433 58 343 39 05 0.2 0.1
49.1 59 348 38 05 0.1 0.1
509 56 323 35 04 0.2 0.0
504 58 325 35 05 0.1 0.1
50.9 56 324 33 05 0.2 0.1
508 5.8 321 35 05 0.2 0.0
508 5.7 322 34 05 02 00
50.8 5.6 323 34 05 02 0.1
50.7 55 322 36 05 0.1 0.0
50.7 5.8 324 34 05 0.2 00
50.6 5.4 324 34 03 0.2 00
50.6 5.6 328 36 05 0.1 0.1
505 5.8 328 36 04 0.1 00
50.8 5.7 327 34 04 01 0.0
509 5.6 322 34 04 0.1 0.0
S1.1 54 324 34 04 02 0.0
09 54 326 35 04 02 0.1
499 58 336 37 03 01 0.0
50.0 5.7 336 37 04 0.1 0.0
499 56 338 37 04 0.2 0.0
510 56 321 34 04 0.0 0.0
51.1 54 322 34 04 0.1 0.0
51.2 55 32.2 3.t 04 0.0 0.0
508 5.6 326 37 03 0.1 0.0
50.2 55 328 36 06 02 0.0
50.2 55 327 36 06 0.2 0.1

Composition of coating matrix 2-Spm from coating surface
8um from coating/substrate
See figures referenced for location of analysis points
gs. 10a-d or Table 4 for corresponding

Cr
2.0
2.8
4.1

5.7
5.7
5.5

7.1
12
7.0

7.3
1.2
7.2

7.3
7.1
7.1

7.9
1.8
7.8

1.2
7.1
7.0

6.5
6.5
6.3
1.4
7.4
7.4
7.1

1.2
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[, 100 um ,l
I L

(a) <100> (-0.56% < € < 0.03%) (b) <110> (-0.36% < € < 0.01%)
Periphery temperature history (Fig. 7a): 5 s heat, 30 s cool.

<100>
<110>

(c) <100> (-0.45% < €< 0.03%) (d) <110> (-0.29% < € < 0.01%)
Periphery temperature history (Fig. 7b): 8 s heat, 30 s cool.

Figs. 15a-h Backscattered electron micrographs of aluminide coating
showing microprobe analysis points along <100> and <110> orientations.
Breaks in the black trace-line indicate analysis points referenced in
Table 3a. Analysis points A-D are given in Table 3b. Substrate strain
history is given in parentheses below Figures. Lower magnification
companion micrographs are given in Figs. 11a-h.
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<100>

' — 100 microns T 1 l
v e
(e) <100> (-0.30% < € < 0.03%) (f) <110> (-0.20% < € < 0.01%)

Periphery temperature history (Fig. 7c): 35 s heat, 30 s cool.

5 S AT

<110>

‘E;‘[ . et et { ]l

(g) <100> (-0.45% < € < 0.20%) (h) <110> (-0.29% <€ < 0.08%)
Periphery temperature history (Fig. 7d): 8 s heat, 6 s cool.

Fig. 15 (continued).
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2. as-coated —————9

(outer-zone matrix)

3. isothermal oxidation
(outer-zone matrix)

4a. cyclic oxidation
(outer-zone matrix)

4b. cyclic oxidation
(V' along coating edge)

10

14
i NV N o .
70 80 S0 100 Ni

at.% Ni

Fig. 16 Ni-Cr-Al phase diagram at 1080°C. From interpolation

between Taylor and Floyd's [52] 1000 and 1150%C phase diagrams.
The analysis points shown for the coating matrix were taken 10um
from the coating surface.
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Fig. 17 Temperature dependence of parabolic rate constant for the
grovth of Al,03 on unalloyed Ni-25A1. From Pettit and Goyrard [40].
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Fig. 18 Coefficient of thermal linear expansion versus temperature
for polycrystalline Al,0;3 [53], Rene N4 [41] and CODEP coating [41].
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Fig. 19 Dynamic modulus of elasticity versus temperature for
polycrystalline Al,05 [S4], Rene N4 [41], and CODEP coating [41].
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<100> peripher

Fig. 20 SEM micrographs of surface oxide after 6000 cycles of
moderate 8s heating and 30s cooling (the corresponding coating
degradation is given in Figs. 1lc-d and 15¢-d). The micrographs
were taken normal to the radial specimen direction, with the
circumferential periphery strain acting horizontal in the plane of the
micrographs.
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Fig. 21a Average scallop depth versus peak compressive substrate
strain {~ peak compressive coating strain). Vertical bars give
range of scallop depths observed. Data summarized in Table 4.
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Fig. 21b Average scallop depth versus substrate strain-range
(~ coating strain-range). Vertical bars give range of scallop
depths observed. Data summarized in Table 4.
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Surfece roughening due to repeated
oxide breakdown produces an area
difference between adjacent coating
regions (elements 1 and 2).

Due to the Bauschinger component
of primery cresp, cyclic coating
strains will further increase the
strain in element 2 relative to
element 1. This strain difference
increases the area difference
between elements. The magnitude
of the area difference depends upon
strain amplitude and the number of
strain cycles.

Fig. 22 Schematic illustration of scallop growth by kinematically
irreversible cyclic creep. This mechanism is consistent with the
correlation of scallop depth with coating strain amplitude (see Fig.

21b)
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Fig. 23 Strain to cracking versus temperature for Codep B-1
coating applied to Rene 125. From Kaufman [42].
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Chapter 4

Effect of Simultaneous Hot-Corrosion and Thermal

Fatigue on Aluminide Coating Durability

Abstract

This Chapter describes the use of induction heating of
stepped-disk specimens to study the effect of substrate strain
history on the corrosive (Na,S504-50,-0,) attack of aluminide

coated Rene N4.

The degradation of the coating was found to be strongly
dependent upon the strain history of the aluminide coating. The
coating was degraded te 40% of its original thickness by
formation of Al-Cr-Ni sulfides after 6000 cycles between strains
of -0.26% at 9250C and 0.03% at 6509C. Only minor degradation
was observed for 6000 cycles between strains of -0.16% at
9259C and 0.01% at 7900°C.

A mechanism to explain the acceleration in corrosive attack
with thermal cycling is proposed. The mechanism assumes that
oxide breakdown due to thermal cycling results in direct contact
between the molten Na,504 and the aluminide coating, resulting in
an increase in oxygen ion activity, which promotes basic fluxing
of Al,0;.
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Introduction
A common feature of the combustion of petroleum fuels is the

formation of Na,50,4 by the reaction

2NaCl(v) + SO,(v) + (1/2)0,(v) + H,0(¥) = Na,S04(v) + 2HCI{v). (1)

Stearns et al [56], using free-jet sampling mass spectrometry
of combustion flames, have observed that Na,50,4 typically forms
in less than 1 ms, which compares with typical combustion gas
residence-times in a turbine of 5-10 ms [S?). Thus, as sea air
typically contains 0.01 ppm NaCl [58], the direct formation of
Na,504 in a turbine by Eq. 1 is certainly possible. Na,304 can
also be supplied directly by sea water, which contains about 2600

ppm of this salt.

In the first-stage of an advanced gas turbine, the combustion
gas stream typically reaches a temperature in excess of 1300°C,
with airfeil temperatures in the range of 1000 - 1100°C.  Thus,
as discussed in Chapter 1, in the first-stage of a gas turbine,
Na,504 formed by combustion exists in the vapor state and
condensation of Na,SO4 onto airfoils is not observed.  However,
the combustion gases expand and cool as they pass through the
turbine stages, with the result that airfoil temperatures in the
second or third-stage of a turbine rarely exceed 950°C. The

lower-stage airfoil temperatures are below the dew-point of
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Na,304, which promotes the condensation of Na,S0, onto the
airfoils. After condensation of Na,504 rapid sulfidation of

Ni-based coatings and substrates can occur [9, 59-64].

Over the past 20 years many techniques have been developed
to study the Na,50, induced corrosion (hot-corrosion) of turbine
airfoils. These techniques include gas-burner rigs, furnace tests

and crucible tests.

In bormer-rigs [3, 65-68] specimens are exposed to high
velocity combustion gases produced by burning jet fuel (see Fig.
24).  Although burner-rigs can simulate the combustion gas
composition existing in a turbine their use has come under
considerable debate lately due to the wide differences in test
results obtained by different laboratories [3,69]. This typical
variation in test results is clearly shown in the results of an
ASTM round-robin test, Fig. 25. The principal reason for the
variation in test results, which occurs even among rigs which
burn the same fuel, can be attributed to the variation in specimen
strain history resulting from the use of various specimen
geometries (e.g., wedges, squares, circular pins) and burner-rig
velocities. Due to the complex coupled heat-transfer analysis
required for the determination of specimen strain history, rarely,
if ever, is the strain history of the test specimens determined.
This makes the transfer of test results to actual gas turbines

empirical at best.
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In the frequently used fermace fest 6,8, 70-72] cylindrical
specimens are coated with a thin layer of Na,504 and heated in
the presence of a simulated combustion gas (typicaliy
50,-503-0,). Although inexpensive, these tests are unable to
simulate the temperature and strain histories experienced by

turbine airfoils.

In cruciole fests [73-7S] a specimen is partially or totally
immersed in molten sulfates. In general, poor correlation exists
between crucible test results and actual in-service performance
of a particular alloy or coating [?3].  This is most likely
attributable to the unrealistically low vaiues of oxygen pressure
in the wvicinity of specimens contained in deep static melts,
compared to the higher oxygen activity that would be expected
across the thin Na,SO4 layer formed on turbine blades. This low
oxygen pressure results in an increase in sulfur activity at the
specimen surface, with a correspondingly rapid rate of sulfidation
attack.

