Hailiang Yu
Haitao Gao
Zhou Li

High-Performance

Metallic Composites

Fabricated

by Advanced Rolling
Techniques




High-Performance Metallic Composites Fabricated
by Advanced Rolling Techniques



Hailiang Yu - Haitao Gao - Zhou Li

High-Performance Metallic
Composites Fabricated

by Advanced Rolling
Techniques

@ Springer



Hailiang Yu Haitao Gao

Central South University Central South University
Changsha, China Changsha, China
Zhou Li

Central South University
Changsha, China

ISBN 978-981-97-4330-8 ISBN 978-981-97-4331-5 (eBook)
https://doi.org/10.1007/978-981-97-4331-5

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature
Singapore Pte Ltd. 2024

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.

The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore

If disposing of this product, please recycle the paper.


https://doi.org/10.1007/978-981-97-4331-5

Contents

1 Introduction of Fabrication of Metallic Composites ................
References . ..........uuuuu

2 Fabricated Metal Laminates via Hot Roll Bonding Techniques . ... ..
2.1 Introduction of Hot Roll Bonding Technique ...................
2.2 Interface Bonding Behavior During Hot Deformation ............

2.2.1 Interface Bonding Behavior Affected by Heating
Temperature . ........ ...t
2.2.2  Interface Bonding Behavior Affected by Reduction
Ratio ...
2.2.3 Interface Bonding Behavior Affected by Deformation
Pass Number ............ ... i
2.2.4 Interface Bonding Behavior Affected by Strain Rate ......
2.2.5 Interface Bonding Behavior Affected by Holding Time . ...
2.3 Shear Strength of Hot-Rolled Laminates .......................
2.4 Interface Bonding Mechanism of Laminates During Hot Roll
Bonding ... ...
2.5 Cu/Al Laminates with Thin SUS304 Interlayer via Hot Roll
Bonding .. ...
2.6 Cu/Al/Cu Laminates with SUS304 Interlayer Subjected
to Annealing .......... .
2.7 Cu/Al Laminates Subjected to High-Temperature
Accumulative Roll Bonding ......... ... ...
2.7.1 Mechanical Properties and Microstructure of Cu/Al
Laminates During ARB ............ . ... ... ...,
2.7.2  Strengthening Mechanism of Cu/Al Laminates
During ARB ... ..
References ............o oo

AN N =



vi

3 Fabricated Metal Laminates via Cold Roll Bonding Techniques

3.1

3.2

33

Al/Ti Laminates Subjected to Cold Roll Bonding

and Annealing ........... ..

3.1.1 Microstructure Evolution of Al/Ti Laminate During
Processing ...

3.1.2  Mechanical Properties Al/Ti Laminate After
Processing ............ i

3.1.3 Microstructure Evolution Mechanism of Al/Ti
Laminate During Annealing ......................

3.1.4 Deformation Mechanism of Annealed Al/Ti Laminates . ...

3.1.5 Abnormal High Dislocation Density in Annealed
Al/TiLaminates ............... ...,
Cu/Ti Laminates Subjected to Cold Roll Bonding ..........
3.2.1 Microstructure Evolution of Cu/Ti Laminate During
ColdRoll Bonding .......... ...,
3.2.2 Deformation Mechanism of Cu/Ti Laminate During
ColdRoll Bonding .............. ...,
Cu/Al Laminates Subjected to Cold Roll Bonding ..........
3.3.1 Development of Porous Cu/Al/Cu Laminate Foils . . ..
3.3.2 Development of Cu/Al/Cu Laminates
via Powder-In-Tube Method ......................
3.3.3 Mechanism of Enhanced Bonding Strength of Cu/Al
Laminates with SUS304 Interlayer ................

References ..........cooiiii

4 Fabricated Metal Laminates via Cryorolling .................

4.1

4.2

AA1050/AA5052 Laminates via Cryorolling ..............

4.1.1 Mechanical Properties of AA1050/AA5052 Laminates .. ..

4.1.2 Microstructure Evolution of AA1050/AA5052
Laminates ...,

4.1.3 Fracture Morphology of AA1050/AA5052 Laminates
After Tensile Testing ...,

AA1050/AA6061 Laminates via Cryorolling ..............

