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Abstract: The mechanical properties of extruded bar are dominated by its surface morphology and microstructure. In
this study, field extrusion and finite element simulations were combined to study the surface wear behavior and
microstructure evolution mechanism of extruded workpieces. The results showed that the extrusion temperature greatly
influenced the surface morphology and microstructure. As the extrusion temperature increased, the wear mechanism
changed from abrasive wear (brittle damage) to adhesive wear (plastic damage), and the surface roughness gradually
increased. During the extrusion, the temperature and stress of the billet presented a gradient distribution, and the
dislocation walls in the deformed grains easily moved on the activated slip system, which made the layered structure
deformed. With increasing the gradient distribution of the billet and the interface friction, the layered structure became
narrower. The orientation gradient of geometrically necessary dislocations in the deformed grain also dominated the five
strong ideal textures. These findings provide theoretical support for the precise extrusion of pure nickel and nickel

alloys.
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1 Introduction

With the increase of the demand for
comprehensive performances, the accuracy of micro-
structure and surface quality have drawn more
attention during hot extrusion. Much research has
been conducted to identify methods to control
surface defects and microstructures during the
extrusion of lightweight alloys such as those of
aluminum [1] and titanium [2]. However, there
are few studies on the surface defects and micro-
structure of difficult-to-deform metals, such as pure
nickel and its alloys because of two core problems
during metal extrusion, which limit the extrusion

precision. The inevitable friction and wear at the
billet-die interface produce large errors in the
surface profile size of the workpiece [3,4]. Another
issue is that the microstructure evolution
mechanism is unclear due to the reorganization of
the grain morphology.

Pure nickel has excellent corrosion resistance,
high temperature resistance, and high temperature
structural stability, so it is often used to
manufacture pipes and bar components for the
chemical and nuclear power industries [5,6]. Due to
problems at high temperatures, such as a narrow
processing window, difficult microstructure control,
and serious die wear during the hot extrusion of
pure nickel [7], warm extrusion is a better extrusion
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method for nickel alloys; however, wear, adhesion,
fracture, grain refinement, texture evolution, and
dislocation  proliferation occur during this
process [8]. The billet, die, and lubricant used
during extrusion create a complex and variable
plastic deformation friction
coupled process involving force, heat, and chemical
reactions [9].

Three main research directions have been used
to study friction and wear during extrusion,
including field tests, ball-to-disk friction, and
physical simulations [10—13]. However, field tests
are the most essential method for studying the
contact state of the billet-die interface. For instance,
HILD et al [14] found that the maximum die wear
during forward extrusion did not occur in the area
with the highest interfacial pressure. Interfacial
lubrication can improve the surface quality of
workpieces during the hot extrusion of nickel-
based superalloys [15]. The plastic deformation of
nickel-based superalloy die is the main failure
mode during hot extrusion [16]. Finite element
simulation is an effective way to study extrusion. A
combination of field tests and finite element
simulations showed that lubrication had a great
influence on extrusion friction [17]. The effect of
lubrication on the extrusion of aluminum alloys was
studied by changing the friction coefficient using
finite element simulations [18].

There have already been reports of the
microstructure of pure nickel and nickel alloys
during thermal deformation, but most studies
have used thermal compression and numerical
simulations to study the microstructure evolution
mechanism. For example, DANG et al [19] used
Deform software to study changes in the interfacial
temperature during nickel tube extrusion. The
authors explored the dynamic recrystallization and
texture evolution of Inconel 625 [20—22] and
Inconel 617 [23] alloys during hot deformation and
established a hot working model for nickel
alloys. The precipitates in the nickel alloy during
the hot deformation can hinder the grain
growth and effectively improve the mechanical
properties [24—26]. The grain distribution in the
head, middle, and tail of the hot extruded
nickel-based superalloy pipe was not uniform [27].
However, the grain morphology, grain boundary,
texture evolution, dislocation, and deformation

system involving

mechanism of pure nickel during warm extrusion
have not been explained.

