Development of High-Temperature Corrosion
and Creep Resistant Self-Healing Coating

Akshin Bakhtiyarov

Mechanical Engineering Department
New Mexico Institute of Mining and Technology

6/23/2009 June 11, 2009


http://www.nmt.edu/~sayavur/homepage.htm

OUTLINES

1. Introduction

2. Background and Literature Review

3. Self-Healing Phenomena at High Temperatures
4. Experimental Procedure

Materials
The Technique and Formation of Protective Coatings

5. Result and discussion

Thin Coatings on Monocrystalline Substrates
Thick Coatings on Polycrystalline Substrates

6. Conclusions

6/23/2009




Too Joo Joo T To o o T T To Do o T I

6/23/2009

AES
BSE
DCPD
EB-PVD
ECC
ESEM
FRC
HT
LM
MMA
SEM
SME
TBC
TGO

LIST OF ABBREVIATIONS

Auger-Electron Spectrum

Back Scattered Electrons

Dicyclopentadiene

Electron-Beam Physical Vapor Deposition
Engineered Cementitious Composite
Environmental Scanning Electron Microscope
Fiber-Reinforced Concrete

High Temperature

Light Microscopy

Methylmethacrylate

Scanning Electron Microscope

Shape Memory Effect

Thermal Barrier Coatings

Thermally Grown Oxide




PR

New Mexico Tech

SE|ENEES ENGINEERING - BRESEARCH - UNIMERSIY

INTRODUCTION

6/23/2009



http://www.nmt.edu/~sayavur/homepage.htm

Anatomy of Skin

The skin is a dynamic organ
containing a variety of tissues, cell
types, and specialized structures,
2e=s  \Which together serve multiple
functions important to health and
Stratum spinosum \ Stratum .
germinativum Survi Val .

The skin interfaces with our dry,
hostile environment and provides
S many functions crucial to survival,
including protection against the
elements (e. g., ultraviolet
irradiation, mechanical and chemical
S e \ injury, invasion by infection agents,
" Adipose fissue QEellE  and prevention of desiccation and
S el " dehydration) and thermoregulation.

\Y%
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Inflammatory reactions in the skin and wound healing

Healing proceeds temporally in three phases:
1) Substrate

2) Proliferative, and

3) Remodeling

The initial substrate phase encompassing the first 3 to 4 days after wounding.
During this phase, vascular and inflammatory components prevail.

The proliferative phase (10 to 14 days after wounding) results in regeneration of
epidermis, neoangiogenesis, and proliferation of fibroblasts with increased
collagen (protein) synthesis and closure of the skin defect.

The final remodeling takes place over 6 to 12 months, during which time a more
stable form of collagen is laid down to form a scar of progressively increasing
tensile strength.

In some instances so much collagen is deposited in the healing wound that an
elevated hypertrophic scar or keloid is produced. Scar is an area where fibrosis of
the dermis or subcutaneous tissues results from an antecedent destructive
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Biomimetic self-healing inspiration in advanced composite structures (Trask et al, 2007)
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Biomimetic self-healing
or repair strategy

Bioinspired healing requiring external
intervention to initiate repair

Action of bleeding from a storage medium housed within the
structure. 2-phase polymeric cure process rather than enzyme
Owaterfall 8 reaction

Action of bleeding from a storage medium housed within the
structure. 2-phase polymeric cure process rather than enzyme
Owaterfall 8 reaction

Artificial cells that deposit nano-particles into regions of damage

2D or 3D network would permit the healing agent to be
replenished and renewed during the life of the structure

Synthetic self-healing resin systems designed i to clot locally to
the damage site. Remote from the damage site clotting is inhibited
and the network remains flowing.

Deposition, resorption, and remodeling i of fractured reinforcing
fibers

Repair strategy, similar to byssal thread, where i repeated breaking
and reforming of sacrificial bonds ca occur for multiple loading
cycles
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Autonomic Healing of Polymer Composites
University Of lllinois (White et al., 2001)

o— Catalyst »

L
Mlcrocapsule =

®*Polymerized
healing ggent

The crack forms and (b) ruptures the mlcrocapsules in |ts path causmg the
healing agent to leak out and fill the crack. (c) The healing agent then
contacts the catalyst'and polymerizes; bonding the crack faces
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Smart Repair System for Polymer Matrix Composites
(Bleay et al, 2001)

One-part resin
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Self-healing concepts proposed for polymer matrix composites
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Hollow Fiber Reinforced Polymer Self-healing
University of Brisrol (UK), Bond et al., 2005

Embedded hollow glass fibers (35 mm in
diameter) can be filled with uncured epoxy
polymer

UV illumination shows how the
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Strength after healing of Thermosetting Composite Material
(Hayes et al., 2007)
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SELF-HEALING PHENOMENA AT HIGH
TEMPERATURES
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Requirements to Thermal Barrier Coating (TBC)

The selection of TBC ceramic materials is restricted by
some basic requirements Cao et al, 2004):

1) High melting point

2) No phase transformation between room temperature
and operation temperature

3) Low thermal conductivity

4) Chemical inertness

5) Thermal expansion matching with the metallic
substrate

6) Good adherence to the metallic substrate

7) Low sintering rate of the porous microstructure
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High Chromium Content (>40%) Fe-Cr-Al-RE
System Alloys

