€

ASM

INNTERNATIONAL

ASM International
Materials Park, OH 44073-0002
asminternational.org



Copyright © 2016
by
ASM International®
All rights reserved

No part of this book may be reproduced, stored in a retrieval system, or transmitted, in
any form or by any means, electronic, mechanical, photocopying, recording, or otherwise,
without the written permission of the copyright owner.

First printing, June 2016

Great care is taken in the compilation and production of this book, but it should be made
clear that NO WARRANTIES, EXPRESS OR IMPLIED, INCLUDING, WITHOUT
LIMITATION, WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A
PARTICULARPURPOSE,ARE GIVEN IN CONNECTIONWITHTHISPUBLICATION.
Although this information is believed to be accurate by ASM, ASM cannot guarantee that
favorable results will be obtained from the use of this publication alone. This publication is
intended for use by persons having technical skill, at their sole discretion and risk. Since
the conditions of product or material use are outside of ASM’s control, ASM assumes no
liability or obligation in connection with any use of this information. No claim of any kind,
whether as to products or information in this publication, and whether or not based on
negligence, shall be greater in amount than the purchase price of this product or publication
in respect of which damages are claimed. THE REMEDY HEREBY PROVIDED SHALL
BE THE EXCLUSIVE AND SOLE REMEDY OF BUYER, AND IN NO EVENT SHALL
EITHER PARTY BE LIABLE FOR SPECIAL, INDIRECT OR CONSEQUENTIAL
DAMAGES WHETHER OR NOT CAUSED BY OR RESULTING FROM THE
NEGLIGENCE OF SUCH PARTY. As with any material, evaluation of the material under
end-use conditions prior to specification is essential. Therefore, specific testing under
actual conditions is recommended.

Nothing contained in this book shall be construed as a grant of any right of manufacture,
sale, use, or reproduction, in connection with any method, process, apparatus, product,
composition, or system, whether or not covered by letters patent, copyright, or trademark,
and nothing contained in this book shall be construed as a defense against any alleged
infringement of letters patent, copyright, or trademark, or as a defense against liability for
such infringement.

Comments, criticisms, and suggestions are invited, and should be forwarded to ASM
International.

Prepared under the direction of the ASM International Technical Book Committee (2015—
2016), Y. Zayna Connor, Chair.

ASM International staff who worked on this project include Scott Henry, Director, Content
and Knowledge-Based Solutions; Karen Marken, Senior Managing Editor; Sue Sellers,
Content Development and Business Coordinator; Madrid Tramble, Manager of Production;
Kate Fornadel, Senior Production Coordinator; Diane Whitelaw, Production Coordinator;
and Kelly Sukol, Project Coordinator.

Library of Congress Control Number: 2015959459
ISBN-13: 978-1-62708-096-5
EISBN: 978-1-62708-097-2
SAN: 204-7586

ASM International®
Materials Park, OH 44073-0002
asminternational.org

Printed in the United States of America



High Pressure Cold Spray—Principles and Applications Copyright © 2016 ASM International®
Charles M. Kay and J. Karthikeyan All rights reserved
asminternational.org

Contents

FOreword . ... vii

Preface . . .o Xiii

Listof Contributors . ......... .. XV

Aboutthe EAItOrs. .. ... Xvii

CHAPTER 1

IntroductiontoColdSpray . .. ....... ..o, 1
1.1 Early Historyof Cold Spray ... ......... ... .. 6
1.2 Growing International Interest in Cold Spray ............... 11

CHAPTER 2

Process Science of Cold Spray. ............ ... .. .ot 17
2.1 0Introduction .. ... 18
2.2 Basic Bonding Mechanisms. . ................ .. ..., 20
2.3 Bonding between Dissimilar Spray and Substrate Materials ... 38
2.4 Parameters for Improved Coating Quality. . ................ 42
2.5 Requirements for Cold Spray Equipment . ................. 54

CHAPTER 3

Modeling and Simulation of Cold Spray ................... 67
3.1 Modeling and Simulation of Particle Impact. . .............. 68
3.2 Modeling and Simulation of In-Flight History of Particles. . . . . 86
3.3 Integrated Modeling. . ........... .. i 98