In view of the limitatiens of the test techniques discussed
above, this chapter describes the use of induction heating of thin
disk-specimens as an alternative. Induction heating, which was
described in detail in Chapter 2 for testing in air environments,
allows close control of specimen temperature and strain history
and is easily modified for corrosive atmosphere testing. To
illustrate the use of induction heating in corrosion studies, the

effect of substrate strain history on the corrosive attack of
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aluminide coated Rene N4 is examined.

Experimental Technigue
Specimen geometry, substrate composition and aluminide

coatng. As discussed in detail in Chapter 2, 1?7 mm diameter
stepped-disk specimens were machined from a monocrystal rod of
Rene N4 such that their faces were normal to the [100] crystal
growth direction (Fig. 3) The composition of the Rene N4 and
details of the specimen heat treatment and aluminization process

are given in Chapter 2.

Test apparatus. The induction heating apparatus described in
Chapter 2 was modified for corrosive atmosphere containment by
insertion of a 22 mm diameter quartz tube between the
induction-coil and specimen (see Fig. 26). The quartz tube
precludes the use of cooling manifolds (Figs. 4,5) to obtain
additional tension in the specimen periphery during cooidown.
Howewer, in view of the slow cooling rates of third stage
airfoils (typically 930 te 450°C in 10 to 30s versus 1080 to
S000C in 4 to 15 s for first stage airfoils) this is not considered
a serious limitation to the test technique. In addition, the tests
performed in air (Chapter 3) showed that coating compression
developed during heatup can be as damaging to coating life as

tension produced on cooldown (compare Figs. 11a-h).

Specimens are positioned in the induction ceil by a 304

stainless steel support-rod attached to the exhaust manifeld (Fig.
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26). This 6 mm diameter support-rod also serves as a heat-sink
to aid in maintaining a temperature gradient between the

specimen periphery and core.

Specimen temperature was monitored and controlied by two
0.20 mm diameter Pt/Pt-10%Rh thermocouples attached to the
specimen at a radius of 6.5 mm. To calibrate the control
thermocouple for the particular temperature history used (Fig. 27}
and to obtain the temperature data required in the finite-element
analysis for specimen stress-strain history, a specimen with
0.13 mm diameter chromei-alumel thermocouples positioned at
specimen radii of 3.5, 4.0, 5.0, 6.0, 6.5, and 8.3 mm were used
(additional details concerning thermocouple attachement and
accuracy of temperature measurement are given in Chapter 2). To
simulate the conditions used during an actual corrosion test,
argon at a flow rate of 100 cm®/min was passed through the
apparatus. The gas was heated in the hot-zone to the corrocion

test temperature of 9300C.

After calibration of the control thermocouple, all subsequent
testing was performed using only the two Pt/Pt-10%Rh

thermocouples.

Test atmosphere. The simultaneous thermal fatigue and

hot-corrosion tests invoived coating the specimen periphery with
1.0 mg/cm?2 Na,50, and flowing an 20%0,-0.10%S0,-bal. argon
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gas mixture through the quartz tube isolating the specimen from
the induction-coil.

The Na,504 was applied by rotating the specimen on a mandrel
at 200 RPM and heating the specimen to 200°C over a hot-plate.
An airbrush was then used to spray a metered quantity of an
aqueous sodium sulfate solution to the entire periphery step (the
specimen core vas protected from overspray by use of thin foil
disks). Specimens were weighed before and after spraying to

verify the quantity of Na,S0, applied to the periphery step.

During preliminary corrosion tests it was observed that after
thermal cycling the Na,504 applied to the periphery step migrated
towards the specimen core. This was most likely caused by
surface tension effects, which were accentuated by the smooth
specimen finish and curvature of the periphery. To alleviate this
problem, specimens were pre-oxidised to provide a rougher
surface. The oxidation was performed by rotating Na,504-coated
specimens at 1700 RPM, wkhile heating in a refractory furnace at
9300C for a period of 10 hr. The rapid rotation of the specimens
was necessary to overcome the surface tension of Na,SO,,
ensuring its even distribution along the periphery. The surface
oxide formed by this isothermal treatment was found to “peg” the
Na,50,4 along the periphery step. This was verified by examining
the periphery step while thermally cycling a specimen between
450 and 9309C in the induction-heating apparatus. It was
observed that above the melting point of Na,504 the entire
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periphery step was covered with a thin layer of molten Na,SO,,

with no migration observed during the thermal cycling.

The gas composition was chosen to simulate roughly the mole
fractions of S50, and O, present in the third-stage of a
gas-turbine opsrating under 96X power conditions in a marine
atmosphere {1074 to 1070 50,, 0.15-0.20 0,). To obtain the
desired gas composition the gases SO,, 0,, and argon were mixed
in a 3-tube gas-mixer prior to entering the quartz tube. For
greater accuracy in the gas metering and mixing, the SO, was
obtained as an 0.1%30,-bal. argon mixture, which allowed using a
higher flow rate for a given concentration of $0,. ©On a
volumetric basis, the composition of the gas mixture prior to
entering the quartz tube was: 20.00% 0,, 0.010% S0,, 79.99%
argon. After entering the quartz tube the gas-mixture passed
through a 250 mm long hot-zone, where it was heated to the test
temperature of 9309C{1). To aid in establishment of equilibrium
at 9300C, a platinum catalyst (6 grams of 80 mesh Pt-screen)
was placed in the furnace hot-zone. Assuming complete
equilibriumz, the composition of the gas exiting the hot-zone (at
9309C) was: 0.0089% SO,, 0.0011% SO, 20.00% 0,, 79.99% argon
(see Appendix C).

1This gas temperature was maintained 10mm from the specimen
surface (measured with a shielded thermocouple).

2For a flow rate of 100 cm3/min, the average gas velocity in the
quartz tube (cross—sectional area = 2.8 cm¢) is 0.03 cm/s. This
gives an average time in the hot-zone of 800 seconds, which is more
than adequate for establishment of equilibrium [76].
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Isothermal corrosion tests

To provide a reference to compare with the corrosion cbtained
with thermal cycling, isothermal corrosion tests were carried out
by placing the Na,504-coated test specimen in the test apparatus
and heating in the S0,-0, atmusphere to 9309C, for times of 100
and 200 hours.

Cyclic corrosion tests. To determine the effect of cyclic
thermal strains on the corrosion process, heating and cooling
rates representative of those encountered by third-stage blades
and vanes during takeoff and landing of a jet-helicopter were
chosen: 450 te 9300C in 8s, followed by a 60s hold at 930°C,
followed by cooling to 930°C in 30s (see Fig. 27). The substrate
stress-strain history corresponding to this temperature history
was determined by a thermoelastic analysis and is shown in Fig.
28 (details of a similar thermoelastic analysis are given in
Chapter 2). The cyclic corrosion tests were performed for 3000
and 6000 cycles.

Results and Discussion
After completion of testing, the surface scales formed on the

specimens were analyzed. After this preliminary analysis,
specimens were cut in half along a <110> orientation and one of
the halves was Ni-piated and cold-mounted in epoxy; the other
half stored for additional later analysis of the surface scale. The

mounted specimen was next ground and polished to its mid-plane
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in preparation for microprobe-analysis.

Isothermal corrosion. As shown in the <100> micrograph of
Fig. 29, no visible corrosive attack of the coating has occurred.
The approximately 1 pum thick black band formed along the coating

surface was identified as stiochiometric Al,0;.

Microprobe analgsiés of the outer coating matrix (analysis
Points a-d) showed that the Al-equivalent (Al+Ti+Ta+Mo) had
dropped from 49 at% as-coated, to approximately 43 at¥ after
100 hr at 930°C and 40 at¥ after 200 hr at 93009C. No sulfur
was identified in the coating matrix (resolution for sulfur =0.5
at%).

Cyclic corrosion tests. Along the <110> peripheries, with
strains of -0.16% at 9259C to 0.01% at ?900C, there was only
minor corrosion after 3000 and 6000 cycles (see Figs. 30a,b).
Along the <100> peripheries, however, with strains of -0.26% at
9259C to 0.03% at 650°C, coating attack teo ?0% of the original
coating thickness has occurred after 3000 cycles with attack
extending to 30% of original coating thickness after 6000 cycles
(see Figs. 30c,d).

Microprobe analysis of the coating matrix along <100>

peripheries showed essentially the same composition as obtained

35ee Chapter 3 for details of microprobe parameters used in a
similar analysis of the coating matrix.
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with isothermal exposure. No sulfur was detected along these
orientations. Microprobe analysis of the coating matrix along
<100> peripheries showed the presence of Al suifides (analysis
Point 1), typically occurring at the corrosion fronts.
(Identification of coating grain boundaries is made difficult by

the extensive corrosion attack.)

Discussion. The stability diagram of Fig. 31 shows the gas
compositions and oxygen ion activity for which Al,0; is stable
beneath Na,50, at 930°C. For the gas composition used in this
study (Fig. 31, Point 1), Al,0z should be stable beneath a Na,S50,
melt at 9309C and 1 atmosphere total pressure. Thi's, direct
fluxing of the Al,03 should net eccur, which is consistent with
the lack of corrosive attack observed in the isothermal tests.
Thus, as discussed below, it appears that another mechanism,
driven by coating strains, is responsible for the corrosive coating
attack observed along the <100> substrate orientations.

Propo mechanis or the accelerati f hot-corrosion
attack by thermal fatigue. To explain the extensive coating
degradation observed along the high strain <100> periphery
orientations it is proposed that thermally induced strains can
crack an otherwise protective Al,03 layer, exposing the coating
directly to molten Na,504, as iliustrated schematically in Fig. 32.

This direct exposure would lower the 02~ concentration by the



110

reaction:

2 2- _ g2-, | 3
SAl*S0, = 0 v 3 AlpSy + S0, (2}

As the dashed path on the stability diagram of Fig. 31 shows,
this increase in ag2- obtained by this reaction can promote basic
fluxing of Al,0;.

