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A B S T R A C T   

Accumulative extrusion bonding (AEB) was recently conceived as a novel severe plastic deformation (SPD) 
process to steady-state bond metals in the pursuit of manufacturing ultrafine-laminated bimetallic tubes. In a 
recent publication, we have reported details pertaining to the AEB process as uniquely suited to produce 
geometrical shapes such as tubes. The process has been successfully applied to extrusion bond a Cu–Cu bime
tallic tube at room temperature. The bonding was facilitated under about 68% radial strain, which is more than 
required for accumulative roll bonding (ARB) of the same material. In this paper, we present the main results 
from an experimental investigation into the evolution of interface crystallography and integrity, grain structure, 
crystallographic texture, and tensile strength of the Cu–Cu tube. While the interface maintains overall integrity, 
it exhibits wavy character locally due to grain-scale plasticity. These observations suggest that laminated 
structures could be achieved with the continuation of the process. Characterization of grain orientations on each 
side of the bond line reveals that bonding using AEB at room temperature produces a steady-state bond inde
pendent on preferential grain orientations. Grains become severely elongated along the extrusion direction, 
while texture forms a moderately strong {111} fiber during the process. A crystal plasticity simulation of texture 
evolution during the process reveals minor gradients in the texture over the through-thickness direction. Pre
dicted fields of strain during the process show that texture evolution is a consequence of not only large axial 
strain along the extrusion direction but also severe radial reduction and some shear strain. As a result of large 
microstructural changes, yield strength of the Cu–Cu tube remarkably increases over 5× in the axial direction 
relative to the annealed material.   

1. Introduction 

Improving material properties is typically accomplished by alloying 
to promote solid solution strengthening and by controlling precipitation 
and recrystallization through heat treatments to achieve phase and grain 
structure distributions [1–3]. An approach used mainly for steels entails 
discovering a compromise between strength and ductility using a 
mixture of phases achieved by alloying and heat treatments [4–7]. 
Alternatively, in aluminum alloys, an aging treatment is required to 
provide the strength by precipitation hardening [8–10]. Beyond these 
options, a selected manufacturing process can influence material prop
erties. This occurs as the grain structure and texture evolve due to strain 
fields necessary to form metals into their desired geometrical shapes. To 
this end, scalable manufacturing processes that produce ultrafine grains 
(UFGs) promoting strength continue to be on the forefront of research, 

as the underlying mechanisms are investigated to predict and optimize 
material properties. The increase in strength of UFGs materials is owing 
to refined grain structure described by Hall and Petch [11,12] and un
derlying dislocation substructures [13]. Many manufacturing processes, 
which impose severe plastic deformation (SPD), have been developed in 
the modern era to produce UFGs. These processes have been utilized to 
produce shapes such as sheet, plates, and bars. Examples of such pro
cesses include equal channel angular pressing (ECAP) [14], high pres
sure torsion (HPT) [15], high pressure double torsion (HPDT) [16–20], 
accumulative roll bonding (ARB) [21–24], cyclic extrusion compression 
(CEC) [25], and accumulative extrusion bonding (AEB) [26,27]. In any 
of these processes, an initial grain structure is refined, while the strength 
is enhanced [28,29]. In addition, SPD techniques like ARB can be uti
lized to produce laminated bimetals to improve ballistic energy ab
sorption [30], thermal stability and tolerance to radiation damage [31] 
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in addition to improved hardness, yield strength, and ultimate tensile 
strength [32–34]. 

Obtaining refined grains in geometrical shapes such as metallic tubes 
by creating bimetallic tubing has been recently attempted using AEB in 
[35]. A broad set of manufacturing parameters needed to be considered 
to achieve bonding of similar or dissimilar metals, while producing UFGs 
in tubes. The set of parameters included the extrusion die angle, material 
selection, lubrication, extrusion speed, and material preparation 
[36–38]. The work in [35] primarily focused on bonding of a mono
metallic material. As a result, a few critical parameters did not need 
consideration such as the dissimilarity of yield stress. Ratios of yield 
stress greater than 3.5, for example, are not recommended as global 
fracture can occur during forming [36]. In addition, differences in 
atomic packing did not influence the bonding process since metals had 
the same atomic structure. Additionally, oxidation layers on both metal 
interfaces were consistent in terms of thickness and cohesion, and 
thereby this influence was also mitigated. This has been studied in other 
research [39], which has shown various oxide layer thicknesses 
dramatically influence peel strength between bonded specimens. 