4.2.1 Mechanical Properties of AA1050/AA5061 Laminates .. ..

4.2.2 Microstructure Evolution of AA1050/AA5061

Laminates ........... ...,
4.2.3 Fracture Morphology of AA1050/AA5061 Laminates

After Tensile Testing ..............ccoviiiiionn..
4.2.4 Effect of Aging on Mechanical Properties

of AA1050/AAS5052 Laminates ...................
4.2.5 Microstructural Evolution Mechanism

of AA1050/AA6061 Laminate During

AZING oo

Contents



Contents

vii

4.3 Al/Ti/Al Laminates via Cryorolling ........................... 141
4.3.1 Edge Crack-Free Al/Ti/Al Laminates via Cryorolling ...... 142
4.3.2 Mechanical Properties of Cryorolled Al/Ti/Al

Laminates .. .......oooinuiiiiiiii e 142
4.3.3 Microstructure Evolution of Al/Ti/Al Laminates .......... 143
4.3.4 Interface Bonding Mechanism of Al/Ti/Al Laminates

During Cryorolling .......... ..., 145
4.3.5 Effect of Cryorolling Temperatures on Peeling

Strength of AI/Ti/Al Laminates ........................ 148
4.3.6 Mechanism of Enhanced Peeling Strength of Al/Ti/Al

Laminates via Cryorolling .................. .. ... .... 153

4.4 Al/Mg/Al Laminates via Cryorolling .......................... 156

4.4.1 Microstructure Evolution of the Al/Mg/Al Laminates

During Rolling .......... i 157
4.4.2 Mechanical Properties of the Al/Mg/Al Laminates

During Rolling ....... ... i 163
4.43 Microstructure Evolution Mechanism of the Mg-Li

Layer During Cryorolling ............. ... ... ... .... 168

4.5 Cu/Al/Cu Laminates Subjected to Cryorolling .................. 171

4.5.1 Microstructure and Mechanical Properties

of Cu/Al/Cu Laminates ............... .. ..., 171
4.5.2 Fracture Mechanism of Cryorolled Cu/Al/Cu

Laminates .........ooiiimiiiin e 175
4.5.3 Microstructure Evolution of Cu/Al Laminates

Subjected to ARB and Cryorolling ..................... 178
4.5.4 Tensile Properties of Cu/Al Laminates Subjected

to ARB and Cryorolling ..............cooiiiiiiinn... 182
4.5.5 Thermal Stability of Cu/Al Laminates Subjected

to ARB and Cryorolling ............................... 183

4.6 Cu/Nb Laminates Subjected to Cryorolling and Annealing ....... 188
4.6.1 Mechanical Properties of Cu/Nb Laminates .............. 188
4.6.2 Microstructural Evolution of Cu/Nb Laminates ........... 188

4.7 Cu/Brass Laminates Subjected to Cryorolling ................... 194
4.7.1 Microstructural Evolution of Cu/Brass Laminates ......... 194
4.7.2  Mechanical Properties of Cu/Brass Laminates ............ 199

References . ...........uuuunn 200

5 Fabricated Al/Particle Composites via Cryorolling ................ 203

5.1 Fabrication of AA1050/HEAp MMCs via Cryorolling ........... 204

5.1.1 Microstructure Evolution of AA1050/HEAp

COMPOSILES .« .o v ettt et ettt e 205
5.1.2  Mechanical Properties of AA1050/HEAp MMCs ......... 207
5.1.3 Mechanism of Suppression of Microvoid and Fracture

in AA1050/HEAp MMCs During Cryorolling ............ 210

5.1.4 Mechanism of Cryorolling on Enhanced Mechanical
Property of AA1IOSO/HEAp MMCs ..................... 212



viii

Contents

5.2 Fabrication of AA2024/HEAp MMCs via Cryorolling ........... 213
5.2.1 Microstructure Evolution of AA2024/HEAp MMCs ...... 214
5.2.2  Mechanical Properties of AA2024/HEAp MMCs ......... 216
5.2.3 Mechanism of Enhanced Mechanical Properties

of AA2024/HEAp MMCs ... ... ..o, 216

5.3 Fabrication of AAS083/HEAp MMCs During Cryorolling ........ 221
5.3.1 Microstructure Evolution of AASO83/HEAp MMCs ...... 221
5.3.2  Mechanical Properties of AA5083/HEAp MMCs ......... 223
5.3.3 Mechanism of Enhanced Mechanical Properties

of AASO83/HEAp MMCs During Cryorolling ............ 225

5.4 Fabrication of AA1050/HEAp Composites Subjected
to Asymmetric Cryorolling ......... .. ... . ... 231
5.4.1 Microstructure Evolution of AA1050/HEAp

Composites During Asymmetric Cryorolling ............. 231
5.4.2 Mechanical Properties of Asymmetrical Cryorolled
AAT1050/HEAp CompoSites . .......oovuuinneeennnnnn.. 235