To verify this mechanism, the specimen halves from the
cyclic tests (3000 and 6000 cycles) that still had undisturbed
corrosion scales were cut into 10° sectors along the <100> and
<110> periphery directions. The water scluble corrosion products
on these sectors were then analyzed. These analyses clearly
showed Al in the leach water from the <100> peripheries, with
only trace amounts detected along <110> peripheries. In a
similar analysis of water soluble products obtained from the

isothermally exposed specimens, only Na and S were detected.

Conclusiens
1. Induction heating of stepped-disk specimens offers an

alternative to the use of gas-burner rigs and furnace testing in
hot-corrosion studies. The technique has the advantage of
allowing close control over specimen temperature and strain

history, and corrosive atmosphere.

2. Hot-corrosion attack of aluminide coated Rene N4 was
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strongly dependent upon coating strain history. After 6000
cycles between strains of -0.26% at 9250C and 0.03% at 540°C
the coating was penetrated by suifides to the substrate. Only
minor degradation was observed for 6000 cycles between strains
of -0.16% at 9300C and 0.01% at 5400C.

3. A mechanism has been proposed to explain the acceleration of
hot-corrosion attack by coating strains. This mechanism assumes
oxide breakdown caused by thermal cycling results in direct
interaction between the aluminide and molten Na,S04. This direct
interaction increases the oxygen ion activity at the coating/oxide

interface and promotes basic fluxing of Al,0;.

The feasibility of the mechanism was verified by
identification of aluminum sulfides in the corrosion scale, which

are predicted by the proposed mechanism.
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Fig. 24 Typical gas—burner rig used to studg hot-corrosion of
coated alloys. From Conde et al [64].
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<100>
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(@) 100 hr at 930°C
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(b) 200 hr at 930°C

Fig. 29a,b Backscattered electron micrographs of aluminide coating
after 100 and 200 hr at 9300C.  Na,504-50,-503-0, environment.
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<100>

(a) 100 hr at 930°C

<100>

(b) 200 hr at 930°C

Fig. 25a,b Backscattered electron micrographs of aluminide coating
after 100 and 200 hr at 9300C. Na3,504-50,-503-0, environment.
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(a) 3000 cycles
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K ™

(b) 6000 cycles

Fig 308,b Backscattered electron micrographs of aluminide coating
after 3000 and 6000 cycles between strains of -0.168 and 0.01%.
Na,504-50,-503-0, environment, <110> periphery direction.
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<110>

110>

(b) 6000 cycles

Fig. 30a,b Backscattered electron micrographs of sluminide coating
after 3000 and 6000 cycles between strains of -0.16% and 0.01%.
Na,504-80,-503-0, environment, <110> periphery direction.
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<1005
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(C) 3000 cycles

[Ni- plate!

(d) 6000 cycles

Fig. 30c,d Backscattered electron micrographs of aluminide coating
after 3000 and 6000 cycles between strains of -0.26% and 0.03%

Na,504-50,-503-0, environment, <100> periphery direction
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<100>

<{100>

(d) 6000 cycles

Fig. 30c,d Backscattered electron micrographs of aluminide coating
after 3000 and 6000 cycles between strains of -0.26% and 0.03%.
Na,504-50,-303-0, environment, <100> periphery direction.
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Fig. 31 Stability diagram showing phases of Al that are stable in
Na,S04 at 930°C.
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For 0.0089 %50,-20.0 %0,- 0.001 1%S04 - Bal. Argon,
Al, 05 is stable beneath Nazso4 at 930°C:

0
Na,S0, 2

a,2- X %

.

NiAl

DI

However, thermal strains can result in oxide cracking
or spalling :

0
N02804 2

02- i %//////////ﬂ 7 ////%

&\

Na,S0,4 can now react: directly with Al in the coating:

2 2- _ 42- 1 3
AL+ S04 = 0% 4 ZALS; + >0,

The increase in d,2- can lead to basic fluxing:
Al,0, + 02 = 2A10,

Fig. 32 Proposed mechanism by which thermal strains can
accelerate hot-corrosion attack of aluminide coatings.
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Chapter 5

Recommendations for Future Studies

As an extension of the work presented in this thesis the
following further work is suggested:

1. Examination of the effect of substrate compression on the
degradation of other coating systems, in particular Ni-Cr-Al-(Y)
and Co-Cr-Al-(Y) overlay coatings. These coatings are typically
~ applied at thicknesses twice that of aluminide coatings and are
less prone to degradation by interdiffusion with the substrate.
However, from the results of the present work it would be
expected that scalloping would still occur with these coatings.
That is, although the more stable Al content of the overlay
coatings will aid in long term Al1,0; formation, initial surface
roughening due to oxide cracking followed by scalioping (driven by

coating compression) is still expected.

2. Formulation of flow and evolutionary equations for thermal
fatigue. These equations are needed to determine the effect of
micro-plastic flow on the stress-strain response of the induction
heated disks. The equations must be able to model the effect of
arbitrary load reversals on the subsequent stress strain response

of a material. Changes in metallurgica! strength occurring with
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time, temperature and strain history should also be (ideally)
included. A start in this direction is the formulation of
McClintock, Holmes and Kim [?7], which incorporates three
parameters, Bauschinger stress and strain and rate of hardening
(degaysch./do) in an effort to model the effect of arbitrary load

reversals on subsequent stress strain respense.

The successful application of these equations to predict
stress-strain history depends critically upon the availability of
cyclic stress-strain data, in the small strain—-amplitude regime of
interest for turbine airfoil substrates and coatings. This data is
currently quite scarce and it may be necessary to implement 2

separate ressarch program for its procurement.

3a. Experimental verification of the proposed mechanism for
scallop growth by kinematically irreversible cyclic creep (Chapter
3). This could perhaps be verified by initial fatigue testing in air
(to promote initial surface roughening) followed by testing in
ultra-high purity argon or in vacuum to determine if further

scallop growth occurs even in the absence of oxidation.

3b. Development of the models needed for a quantitative
prediction of the effect of strain amplitude on scallop growth by
kinematically irreversible cyclic creep. By numerical modeling,
this could perhaps incorporate the results obtained from

improved flow and evolutionary equations [77].
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4. Development of a direct method for measurement of the
strain history of the induction heated disk specimens. This could
take the form of a displacement transducer with prongs inserted
into small (=~ 0.3 mm) holes drilled into the specimen periphery.
This would have to be accompanied by a redssign of the cooling
manifolds to provide access to the specimen faces (one possible
redesign of the cooling manifolds would be the use of radial air

impingement).

Another possible alternative for strain measurement would
be the use of x-ray pulsing to directly measure changes in lattice
spacing occurring during the test cycles [?8].
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Appendix A
Csaiculation of Stiffness Constants for Rene M4

The stiffness constants Ei jki used in ABAQUS [31] are obtained

from the usual two-index stiffness constants Cijv which for cubic

symmetry are given by the isotropic elastic relations in terms of

the <100> dvnamic moduli E;gq, Gygg and Poisson’s ratio vygp:

Ey111 = E2222 = Ez333 = Cyy = Eqgall = D) {1 + D4gp)(1 - 204gp)

(A1)
Ey122 = Eq133 = E233 = L2 = Eqgg¥190/(1+ 090} 1-20g0) (A2)
E1212 = E4313 = E2323 = Cgg = Gygo - (A3)

Dynamic moduli. To determine whether the frequency of 5000
Hz at which the dynamic moduli were determined was high enough
to preclude anelasticity, the bulk modulus {( B = Eg4/3(1 - 2040))
was plotted versus temperature using the original values of Eyqq
and v4qgg given in Tables A2 and A3. As Fig. Al shows, there is
a sharp increase in apparent bulk modulus above approximately
900°C, indicating that inelasticity occurs even at 5000 Hz. This
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is further verified by the original values for v4gp Which approach
0.5 at 1093°C (see Table A2).

To isolate anelastic effects, E;qp and Gqgg Were normalized

with respect to the extrapolated bulk modulus, Bg,. These

normalized quantities were then extrapolated, as shown in Figs.

A2a,b. The extrapolated ratios, along with the extrapolated bulk

modulus (Fig. A1), gave corrected values for Ejge and Gigq (se€

Table A3). Likewise, corrected values for vqgg (Table A2) were

obtained using the extrapolated values for Eg¢/B.

Wwith the corrected values for Eyggs Giogs and v4g¢ the stiffness
constants C; j were caiculated from Eqs. A1-A3 and are plotted in

Fig. A3.
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Table A1 Bulk modulus and extrapolated bulk modulus obtained
from Fig. Al.

Temp., °C B, GPa By, OPa
(Original Data) (Extrapolated Data)

25 179.6 179.6
204 1734 1734
427 165.9 165.9
538 161.5 161.5
649 157.3 157.3
760 154.1 1523
T 1526 147.0
5682 1796 139.7
1038 258.7 136.0
1093 4280 131.7

Table A2 <100> - Poisson’'s ratio and extrapolated values for
Poisson’'s ratio.

Temp., °C V100> V100>
(Original Data) (Corrected Data)

D 0.380 0.380
204 0.381 0.281
427 0.383 0383
538 0.384 0.384
649 0.386 0.386
760 0.390 0.388
g7t 0.396 0.391
982 0420 0394
1038 0448 0396

1093 0471 0.398
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Table A3 Dynamic moduli E,q and Gygo (obtained at 5000 Hz)
and corrected values of dynamic moduli obtained from Fig. A2.