The AEB process was successfully optimized to extrusion bond a 
99.95% commercially pure face-centered cubic (FCC) copper‑copper 
(Cu–Cu) bimetallic tube at room temperature [35]. The bonding was 
facilitated under about 68% radial strain. Notably, bonding did not 
occur when extruding at 50% deformation, which typically produced 

bonding in ARB as reported in [40–42]. The more complex geometry of 
tubes influenced the mechanical fields and higher levels of strain were 
required to enact bonding using AEB [35]. Successful bonding using 
ARB is well documented for a variety of different metal combinations in 
plate form such as Al/Cu [43], Cu/Ti [40], Mg/Al [44], Al/Zn [41], Cu/ 
Zn [42], Cu/Zn/Al [45], Mg/Nb [46], Zr/Nb [47,48], and Zn/Sn [49]. 
When the layering is refined to the sub-micron and nanometer scale, the 
multilayered bimetallic sheets exhibit significantly improved strength 
[32,33], resistance to shock damage [50], thermal stability [51,52], and 
resistance to radiation damage [53,54]. Creating such layered structures 
in tubing remains somewhat illusive for the time being and is left for 
future works. 

The present work is concerned with an experimental characteriza
tion of the evolution of interface crystallography and integrity, grain 
structure, crystallographic texture, and strength of the successfully 
bonded Cu–Cu tube. Understanding the bonding of the first extrusion 
pass is deemed critical as bonding must occur during the first extrusion 
pass for future extrusion iterations to successfully bond in AEB. The 
characterization is performed using optical microscopy, scanning elec
tron microscopy (SEM) fitted with an electron backscatter diffraction 
(EBSD) camera, and standard mechanical testing. The study is the first 
report into the formation of microstructure in tubes during AEB. In 
addition, a finite element (FE) simulation of the process was performed 
using an elasto-plastic self-consistent (EPSC) polycrystal model coupled 
with FE software Abaqus to predict and discuss texture evolution during 
the process. 

2. Methods 

2.1. Theory of bonding 

Bonding occurs at the adjoining interface as described by the thin 
film theory [55–58], which prevails over other proposed theories. Other 
bonding mechanisms have been proposed but nearly all ARB and AEB 
research points to the necessity to scratch brush, which creates the thin 
brittle film, and high pressure. Both are hallmarks of the thin film the
ory. Other theories include overcoming energy barriers [59,60], diffu
sion [61], and joint recrystallization [62]. The thin film theory is 
depicted schematically in Fig. 1 and is briefly described in the steps 
below (the step numbers correlate to the numbers in the figure).  

1. Preparation: A very thin brittle surface must exist on both metallic 
interfaces. An air gap exists between the adjoining metals. The 
interface must be clean to avoid inclusions. 

Fig. 1. Axis-symmetric cross section of the tubular extrusion process. Shown 
are the three stages of bonding during AEB: initial contact, ultra-high pressure, 
and exit/bonding. The die, punch, and mandrel are omitted. 

Fig. 2. The manufacturing process for achieving ultrafine-laminated structures in bimetallic tubes using AEB.  
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2. Ultra-high pressure: The metallic faces are forced into one interface, 
where the brittle surfaces crack under the high pressure induced by 
strain caused by a die and punch. The air gap is effectively removed 
and rendered to small local areas.  

3. Bonding: Fresh non-oxidated virgin material passes through the 
cracks and interacts with the opposing virgin material to form a 
metallic bond. Some areas may not bond, and small local voids may 
become present. 