5.4.3 Mechanism of Enhanced Mechanical Properties
of AAI050/HEAp Composites via Asymmetric

Cryorolling . ...t 237
5.5 Mechanical Properties of AI/HEAp Composites at Extreme
Environments .............. i 241
5.5.1 Mechanical Properties of A/HEAp MMCs
in a Cryogenic Environment ........................... 243
5.5.2 Microstructure Evolution of AI/HEAp MMCs During
Cryogenic Tensile Testing ..............cooiiiiin.. 247
5.5.3 Mechanism of AI/HEAp MMCs Strength
Enhancement in a Cryogenic Environment ............... 252
5.5.4 Mechanism of A/HEAp MMCs Elongation
Enhancement in Cryogenic Environment ................ 257
5.6 Al/TiC Composites via ARB and Cryorolling ................... 260
5.6.1 Microstructural Evolution of Al/TiC AMCs During
ARB .. 261
5.6.2 Mechanical Properties of ARB-Processed Al/TiC
AMOCS o 263
5.6.3 Various Ceramic Nano-particles Reinforced AMCs
VIaARB ..o 272
References ...........o i 279
Future Applications of High-Performance Metallic Composites . . . .. 281
6.1 Aerospace and Aviation .............. i 281
6.2 Defense and Military .. ...t 283
6.3 Energy Applications .................ciiiiiiiiiiiiiii, 285

References .........oo i 286



About the Authors

Dr. Hailiang Yu is a full professor at Central South
University. He has been engaged in advanced non-
ferrous metals and alloy forming and processing. He
has published 230 papers and two monographs. He also
contributed to two edited books and two chapters. He
is currently a member of the Board of Directors of the
Nonferrous Metals Society of China, and the Compos-
ites Committee of the Nonferrous Metals Society of
China. He serves as a key reader of Metallurgical and
Materials Transactions A, and the editorial board of
Chinese Journal of Mechanical Engineering, Journal of
Plastics Engineering, and Scientific Reports, and young
expert of Engineering.

Dr. Haitao Gao is a lecturer at Central South Univer-
sity specializing in the research fields of metal matrix
composites and advanced forming technologies for new
energy vehicles. Currently, he is in charge of the projects
supported by National Natural Science Foundation and
the Hunan Provincial Natural Science Foundation. He
has filed more than 10 patent applications and published
over 30 high-level SCI journal papers. He has been
awarded the Second Prize of the China Nonferrous Metal
Industry Science and Technology Award.




About the Authors

Dr. Zhou Li is an Associate Professor at Central
South University. His research interests include auto-
motive body new materials and advanced forming tech-
nology, new energy pure electric vehicle gearbox design
and manufacturing. He has also participated in national
projects in Australia as a chief investigator, applied for
10 patents, and published 20 papers in high-level jour-
nals. He has won the second prize of China Machinery
Industry Science and Technology Award, the third prize
of “Double Creation” Competition of the European and
American Alumni Association.



Chapter 1
Introduction of Fabrication of Metallic Guca i
Composites

With the rapid development of science and technology, many new requirements
for metallic materials are put forward, such as low density, high strength, high wear
resistance and corrosion resistance. Under this situation, the unitary metallic material
is difficult to meet the needs of industrial production and metallic laminates come
into being, which have attracted much attention because of their unique physical
and chemical properties [1]. There are many species of metal laminates [2-5], such
as Cu/Al, Mg/Al, Al/steel, Cu/invar, and Al/Ti laminates. They have been widely
applied in the fields of automobile, aviation, shipbuilding, electronics and chemical
industry, such as heat exchanger for automobile [6], aircraft parts [7], ship hull [8],
electronic components [9], grounding wire for petrochemical enterprises [10]. The
promotion and application of metal laminates are of great significance to solve the
outstanding problems of current energy structure and industrial structure [11].

Currently, the preparation technologies of metallic composites have made great
progress, which can be divided as liquid-liquid bonding, solid-liquid bonding and
solid—solid bonding according to the physical state of matrix metal, as shown in
Fig. 1.1. The typical liquid-liquid bonding method is the core filling continuous
casting technique. In the fabrication process of metal laminates, the solidification
of matrix metal and formation of bonding interface can be simultaneously carried
out, which obviously shortens the production process [12]. Nevertheless, core filling
continuous casting technique requires very high control precision on the process
variables and exhibits the low yield of finial products [13].