CHAPTER 4

Cold Spray Equipment. .. ....... ... .ottt 107
4.0 Spray SYStemS . ot e 107

4.2 Gas Supply Systems .. ... 114



iv / High Pressure Cold Spray—Principles and Applications

CHAPTER 5
Cold Spray—Advanced Characterization ................. 121
5.1 Optical MICrOSCOPY . . . o oo et 123
5.2 X-Ray Diffraction . ............ .. i 126
5.3 Scanning Electron Microscopy . ............c.ooviuiinn.n. 130
5.4 Focused lon Beam Machining. . ........................ 134
5.5 Electron Probe Microanalysis .. ............ ... ... ...... 137
5.6 Transmission Electron Microscopy . ................c..o... 137
5.7 Electron Backscattered Diffraction . ..................... 145
5.8 Electron Channeling Contrast . . ............ ... ..., 149
5.9 Residual Stress . ... 149
5.10 X-Ray Photoelectron Spectroscopy..................... 154
5.11 X-Ray Fluorescence. . ........cvviiii i 154
5.12 Auger Electron Spectroscopy. . .......ovviiiiiin. 155
5.13 Raman SPeCtroSCOPY . . .« v v v v 156
5.14 Oxygen Analysis . . ... 158
5.15 Surface Roughness . .......... ... .. i 159
5.16 Microhardness . . . ...t 160
5.17 Nanoindentation. . ............c.o i 163
5.18 Bond Adhesion Strength .. ........... ... ... oo 163
CHAPTER 6
Powder Production Techniques for High-Pressure Cold Spray.. 173
6.1 Key Powder Properties .............. ... 173
6.2 Powder Manufacturing ............ ... i 174
6.3 Classification . . .......vuit i 180
6.4 Powder Packaging . ....... ..ot 181
6.5 Powder Characterization .. ............ ..., 182
CHAPTER 7
Cold Spray Coating Applications in
Protection and Manufacturing. ..................... 185
7.1 Oxidation Protection . ........... ... .o .. 187
7.2 Corrosion Protection .. ... 191
7.3 Wear and Erosion Protection. .. ........................ 195
7.4 Functional Coatings and Additive Manufacturing .......... 201
CHAPTER 8
Cold Spray Applications in the Automotive Industry......... 209

8.1 Additive Manufacturing for the Automotive Industry Using

Cold Gas Dynamic Spraying . . . .......ooviiininnenn.. 210
8.2 Product Fabrication for the Automotive Industry Using Cold

Gas Dynamic Spraying ...t 214



8.3 Protective Coatings for Automotive Applications Using the

Cold Gas Dynamic Spray Process. . ....................
8.4 SUMMAIY ..o
CHAPTER 9
Cold Spray Applications in the Defense Industry. ...........
9.1 Cold Spray Application Examples ......................
0.2 SUMMAIY vt et e e
CHAPTER 10
Application of Copper Coatings onto Used-Fuel Canisters
for the Canadian Nuclear Industry. . .................

10.1 Methodology . ...t
10.2 Powder Selection. . ......... ..
10.3 General Coating Development. . .......................
10.4 Used-Fuel Container Coating Optimization ..............
105 Prototyping. . . ..o
10.6 Conclusions and Future Work .. .......................

CHAPTER 11
Cold Spray Applications in Repair and Refurbishment for the
Aerospace, Oil and Gas, and Power-Generation Industries

11.1 Advantages of Cold Spray Repair and Refurbishment . . . ...
11.2 Aerospace Industry . ...
11.30iland Gas Industry . . ...
114Gas Turbines . . ... ..o
11.5CoNCIUSION . . oo

277

Contents / v






High Pressure Cold Spray—Principles and Applications Copyright © 2016 ASM International®
Charles M. Kay and J. Karthikeyan All rights reserved
asminternational.org

Foreword

Cold Spray Technology
Development at ASB
Industries, Inc.

When I became a certified public accountant, the last thing on my mind
was a career in manufacturing. However, when a client decided to sell
ASB Industries in 1981, | could not resist the challenge; after all, | was
quite familiar with the financial aspect of the operation. I bought the com-
pany, then modernized the plant and vowed to keep up with new technolo-
gies. The very next year, we bought a high-velocity oxygen fuel system,
the first company in the United States to do so. ASB Industries was also
the first to use natural gas, which is cheaper and safer than using high-
pressure tanks. The compressor equipment may seem expensive, but natu-
ral gas is so much less expensive that we recovered the cost in just two
years.

In February 1995, | read an article in the NCTPC News (National Cen-
ter for Tooling and Precision Components) about Dr. Anatolii Papyrin,
one of a group of Russian scientists who had developed cold spray in the
mid-1980s at the Russian Academy of Sciences in Novosibirsk.