2.2. AEB procedure 

Multilayered bimetallic tubing is envisioned to be manufactured in 
an iterative AEB process to achieve a thin alternating lamented micro
structure with UFGs. The process is iterated until the desired lamented 
thickness is achieved and is shown schematically in Fig. 2. The nominal 
layers within the tube wall exponentially decreases per n = 2i, where n 
represents the number of layers and i is the iteration. 

For extrusion bonding, the two initially annealed metals are pre
pared by scratch brushing, are stacked, and then extruded. After 
extrusion, the bimetal is annealed and bisected. One of the bisected 
tubes is then expanded, annealed again, and the process starts over. The 
process steps are described below [35]. For the scope of research dis
cussed herein, the metals only received surface preparation, stacking, 
and extrusion, but for completeness, the remaining processing steps 
planned in future works are also described. 

1. Surface preparation: As a critical step, the joining surfaces are pre
pared by acid cleaning, acetone cleaning, and scratch brushing with 
a stainless-steel brush. The cleaning is done by dipping in a solution 
of 10% sulfuric acid and 90% distilled water per volume. After 
neutralizing in cool distilled water, the copper is further degreased in 
an ultrasonic acetone bath for 30 min, where the acetone is drained 
and replenished halfway through the cleaning process. After clean
ing, the surface is prepared by scratch brushing. Scratch brushing is 
applied lightly and perpendicular to the extrusion direction. The 
intent is to promote the largest crack openings, which should occur 
when scratches are oriented normal to the direction of primary 
strain.  

2. Stacking: This operation is the simple action of inserting one tube 
into another. As described in other research [63], it is desired to 
assemble and extrude within 2 min or ideally in the least possible 
time to minimize the regrowth of surface oxidation. A slip fit of 0.05 
mm is utilized.  

3. Extrusion: SPD is produced using a die, mandrel, and punch as shown 
in Fig. 3. The die design is based on previous research [37], which 
was improved in subsequent research [35]. Extrusion was enacted at 
68% deformation by maintaining the inner diameter and reducing 
the outer diameter. The die entrance measures 28.70 mm in diam
eter, where the inner mandrel is 22.07 mm. The diameter at the 
extrusion ledge reduces to 24.18 mm at a 30-degree taper. Extrusion 
was performed at 2.73 mm/s, where the die and mandrel were 
lubricated with non-diluted Drawsol WM 4740. 

Fig. 3. (a) The experimental setup mounted in a hydraulic press, (b) a cross- 
sectional view of the extrusion die, and the punch located at the (c) initial 
and (d) final positions. 

Fig. 4. Measured and simulated true stress-strain curves of annealed copper.  

Table 1 
Hardening law parameters for Cu.  

Parameter Value Unit 

τ0 15 MPa 
k1 3.5e7 m−1 

g 0.09 – 
D 40 MPa  
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4. Cutting: The extruded tube is bisected perpendicular to the axial 
centerline.  

5. Expansion: Expansion is performed using a 10◦ tapered mandrel. The 
bimetal tube is passed multiple times to remove spring-back.  

6. Heat treatment: The tubes are annealed after every SPD process in a 
vacuum oven at 426 ◦C with a 1 h soak and cooled at a rate of 426 ◦C/ 
h. This heat treatment was utilized for the initial annealing of the as- 
received copper, as well as for the intermediate annealing as shown 
in Fig. 2. 

2.3. Material 

The initial Cu material was a C12200 grade seamless tube per ASTM 
B75–20 (required a minimum purity of 99.95%). The commercially 
available tubes were procured with an outer diameter of 28.58 and 
25.40 mm, both with a 1.65 mm wall thickness. The inner tube was 
machined to create a 0.05 mm slip fit with the outer tube. Based on 
ASTM E8–21, the true stress-strain curve of the material is presented in 
Fig. 4 after initial annealing was performed. The annealing, utilized to 
remove the as-procured temper of H58, was performed at 426 ◦C with a 

Fig. 5. Finite element geometry of the extrusion process modeled in ABAQUS to predict expected texture. Model is 2-dimensional and axisymmetric about the left 
edge, which is the centerline of the extrusion process. 