Temp.,°%C  Eygg,GPa Eyog. GPa G400, 6Pa G100/ OPa
(Original Data)  (Corrected Data) (Original Data) (Corrected Data)

25 1293 1293 1269 126.9
204 1238 1238 1220 1220
427 1165 1165 1151 115
538 1124 1124 1110 110
649 1076 1076 106.9 106.9
760 101.7 1023 1027 1027
871 952 2.1 96.5 97.6
982 86.2 88.8 883 90.9
1038 80.7 - 84.9 81.4 87.4

1093 745 806 %3 836
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Sample inhut and output files from the thermoelastic

finite-element analysis for specimen stress-strain history are
given in this appendix. The sample files presented are for the
specimen temperature history of Fig. ?b. The results of the
stress-strain analysis for this temperature history are plotted in
Fig. 10b. To conserve space, oniy the first three seconds of the

output file are given.

This example is on file at the Laboratory for Computational
Mechanics of Materials and Manufacturing, M.I.T., Room 1-307
under file name R31.INFO.

Additional details can be obtained from: 484005 Users lHanual,
Hibbitt, Karisson and Sorensen, Inc., Providence, R.I., July 1982.
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*HEADING

** File R31.INFO, user: HOIMES, Data General MV 10000, 7 Jun 86.
*# Lab. for Computaticnal Mechanics of Materials and Manufacturing
%

** NODEs (Users’ 6.4.2-1) are grouped into nodesets (NSET) with
**a rectangular coordinate SYSTEM. Each NSET has a radius, )
**theta from 45 to O degrees. Node numbers are theta, r coordinate.
**Numbers from theta = 45 degrees.

*NODE, NSET=R1, SYSTEM=R
**Node number, X-coord (meters), Y-coord (meters)
101, .0009545, .0009545
201, .0009065, .0010001
301, .0008563, .0010434
401, .0008041, .0010842
501, .0007499, .0011223
601, .0006939, .0011578
701, .0006363, .0011904
801, .0005771, .0012202
901, .0005165, .0012471
1001, .0004547, .0012709
1101, .0003918, .0012917
1201, .0003280, .0013093
1301, .0002633, .0013239
1401, .0001981, .0013352
1501, .0001323, .0013433
1601, .0000662, .0013482
1701, .0000000, .0013498
*NODE, NSET=R2, SYSTEM=R
102, .0011047, .0011047
302, .0009911, .0012077
502, .0008680, .0012990
702, .0007365, .0013778
902, .0005979, .0014434
1102, .0004535, .0014950
1302, .0003048, .0015323
1502, .0001531, .0015548
1702, .0000000, .0015623
*NODE, NSET=R3, SYSTEM=R
103, .0012550, .0012550
203, .0011919, .0013150
303, .0011259, .0013719
403, .0010572, .0014255
503, .0009860, .0014757
603, .0009124, .0015223
703, .0008366, .0015652
803, .0007588, .0016044
903, .0006792, .0016397
1003, .0005979, .0016711
1103, .0005152, .0016984
1203, .0004312, .0017216
1303, .0003462, .0017407
1403, .0002604, .0017556
1503, .0001740, .0017663
1603, .0000871, .0017727
1703, .0000000, .0017748
*NODE, NSET=R4, SYSTEM=R
104, .0014052, .0014052
304, .0012607, .0015362
504, .0011041, .0016524
704, .0009368, .0017526
904, .0007605, .0018360
1104, .0005769, .0019017
1304, .0003877, .001949i



1504,
1704,
*NODE,
105,
205,
305,
405,
505,
605,
708,
805,
905,
1005,
1105,
1208,
130s,
1405,
15085,
1605,
17085,
*NODE,
106,
306,
506,
706,
9206,
1106,
1306,
1506,
1706,
*NODE,
107,
207,
307,
407,
507,
607,
707,
807,
907,
1007,
1107,
1207,
1307,
1407,
1507,
1607,
1707,
*NODE,
108,
308,
508,
708,
908,
1108,
1308,
1508,
1708,
*NODE,
109,
209,
309,
409,

.0001948,
.0000000,

.0019777
.0019873

NSET=RS5, SYSTEM=R

.0015555,
.0014773,
.0013955,
.0013104,
.0012221,
.0011309,
.0010370,
.0009405,
.0008418,
.0007411,;
.0006386,
.000534S5,
.0004292,
.0003228,
.0002156,
.0001079,
.0000000,

.0015555
.0016299
.0017005
.0017669
.0018291
.0018868
.0019400
.0019886
.0020323
.0020712
.0021051
.0021339
.0021575
.0021760
.0021892
.0021972
.0021998

NSET=R6, SYSTEM=R

.0017058,
.0015303,
.0013402,
.0011372,
.0009231,
.0007003,
.0004706,
.0002365,
.0000000,

.0017058
.0018647
.0020058
.0021275
.0022287
.0023084
.0023659
.0024007
.0024123

NSET=R7, SYSTEM=R

.0018560,
.00176217,
.0016652,
.0015636,
.0014583,
.0013494,
.0012373,
.0011222,
.0010045,
.0008843,
.0007619,
.0006378,
.0005121,
.0003851,
.0002573,
.00012838,
.0000000,

.0018560
.00194438
.0020290
.0021083
.0021824
.0022514
.0023149
.0023728
.0024250
.0024714
.0025118
.0025461
.0025744
.0025964
.0026122
.0026216
.0026248

NSET=R8, SYSTEM=R

.0020063,
.0018000,
.0015763,
.001337s5,
.0010858,
.0008236,
.0005535,
.0002781,
.0000000,

.0020063
.0021933
.0023591
.0025023
.0026213
.0027151
.0027828
.0028236
.0028373

NSET=R9, SYSTEM=R

.0021565,
.0020481,
.0019348,
.0018168,

.0021565
.0022598
.0023575
.0024496
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509,
609,
709,
809,
909,
1009,
1109,
1209,
1309,
1409,
1509,
1609,
1709,
*NODE,
110,
310,
510,
710,
910,
1110,
1310,
1510,
1710,
*NODE,
111,
211,
311,
411,
511,
611,
711,
811,
911,
1011,
1111,
1211,
1311,
1411,
1511,
1611,
1711,
*NODE,
112,
312,
512,
712,
912,
1112,
1312,
1512,
1712,
*NODE,
113,
213,
313,
413,
513,
613,
713,
813,
913,
1013,
1113,

.0016944,
.0015679,
.0014377,
.0013040,
.0011671,
.001027s5,
.0008853,
.0007410,
.0005950,
.000447s5,
.0002989,
.0001497,
.0000000,
NSET=R10,
.0025099,
.0022518,
.0019721,
.0016733,
.0013584,
.0010304,
.0006925,
.0003479,
.0000000,
NSET=R11,
.0028640,
.0027200,
.0025695,
.0024127,
.0022502,
.0020822,
.0019093,
.0017317,
.0015500,
.001364S5,
.0011757,
.0009841,
.0007902,
.0005943,
.0003970,
.0001987,
.0000000,
NSET=R12,
.0032174,
.0028865,
.0025279,
.0021449,
.0017412,
.0013208,
.00088717,
.0004460,
.0000000,
NSET=R13,
.0035708,
.0033913,
.0032036,
.0030082,
.0028056,
.0025961,
.002380s,
.0021591,
.0019325,
.0017012,
.0014659,

.0025358
.0026159
.0026897
.0027570
.0028176
.0028715
.0029185
.0029584
.0029912
.0030168
.0030351
.0030461
.0030498
SYSTEM=R
.0025099
.0027439
.0029514
.0031305
.0032794
.0033968
.0034814
.0035325
.0035496
SYSTEM=R
.0028640
.0030010
.0031309
.0032532
.0033677
.0034740
.0035720
.0036614
.0037419
.0038135
.0038758
.0039289
.0039724
.0040064
.0040307
.0040454
.0040502
SYSTEM=R
.0032174
.0035172
.0037832
.0040128
.0042037
.0043541
.0044626
.0045281
.0045501
SYSTEM=R
.0035708
.0037417
.0039036
.0040561
.0041988
.0043314
.0044536
.0045650
.0046655
.0047547
.0048324
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1213, .0012270, .0048985
1313, .0009852, .0049528
1413, .0007410, .0049952
1513, .0004950, .0050255
1613, .0002478, .0050438
1713, .0000000, .0050499
*NODE, NSET=R14, SYSTEM=R
114, .0039242, .0039242
314, .0035207, .0042899
514, .0030832, .0046144
714, .0026161, .0048944
914, .0021238, .0051272
1114, .0016110, .0053107
1314, .0010827, .0054430
1514, .0005440, .0055229
1714, .0000000, .0055497
*NODE, NSET=R15, SYSTEM=R
115, .0042782, .0042782
215, .0040631, .0044830
315, .0038383, .0046769
415, .0036042, .0048596
515, .0033614, .0050306
615, .0031105, .0051895
715, .0028521, .0053359
815, .0025868, .0054694
915, .0023154, .0055897
1015, .0020383, .0056966
1115, .0017563, .0057898
1215, .0014701, .0058690
1315, .0011804, .0059340
1415, .0008878, .0059848
1515, .0005930, .0060212
1615, .0002969, .0060430
1715, .0000000, .0060503
*NODE, NSET=R16, SYSTEM=R
116, .0046316, .0046316
316, .0041553, .0050633
516, .0036390, .0054462
716, .0030877, .0057767
916, .0025066, .0060515
1116, .0019014, .0062681
1316, .0012779, .0064242
1516, .0006420, .0065186
1716, .0000000, .0065501
*NODE, NSET=R17, SYSTEM=R
117, .0049790, .0049790
217, .0047287, .0052173
317, .0044670, .0054431
417, .0041946, .0056557
517, .0039120, .0058547
617, .0036200, .0060396
717, .0033193, .0062100
817, .0030106, .0063653
917, .0026946, .0065054
1017, .0023722, .0066298
1117, .0020440, .0067382
1217, .0017109, .0068304
1317, .0013737, .0069061
1417, .0010332, .0069652
1517, .0006902, .0070075
1617, .0003455, .0070329
1717, .0000000, .0070414
*NODE, NSET=R18, SYSTEM=R