Roll-casting technique is regarded as the representative of solid-liquid bonding
of metal laminates [14]. Compared with the core filling continuous casting tech-
nique, the obvious advantages of roll-casting technique are high production effi-
ciency and low production costs. Moreover, high interfacial bonding strength can be
easily obtained under the dual effect of high temperature and rolling pressure [15].
However, the high temperature of liquid metal from another perspective, also leads
to the high energy consumption.
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Fig. 1.1 Illustration of techniques for fabrication of metallic composites

Nowadays, the solid—solid method is used for the widest range of industrial appli-
cation due to its process controllability, which mainly including roll bonding tech-
nique [16], extrusion bonding technique [17], and explosive welding technique [18].
Compared with other techniques, the less pollution, stable production process and
high production efficiency of roll bonding technique make obvious advantages. In
the roll bonding process, the oxidation film on the surface of matrix metal is broken
and obvious plastic flow occurs under the action of huge rolling pressure. And then,
close contact for these atoms around the bonding interface are carried out. Finally,
metallurgical bonding interface can be formed through the heat input and atomic
diffusion. Before roll bonding, surface treatment is usually adopted to remove the
grease or dirt and expose the fresh matrix metal. Moreover, the annealing process is
also necessary to regulate the thickness of intermetallic compound (IMC) layer [19].

In this book, the recent efforts and advances in the roll bonding of metal laminates
are summarized to reveal the potential mechanism. Based on the comprehensive
understanding and our numerous original works, some important issues about the
fabrication method, evolution mechanism of bonding interface and reinforcement
factors of roll-bonded metal laminates are introduced.
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Chapter 2
Fabricated Metal Laminates via Hot Roll <o
Bonding Techniques

2.1 Introduction of Hot Roll Bonding Technique

The hot roll bonding technique of metal laminates initially appeared in the 1940s,
which is usually applied in the fabrication of thick plate. The hot roll bonding tech-
nique can reduce the rolling force but with weak production stability. Before hot roll
bonding, matrix metals are preheated to a certain temperature, which will signifi-
cantly affect the comprehensive properties of metal laminates. Low preheated temper-
ature may lead to the high resistance to deformation and insufficient atomic diffusion
around the bonding interface. Nevertheless, the formation of thick IMC layer, even
the interfacial cracks, is easily induced by the high preheated temperature. Moreover,
protective atmosphere is generally adopted in the hot roll bonding process to avoid
the oxidation of interfacial metal [1].

Numerous works about hot roll bonding of metal laminates have been carried
out. Menon and Chen [2] used hot roll bonding and annealing to fabricate crack-free
laminate s of Al,O3 and ZrO, with a layer thickness of 4—60 pm. Ag/Cu laminates
were fabricated by roll bonding at different temperatures and annealing for different
periods at 673 K and 1073 K by Zhang et al. [3]. They found that the speed of Cu
atoms moving into the Ag side was faster than that of Ag atoms moving into Cu side.
Peng et al. [4] fabricated Cu/Al laminates by hot roll bonding at 703 K with a 60%
reduction ratio in a single pass. At lower sintering temperature, CuAl, appeared at
the interface. As the temperature increased, CugAly phase increased. Luo et al. [5]
found that the growth rate of IMCs at the bonding interface of the hot-rolled Al/Mg
laminate increased with the rising of annealing temperature and the mathematical
relationship between the IMCs thickness, annealing temperature and annealing time
was built as Eq. (2.1):

2 =1.98 x 10%ex _ 83418 t—o78exM 2.1
== P\™&r OXP Tor '
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where y was the thickness of IMCs layer (um), T was the annealing temperature (K),
R was the Boltzmanns constant (8.314 J/(mol-K)), # was the annealing time (min).
Cui et al. [6] thought that roll bonding and subsequent reaction annealing laminates
were a feasible near-net-shape processing method for the production of Ti/(TiB,/Al)
laminates.

2.2 Interface Bonding Behavior During Hot Deformation

A series of experiments on interface bonding in a low-carbon steel under hot plastic
deformation were carried out using the thermo-mechanical simulator. The main influ-
ence factors such as the heating temperature, holding time, reduction ratio, strain rate
and number of deformation passes on the interface bonding behavior in the laminates
were analyzed using SEM imaging. The results provide sufficient basis for further
research on interface bonding and propagating in steel during plastic deformation,
and also on quality control in roll bonded products [7].