Fig. 6. (a) A grains map of the annealed pre-extruded Cu and (b) a grain map of the post-extruded Cu scanned using EBSD. Corresponding IPF maps (c, d).  
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1 h soak time as recommended per [64]. Restored ductility was 
confirmed based on comparing the microhardness before and after 
annealing. The hardness after annealing was found to be 56.1 HK based 
on averaging the results of 10 hardness tests using a 500 g force held for 
10 to 15 s. This represents a ~ 60% reduction in hardness. 

As shown in Fig. 4, the experimental curve is simulated using EPSC 
and underlying dislocation density-based hardening law implemented in 
it. The model was presented in earlier works [65–67]. Only the main 
equations pertaining to the hardening law are presented here to 
appreciate the calibrated parameters for Cu established in this work. The 
parameters are tabulated in Table 1. The established parameters of the 
model are used to simulate the extrusion process and underlying texture 
evolution using an FE implementation of the EPSC model (FE-EPSC), 
which is written as a sub-routine for ABAQUS Version 2020 [68–70]. 

In the hardening law, the slip resistance of individual slip systems, τc
s, 

evolves from an initial value, τ0, using [71–74]. 

τs
c = τ0 + τs

forest (1)  

where, τforest
s is the slip resistance contribution originating from the build 

up of forest dislocations. The τforest
s evolves using [75–77]. 

τs
forest = bχμ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

s
ρs

for

√

(2)  

where, b is the Burgers vector for Cu, 2.556 × 10−10 m, χ is a dislocation 
interaction constant taken as 0.9, μ is the shear modulus calculated using 
the crystal elastic constants for Cu, C11 = 168.4 GPa, C12 = 121.4 GPa, 
and C44 = 75.4 GPa, and ρfor

s is the accumulated forest density of dis
locations per sth slip system. The increase of accumulated dislocation 
density with plastic strain is governed by a competition between the rate 
of generation and the rate of recovery using [78–81]. 

∂ρs
for

∂γs = k1

̅̅̅̅̅̅̅
ρs

for

√
− k2(ε̇, T)ρs

for (3) 

Here, the rate coefficient of trapping k1 is a calibration constant, 
while the rate coefficient of recovery k2 is based on [82–84]. 

k2

k1
=

χb
g

⎛

⎝1 −
kBT

D(b)3ln

⎛

⎝ ε̇
ε̇0

⎞

⎠

⎞

⎠ (4)  

where, kB and ε̇0 are the Boltzmann constant and a reference strain rate 
of value 107 s−1. Two additional calibration constants are g and D. These 
are an effective activation enthalpy and a drag stress. The slip in the 
model is carried out using {111}〈110〉 slip family. 

Fig. 7. Texture of the initially annealed copper, as measured using EBSD, utilized for predicting texture in the post-extruded state using EPSC FEA modeling at 68% 
deformation. Texture is presented in both the (a) hoop and (b) extrusion direction. 

Fig. 8. (a) Initial texture, as measured using EBSD before extrusion, and (b) the compaction of the same data set to 100 representative grains.  
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2.4. Characterization of structures 

Texture evolution is determined by measuring the texture before and 
after extrusion using EBSD. The samples were mounted in epoxy, 
ground, and polished using progressively finer sanding papers, and then 
finished with 30 min of vibratory polishing using 0.04 μm colloidal silica 
suspension. A pre-extrusion sample was mounted normal to the tube 
axis, while a post-extrusion sample was mounted normal to the hoop 
direction. In post-processing, textures and inverse pole figures (IPFs) 
were rotated appropriately to configure coordinate systems consistently. 