118,
318,
518,
718,
918,
1118,
1318,
1518,
1718,
*NODE,
119,
219,
319,
419,
519,
619,
719,
819,
919,
1019,
1119,
1219,
1319,
1419,
1519,
1619,
1719,
*NODE,
120,
320,
520,
720,
920,
1120,
1320,
1520,
1720,
*NODE,
121,
221,
321,
421,
521,
621,
721,
821,
921,
1021,
1121,
1221,
1321,
1421,
1521,
1621,
1721,
*NODE,
122,
322,
522,
722,
922,
1122,
1322,

.0050734,
.0045517,
.0039861,
.0033822,
.0027457,
.0020828,
.0013997,
.0007033,
.0000000,
NSET=R19,
.0051263,
.0048686,
.0045991,
.0043186,
.0040277,
.0037271,
.0034175,
.0030996,
.0027743,
.0024423,
.0021045,
.0017615,
.0014143,
.0010637,
.0007106,
.0003557,
.0000000,
NSET=R20,
.0052146,
.0046784,
.0040971,
.0034764,
.0028221,
.0021407,
.0014387,
.0007228,
.0000000,
NSET=R21,
.0053036,
.0050370,
.0047582,
.0044680,
.0041670,
.0038560,
.0035357,
.0032068,
.0028703,
.0025268,
.0021773,
.0018225,
.0014633,
.0011005,
.0007352,
.0003680,
.0000000,
NSET=R22,
.0053913,
.0048369,
.0042359,
.0035942,
.0029178,
.0022133,
.001487s5,

.0050734
.0055462
.0059657
.0063277
.0066287
.0068659
.0070370
.0071403
.0071748
SYSTEM=R
.0051263
.0053716
.0056041
.0058230
.0060279
.0062182
.0063936
.0065536
.0066978
.0068259
.0069375
.0070324
.0071103
.0071712
.0072147
.0072409
.0072496
SYSTEM=R
.0052146
.0057006
.0061318
.0065038
.0068132
.0070570
.0072329
.0073391
.0073746
SYSTEM=R
.0053036
.0055574
.0057979
.0060244
.0062364
.0064333
.0066148
.0067803
.0069295
.0070620
.0071774
.0072756
.0073563
.0074192
.0074643
.0074914
.0075004
SYSTEM=R
.0053913
.0058938
.0063395
.0067242
.0070441
.0072962
.0074780
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1522,
1722,
*NODE,
123,
223,
323,
423,
523,
623,
723,
823,
923,
1023,
1123,
1223,
1323,
1423,
1523,
1623,
1723,
*NODE,
124,

1524,
1724,
*NODE,
125,
225,
325,
4285,
525,
625,
728,
825,
925,
1025,
1128,
12258,
13258,
1428,
15285,
1625,
1725,
*NODE,
126,
326,
526,
726,
926,
1126,
1326,
1526,
1726,
*NODE,
127,
227,
327,
4217,

.0007473,
.0000000,
NSET=R23,
.0054803,
.0052048,
.0049167,
.0046169,
.0043058,
.0039845,
.0036535,
.0033137,
.0029659,
.0026110,
.0022498,
.0018832,
.0015120,
.0011372,
.0007597,
.0003803,
.0000000,
NSET=R24,
.0055¢86,
.0049960,
.0043753,
.0037124,
.0030137,
.0022861,
.0015364,
.0007719,
.0000000,
NSET=R2S,
.0056570,
.0053726,
.0050753,
.0047657,
.0044447,
.0041129,
.0037713,
.0034205,
.0030615,
.0026952,
.0023223,
.0019439,
.0015608,
.0011739,
.0007842,
.0003926,
.0000000,
NSET=R26,
.0057129,
.0051254,
.0044886,
.0038085,
.0030918,
.0023453,
.0015762,
.0007919,
.0000000,
NSET=R27,
.0057700,
.0054799,
.0051767,
.0048609,

.0075878
.0076245
SYSTEM=R
.0054803
.0057426
.0059911
.0062251
.0064441
.0066477
.0068352
.0070062
.0071603
.0072972
.0074166
.0075180
.0076014
.0076664
.0077130
.0077410
.0077503
SYSTEM=R
.0055686
.0060876
.0065480
.0069453
.0072758
.0075361
.0077239
.0078373
.0078752
SYSTEM=R
.0056570
.0059278
.0061842
.0064258
.0066519
.0068620
.0070555
.0072321
.0073912
.0075325
.0076557
.0077604
.0078465
.0079136
.0079617
.0079906
.0080002
SYSTEM=R
.0057129
.0062453
.0067176
.0071253
.0074643
.0077314
.0079240
.0080403
.0080792
SYSTEM=R
.0057700
.0060462
.0063078
.0065542
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5217,
627,
727,
827,
927,
1027,
1127,
1227,
1327,
1427,
1527,
1627,
1727,
*NODE,
128,
328,
528,
728,
928,
1128,
1328,
1528,
1728,
*NODE,
129,
229,
329,
429,
529,
629,
729,
829,
929,
1029,
1129,
1229,
1329,
1429,
1529,
1629,
1729,
*NODE,
130,
330,
530,
730,
930,
1130,
1330,
1530,
1730,
*NODE,
131,
231,
331,
431,
531,
631,
731,
831,
931,
1031,
1131,

.0045335,
.0041951,
.0038466,
.0034889,
.0031227,
.0027490,
.0023687,
.0019827,
.0015919,
.0011973,
.0007998,
.0004004,
.0000000,
NSET=R28,
.0058000,
.0052036,
.0045571,
.0038666,
-0031390,
.0023811,
.0016002,
.0008040,
.0000000,
NSET=R29,
.0058301,
.0055370,
.0052306,
.0049115,
.0045807,
.0042388,
.0038867,
.0035252,
.0031552,
.00277717,
.0023934,
.0020034,
.0016085,
.0012098,
.0008082,
.0004046,
.0000000,
NSET=R30,
.0058601,
.0052575,
.0046043,
.0039067,
.0031715,
.0024057,
.001616!:,
.0068123,
.0000000,
NSET=R31,
.0058902,
.0055941,
.0052845,
.0049622,
.0046279,
.0042825,
.0039267,
.0035615,
.0031878,
.0028063,
.0024181,

.0067848
.0069991
.0071965
.0073766
.0075389
.0076830
.0078086
.0079155
.0080032
.0080717
.0081207
.0081502
.0081600
SYSTEM=R
.0058000
.0063406
.0068201
.0072340
.0075781
.0078493
.0080449
.0081630
.0082025
SYSTEMV=R
.0058301
.0061091
.0063735
.0066224
.0068555
.0070720
.0072714
.0074534
.0076174
.0077630
.0078900
.0079979
.C080866
.0081558
.0082053
.0082351
.0082450
SYSTEM=R
.0058601
.0064063
.0068908
.0073089
.0076567
.0079306
.0081283
.0082476
.0082875
SYSTEM=R
.0058902
.0061721
.0064392
.0066907
.0069261
.0071449
.0073464
.0075302
.0076959
.0078431
.0079713
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1231,
1331,
1431,
1531,
1631,
1731,
*NODE,
132,
332,
532,
732,
932,
1132,
1332,
1532,
1732,
*NODE,
133,
233,
333,
433,
533,
633,
733,
833,
933,
1033,
1133,
1233,
1333,
1433,
1533,
1633,
1733,
*NODE,
134,
334,
534,
734,
934,
1134,
1334,
1534,
1734,
*NCDE,
135,
235,
335,
435,
53s,
638,
73S,
835,
93s,
1035,
1135,
1235,
1335,
143§,
1535,
1635,
1735,

.0020240,
.0016251,
.0012223,
.0008165,
.0004087,
.0000000,
NSET=R32,
.0059203,
.0053115,
.0046515,
.0039468,
.0032040,
.0024304,
.0016334,
.0008207,
-0000000,
NSET=R33,
.0059503,
.0056512,
.0053384,
.0050128,
.0046751,
.0043262,
.0039668,
.0035979,
.0032203,
.0028349,
.0024428,
.0020447,
.0016417,
.0012347,
.00082438,
.0004129,
.0000000,
NSET=R34,
.0059804,
.0053654,
.0046987,
.0039868,
.0032365,
.0024551,
.0016500,
.0008290,
.0000000,
NSET=R35,
.0060104,
.0057083,
.0053923,
.0050634,
.0047224,
.0043699,
.0040069,
.0036342,
.0032528,
.0028636,
.0024674,
.0020653,
.0016583,
.0012472,
.0008332,
.0004171,
.0000000,

.0080804
.0081699
.0082398
.0082899
.0083200
.0083300
SYSTEM=R
.0059202
.0064720
.0069615
.0073839
.0077352
.0080120
.0082116
.0083322
.0083725
SYSTEM=R
.0059503
.0062351
.0065049
.0067590
.0069968
.0072178
.0074214
.0076071
.0077744
.0079231
.0080527
.0081628
.0082533
.0083239
.0083745
.0084049
.0084150
SYSTEM=K

.0059804

.0065377
.0070322
.0074588
.0078137
.0080233
.0082950
.0084168
.0084575
SYSTEM=R
.0060104
.0062981
.0065706
.0068273
.0070675
.0072907
.0074963
.0076839
.0078530
.0080031
.0081340
.0082453
.0083367
.0084080
.0084591
.0084898
.0085000
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**Node set generator (Users’ 6.4.2-1). All nodes from 1701 to 1735
**(increment of 1) belong to NSET1. A!l Nodes from 101 to 135
**belong to NSET2. These node sets are used later to specify
**boundary conditions along theta = 90, 45 degrees.