The addition of Cr to Fe-Al alloys resulted in synergistic effects
for designing new ductile alloys and coating composites

Compositional effects on the oxidation of Fe-
Cr-Al ternary alloy:

(I) Fe,O5/Fe;O, external scales + Cr,04/Al,O4
internal scales

(1) Cr,04/Fe(Cr,Al),O, external scale + Al,O4
internal scales, and

(I11) external scale of only Al,O,

20
— Cr (Wt %)
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Synergistic effects of high chromium content on the
formation of Al,O; Thermal Grown Oxide scales during
the transient oxidation of Fe-45%Cr-5%Al-0.3%La alloy

at 1200°C after:

T

- Fe (Cr,AD,O,

(a) 10 min (b) 1hr and (c) 10hrs
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Structure of architectured metal/metal/ceramic

high temperature coating system

Self-organizing
TBC
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Scar (Cr,0,, Fe, Al, Y, La
complex oxide)

Substrate
(basis)

TGO (Al,O,) sub-layer

HT corrosion resistant alloy
(Fe-Cr-Al-RE) (RE =La, Y)

4= HT creep resistant metal
(Nb, Mo, Ta, Cr)




EXPERIMENTAL PROCEDURE
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A Substrates were monocrystalline disc specimens of
refractory metals niobium (Nb) and molybdenum (Mo)
with 15 mm diameter and 3.5 mm high

A Substrates were polished and followed by annealing
(in the inert gas atmosphere) at 1500°C for 60 minutes,
and were coated with the heat resistant alloy of Fe-Cr-
Al-RE (RE=La or Y) system

A Specimens (10 mm diameter and 12 mm high) with the
substrate of low alloyed chromium were prepared from
cylindrical rods of polycrystalline alloy BX-17-1
(chromium base alloy alloyed with 17% silicon and 1%
yttrium, and so labeled as BX-17-1)

RS
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A At the final stage of the deposition, intercrystalline
micro-cracks were formed propagated up to ~50-80
em deep I nto the deposited

AThe coating of 30 em thickn
substrate-coating interface had a fine-grained
structure and had no defects or micro-cracks

A Before thethermo-c hemi cal treat ment
layers were removed and polished until developing
the Beilby layer on the top of the remaining coating
| ayer of ~80em thickness
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A The coatings on the chosen substrates surfaces were
deposited using the electron-beam physical vapor
deposition technique (EB-PVD)

A The vacuum in the chamber was P,~10 Hg mm

A On the monocrystalline samples of Nb and Mo the
coatings (Fe-45%Cr-4%AIl-1%Ni-0,3%La alloy) of
thickness 10 em were deposit
temperature T,=650°C. Temperature at the end of the
deposition was ~700°C
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A The polycrystalline samples of BX-17-1 (low alloyed
chromium) were coated by Fe-45%Cr-4%Al-0,3%Y alloy
of thickness 140 em at the s
Ts= 7%OOC Temperature at the end of the deposition was
~800 °C

A All coated specimens were thermo-chemically treated at
1200°C and 1400°C

A As aresult of these procedures we obtained the
compositions with the heat resistant metallic substrate
(Nb, Mo or low alloyed Chromium) coated with the
oxidation resistant sub-layer (out of Fe-Cr-Al-RE system
alloy) and a barrier oxide layer of Al,O,/(Al,O;+Cr,0;) of
a few microns thickness.

A The specimens were mvestlgated by LM, SEM and WDS

" method. —
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RESULTS AND DISCUSSIONS
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SEM micrographs of an EB-PVD Fe-
45%Cr-1%Ni-4%AI-0.3%La overlay
coating structure deposited on the
substrates:

a) single crystal of Nb;

b) single crystal of Mo
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SEM images and WDS spectra of the EB-PVD Fe-45%Cr-1%Ni-4%Al-0.3%Lla areas
deposited at 650°C of single crystal substrate of Nb: a) the solidified drop of evaporated
alloy splashed on the coating surface; b) higher magnification of the area indicated on
(a) which demonstrates the superfine graininess of coating structure; ¢c) WDS spectrum
of the solidified drop; d) WDS spectrum of the marked area on the coating.
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SEM images and WDS spectra of the EB-PVD Fe-45%Cr-1%Ni-4%Al-0.3%La areas
deposited at 650°C of single crystal substrate of Mo: a) the solidified drop of
evaporated alloy splashed on the coating surface; b) higher magnification of the area
indicated on (a) which demonstrates the superfine graininess of coating structure; c)
WDS spectrum of the solidified drop; d) WDS spectrum of the marked area on the
coating.
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a) Scanning electron BSE i mage of the area w
PVD Fe-Cr-Ni-Al-La coated on single crystal of Nb; b) image of the same area after
specimen exposure at 1200°C during one hour in air; ¢) higher magnification micrograph

of the area indicated on (b) showing more details of the microstructure of healed
microcrack; d) optical micrograph of the same area (c) showing the scars of healed

crack .

X

100 um
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SEM micrograph and WDS
spectra of EB-PVD coating on Nb
monocrystal surface showing the
microstructure and chemical
composition of self-healed crack
during the exposure of the
specimen to 1200°C for one hour
in air:

a) BSE micrograph of the crack
underwent thermal activated self
healing

b) WDS spectra of the area A
indicated on (a) in a distance
from the crack

c) WDS spectrum of area B
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