2.2.1 Interface Bonding Behavior Affected by Heating
Temperature

Figure 2.1 gives SEM micrographs of the interface bonding zone for different heating
temperatures. There is an obvious commencement of interface bonding when the
heating temperature is 1173 K. At this stage, the macro-debonding regions disappear,
but there are still many small holes and small grains of size less than 10 pwm in the
interface zone, and the microstructure is only ferrite compared with that of the overall
matrix. When the heating temperature reaches 1273 K, the interface bonding is clearly
better, and fewer and smaller holes remain in the transitional zone where the grain
size increases and the microstructure is still ferrite. When the heating temperature
reaches 1373 K, the holes undergo further reduction in size and the microstructure is
similar to the matrix of some pearlite. There are no holes in the entire interface zone,
and the microstructure around the interface zone is similar to that of the matrix when
the heating temperature reaches 1473 K. The figures show that the degree of interface
bonding quality increases progressively and the transitional zone of residual voids
gradually disappears with increasing the heating temperatures.

The relationship between the number of residual holes and the heating temperature
(Ty) is shown in Fig. 2.2. Curve-fitting yields the following equation:

y = 5.04 x 10" exp(—Ty /42.16) + 1.23 (2.2)

The deformation resistance of the samples decreases as the heating temperature
increases. Thus, the protrusions on the interfaces will deform more easily under
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Fig. 2.1 SEM micrographs of interface bonding zone after deformation for various heating
temperatures. a 1173 K, b 1273 K, ¢ 1373 K, and d 1473 K
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compression. When the contact surface increases, the density of residual holes
around the interface bonding zone decreases. The relationship between the diffusion
coefficient and the heating temperature can be calculated by Arrhenius formula,

D = Dy exp(—Q/RT) 2.3)

where D is the diffusion coefficient, Dy is the diffusion constant, Q is the molar
activation energy of diffusion, R is the universal molar gas constant, and 7 is the
thermodynamic temperature.

With increasing the heating temperature, the atoms on the interfaces can migrate
more easily, corresponding to the higher diffusion coefficient. This leads to enhanced
interface bonding quality. Simultaneously, the higher the heating temperature is, the
more easily the grains around the interface zone grow, which accelerates the migration
of defects, and results in narrowing the bonding transitional zone.

2.2.2 Interface Bonding Behavior Affected by Reduction
Ratio

Figure 2.3 shows SEM micrographs of the center of the interface bonding zone of
specimens after compressive deformation for various reduction ratios. In Fig. 2.3a,
the majority of interface zone is still in a disconnected state when the reduction
ratio is zero. Although the reduction ratio is set to zero, a very small reduction
occurs in the holding process. The temperature around interfaces is not uniform due
to the non-uniform thermal resistance in the interface zone with the current power
heating. This induces bonding in parts of the interface zone. Bonding is not seen
in the other zones because the normal distance between interfaces is too large and
the atoms cannot jump directly across the gap. When the reduction ratio is 10%,
the bonding area in the interface zone increases, and most parts of interface zones
bond together. However, the degree of interface bonding is not high, and a number
of large holes can be seen in the interface zone, as shown in Fig. 2.3b. During the
compressive deforming, the protrusions on the interfaces come into contact first,
which enlarge the contact surface in the bonding zone, so that the interfaces bond
due to a combination of atomic diffusion under the stress and thermal gradients.
The interfaces do not come into full contact for this reduction ratio, leaving some
residual holes. SEM micrographs of the interface bonding zone shown in Fig. 2.3c
and d correspond to an increased reduction ratio of 20% and 30% respectively. Here,
the hole size decreases significantly compared to that in Fig. 2.3b. It is also seen
from Fig. 2.3a—d that the microstructure in the interface bonding transitional zone
consists of only ferrite [8]. When the reduction ratio is 40%, it is difficult to detect
holes remaining in the interface zone after deformation. But there is still an obvious
transitional zone whose microstructure is different from that of the overall matrix.
The grain size in the bonding transitional zone is smaller than that of the matrix,
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Fig. 2.3 SEM micrographs of interface bonding zone for different reduction ratios. a 0%, b 10%,
¢ 20%, d 30%, e 40% and f 50%

as shown in Fig. 2.3e. When the reduction ratio increases to 50%, the grains in the
interface bonding zone are similar to those in the matrix, whose microstructure is no
longer only ferrite, as shown in Fig. 2.3f.

Figure 2.4 shows the relationship between the number of residual holes in the
interface bonding zone and reduction ratio (R), which is fitted well by Eq. (2.4).
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It is seen that as the reduction ratio increases, the interface bonding degree in the
interface zone increases, the interface bonding transitional zone gradually narrows,
and the difference in the microstructure between the transitional zone and the matrix
also reduces. With greater reduction ratio, the deformation of the protrusions on
the interfaces increases, increasing the contact surface. For a given deformation
temperature, the diffusion driving force caused by the temperature is unchanged. With
increasing deformation, the stress gradient increases, so that the diffusion driving
force for atomic diffusion on the interfaces increases. This accelerates the formation
of bonds across the interfaces. At the same time, as the reduction ratio increases, the
driving force of atomic diffusion also increases, increasing the energy of the lattice
distortion.