The SEM used for the study is a Lyra3 focused ion beam electron 
microscope manufactured by Tescan. The EBSD detector is a Hikari se
ries camera manufactured by AMETEK EDAX, which utilizes EDAX 
TEAM ™ software. For all EBSD maps collected, an average confidence 
index (CI) was found to be in the range of 0.81–0.84 for all scans, with 
points less than 0.1 cleaned-up automatically using EDAX OIM Analysis 
™ 8 software. CI cleaning represented 6.0% and 4.1% of the total points 
for the pre- and post-extrusion samples, respectively. Scans were per
formed at 15.1 kV with a spot size of 38 and 46 nm and maps were 
collected at a step size of 0.3 and 0.1 μm for the pre- and post-extrusion 
samples, respectively. Lastly, texture data was calculated based on 3 

scans of the pre-extrusion sample, where ~10,000 grains were identi
fied, and 6 scans of the post-extrusion sample, where ~3000 grains were 
identified. The scans of the pre-extruded sample were collected at the 
midpoint within the tube wall and the post-extrusion sample was 
collected 0.25 mm from the outer tube. This distance places the scan 
location at the midpoint of the outer bonded tube. 

Texture evolution is predicted using the FE-EPSC polycrystal model 
and compared with the measurements at the given location. The inputs 
to the FE-EPSC model was the pre-extrusion texture data, the die ge
ometry, and the set of calibrated parameters for Cu. Lastly, all texture 
plots were created using MATLAB 2022a and custom codes written 
utilizing the MTEX 5.4.0 toolbox. 

2.5. Finite element analysis – setup for simulation of extrusion 

The extrusion process, as shown in Fig. 3, is modeled in ABAQUS 2D 
to gain insight on texture evolution. The geometry of the FEA model 
consists of the bottom portion of the inner mandrel, the outer die, and 
the copper specimen experiencing extrusion as shown in Fig. 5. Also 
shown is the coordinate axis definition, where the extrusion direction 
(ED) is aligned vertically, the radial direction (RD) extends outward 
from the vertical centerline, and the hoop direction is normal to the ED- 
RD plane. The analysis is simplified as 2-dimensional and axisymmetric 
since the extrusion die self-centers when used and since no 3-dimen
sional irregularities in stress or strain are expected due to processing 
as an extrusion [35]. Additionally, the die and mandrel are simplified as 
perfectly rigid since the stresses and strain in the fixturing are not of 
interest and since any influence of the die straining has a negligible 
influence on texture evolution. 

The model is meshed with CAX4R type elements, which are 2-dimen
sional 4-node quadrilateral elements. After performing a mesh density 
study, the model contains 198 elements and 228 nodes. The mesh is 
shown in Fig. 5. 

The first 6.0 mm of the extrusion process is simulated, where fric
tionless sliding at contact interfaces is assumed with a linear contact 
formulation for nodal/elemental penetration. Frictionless sliding is 
utilized as a simplification since extrusion components are coated with 
smooth vanadium carbide and the process is well-lubricated. In addi
tion, other research has shown friction values less than 0.1 used in FEA 
of cold extrusion provide reasonable force-displacement curves and 
metal flow prediction [85]. Lastly, utilizing linear contact formulation 
aids in solution convergence as the effects of the die are assumed 
perfectly rigid. 

3. Characterization results 

The pre- and post-extrusion grain structures are presented in Fig. 6 
using respective grain and IPF maps. The pre-extrusion sample was 
measured at 1500-times magnification, where the post-extrusion sample 
was measured at 6000-times magnification. Grains of the pre-extrusion 
sample are measured in the ED but are assumed representative of the 
hoop and RD as well due to the nature of annealing homogeneous metal. 
As shown, the grain structure dramatically changed from relatively large 
equiaxed structure to highly elongated and ordered with respect to post- 
extrusion grains. More EBSD scans of the pre- and post-extrusion sam
ples are provided in Appendix A. 

The measured initial texture is presented in Fig. 7 in two frames. The 
initial texture is a {111} fiber texture. The experimentally measured 
texture was compacted from ~10,000 to 100 weighted crystal orienta
tions to aid in reducing computation duration using the procedure 
presented in [86–91]. Presented in Fig. 8 is the compacted texture 
compared to the experimentally measured texture in the hoop direction. 
As shown, the compacted data is well representative of the original. 