To sum up, there seem few reports on the
evolution mechanism of surface defects and
microstructure during the warm extrusion of pure
nickel. In the present work, the surface and sub-
surface defect morphologies of the workpieces were
observed, and the surface wear mechanism during
extrusion was studied. The grain morphology, the
grain boundary distribution, the dislocation, and the
texture evolution during the extrusion of pure nickel
were analyzed, and the evolution process of the
microstructure was explained.

2 Experimental

2.1 Specimen and extrusion

Commercial high-purity nickel N6 was used,
whose composition is shown in Table 1. The
original material was annealed under vacuum
at 700 °C for 4h to obtain an approximately
equiaxed grain with improved plasticity. The
original structure is shown in Fig. 1(a), where blue
represents the recrystallized grains, and yellow
represents the substructure. The orange circle
represents the twin boundaries, whose calculated
fraction was 40.3%. This showed that the original
structure was composed of recrystallized grains
with a large number of stable low-energy grain
boundaries. The original material was cut into a
cylinder (410.5 mm x 20 mm) by wire cutting. The
die material was H13 steel, and the extrusion ratio
was 2.469. The physical drawing of the extrusion
die is shown in Fig. 1(b). To reduce the friction
between the billet and the die interface, 200%—1000*
sandpapers were used to grind the die and billet
before extrusion. The surface morphology and
two-dimensional profile of the original billet are
shown in Fig. 1(d). Ultra-fine graphite powder
lubricant was used to decrease the friction between
the billet and the die during the extrusion
processing. An electromagnetic induction coil with
an optical temperature measurement heated the
billet and die in two stages, and it was held for
20 min after reaching the specified temperature.
The recrystallization temperature of pure nickel
is about 600 °C [28]. To avoid promoting the
recrystallization by the adiabatic heating effect [29],
the warm extrusion temperatures were set as 100,
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Table 1 Composition of pure nickel N6 (wt.%)
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Fig. 1 Original structure of pure nickel and misorientation distribution (a), real images of extrusion (b), principle of

extrusion and analysis (the red part in the picture is the observed area) (c), and original surface macro-morphology and

two-dimensional profile (d)

200, 300, and 400 °C. Three sets of experiments
were used to study the regularity of the surface
morphology and microstructure evolution. A
schematic diagram of the extrusion process is
shown in Fig. 1(c).

2.2 XRD analysis

The pure nickel crystal structure was analyzed
using a D8 ADVANCE X-ray diffractometer with
a Cu target (1=0.15406 nm). The scanning Bragg
angle range was 30°—110°, and the step size was
0.02°.

2.3 Surface morphology observation
Because the contact state of each point of the
billet displacement was different during extrusion,

to reduce the sampling error, each analysis position
was exactly the same, namely, the red region in
Fig. 1(c). After sampling, ultrasonic cleaning was
carried out in acetone solution for 10 min to prevent
surface impurities from influencing the results.
An LSM 800 laser scanning confocal microscope
(LSCM) was used to analyze the three-dimensional
morphology and two-dimensional profile of the
sample surface. In the roughness test three sets of
data were used to calculate the average value. A
Quanta FEG—450 thermal field scanning electron
microscope (SEM) was used to analyze the
micromorphology of the sample surface, cross-
section, and longitudinal section. Because the cross/
longitudinal section information was occasional,
they were observed at three different positions.
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2.4 Microstructure analysis