2.2.3 Interface Bonding Behavior Affected by Deformation
Pass Number

Figure 2.5 shows SEM micrographs of the interface bonding zone after compressive
deformation for different number of deformation passes, with the total reduction
ratio held constant value of 50%. There are some residual small holes in the interface
bonding transitional zone after the fifth deformation pass with 10% reduction per
pass. When the number of deformation passes is three (reduction schedule 20 + 20
+ 10%), there are still small holes in the interface bonding transitional zone, and
the microstructure in the interface bonding transitional zone becomes more uniform
in the matrix. When the schedule of the deformation is 30 4+ 20% (two passes), the
holes decrease further in size/number. When the reduction ratio is 50% in one pass,
there are very few holes which remain in the interface zone after deformation.

It is seen that the number of residual holes in the interface zone after deformation
decreases as the number of deformation pass decreases when the total reduction ratio
is constant, so that the interface bonding degree improves. The relationship between
the number of residual holes and the number of deformation pass is approximate
linear relationship, as shown in Fig. 2.6. For the same total reduction ratio, the
deformation in every pass can be specified; as the number of the deformation pass
increases, the deformation in every pass decreases. Due to the short-range Van der
Waals forces, the deformation in every pass will just occur at the sample surface
when the number of deformation pass is large enough. The total deformation reaches
the set reduction ratio after multi-pass deformation, and the deformation at the center
of sample will be still small, which will result in lots of residual holes in the interface
zone, thus the interface bonding degree decreases.
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Fig. 2.5 SEM micrographs of interface bonding zone for various deformation passes with identical
total reduction ratio. a Five passes, b Three passes, ¢ Two passes, and d One pass
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2.2.4 Interface Bonding Behavior Affected by Strain Rate

Figure 2.7 shows SEM micrographs of the interface bonding zone after compressive
deformation at various strain rates. When the strain rate is 15 s~!, there are holes
which are distributed linearly at the interface zone and the size of holes is large.
When the strain rate is 5 s~!, the number of small holes decreases, and interface
bonding improves. When the strain rate is 1 s~', the interface bonding degree in the
interface zone improves further. It is difficult to detect the holes visually in Fig. 2.7c.
When the strain rate is 0.01 s~!, the interface bonding degree is the highest, and the
transitional zone cannot be visually identified.

The relationship between the number of residual holes and the strain rate is shown
in Fig. 2.8. With decreasing in the strain rate, the number of residual holes in the
interface zone obviously decreases, and the interface bonding quality increases. The
atomic diffusion coefficient on the interfaces and recrystallization around the inter-
face zone are affected by the strain rate. Elimination of the gap between interfaces is
affected by recrystallization in the interface zone. Firstly, the nucleus deforms, and
then the grain grows. With increasing in grain size, the necessary material is moved

#d Interface zone _

Interface

A

Fig. 2.7 SEM micrographs of interface bonding for various strain rates.a 15s~ !, b5s~!, ¢ 157!,

and d 0.01 s~!
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Fig. 2.8 Number of residual

holes in the interface 8t -
bonding zone after
deformation as a function of y
strain rates
2+ "

y=3.04-2.89%exp(—£/4.29)

Number of residual holes, N

o
T
]

6 14 12 10 8 6 4 2 0
Strain rate, s

by diffusion from the matrix. So, a new weak zone might emerge near the interface.
If the recrystallization occurs rapidly, and the atoms far away from the interfaces
cannot diffuse immediately. So, some holes will remain in the interface zone. As
the strain rate increases, the holes increase in size/number and the interface bonding
quality decreases. In addition, with increasing strain rate, the holding time for inter-
face bonding will decrease. As seen in the following section, the holding time is one
of the main factors influencing interface bonding quality. The shorter the holding
time, the less adequate is the atomic diffusion. The average distance between atoms
is directly proportional to the square root of diffusion time, as shown in Eq. (2.5):

X =KJ7 (2.5)

where X is the average migration distance of the atomic diffusion (mm); 7 is the
diffusion time (s); K is the constant related to material (mm-s~"?).