*NSET, NSET=NSET1, GENERATE

1701, 1735 ,1

‘NSET, NSET-NSET2. GENERATE

101, 135, 1

Xz

“ELEMENT definition (USERS’3.2.3-3). CPS8 refers to 8-node biquadratic
**plane stress elements; nodes from corner left ccw around corners.
**then mid-points (see skectch below).
8
*ELEMENT, TYPE=CPSS8
**Element number, node numbers of element
» 301, 101, 103, 303 ,201 ,102 ,203 ,302
» 501, 301, 303, 503 ,401 ,302 ,403 ,502
701, 501, 503, 703 ,601 ,502 ,603 ,702
901, 701, 703, 903 ,801 ,702 ,803 ,902
1101,901, 903, 1103,1001,902 ,1003,1102
1301, 1101 1103 1303,1201,1102,1203,1302
1501,1301,1303,1503,1401,1302,1403,1502
1701,1501,1503,1703,1601,1502,1603,1702
303, 103, 105, 305 ,203 ,104 ,205 ,304
10 503, 303, 305. 505 .403 ,304 ,405 ,504
11,703, 503, 505, 705 ,603 ,504 ,605 ,704
12,903, 703, 705, 905 ,803 ,704 ,805 ,904
13,1103,903, 905, 1105,1003,904 ,1005,1104
14,1303, 1103 1105 1305,1203, 1104 1205,1304
15,1503,1303,1305,1505,1403,1304,1405,1504
16,1703,1503,1505,1705,1603,1504,1605,1704
17,305, 105, 107, 307 ,205 ,106 ,207 ,306
18, 505 305 307 507 ,405 ,306 ,407 ,506
19, 705, 505. 507. 707 ,605 ,506 ,607 ,706
20, 905, 705, 707, 907 ,805 ,706 ,807 ,906
21,1105,905, 907, 1107, 1005 906 ,1007 1106
22,1305, 1105 1107 1307,1205,1106,1207,1306
23,1505,1305,1307,1507,1405,1306,1407,1506
24,1705,1505,1507,1707,1605,1506, 160,,1706
25, 307. 107, 109, 309 ,207 ,108 ,209 ,308
26, 507, 307, 309, 509 ,407 ,308 ,409 .508
27. 707, 507, 509. 709 ,607 ,508 ,609 ,708
28, 907, 707, 709, 909 .807 ,708 ,809 ,908
29,1107,907, 909, 1109,1007, 908 .1009 1108
30,1307, 1107 1109, 1309.1207 1108,1209,1308
31,1507,1307,1309,1509,1407,1308,1409, 1508
32,1707,1507,1509,1709,1607,1508,1609,1708
33, 309, 109, 111, 311 ,209 ,110 ,211 ,310
34, 509, 309, 311, 511 ,409 .310 .411 ,510
35, 709, 509, 511, 711 ,609 ,510 ,611 ,710
36, 909, 709, 711, 911 ,809 ,710 ,811 ,910
37,1109,909, 911, 1111, 1009 910 ,1011 1110
38,1309, 1109 1111 1311,1209,1110,1211,%310
39,1509,1309,1311,1511,1409,1310,1411,1510
40,1709,1509,1511,1711,1609,1510,1611,1710
41, 311, 111, 113, 313 ,211 ,112 ,213 ,312
42, 511, 311. 313. 513 ,411 .312 ,413 ,512
43. 711. 511, S13, 713 ,611 ,512 ,613 ,712
44, 911, 711, 713, 913 ,811 ,712 ,813 ,912
45,1111,911, 913, 1113,1011, 912 1013 1112
46,1311, 1111 1113 1313,1211,1112,1213,1312
47,1511,1311,1313,1513,1411,1312,1413,1512
48,1711,1511,1513,1713,1611,1512,1613,1712

soooqc\u\awuu
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49, 313, 113, 115, 315 ,213 ,114 ,215 ,b314
50, 513, 313, 315, 515 ,413 ,314 ,415 ,514
51, 713, 513, 515, 715 ,613 ,514 615 ,714
52, 913, 713, 715, 915 ,813 ,714 ,815 ,914
53,1113,913, 915, 1115,1013,914 ,1015,1114
54,1313,1113,1115,1315,1213,1114,1215,1314
55,1513,1313,1315,1515,1413,1314,1415,1514
56,1713,1513,1515,1715,1613,1514,1615,1714
57, 315, 115, 117, 317 ,215 ,116 ,217 ,b316
58, 515, 315, 317, 517 ,415 ,316 ,417 ,516
59, 715, 3515, 517, 717 ,615 ,516 ,617 ,716
60, 915, 715, 717, 917 ,815 ,716 ,817 ,916
61,1115,915, 917, 1117,1015,916 ,1017,1116
62,1315,1115,1117,1317,1215,1116,1217,1316
63,1515,1315,1317,1517,1415,1316,1417,1516
64,1715,1515,1517,1717,1615,1516,1617,1716
65, 317, 117, 119, 319 ,217 ,118 ,219 ,318
66, 517, 317, 319, 519 ,417 ,318 ,419 ,518
67, 717, 517, 519, 719 ,617 ,518 ,619 ,718
68, 917, 717, 719, 919 ,817 ,718 ,819 ,918
69,1117,917, 919, 1119,1017,918 ,1019,1118
70,1317,1117,1119,1319,1217,1118,1219,1318
71,1517,1317,1319,1519,1417,1318,1419,1518
72,1717,1517,1519,1719,1617,1518,1619,1718
73, 319, 119, 121, 321 ,219 ,120 ,221 ,b320
74, 519, 319, 321, 521 ,419 ,320 ,421 ,520
75, 719, 519, 521, 721 ,619 ,520 ,621 ,720
76, 919, 719, 721, 921 ,819 ,720 ,821 ,920
77,1119,919, 921, 1121,1019,920 ,1021,1120
78,1319,1119,1121,1321,1219,1120,1221,1320
79,1519,1319,1321,1521,1419,1320,1421,1520
80,1719,1519,1521,1721,1619,1520,1621,1720
81, 321, 121, 123, 323 ,221 ,122 ,223 ,322
82, 521, 321, 323, 523 ,421 ,322 ,423 ,522
83, 721, 521, 523, 723 ,621 ,522 ,623 ,722
84, 921, 721, 723, 923 ,821 ,722 ,823 ,922
85,1121,921, 923, 1123,1021,922 ,1023,1122
86,1321,1121,1123,1323,1221,1122,1223,1322
87,1521,1321,1323,1523,1421,1322,1423,1522
88,1721,1521,1523,1723,1621,1522,1623,1722
89, 323, 123, 125, 325 ,223 ,124 ,225 ,324
90, 523, 323, 325, 525 ,423 ,324 ,425 ,524
91, 723, 523, 525, 725 ,623 ,524 ,625 ,724
92, 923, 723, 725, 925 ,823 ,724 ,825 ,924
93,1123,923, 925, 1125,1023,924 ,1025,1124
94,1323,1123,1125,1325,1223,1124,1225,1324
95,1523,1323,1325,1525,1423,1324,1425,1524
96,1723,1523,1525,1725,1623,1524,1625,1724
97, 325, 125, 127, 327 ,225 ,126 ,227 ,326
98, 525, 325, 327, 527 ,425 ,326 ,427 ,526
99, 725, 525, 527, 727 ,625 ,526 ,627 ,726
100,925, 725, 727, 927 ,825 ,726 ,827 ,926
101,1125,925, 927, 1127,1025,926 ,1027,1126
102,1325,1125,1127,1327,1225,1126,1227,1326
103,1525,1325,1327,1527,1425,1326,1427,1526
104,1725,1525,1527,1727,1625,1526,1627,1726
105,327, 127, 129, 329 ,227 ,128 ,229 ,328
106,527, 327, 329, 529 ,427 ,328 ,429 ,528
107,727, 527, 529, 729 ,627 ,528 ,629 ,728
108,927, 727, 729, 929 ,827 ,728 ,829 ,928
109,1127,927, 929, 1129,1027,928 ,1029,1128
110,1327,1127,1129,1329,1227,1128,1229,1328
111,1527,1327,1329,1529,1427,1328,1429,1528
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112,1727,1527,1529,1729,1627,1528,1629,1728
113,329, 129, 131, 331 ,229 ,130 ,231 ,330

114,529, 329, 331, 531 ,429 ,330 ,431 ,530

115,729, 529, 531, 731 ,529 ,530 ,631 ,730

116,929, 729, 731, 931 ,829 ,730 ,831 ,930

117,1129,929, $31, 1131,1029,930 ,1031,1130
118,1329,1129,1131,1331,1229,1130,1231,1330
119,1529,1329,1331,1531,1429,1330,1431,1530
120,1729,1529,1531,1731,1629,1530,1631,1730
121,331, 131, 133, 333, 231, 132, 233 ,332

122,531, 331, 333, 533, 431, 332, 433, 532

123,731, 531, 533, 733, 631, 532, 633, 732

124,931, 731, 733, 933, 831, 732, 833, 932

125,1131,931, 933, 1133,1031,932 ,1033,1132
126,1331,1131,1133,1333,1231,1132,1233,1332
127,1531,1331,1333,1533,1431,1332,1433,1532
128,1731,1531,1533,1733,1631,1532,1633,1732
129,333, 133, 135, 335, 233, 134, 235, 334

130,533, 333, 335, 535, 433, 334, 435, 534

131,733, 533, 535, 735, 633, 534, 635, 734

132,933, 733, 735, 935, 833, 734, 835, 934

133,1133,933, 935, 1135,1033,934 ,1035,1134
134,1333,1133,1135,1335,1233,1134,1235,1334
135,1533,1333,1335,1535,1433,1334,1435,1534
136,1733,1533,1535,1735,1633,1534,1635,1734
e

**ELSET (Users’ 6.5.8-1) allows assigning elements to a set which
**can be called later (e.g., to specify output for specific elements).
**ELSET1 groups elements for output of data along periphery.

*SELSET2, ELSET2, and ELSET3 group together elements for later
::specificatlon of mesh thickness (see ATTRIBUTE).