Electron backscatter diffraction (EBSD) was
used to analyze the microstructure, grain boundaries,
and texture under a scanning step of 1um. A
JEM—-2010 transmission electron microscope
(TEM) was used to observe the microstructure and
dislocations of the cross-section. Before LSCM,
SEM, EBSD, and XRD observations, samples were
ground and polished with sandpaper. The TEM
sample was firstly cut into slices with a thickness of
300 pm, then ground to a thickness of 50 um with
sandpaper, and finally processed into d3 mm slices
with a Gatan 625 pit tester. The EBSD and TEM
samples were electropolished and double-sprayed in
a mixed solution of 90 vol.% C>HsOH and 10 vol.%
HCIOs. The polishing voltage of the EBSD sample
was 50V, and the temperature was —20 °C. The
double-spray voltage for the TEM sample was 22 'V,
and the temperature was about 0 °C. EBSD data
were processed using Channel 5 software. In this
work, EBSD counts high angle grain boundaries
(HAGBs, #>15°, black line), medium angle grain
boundaries (MAGBs, 10°<6<15°, green line), and
low angle grain boundaries (LAGBs, 3°<6<10°, red
line).

2.5 Finite element simulations

Deform-3D software was used to simulate the
pure nickel extrusion process. The billet type was a
plastic body, and the die was a rigid body. To
accurately simulate the deformation process, the
mesh length of the billet was about 0.2. The shear
friction model was used to define the complex
interface between the billet and die. The heat
exchange coefficient between the billet and the die
was 11 N/(s'-mm-°C), and the friction coefficient
was 0.3. The temperature, stress, and strain
distributions during the extrusion of pure nickel
were analyzed in detail.

3 Results

During extrusion, the shape and microstructure
of the workpiece change simultaneously due to
friction heat and material deformation heat.
Therefore, separately studying the surface defects
or microstructure formation mechanism of the
workpiece during pure nickel extrusion cannot
account for coupling of the macro interface (surface)
and the micro interface (grain boundary); thus, the
obtained results typically have large errors.

3.1 Surface wear

Studying the surface morphology is an
effective way to understand the contact state and
wear mechanism of a sample. Changes in the
surface morphology can largely explain the failure
behavior of workpieces such as surface wear and
fatigue.

3.1.1 Surface morphology characteristics

Figure 2 shows the three-dimensional macro-
morphology and two-dimensional profile curves
under extrusion at different temperatures, which
provide the information of the horizontal plan and
cross-section of the workpiece. It can be seen that
the macroscopic morphology contains furrows of
different along the extrusion direction.
Compared with the original billet morphology,
extrusion can improve the surface quality. The
surface was relatively smooth at 100 °C, but at
400 °C, surface material was lost, and pits were
formed. As the temperature increased, the average
surface roughness increased, and reached the
maximum of 0.559 pm at 400 °C.

Figure 3 shows the micromorphology of the
surface of the extruded workpiece. The wear
surface morphology was different
temperatures. At 100 °C, there were cracks and
furrows on the surface along the extrusion direction,
and steps and wear debris were found after
magnifying an area (Figs. 3(ai) and (a)), indicating
fatigue wear. There was residual graphite lubricant
in the cracks. As the extrusion progressed, the
abrasive dust acted as an abrasive at the billet/die
interface, and abrasive wear occurred, as shown by
the yellow dotted line in Fig. 3. This showed that
abrasive wear was induced by fatigue wear. A large
number of pits (yellow circle in Fig. 3(bi)) and
abrasives were found on the extruded surface at
200 °C. This is a typical morphological feature of
fatigue wear. Scales and furrows appeared on the
surface of the extruded bar at 300 °C. The furrow
morphology at 300 °C was more uniform than that
at 100 and 200 °C, indicating that furrowing was
continuous and stable. When the temperature
reached 300 °C (Fig. 3(c)), the graphite lubricant
may have been partially oxidized and failed, and the
billet surface temperature rose and softened. The
billet and the die part were in contact with each
other. At this time, the abrasive was a hard asperity
on the surface of the die, which was equivalent
to micro-cutting. This is also a common form of
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Fig. 2 Surface macro-morphology and two-dimensional profile at different temperatures: (a, a;) 100 °C; (b, bi) 200 °C;

(c, ¢1) 300 °C; (d, dy) 400 °C

abrasive wear. During extrusion at 400 °C, the
microscopic surface material of the rod flowed
downwards like a river, and there were obvious
cracks between the flowing material and the matrix