The article announced that Dr. Papyrin was to demonstrate the cold
spray process in Toledo, OH. By that time, we were well acquainted with
thermal spray but had never heard of cold spray. | wondered how it could
work and if, in fact, it did work. To find out for myself, I went to the dem-
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onstration in Toledo and watched as Dr. Papyrin sprayed cold copper par-
ticles onto a substrate. To my surprise, the particles had good adherence,
and the coating had good properties. The technology appealed to us be-
cause of its potential to produce coatings that retained their original prop-
erties and also to use low-melting-point powders.

We could see that the process needed improvement in many areas, but
we believed that it could ultimately produce high-quality coatings without
flame and with less pollution at a reasonable cost.

At the time, Dr. Papyrin was under contract with the National Center for
Manufacturing Sciences, but he joined ASB Industries in 1996 as a consul-
tant, after his contract had ended. He did a great deal of development work
on the technology for us but ultimately could not do everything himself.

By 1998, we needed help with nozzle development and controls. Dr.
Christopher Berndt, who was at State University of New York at Stony
Brook at the time, told us about Dr. Jeganathan Karthikeyan (“Karthi), a
young engineer who was working with him on nozzle development for
plasma spray. Karthi had built nozzles for the thermal spray of liquids, had
also developed various controls for temperature and pressure, and had
worked on development of powder materials.

In addition to his experience, | soon learned that he was as enthusiastic
as | was about the possibilities of cold spray technology. My vision was to
develop the technology by improving nozzle design, controlling spray pa-
rameters, and improving coating materials. In Karthi, | was sure that we
had found the dedicated engineer who could actually design and build the
system. We hired him.

When Karthi first saw the system we had built, he began to realize the
large nature of the project he had taken on. He told me that every compo-
nent of the system had to be brought up to date. The nozzle was primitive,
the temperature could be set but not controlled, the powder flow was er-
ratic, and the pressure varied too much. In addition to the equipment, the
powder particles had too much variability in size, shape, and chemistry. |
told him he should do whatever was necessary. Little did | know that this
was the beginning of a long and difficult journey but one that would ulti-
mately become worth all the effort and expense.

To make our vision a reality, Karthi would need to develop a reliable
system with controls and feedback loops. Such a system needed a spe-
cially designed nozzle, reliable temperature and pressure controls, a de-
pendable powder-feed system, and powder feedstock that was consistent
in chemistry, size, and shape. For the system to work, all these complex
components had to work smoothly together. Despite these innumerable
challenges, Karthi and ASB personnel set out to design and build all facets
of the technology.

To have an idea of the challenges involved, here is a brief description of
the process. In the cold spray system, powder is kept in the hopper, then
fed through a hose into the nozzle. Conventional thermal spray processes



operate at 100 psi pressure, but in the first cold spray systems, the operat-
ing pressure was three times that, at 300 psi. Unfortunately, no powder
feeder existed at that pressure. How could we proceed if this vital compo-
nent did not exist?

We overcame that roadblock by working with a hopper manufacturer to
develop a high-pressure powder-feed system, and we ended up with two
different 300-psi powder feeders. In fact, today (2015) the cold spray sys-
tems operate at even higher pressures, up to 850 psi.

At the same time that we were discussing and deliberating over the
high-pressure powder feeder, Karthi was busy inventing the first one-
piece cold spray nozzle, for which we acquired a patent. He then installed
temperature controllers, pressure regulators, flowmeters, feedback loops,
and other controls. He and the ASB team built the rest of the system even
as we waited for the first powder feeder to be delivered.

Then there was the fundamental problem with the Russian design. In
the Russian system, the spray gun was mounted onto the large heater box.
Carrier gas was heated in this large box and then entered the gun, where it
was mixed with the powder and ejected through the nozzle onto the sub-
strate. Because of this design, the substrate had to be moved across the
nozzle, which remained stationary on the heavy box. Karthi and | agreed
that this was not practical for spraying large surfaces and that we needed
a flexible hose that could connect the heater with the gun, so that only the
gun had to move. The hose would have to be made of materials that could
withstand both high temperatures and high pressures yet be flexible
enough to be easily manipulated by an operator.

Unfortunately, such hoses did not exist. Some were designed to func-
tion at high pressure but none at both high temperature and high pressure.
Undaunted, we called on several hose manufacturers and told them what
we needed: insulation to keep the heat in, strength for high pressure, and
flexibility to allow ease of movement. They were ultimately successful in
this development, and we then had an insulated hose 1 in. in diameter and
flexible enough to spray large areas.