*ELSET, ELSET=ELSET1

i29, 136

*ELSET, ELSET=TSET1
1,2,3,4,5,5,7,8,9,10,11,12,13,14,1S5,
16,17,18,19,20,21,22,23,24,25,26,27,
28,29,30,31,32,33,34,35,36,37,38,39,
40,41,42,43,44,45,46,47,48,49,50,51,
23.53.54.55.56.57.58.59.60.61.62.63.
*ELSET, ELSET=TSET2
65,66,67,68,69,70,71,72

*ELSET, ELSET=TSET3

73,74,75,76,77,78,
79,80,81,82,83,84,85,86,87,88,89,90,91,
92,93,94,95,96,97,98,99,100,101,102,103,
104,105,106,107,108,109,110,111,112,113,
114,115,116,117,118,119,120,121,122,123,
124,125,126,127,128,129,130,131,132,133,
134,135,136

*3

*SATTRIBUTE (Users’ 6.5.2-1) specifies element thickness for
$2¢lemente belonglns to an element set (ELSET=TSET1 has a
*sthickness of 0.0009 meters)

8

FAET%IBUTB. ELSET=TSET1
.001

*ATTRIBUTE, ELSET-TSET2
.00135

*ATTRIBUTE, ELSET=TSET3
.0090

s
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**AMPLITUDE (Users’ 6.8.1-1) option defines the time (seconds)

**vs. temperature (C) curve followed by the specimen at a particular
**radius. NAME (by radius)defines the AMPLITUDE curve for later recall.
**VALUE=A designates that the vaules used are Absolute. TIME=A
**designates that the time is Accumulated.

*x

*AMPLITUDE, NAME=RR1, VALUE=A, TIME=A

**Time (s), Temperature (C)

0.0, 504., 1.0, 504., 2.0, 520., 3.0, 567.
4.0, 628., 5.0, 685., 6.0, 745., 1.0, 796.
8.0, 835., 9.0, 862., 10.0, 874., 11.0, 879.
12.0, 884., 13.0, 887., 14.0, 892., 15.0, 894.
20.0, 899., 25.0, 902., 30.0, 902., 35.0, 902.
40.0, 902., 45.0, 902., 50.0, 902., 55.0, 902.
60.0, 902., 67.8, 902., 68.0, 902., 69.0, 892
70.0, 860., 71.0, 825., 72.0, 793., 73.0, 771
74.0, 740., 175.06, 721., 76.0, 697., 77.0, 680
78.0, 664., 79.0, 645., 81.0, 616., 83.0, 593
85.0, 572., 87.0, 553., 89.0, 539., 91.0, 525
93.0, 518., 95.0, 513., 97.0, 509., 99.0, 506
101.0,504., 103.0, 504.

*AMPLITUDE, NAME=RR2, VALUE=A, TIME=A

0.0, 504., 1.0, 506., 2.0, 535., 3.0, 591
4.0, 649., S5.0, 719., 6.0, 781., 7.0, 830
8.0, 872., 9.0, 895., 10.0, 907., 11.0, 912.
12.0, 914., 13.0, 917., 14.0, 922., 15.0, 925.
20.0, 930., 25.0, 935., 30.0, 937., 35.0, 943
40.0, 943., 45.0, 943., 50.0, 943., 55.0, 943.
60.0, 943., 67.8, 943., 68.0, 940., 69.0, 910.
70.0, 874., 71.0, 832., 72.0, 803., 73.0, 774.
74.0, 745., 15.0, 723., 76.0, 702., 77.0, 680.
78.0, 665., 79.0, 647., 81.0, 616., 83.0, 593
85.0, 572., 87.0, 551., 89.0, 537., 91.0, 525
93.0, 515., 95.0, S511., 97.0, 509., 99.0, 506
101.0,504., 103.0, S04.

*AMPLITUDE, NAME=RR3, VALUE=A, TIME=A

0.0, s508., 1.0, 518., 2.0, 591., 3.0, 631
4.0, 685., 5.0, 779., 6.0, 842., 7.0, 899.
8.0, 935., 9.0, 952., 10.0, 960., 11.0, 962
12.0, 965., 13.0, 967., 14.0, 970., 15.0, 973.
20.0, 978., 25.0, 980., 30.0, 983., 35.0, 983
40.0, 983., 45.0, 983., 50.0, 983., 55.0, 983.
60.0, 983., 67.8, 984., 68.0, 983., 69.0, 943.
70.0, 897., 71.0, 857., 72.0, 825., 73.0, 791.
74.0, 764., 175.0, 735., 76.0, 714., 77.0, 692.
78.0, 673., 79.0, 657., 81.0, 624., 83.0, 598.
85.0, 574., 87.0, 555., 89.0, 541., 91.0, 527.
93.0, 520., 95.0, S15., 97.0, 513., 99.0, 511.
101.0,508., 103.0, 508.

*AMPLITUDE, NAME=RR4, VALUE=A, TIME=A

0.0, 509., 1.0, 520., 2.0, 572., 3.0, 649.
4.0, 731., 5.6, 803., 6.0, 867., 7.0, 922
8.0, 955., 9.0, 973., 10.0, 975., 11.0, 978.
12.0, 980., 13.0, 986., 14.0, 986., 15.0, 988.
20.0, 993., 25.0, 999., 30.0, 999., 35.0, 999.
40.0, 999., 45.0, 999., 50.0, 999., 55.0, 999.
60.0, 999., 67.8, 999., 68.0, 996., 69.0, 942.
70.0, 897., 71.0, 860., 72.0, 825., 73.0, 793
74.0, 767., 175.0, 738., 76.0, 716., 77.0, 695
78.0, 673., 179.0, 657., 81.0, 621., 83.0, 596.
85.0, 572., 87.0, 556., 89.0, 539., 91.0, 525.
93.0, 520., 95.0, 5i6., 97.0, 513., 99.0, 511
101.0,511., 103.0, 508.
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*AMPLITUDE, NAME=RRS, VALUE=A, TIME=A

0.0, S11., 1.0, 532., 2.0, 603., 3.0, 685.
4.0, 769., 5.0, 843., 6.0, 912., 7.0, 9S58.
8.0, 986., 9.0, 996., 10.0, 999., 11.0,1001.
12.0,1004., 13.0,1006., 14.0, 1009., 15.0,1011.
20.0,1014., 25.0,1017., 30.0, 1017., 35.0,1017.
40.0,1017., 45.0,1017., 50.0, 1017., 55.0,1017.
60.0,1017., 67.8,1017., 68.0, 1006., 69.0, 947.
70.0, 900., 71.0, 857., 72.0, 825., 73.0, 791.
74.0, 764., 75.0, 738., 76.0, 714., 77.0, 692.
78.0, 674., 79.0, 657., 81.0, 62i., 83.0, 596.
85.0, 572., 87.0, 551., 89.0, 539., 91.0, 525.
93.0, 520., 95.0, 518., 97.0, S516., 99.0, 513.
101.0,511., 103.0, S511.

*AMPLITUDE, NAME=RR6, VALUE=A, TIME=A

0.0, 518., 1.0, 555., 2.0, 657., 3.0, 767.
4.0, 862., 5.0, 947., 6.0, 1006., 7.0, 1053.
8.0, 1080., 6.9, 1080., 10.0, 1080., 11.0,1080.
12.0,1080., 13.0,1080., 14.0, 1080., 15.0,1080.
20.0,1080., 25.0,1080., 30.0, 1080., 35.0,1080.
40.0,1080., 45.0,1080., 50.0, 1080., 55.0,1080.
60.0,1080., 67.8,1080., 68.0, 1047., 69.0, 955.
70.0, 900., 71.0, 858., 72.0, 819., 73.7, 788.
74.0, 757., 75.0, 728., 76.0, 706., 77.0, 683.
78.0, 666., 79.0, 645., 81.0, 614., 83.0, 586.
85.0, 565., 87.0, 544., 89.0, 532., 91.0, 525.
93.0, 520., 95.0, s520., 97.0, 518., 99.0, 518.

101.0,518., 103.0. 518.
E 3 3

**INITIAL CONDITIONS (Users’ 6.11.2-1) allows specifying the
**initial temperature history (e.g., all nodes belonging to
**NSET R1 have an initial temperature of 504 C)
L 2 4

*INITIAL CONDITIONS, TYPE=TEMPERATURE
R1, 504.

R2, 504.

R3, 504.

R4, 504.

RS, 504.

R6, 504.

R7, 504.

R8, 504.

R9, 504.

R10, 504.

R11, 504.

R12, 504.

R13, 508.

R14, 508.

R15, 509.

R16, 511,

R17, S511.

R18, 518.

R19, 518.

R20, 518.

R21, 518.

R22, 518.

R23, 518.

R24, 518.

R25, 518.

R26, 518.

R27, 518.

R28, 518.

R29, 518.
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R30, 518.
R31, 518.
R32, 518.
R33, 518.
R34, 518.
R3Ss, 518.
zs

**The TRANSFORM statement (Users’ 6.4.7-1) allows specifying 45 degree

**boundary conditionz in another more convenient coordinate system.
s

*TRANSFORM, NSET=NSET2 '

.0056570, .C056s570, 0.0, -.0056570, .0056570, 0.0

b 3 ]

**BOUNDARY (Users’® 6.7.2-1) is used to specify fixed boundary
**conditions for nodes belonging to a node set.

$*NSET! has zero displacement in the 1 direction (dof 1 constrained).
$*NSET2 has zero displacement in the transformed 2 direction (dof 2
*3constrained).