(Fig. 3(d)). This indicated that the deformation
of the surface material was not synchronous. The
plasticity of the material was better at 400 °C, and
the interfacial temperature was determined by the
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Fig. 3 SEM images of surface of extruded workpiece at different temperatures: (a, ai, a») 100 °C; (b, b1, bz) 200 °C;

(¢, c1, €2) 300 °C; (d, di, da) 400 °C

billet temperature and the instantaneous
temperature, and the real temperature was higher
than the set temperature; therefore, the surface
material was softer, and the fluidity was poorer in
the area where the coefficient of friction with
the billet was higher during extrusion. In high
magnification SEM images, the surface material
displayed adhesion points and pitting, indicating
that adhesion wear and fatigue wear occurred. The
seizure and tearing of the adhesion points damaged
the surface material.

3.1.2 Section morphology characteristics

To better understand the causes of surface
defects in the extruded bars, the cross-section and
longitudinal section were analyzed, as shown in
Fig. 4. Abrasive wear mainly occurred on the
surface of the material, while the damage caused by
fatigue wear and adhesive wear occurred on the
subsurface. At a low temperature (100 °C), surface
cracks appeared on the bar due to cyclic stress and
work hardening. The cracks extended from surface
defects to the interior angles of 10°—45° along the
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extrusion direction; therefore, the loss of this
material was defined as brittle damage. At a high
temperature (400 °C), the surface material was
relatively soft because the temperature offset work
hardening to a certain extent. The asperity on the
surface of the billet and die adhered due to contact
stress, causing the surface material to tear along the
extrusion direction. Subsequently, during extrusion,
the interfacial lubricant (or the third body) and the
rough peak of the die continued to cause damage,
eventually causing large pieces of the material to
peel off (Figs. 4(c, d)). This method of adhesion and
tearing can be regarded as plastic damage, which
showed that the extrusion temperature greatly
influenced the damage mechanism of the surface.

Yan-jiang WANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1472—1491

3.2 Microstructure evolution

During plastic deformation, the grain size,
high, medium, and low grain boundary fractions,
substructure, dislocation density, and texture type
changed. A detailed analysis was carried out on
these factors.
3.2.1 Grain morphology and grain boundaries

The XRD diffraction patterns were mainly
composed of peaks of five crystal planes: (111),
(200), (220), (311), and (222) (Fig. 5(a)). No new
diffraction peaks appeared during the extrusion
process, indicating that no new phases were
produced; however, the diffraction peak size was
different under different conditions, and a slight shift
occurred (Figs. 5(b) and (c)). The calculated lattice
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Fig. 4 SEM images of sections at 100 °C (a, b) and 400 °C (c, d)
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constant a of the sample at different extrusion
temperatures fluctuated by +0.005 A. Changes in
the lattice constant and the shift in the diffraction
peaks occurred due to differences in the stress state
and microstructure of the billet [30].

Figures 6(a) and (b) show the inverse pole
figures of the sample, where different colors of the
grains represent different orientations. In addition,
the grain orientations were different and changed in
a gradient along the eclongation direction of the
grains. The comparison showed that there were
many HAGBs in pure nickel extruded at 100 °C,
many fine grains gathered at large grain boundaries,

) P Mo
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and the grains were more evenly distributed than in
the 400 °C sample. Upon increasing the extrusion
temperature, the grain size gradually increased, but
the increase was small, and the grain size was in the
range of 3—4.2 um.

It can be seen from Fig. 7(a) that a large
number of LAGBs existed in the HAGBs, which
were mainly caused by dislocations induced by
plastic deformation. In addition, the LAGBs in
different grains were arranged along a certain
direction, indicating that the formation of LAGBs
was closely related to changes in the grain
orientation. The LAGBs were concentrated in the

( 4 .- !