We also had to change the design of the gun, for which we received
another patent. After two years of development, we thought we had made
enough progress to announce the new technology at the 2000 International
Thermal Spray Conference. | encouraged the audience to take on some
research and design (R&D) projects, to join us in a vision of the future
where everyone contributed to the success of the industry. | reasoned that
if enough people took on R&D projects, the equipment and powders
would improve and the number of applications would grow. However, to
most of them the risks outweighed the potential benefits, and no one else
was willing to take up the gauntlet.

Mark Smith of Sandia National Laboratories came to our plant and ex-
amined our system. We were happy to explain everything to him, and he
went back to Sandia and built a system there.
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We kept the vision, and in 2001 ASB Industries joined in a Cooperative
Research and Development Agreement (CRADA) at Sandia National
Laboratories that also included Pratt & Whitney, Alcoa, Ford Motor Com-
pany, Siemens Westinghouse Power Corporation, Praxair Surface Tech-
nologies, and Ktech Corporation.

This CRADA was formed to expedite the development and commer-
cialization of cold spray technology for Sandia/ U.S. Department of En-
ergy and the industrial partners. This collaboration allowed the partners
and Sandia to pool technical expertise, funding, and other resources to
jointly address some key issues related to process, equipment, and coating
material characteristics. The work would provide Sandia and its partners
with an improved fundamental understanding of the chemistry and phys-
ics of cold spray. This was an opportunity to jointly resolve critical techni-
cal and manufacturing challenges that needed to be addressed for
successful commercialization.

Nozzle improvements were crucial to improving the economies of the
cold spray process. The CRADA goals related to nozzle design were to
produce the highest-possible particle velocity with the lowest-possible gas
flow; greatly reduce helium use; minimize nozzle fouling with certain
powders, such as aluminum; and acquire a more thorough understanding
of nozzle modeling and particle velocity measurements.

To improve the quality of cold spray deposits, we needed to achieve a
better understanding of the underlying process fundamentals. In other
words, we needed a model that would allow us to predict coating proper-
ties from input parameters such as gas pressure and temperature. Work
included determining critical velocities, investigating substrate-prepara-
tion effects, modeling deposit properties, establishing spray parameters
and postspray treatments, and determining bonding mechanisms.

We contributed $20,000 per year over the three-year span of the CRADA
and were the smallest of the companies involved. We were willing to share
what we had learned. During the program, Karthi improved a nozzle de-
sign that enabled the process to work much better.

The nozzle is the most important component in the system. It is where
everything comes together: the process gas, the carrier gas, and the pow-
der. It is sensitive to variations in particle size and shape and to tempera-
ture. When the temperature rose too high, sometimes particles would
adhere to the sides and clog the nozzle. This was the problem Karthi tack-
led and solved by making the nozzle out of a polymer material. This new
design and new material extended the life of the nozzle and allowed us to
spray some high-melting-point materials that were not possible before.

Of course, this also increased the range of possible applications, which
increased the potential for growth of the entire thermal spray industry!
This has always been our vision.

It was at that point that research groups and companies from around the
world began to take notice of us. They knew that we would be willing



partners, as | had never been reticent about expressing my belief that there
should be no secrets. The way to grow the industry is to work continually
to advance the technology. When that happens, applications will grow and
the industry will grow, helping everyone in the business.

The Armed Forces University in Munich sent representatives to visit us.
After learning all they could about our system, they returned home and
built their own. The first commercially available cold spray system was
built by the Germans, based on our system. Then the university initiated a
program in which students joined researchers who were developing cold
spray. Students learned the technology, and now they are engineers work-
ing in the field. All of this R&D work in Germany is now coming to frui-
tion. Over the years, this university has developed knowledgeable and
experienced engineers who are doing work with excellent results. In one
widespread application, a company in Germany produces induction-
heated pots and pans coated by cold spray with an iron-base material.

Today (2015), we work with students from various universities, such as
Michigan State University and State University of New York at Stony
Brook. They come for various amounts of time, from one week to six
months. They learn about cold spray, the challenges involved with the
technology, and the physics-based models we use to find answers.

We work with customers to develop new technologies, which they can
then patent. Thus, new technology can get into the marketplace, even if it
is in a limited way. Our approach is that our customers fund us to do re-
search, then they patent it. Some share these patents with us, and others
keep the patents within their companies. In that way, we can attract high-
tech companies such as Pratt & Whitney, Exxon Mobil, Siemens, and oth-
ers. We develop the expertise, then they get and use the patent.