Fig. 9 shows optical micrographs of the cross section of the extruded 
tube. An acid-etching helped better view the interface. While the ex
pected thickness was 527 μm per layer, 510 μm was measured for the 

Fig. 9. (a) A micrograph showing a section of the as extruded 2-layer Cu–Cu 
tube. (b) A magnified view showing voids along the interface of 2-layer Cu–Cu 
tube shown. 
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outer layer and 568 μm for the inner layer of copper. Complete bonding 
did not occur as voids are present at the interface. Voids are black at the 
interface in the fig. A 15,240 μm long interface was surveyed and ~ 
85.0% of the length was found bonded. The voids are expected to 
collapse during further AEB iterations. 

The Cu–Cu bond line is examined using EBSD at 6000-times 
magnification in lieu of a traditional peel test, which is applicable to 
rectangular cross-sections. A peel test for multi-layer tubes is yet to be 
conceived. As shown in Fig. 10, three locations of the bond line are 

displayed, where the respective bond lines are highlighted in red in (a) 
and (b). When voids are not present, it is difficult to ascertain the exact 
bond line path as seen in (c), where there is a long continuous section of 
bonding and one void. The identified void indicates the general area of 
the bond line, but the exact bond line path is too difficult to identify. 
While globally straight as shown in Fig. 9, the interface is wavy due to 
local strain accommodation in individual grains and voids. These local 
effects cause the interface to lose its integrity. 

The coupling crystal orientations are examined to the left and right of 

Fig. 10. Three IPF maps of the bond line between the two coextruded Cu tubes. The red line in (a) and (b) highlights the bond line. In (c), the bond line is difficult to 
determine, however, a void at the interface pointed by the red arrow aids in identification of the bond line. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 11. Of the many Cu–Cu grains that bonded due to 68% AEB, four grain pairs are identified as (1) red, (2) dark blue, (3) green, and (4) cyan. (b) The crystal 
grain orientations on each side of the bond line are expressed with 3-dimensional cubes at those specific locations along the grain-to-grain bond line. Scans are taken 
at 12,000-times magnification. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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the Cu–Cu bond line at four different grain-to-grain bonds. As shown in 
Fig. 11(a), the grain pairs are labelled 1 through 4 and assigned a color. 
In Fig. 11(b), the grain orientations along the length of the grain-to-grain 
bonds are represented by 3-dimensional cubes. The characteristic 
interface that occurs most frequently during ARB of FCC and body- 
centered cubic (BCC) metals involves the {111}FCC||{110}BCC 
coupling known as the Kurdjumov-Sachs (KS) relationship [92], while 

for a hexagonal close-packed (HCP)/BCC composite the interfaces in
volves {0001}HCP||{110}BCC orientation coupling [93]. Evidently, the 
FCC-FCC bond line is independent on any specific orientation couplings. 
As a result, bonding of materials of the same crystal structure may be 
easier. 

The Bunge-Euler angles for these cubes are presented in Table 2. 
Most notably, for each pair of grain-to-grain bonds, enacted by AEB at 
room temperature, there is no crystal orientation preference. This is 

Table 2 
Euler angles representing crystal orientation sampled along the length of 4 
grains bonded using 68% AEB.  

Grain and color reference 
per Fig. 11 

Left grain Right grain 

ϕ1 Φ ϕ2 ϕ1 Φ ϕ2 

1 Red 218.2 129.4 335.8 79.9 40.1 336.5 
1 Red 336.4 106.7 223.1 158.8 100.0 220.4 
2 Blue 218.9 22.1 231.3 155.7 98.5 127.3 
2 Blue 179.7 106.8 165.9 60.0 129.3 262.8 
2 Blue 181.0 107.4 167.3 250.3 138.9 9.0 
2 Blue 273.9 101.7 200.8 335.0 83.7 232.2 
2 Blue 31.8 156.6 209.9 66.7 35.8 352.0 
2 Blue 2.2 70.7 101.7 245.2 145.4 7.9 
3 Green 31.4 157.9 206.5 273.3 113.5 236.9 
3 Green 183.5 110.4 169.7 199.9 59.6 151.6 
3 Green 185.8 109.8 170.4 207.0 61.7 150.8 
3 Green 185.8 108.5 170.3 28.4 116.0 210.3 
4 Cyan 186.6 113.6 174.7 331.0 81.6 235.9 
4 Cyan 5.2 68.4 95.7 330.7 80.9 235.7  

Fig. 12. Pole figures showing texture (a, c) before extrusion and (b, d) after AEB extrusion at 68% deformation in two frames.  