2.2.5 Interface Bonding Behavior Affected by Holding Time

Figure 2.9 shows SEM micrographs of the interface bonding zone after compressive
deformation for different holding time durations. When the holding time is 1 min,
some residual holes linearly distribute in the interface zone. When the holding time
is 5 min, there are new grains formed in the interface zone, but there still is an
obvious transitional zone of interface bonding. When the holding time is 10 min,
the transitional zone becomes unclear, and the size of the holes decreases. When the
holding time reaches 20 min, the grain size in the interface zone is similar to that of
the matrix, and the interface bonds quite well. These results show that the interface
bonding quality improves with extension of the holding time.
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Fig. 2.9 SEM micrographs of interface bonding zone for various holding time durations. a 1 min,
b 5 min, ¢ 10 min, and d 20 min

Figure 2.10 shows the relationship between the number of residual holes and
the holding time. With longer holding time durations, the number of residual holes
reduces greatly.

With extension of holding time, there is sufficient opportunity for atomic diffusion
to occur around the interface zone, contributing to interface bonding, and uniformity
in the microstructure. According to the Fick’s second law of diffusion,

oC 92C
o = D o (2.6)
where, the atomic concentration C is a function of the diffusion distance x and the
diffusion time ¢. The diffusion distance is directly proportional to the square root of
the diffusion time, as shown in Eq. (2.6). The holding time plays a key role at the
beginning of bonding processes, and its effect gradually decreases with extension
of the holding time. As far as its contribution to atomic diffusion is concerned, the
effect of holding time is just less than that of heating temperature. The heating time
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impacts the bonding quality at the beginning and the interfaces can bond completely
when the heating time is long enough.

2.3 Shear Strength of Hot-Rolled Laminates

According to the designed shape shown in Fig. 2.11, the samples are machined
through the wire-cut machine, which are used for measuring the bonding strength
by using the tensile testing machine [9].

Figure 2.12 shows the fracture form of the samples. For the samples subjected
to 5% reduction ratio, the sample fractures along the bonding interface, as shown
in Fig. 2.12a; for the samples subjected to the 50% reduction ratio (Fig. 2.12b), the
sample fractures along the sample matrix, which means that the strength of bonding
zone approximately equals that of the matrix and the bonding is quite well.

Preformed interface zone

A ) E— -

/ Vi

Interface zone Preset fracture

Fig. 2.11 Schematic drawing of tensile sample for measuring bonding strength



16 2 Fabricated Metal Laminates via Hot Roll Bonding Techniques

@ 5%

Fig. 2.12 Tensile fracture of roll bonded samples

Figure 2.13 shows the curve of load versus displacement during stretching. When
the reduction ratio is 5%, the maximum extension of length is 1 mm, and the
maximum tension is 100 MPa. When the reduction ratio reaches 50%, the maximum
extension of length is 5 mm, and the maximum tension reaches 240 MPa. In order to
compare the effects of rolling reduction ratio on bonding quality, the maximum shear
strength is employed in the following, which equals the maximum tension versus the
area of preformed bonding zone.

Figure 2.14 shows the shear strength of the preset bonding zone after hot rolling
under a variety of reduction ratios. When the reduction ratio is less than 10%, the shear
strength of bonding zone linearly increases from 0 to 160 MPa with increasing the
rolling reduction ratios. As the reduction ratio further increases, the shear strength of
the bonding zone also gradually increases, but the amplification gradually decreases.
When the reduction ratio reaches 40%, the shear strength of bonding zone reaches
200 MPa. In Fig. 2.14, when the reduction ratio is 50%, the samples break along

Fig. 2.13 Curve of load to 250
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the matrix and the tensional stress reaches 240 MPa, the strength of slab matrix.
Equation (2.7) can be used to calculate the shear strength of bonding surface under
a variety of reduction ratios during rolling.

or = —0.45179 + 28.01148c—1.60209 &>
+0.04544£3—6.55158 x 10~*&* 4+ 4.0331 x 107%> (2.7)

where, ot is the shear strength, ¢ is the reduction ratio.

Figure 2.15 shows the fracture morphology of bonding zones under various reduc-
tion ratios during hot roll bonding, where the reduction ratio in (a)—(f) is 5%, 10%,
20%, 30%, 40% and 50% separately. When the reduction ratio is 5%, in the whole
view of fracture surface, a small number of zones are dimple fracture which means
that these zones can achieve good bonding, but most zones are cleavage fracture where
the interface does not bond well (Fig. 2.15a). When the reduction ratio is 10%, the
dimple fracture zone increases clearly (Fig. 2.15b) and this means that the bonding
quality increases. When the reduction ratio reaches 20-30%, as the reduction ratio
further increases, the size and the number of dimple fracture zones increase greatly
(Fig. 2.15¢ and d). However, the dimple fracture zones do not connect with each
other. When the reduction ratio is 40%, the fracture type of samples is completely
dimpling fracture (Fig. 2.15¢e), which implies the interface bonding excellent, which
is similar to that in Fig. 2.15f, which fractures along the sample matrix.