Fig. 6 Inverse pole figures of deformed sample at different temperatures: (a) 100 °C; (b) 400 °C
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deformed grains and substructures, and the kernel
average misorientation (KAM) value was relatively
large. The smaller KAM value in the area with a
small grain distribution indicated that the
dislocation defects in this area were balanced and
absorbed, and the strain was smaller. The MAGBs
between LAGBs and HAGBs can be used to
analyze the grain boundary transformation rate. The
larger the fraction of MAGBs is, the faster the grain
boundary transformation rate is. In Fig. 7(e), the
MAGBs fraction was basically stable at about 8%
at different extrusion temperatures. Interestingly, as
the extrusion temperature increased, the LAGBs
fraction increased, and the HAGBs fraction
decreased. MAGBs gathered around small grain
boundaries, which also showed that the generation
of small grains occurred due to the evolution of
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LAGBs. The higher the extrusion temperature is,
the smaller the average misorientation angle is. The
dotted line in the Fig. 7(d) is the probability
distribution curve of the misorientation of the
cubic metal, i.e., the Mackenzie distribution [31].
Since the average misorientation angle was much
smaller than the maximum orientation (45°) in the
Mackenzie distribution, the structure of pure nickel
was greatly refined by extrusion.
3.2.2 Layered structure and ultra-fine grains
According to EBSD observations, the grain
orientation and LAGBs were highly-oriented, so the
microstructure of pure nickel was analyzed by TEM.
The results showed two main microstructures of
pure nickel: a large number of layered structures
(LSs) (Fig.8) and a small number of ultra-fine
grains (UFGs) (Fig. 9).
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Fig. 8 BFTEM images of LS at 100 °C (a), 200 °C (b), 300 °C (c), 400 °C (d) and full (e), and partial SAED patterns
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Fig. 9 BFTEM images of UFGs in samples extruded at 100 °C (a), 200 °C (b), 300 °C (c), 400 °C (d), and

corresponding SAED patterns (e, ) of (d)

The long and flat thin layered substructure and
the bamboo-like structure composed of dislocations
are called the LS [30]. The LS obtained by bright-
field transmission electron microscopy (BFTEM) is
shown in Fig. 8. The LS may eventually directly
affect the grain orientation gradient and the
LAGBs arrangement. The isolated dislocations were
approximately perpendicular to the LS boundary
(the blue arrows in the figure) and finally split the
LS into equiaxed substructures [32,33]. A large
number of dislocation tangles (DT), dislocation
aggregation (DA), dislocation cell (DC), and
dislocation walls (DW) (purple arrows) were found
in the inner and outer regions of the LS. As the

extrusion temperature increased, the LS was
widened. Figure 8(e) shows the corresponding
selected area electron diffraction (SAED) of
Fig. 8(d), which shows that the LS has already
become polycrystalline. SAED analysis was
performed on the substructures formed in the same
LS and the substructures in the adjacent LS. The
results showed that the orientation of the
substructures was also different, which indicated
that intragranular deformation was dominant during
the extrusion of pure nickel.

The BFTEM images of the UFGs of pure
nickel at different extrusion temperatures were
shown in Fig. 9, which showed that a UFG structure
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was formed due to further cross fracture of the LS.
The size of the UFGs also increased with the
extrusion temperature, which corresponded to the
width of the LS. To determine the orientation
relationship between the LS and UFGs, SAED
analysis was also carried out on the UFGs of the
pure nickel samples extruded at 400 °C. The results
showed that the crystal planes calibrated to the
strongest diffraction ring of UFGs and LS were
different, indicating that the orientation of UFGs
and LS changed. But the independent ultrafine
crystals were single crystals (Fig. 9(f)), which was
different from a previous report that showed that the
orientation of the LS did not change during the
conversion of UFGs [30].

3.2.3 Dislocation

From the above TEM and EBSD analysis, it
can be seen that no deformation twins formed
during the warm extrusion of pure nickel, indicating
that the plastic deformation was controlled by
dislocations. Thus, it is very important to analyze
the dislocation defects in the grains.