Fig. 13. True stress-strain curve of 68% extruded 2-layer Cu–Cu compared to 
a corresponding curve of annealed Cu. 
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concluded based on the 14 unique pairs of Euler angles of the respective 
left and right grain at the bond line. Therefore, this is an example of FCC 
metal, bonding at room temperature in AEB processing, having no 
preferential grain orientation when bonded using 68% deformation. 

Finally, experimentally measured textures are conducted pre- and 
post-extrusion to show texture evolution after the extrusion process. As 
shown in Fig. 12, an extruded or drawn texture featuring {111} fiber is 
observed. Interestingly, the peak intensity is slightly reduced after AEB. 
Moreover, the texture evolution during AEB is such that shear texture 
components slightly increase relative to the initial texture. 

In closing the experimental results section, mechanical properties of 
the extruded material are presented. The Cu–Cu bimetal underwent 
significant work-hardening during the extrusion at 68% deformation. 
The hardness after extrusion is 150.7 HK, which is ~168 increase rela
tive to the annealed material. Moreover, the Cu–Cu tube exhibits 
significantly improved flow strength as shown in Fig. 13. A few tensile 
tests were performed axially per ASTM E8 using custom sidewall spec
imens to confirm the results. The 0.2% offset yield strength increased 
from 83 MPa to 481 MPa. Interestingly, the material still has some re
sidual ductility after the extrusion. The obtained ultimate tensile 
strength of the Cu–Cu tube is larger than that after ARB [94] and tube 
cyclic extrusion-compression (TCEC) [95]. The significant improvement 
in strength can be attributed to the refined and severely elongated 
grains, their crystallography, and dislocation structures, which are not 
characterized in the present work. The Cu–Cu tube is expected to 
exhibit anisotropic material properties as grains and dislocations are not 
uniform in all spatial directions, but the anisotropy is also not measured 
in the present work. 

4. Simulation results and discussion 

The predicted texture from the FE-EPSC model is sampled across the 
extruded tube wall thickness as shown in Fig. 14. The five texture lo
cations are tactically selected to best represent the texture profile 
throughout the tube wall, as well as to align one location with the 
experimentally measured texture location. The experimentally 
measured texture location corresponds to location X4, such that direct 
comparisons can be made. In Fig. 14, the texture extraction points are 
overlaid on a contour plot of the plastic equivalent strain field. As 
shown, there is a strain distribution, and because of this, the texture 
profile could also change throughout the tube thickness as well. The 
highest level of equivalent strain occurs nearly at the centerline of the 
tube wall and dissipates more rapidly to the outer wall rather than the 
inner wall. The simulation was stopped after 6 mm of extrusion since no 
further value would be attained once steady state occurs. The sampling 

of a profile through the wall thickness, at the onset of steady state 
extrusion, is the section most relevant for analysis. 

The simulated textures, in addition to the experimentally observed 
textures, are presented in Fig. 15. 7. The location column in Fig. 15 lists 
the locations shown in Fig. 14. The initial texture is also shown as global 
over the entire tube after imposing the sample symmetry. The rest are 
local textures. As shown, the initial experimental local texture moder
ately evolves to slightly reduce the peak intensity and increase the shear 
texture components relative to the initial texture. The evolution of 
texture is a consequence of plastic strain accommodated by crystallo
graphic slip. The pole plots are complemented with a set of two- 
dimensional sections through the orientation space in the appendix for 
completeness. Fig. 16 shows the predicted strain fields. The predicted 
strain contours reveal that more shear strain occurs in the outer portion 
of the tube, while more radial compression is present in the inner portion 
of the tube. Evidently, the RD strain and ED strain components dominate 
as the major contributors to the overall plastic strain equivalent. The 
high negative strain in the RD is expected due to rigid extrusion ledge, as 
well as the ED strain, which is the necessary strain field to enact tube 
expansion due to axial extrusion. As a result of heterogeneous strain 
fields, some spatial gradient in texture is also predicted. However, the 
major texture components are present at every spatial location. 