E 3

*BOUNDARY

NSET1,t,,0.0

NSET2,2,,0.0

LR

**MATERIAL (Users® 6.6.2-1) indicates the beginning of a MATERIAL
**jinput block.

E 3]

*MATERIAL

L2 4

**ELASTIC (Users’ 6.6.8-1) specifies elastic material behavior.
*3The level of anisotropy is chosen by the parameter TYPE. For
**ORTHOtropic behavior the elastic moduli are entered as:
**E1111, E1122, E2222, E1133, E2233, E3333, E1212, E1313,
**£2323, temperature (C)

s

3ELASTIC, TYPE=ORTHOD
2;2.3%3.1;8.459.242.029.148.4E9,148.4E9.242.0E9.126.959.126.959,
126. »25.
233.1E9,143.5E9,233.1E9,143.5E9,143.5E9,233.1E9,122.0E9,122.0E9,
122.0E9,204.
222.1E9,137.9E9,222.1E9,137.9E9,137.9E9,222.1E9,115.1E9,115.1E9,
115.1E9,427.
215.9E9,134.4E9,215.9E9,134.4E9,134.4E9,215.9E9,111.0E9,111.0E9,
111.0E9,537.
209.1E9,131.4E9,209.1E9,131.4E9,131.4E9,209.1E9,106.9E9,106.9E9,
106.9E9,648.
282.953.1%3.139.202.989.129.759.129.759.202.959.102.7E9.102.7E9.
102.7 760.
;906259;;24.539.190.6E9.124.5E9.124.5B9.190.6E9.94.6E9.94.6E9.
4. ,871.
;;86é§9§l;9.139.118.729.119.1E9.119.1E9,178.7E9.87.6E9.87.6E9.

. ,982.
170.6E9,114.7E9,170.6E9,114.7E9,114.7E9,170.6E9,83.4E9,83.4E9,
83.4E9,1038.
161.1E9,110.1E9,161.1E9,110.1E9,110.1E9,161.1E9,78.2E9,78.2E9,
78.2E9,1093.

3

*sEXPANSION (Users’ 6.6.9-1) - Input card for mean coefficient
*®of thermal expansion. ZERO allows specifying the reference
*Stemperature at which the data was obtained.

L X

*EXPANSION, ZERO=2S.

*’mean coefficieat of thermal expansion, temperature

12. 153-06' 300- ’
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12.51E-06, 400.

12.78E-06, 500.

13.14E-06, 600.

13.41E-06, 700.

13.97E-06, 800.

14.62E-06, 900.

15.41E-06, 1000.

16.52E-06, 1100.

L 2

**RESTART (Users’ 6.8.4-1) allows periodically writing the data
*%to a restart file for use in subsequent runs.
**Parameters: WRITE - specifies that the data is to be
**written to a restart file every FREQ time increments.
*RESTART, WRITE, FREQ=10

**STEP (Users’ 7.2.1-1) begins a time step.

**Parameters: LINEAR specifies that the analysis is
%%entirely elastic.

**INC specifies the maximum number of increments allowed during
*%a single step.

*3STATIC (Users’ 7.3.2-1) specifies that the STEP should be
**analyzed as a static load step.

**Parameters: DIRECT specifies direct user control of the
**incrementation used during a step (for nonlinear problems
**automatic control over the step size is possible sce Users’
*27,3.2-6)

8

*STZP, LINEAR, INC-300 Delste LINEAR For E(T)

*STATIC, DIRECT

**initial time increment (s), total time of atep

}.0, io3

]

**TEMPERATURE (Users’ 7.5.14-1) specifies temperature curves to
*%a stress model. Temperatures are input at nodes; values at the
*#integration points are determined by interpolation. Parameters:AMP -
**this parameter is set equal to the name of the amplitude curve
**defined earlier (e.g., AMP=RR1 specifies that node set R1 follows
**the temperature history defined by RR1.)

8

*TEMPERATURE, AMP=~RK1

**node set, magnification factor for amplitude curve

Ri, 1.0

*TEMPERATURE, AMP=RR1

R2, 1.0

*TEMPERATURE, AMP=RR1

R3, 1.0

*TEMPERATURE, AMP=RR1

R4, 1.0

*TEMPERATURE, AMP=RR1

RS, 1.0

*TEMPERATURE, AMP=RR1

Ré, 1.0

*TEMPERATURE, AMP=RR1

R7, 1.0

*TEMPERATURE, AMP=RR1

R8, 1.0

*TEMPERATURE, AMP=RR1

R9, 1.0

*TEMPERATURE, AMP=RR1

sTEMPERATURE, AMP=RR2

*TEMPERATURE, AMP=RK2
R12, 1.0
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*TEMPERATURE, AMP=RR3

*TEMPERATURE, AMP=RR3

*TEMPERATURE, AMP-RR4

*TEMPERATURE, AMP-RRS

*TEMPERATURE, AMP-RRS

*TEMPERATURE, AMP=RR6

*TEMPERATURE, AMP-RR6

*TEMPERATURE, AMP=RR6

*TEMPERATURZE, AMP=RR6

*TEMPERATURE, AMP=RR6

*TEMPERATURE, AMP-RR6

*TEMPERATURE, AMP=RR6

*TEMPERATURE, AMP=~RR6

*TEMPERATURE, AMP-RR6

*TEMPERATURE, AMP=RR6

STEVPERATURE, AMP-RRS6

STEMPERATURE, AMP-RR6

*TEMPERATURE, AMP=RR6

STEMPERATURE, AMP-RR6

STEMPERATURE, AMP=RR6

*TEMPERATUKE, AMP=RR6

*TEMPERATURE, AMP=RR6

*TEMPERATURE, AMP=RR6

*3EL PRINT (Users’ 7.7.3-1) allows selection of variables to be
**printed. Paramsters: QOOORDS - requests cartesian coordinates
**of nodes to appear on output. FREQ - to request the frequency
*%at which output is desired (e.g., FREQ=1 provides output every
*sincrement.) TEMPS - requssts the temperature at the nodes.
**ELSET - used to specify the elements for which output data is
$%degired.

*SFurther selection of variables to appear as output is made
*sthrough the print request commands: 2=YES, 1=NO.

**First line: stress components, stress invariants, section stress
*Scomponents, energy donsities, stress btased contribution to nodal
®*forces.

#%Second line: total strain components, plastic strain components,
S%creep strain components, inelastic strain, elastic strain.

*scomponents. .
**Third Line: nodal avg. stress components, nodal avg. strain
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**components, strain jump at node, invariants of nodal avg.
**stress components, nodal avg. plastic strain components.
28

*EL PRINT, COORDS, FREQ=1, TEMPS, ELSET=ELSET1

2,2,1,1,1

2,2,2,2,2
1,1,1,1,1,1,1,1
L 2 9

**ENDSTEP defines the end of the data that defines a step.
s
*ENDSTEP
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The chemical equation for the 50,-S03-0, reaction is

302"'(‘/2)02=303. (C1)

The temperature variation of the free energy change in Joules

for this reaction is
AGO = -94,560 + 89.37 T (T in degrees Kelvin). (C2)

Assuming ideal gas behavior gives the free energy change at

equilibrium 1in terms of the partial pressures of the gas

components P; and a reference pressure PO

A6° = -RTIn [P0 /p2)/(P5o, /)P /0212 .

For a reference pressure of 1 atm

A6% = -RTIn [Pgq /Pgo (o 1172] (c3)
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Lalculation of Pgo,, P50,-and Py, at equilibrium  Denoting
the initial moies of the gaseous components as nisoz ,n'o 2 and
n’sos, and denoting the moles of SO, that react by x gives the

following relations between initial and equilibrium mole fractions
from the stoichiometry of reaction C1:

S0, +  (1/2)0, = 504

initial moles: n'so2 “‘0 ) 0
Ll i - i -

meles at equil.:  (n'gq ) x) (n 0, 0-5%) X

The partial pressure Pj exerted by the j-m component of an

ideal gas mixture 18 related to its mole fraction nj/Negtars and

the total gas pressure Ptota) bY

Py = (0y/negea)) Protay  [atml. (C4)

If the above gas mixture contains an inert component (e.g., A),
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the tota2l number of moles at equilibrium is

- i i -
"tﬁtal = n 302 +Nn 02 + ﬂA 0.5x% . (CS)

Therefore, the equilibrium partial pressures of 30,, O,, and 303
are:

PSOz = (ﬂisoz‘ ")Ptotal /( ﬂ'soz + nioz + I'IA - 0.5% ). (Cﬁ)

- 1 i -
|‘7'303 = X Ptotal/ {n 302" n 0, + Ny 0.5x% ), (C8)

PA "APtotaI’ { l’l‘soz" nioz + nA - 0.5x ) ’ {C9)

Substituting these expressions for partiai pressure into Eq. C3
gives,

AGP = - RTIn {x(nggea'/2 / ("1302‘ X) (n‘oz- 0.5%)172 (Pyoea))'” 2],

(C10)
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conditions employed in Chapter 4. On a volumetric basis, the
initial composition of the gas mixtura entering the furnace hot
zone is: 0.01% §0,, 20.00% O,, and 79.99% A. Therefore, based

upon one mole of totsl gas mixture, the initial moles of each

component are: nisoz = 1.00 x1074, n'.;)2 = 20.00 x1072 ,

nlso, =0 and ng =79.99 x 1072,

For a2 gas temperature of 1203 K in the furnace hot zone, Eq.
C2 gives AG?(1203 K) = 12,950 Joules. Substituting the above
values into Eq. C10 and solving iteratively, gives x = 1.1 x 1075

moles.

From Eqs. C6-C9, the equilibrium partial pressures of SO,
303, Oz, and A are: 8.90 x 1075 atm S0, , 1.1 % 1073 atm S0; ,
20.00 x 1072 atm O, , and 79.99 x 1072 atm A.  The initial and
equilibrium gas compositions are summarized in Table C1.

Tabie C1  Summary of initial and equilibrium gas compositions.
Moles $0; Q; 503 A
ny 1.00 x 1074  20.00 x 1072 0 79.99 x1072

Nequit 8-90x 1073  20.00 x 1072 1,10x 1075 79,99 x1072