18 2 Fabricated Metal Laminates via Hot Roll Bonding Techniques

Fig. 2.15 Fracture morphology of bonding zones under the reduction ratio of a 5%, b 10%, ¢ 20%,
d 30%, e 40%, and f 50% during hot roll bonding
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2.4 Interface Bonding Mechanism of Laminates During
Hot Roll Bonding

The recrystallization in the ferrite and the grain growth during the process of inter-
face bonding are shown schematically in Fig. 2.16 [10]. In the process of hot roll
bonding, high temperature combined with severe plastic deformation can induce
interface bonding. At high temperature, recrystallization can occur at the free inter-
faces, as shown in Fig. 2.16a. With increasing the energy input by severe plastic
deformation, an uneven distribution of energy on the interface can lead to different
deformation intensity on the interfaces. Tiny grains will appear and grow towards the
gap, resulting in shrinking the gap gradually, shown in Fig. 2.16b. Usually, surfaces
in materials are uneven and the convex surfaces come into contact firstly. In other
words, interface bonding is initiated at such points of contact. The interfaces can
only be partially joined or welded to reach the threshold of atomic interactions under
the rolling pressure, the remaining regions can be bonded through the atomic move-
ment, as shown in Fig. 2.16¢. Thus, the original long interface is divided into several
discontinuous shorter holes. When the atoms on both sides of interfaces come within
the range of atomic interactions, intermittent partial interface bonding will take place,
and the interface bonding area appears as a distribution of porosity defects, as shown
in Fig. 2.16d. The existence of interface can increase the system energy, leaving the
system in an unstable state. However, new grain nucleation and growth can utilize
this excess energy. New grains will form around these gaps. The new grains nucleate
and grow or near the defect free surface during slow cooling which can be called
the repair recrystallization, and then the bonding area extends. Tiny grains, which
appear in local bonding areas, whose growth regions will continue to grow until their
sizes are close to matrix grains, shown in Fig. 2.16e.

2.5 Cu/Al Laminates with Thin SUS304 Interlayer via Hot
Roll Bonding

Cu/Al/Cu laminates with thin SUS304 interlayer of 30 wm were fabricated by hot
roll bonding. The T2 Cu and AA1060 sheets were used as start materials. The Cu
and Al sheets were annealed at 873 K and 673 K for 2 h respectively to obtain a fully
homogeneous coarse grain structure, and then cut into a same size of 100 x 50 x
1 mm. Before roll bonding, the Cu and Al sheets were wire brushed to remove the
surface oxide layer and contamination. Then the Cu, Al and SUS304 sheets were
stacked together and fixed by aluminum rivets. The stacked sheets were preheated
at 723 K for 1 min and then rolled at a speed of 1 m/min. Table 2.1 illustrates roll
bonded Cu/Al/Cu clad sheets under different condition.

The ordinary laminate rolling bonding is an effective and efficient process to manu-
fact large volume laminates continuously, which also avoid the additional welding
process. In this study, the SUS304 interlayer was introduced in Cu/Al/Cu laminates
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Fig. 2.16 Interface bonding
mechanism of laminates
subject hot roll bonding
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:c&)lrlljéidzéu /{,Ell;SCtlrla:lZE (s)}fl;gtl; Sample (%) | Rolling reduction (%) | Condition
W-50 50 With SUS304 interlayer
W-70 70 With SUS304 interlayer
W-80 80 With SUS304 interlayer
WO-50 50 Without interlayer
WO-70 70 Without interlayer
WO-80 80 Without interlayer

by using rolling bonding. The peeling strength, morphologies of peeling surface,
element diffusions and microstructure were examined, then the enhancement mecha-
nism of SUS304 interlayer on the interfacial bonding strength of Cu/Al laminates was
systematically discussed by combining the regulation of IMCs, mechanical joggle
and shear deformation [11].

Figure 2.17 displays the peeling strength of Cu/Al/Cu laminates with or without
SUS304 interlayer subjected to different rolling reduction. The peeling strength
increased with the rolling reduction. When the rolling reduction was relatively low
of 50%, both W-50% and WO-50% presented the same trend that peeling strength
was almost parallel to the X-axis at value close to 0, which meant the dissimilar
metals were not bonded well. When the rolling reduction increased to 70%, the
peeling strength curves of W-70% and WO-70% became totally different. The peeling
strength of WO-70% kept the origin trend and had a slight improvement to 2.9 N/
mm, whereas, the peeling strength of W-70% presented a peak-valley shape. The