5. Summary and conclusions 

This work described steps involved in a novel accumulative extrusion 
bonding process aimed at creating ultrafine-laminated structures in 
metallic tubes. The process was successfully applied to extrusion bond a 
pure Cu–Cu bimetallic tube at room temperature to facilitate charac
terization of microstructural evolution and properties. To this end, the 
work examined the evolution of interface integrity, grain structure, 
crystallographic texture, and tensile strength after AEB of pure Cu tubes. 
AEB was simulated using FE-EPSC to understand the evolution of texture 
during the process. The work is a step forward towards manufacturing 
ultrafine-laminated structures in metallic tubes. Future works will 
attempt to manufacture such tubes and to understand bonding mecha
nisms pursuant of multilayered dissimilar tubes, where bonding mech
anisms are unexplored. The main conclusions of the present study are:  

• Characterization of the bond line by optical microscopy showed that 
the interface maintains overall integrity. Given the similarity in grain 
structure with or without an interface, the presence of voids along 
the bond line merely facilitated detection of the interface line with 
SEM/EBSD. A more zoomed-in characterization using SEM/EBSD 
showed that the interface exhibits a wavy character locally due to 
grain-scale plasticity. These observations suggest that laminated 
structures could be achieved with the continuation of the process, 
but waviness will be present.  

• Measuring grain orientations on each side of the bond line using 
EBSD revealed that bonding FCC to FCC metal using AEB at room 
temperature produces a steady-state bond independent on coupling 
grain orientations at the interface. As a result, the role of interface in 
the evolution of grain structure was secondary.  

• A relatively coarse equiaxed grain structure of annealed Cu was 
converted into a severely elongated grain structure along the extru
sion direction after AEB. The conversion of the structure was a 
consequence of severe axial straining along the ED and compression 
in RD with some shearing. The axisymmetric strain fields were 
moderately heterogeneous as driven by die geometry. The shear 
strain played an important role in forming and as a mechanism 
aiding the bonding.  

• Qualitative observations of texture evolution revealed that an initial 
texture of Cu tubes evolves to slightly reduce the {111} fiber peak 
intensity and increase the shear texture components. The process was 
successfully simulated using FE-EPSC. The simulation of texture 

Fig. 14. The FE-EPSC predicted texture is sampled in 5 locations evenly spaced 
through the extruded wall thickness. The sample locations are overlaid onto the 
equivalent plastic strain fields. The location 4 coincides with the 
measuring location. 
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Fig. 15. Pole figures showing comparisons of measured and simulated initial texture and texture evolution sampled through the wall thickness of the extruded 
copper tube. 
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evolution during the process revealed minor gradients in the texture 
over the through-thickness direction.  

• The Cu–Cu bimetal underwent significant work-hardening during 
the extrusion at 68% reduction. The yield strength of the tube 
remarkably improved over 5× relative to the annealed material. The 
significant improvement in strength was attributed to the refined and 
severely elongated grains, their crystallography, and specific dislo
cation structures created during AEB. 
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Fig. 16. (a) The equivalent plastic strain (PEEQ) and the logarithmic strain in the (b) shear plane, (c) RD, and (d) ED after 6.0 mm of displacement modeled using FE- 
EPSC at 68% reduction. The die, punch, and mandrel are omitted. 

Fig. A1. IPF maps of the (a) annealed pre-extruded and (b) post-extruded copper.   
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Appendix A 

This appendix presents more EBSD scans in Fig. A1 and two- 
dimensional sections through the orientation space for X4 row of 
Fig. 15 in Fig. A2 
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