For example, metal foams for insulation were developed by Exxon. A
cold spray process was developed by Pratt & Whitney for refurbishment
of a rocket engine chamber. BMW uses cold spray for battery components
in hybrid engines. Around the globe, cold spray has found many applica-
tions, but in this country, although there are some applications, they are
secret. We need an open, mass-produced application. When cold spray
becomes accepted as a standard coating method, I am convinced that the
scope of its applications will rapidly expand.

What could these be? Well, for one thing, three-dimensional manufac-
turing. The future is going to be in additive manufacturing. At the 2014
AeroMat Conference, many presentations focused on additive manufac-
turing. Cold spray is ideal for this technology, because the powders retain
their original microstructure.

As our experience at ASB Industries has shown, a vision that is based
on R&D and the future can enable progress across the industry and, in-
deed, across the world. We invite the readers of this book to join us.

Albert Kay
ASB Industries
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Preface

Cold spray refers to a material-deposition technique that uses a super-
sonic particle jet. In the high-pressure cold spray (HPCS) process, gas and
powder are mixed upstream and expanded via de Laval nozzle to produce
a supersonic particle jet, which produces coatings based on a wide selec-
tion of materials with superior characteristics and high deposition effi-
ciency. Although some systems (low-pressure cold spray) use subsonic
particles laden with a peening agent to process ductile materials with ac-
ceptable properties, these systems are not covered in this book.

In a short span of approximately 20 to 25 years, cold spray has moved
from a scientific curiosity carried out in a few research establishments to
an established and integral manufacturing process, adopted in multiple
high-tech industries. Homemade spray systems have been replaced with a
selection of vendor-supplied commercial systems. Special powders with
specific characteristics, required for cold spray processing, are readily
available.

Around the globe, scientists and engineers have taken up both basic and
application research and development (R&D) activities in universities, na-
tional laboratories, and industries. These activities have resulted in ad-
vancements in all aspects of the technology, including basic science of
gas/particle interaction, particle impact and coating generation, parame-
ters/processing/properties relationships, and performance of coatings in
various industrial environments. These advancements have led to a multi-
tude of applications, from protective and performance-enhancing layers to
repair and refurbishing of parts to fabrication of components by near-net
shaping or additive manufacturing techniques. The number of industries
adapting to cold spray technology is growing rapidly, from automobile to
aerospace to turbine and power to defense to sputter targets and others.

Enormous growth in R&D activities has led to a huge databank in the
form of publications in peer-reviewed journals and conference proceed-
ings. However, consolidated information on all aspects of cold spray tech-
nology in book form is hard to find. This book covers the need for
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consolidated information, with focus on applications in specific industries.
Experts around the globe have contributed in their specific areas of
specialties.

The basic science and modeling of the cold spray process are discussed
in the first few chapters, which are followed by details of equipment and
powder supply. The second half of the book concentrates on cold spray
applications in various industries. Experts from each industry have written
about applications in their specific industries.

We have tried to eliminate repetition of specific applications in multiple
chapters. However, some applications present themselves in many indus-
tries. For instance, the defense, aerospace, and power-generation indus-
tries require repair/refurbishment of turbine components and are treated
by industry experts in their respective chapters from their perspectives.

We offer our deepest thanks to all those who have contributed to this
publication. The time, effort, and professionalism represented by the com-
mitment to authoring these chapters is the culmination of relationships
developed out of a shared passion for cold spray technology—relation-
ships built at airports and conferences, via emails, in hotel lobbies, and
through many joint development initiatives. It is both a professional and
personal honor for us to work with those who are held in the highest re-
gard for their expertise, sincerity, and time to contribute.

The reader will find this book a useful assembly of information. The
substantial information provided by the authors will serve as a resource
that may lead the reader in many directions, both in the principles of
HPCS and in applications in which the unique properties of cold spray
have developed by providing both exceptional surfacing solutions and ad-
ditive manufacturing applications.

Our authors have focused on cold spray, a field in which their work has
reached all corners of the world as a result of their knowledge and work-
ing relationships. Included within these chapters are references showing a
cross section of true scientific research, from materials development to
practical applications.

We acknowledge that these authors, in making their contributions to
this book, have spent substantial amounts of time persevering in the task
of documenting their knowledge. We believe the chapters contained within
this book will easily demonstrate the truth of our acknowledgment and
greatly add to the reader’s knowledge of cold spray.
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