Since the original sample was annealed, the
original dislocation density was low. Figure 10
showed the grain dislocation defects of pure nickel
bars, which were caused by extrusion deformation.

The presence of dislocations produced significant
lattice distortion, so dislocations must move and
change their forms to reduce the storage energy.
The analysis showed that a large number of
concentrated dislocations were produced in the
grains of pure nickel extruded at 100 °C (Fig. 10(a))
and 200 °C (Fig. 10(b)). As deformation continued,
when the dislocation density increased to a certain
value, these dislocations formed DW, DT, and DA.
Dislocations overlapped in the form of DWs,
eventually forming thick and long DWs. Large
DWs continued to absorb dislocations. When a
certain strain gradient was reached, the DWs began
to bend and absorb more dislocations. Finally, the
DW evolved into a LAGB. In contrast, during
extrusion at high temperatures (Figs. 10(c) and
(d)), some dislocations accumulated at HAGBs,
producing strain gradients at grain boundaries. The
yellow circle is the bow of the grain boundary
induced by the strain gradient, but at the same time,
intragranular dislocations also moved in the form of
DWs. The dislocation boundaries were different
at various temperatures because the temperature
changed the crystal strain. In general, dislocations
during pure nickel extrusion underwent coordinated
plastic deformation.

Fig. 10 BFTEM images showing dislocations in pure nickel extruded at different temperatures: (a) 100 °C; (b) 200 °C;

(¢) 300 °C; (d) 400 °C
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According to continuum dislocation theory,
dislocations produced to coordinate different
polycrystalline strains are called geometrically
necessary dislocations (GNDs) [34]. GNDs are
directly related to the local misorientation 6, which
can be quantitatively analyzed by the following
formula [35,36]:

PP =20/(ub) (1)

where pNP is the GND density; u is the unit length
of a circle around a feature (that is, the scanning step
length, 1 um); b is the magnitude of Burgers vector
(0.25 nm in this study); @ is obtained by KAM. The
calculated GND density distribution histogram is
shown in Fig. 11. The GND density fraction
distribution firstly decreased, then increased, and
finally decreased. Upon increasing the temperature,
the minimum GND density fraction gradually
increased, and the change was consistent with the
LAGB fraction. The average GND densities of pure
nickel extruded at 100 and 200°C were
2.31x10%m2 and 2.30x10m™, respectively,
which were higher than those obtained at 300 and
400 °C.
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3.2.4 Texture

The original material was mainly composed of
statically recrystallized grains due to the nucleation
and growth of grains at randomly-oriented grain
boundaries during annealing [37]. In face-centered
cubic metals, the Euler space with ¢, of 0°, 45°, and
65° is wusually used to determine its texture
composition. The black line to the purple line in the
figure indicates that the orientation distribution
function (ODF) value increased. Figure 12(a) shows
the ODF figure of the original pure nickel, which
shows that it is basically texture-free, but
deformation created a strong texture. The results
showed that some ideal textures formed mainly
included copper{112}(111), Brass{001}(211), S{123}
(634), P{110}(122), and Shear 2{111}{112). The
above-mentioned texture appeared during extrusion
at both 100 and 200 °C; however, the different
Shear 2 texture and deformation texture P were
weak when extruded at 300 and 400 °C, which
showed that the billet was subjected to a relatively
small shearing force when extruded at >300 °C.
This may be because the deformation resistance of
the billet decreased when the temperature increased.
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Fig. 11 Average GND density distribution of samples extruded at different temperatures: (a) 100 °C; (b) 200 °C;

(¢) 300 °C; (d) 400° C
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(e) 400 °C; (f) Position of special orientation fibers (a-fiber, S-fiber, y-fiber, and z-fiber) and standard texture in Euler

space

Figure 13 showed the quantitative analysis of
the orientation density of the microtexture during
the extrusion of pure nickel. The microtexture on
o-fiber, p-fiber, y-fiber, and z-fiber in Euler space
was selected. There are mainly three kinds of
textures on the a-fiber, where the grain orientation
(110) was parallel to the normal direction
(Fig. 13(a)), namely, Brass and P. As the
temperature increased, the strength of the three
textures on the a-fiber firstly increased and then
decreased, and there was almost no texture at
400 °C. Figure 13(b) showed the p-fiber (p.=
45°-90°) in Euler space, which was inclined 60°
from the normal direction to the extrusion direction.
It can be found that as the temperature increased,
the copper intensity gradually decreased, and the
Brass intensity gradually increased; however, the S
intensity firstly decreased and then increased with
increasing temperature. There are Shear 1 and
Shear 2 on the y-fiber shown in Fig. 13(c). The
strength of Shear 1 was always weak during warm

extrusion, but as the temperature increased, the
texture of Shear 2 changed to Shear 1. z-fiber is
often used to study the relationship between
deformation twins and texture in metals with a low
stacking fault energy [38]. The texture type shown
in Fig. 13(d) was only copper, which also verified
that twins did not appear during the warm extrusion
of pure nickel.

4 Discussion

4.1 Wear mechanism

The surface wear behavior and microstructure
evolution mechanism of pure nickel during warm
extrusion are unclear. All tests showed that severe
surface wear occurred during the warm extrusion of
pure nickel, and the depth caused by wear was
approximately 20 um (Fig. 4). Simulations were
performed on the temperature, stress, and strain of
the workpiece, as shown in Fig. 14. The results
showed a gradient change, and the maximum values
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appeared on the surface. According to classical
tribological theory, friction forces include adhesion
forces (atomic or chemical action) and ploughing
forces (asperity or abrasive particle action) [39];
therefore, the billet—die bearing interface stress is
the key. Fatigue wear occurs during warm extrusion

21 0) 80

due to the action of cyclic changes in the contact
stress, which causes the surface material to undergo
work hardening and reduce the plasticity and stress
concentration at some cutting marks and bumps. As
a result, deformation (cracks and pitting in Fig. 3)
occurred on the subsurface of the material, i.e.,

Fig. 13 Microtexture intensity at different extrusion temperatures on special orientation fibers in Euler space: (a) a-fiber;

(b) p-fiber; (c) y-fiber; (d) z-fiber
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Fig. 14 Temperature, stress, and strain distributions of billet profile and surface at different extrusion temperatures



1486 Yan-jiang WANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1472—1491

fatigue wear [40]. The difference was that fatigue
cracks occurred at 100 °C, while pitting occurred at
>200 °C because as the real temperature of the
interface increased, the stress decreased, and the
shearing force at the end of the asperity decreased
so that cracks transformed into pits.

Abrasive wear also occurred during extrusion
at <300 °C, but the form of abrasive wear was
different. At 100 and 200 °C, the third-body
abrasive particles came from fatigue
(Figs.3(a) and (b)). The peeled-off material
underwent the plastic deformation and strain
strengthening after being ground at the billet—die

wear

interface. Due to the presence of abrasive particles,
as extrusion progressed, extremely high contact
stress was generated at the billet—die interface,
which promoted the removal of surface material. As
the temperature increased, the surface changed from
brittle damage to plastic damage, and there were
fewer abrasive particles on the surface of the wear
scar. When extruded at 300 °C, two-body abrasive
wear was caused by hard asperities on the surface
of the die penetrating into the surface of the billet.
The wear morphology is shown as long and straight
traces in Fig. 3(c). DELGADO-BRITO et al [41]
reported that three-body abrasive wear was more
serious than two-body abrasive wear.

The maximum real contact temperature
reached 570 °C (about 0.357, of pure nickel)
during extrusion at 400 °C. At this time, the
interface asperities were softer, the contact area
increased, and the adhesion effect occurred. There
are two reasons for this. The atomic diffusion rate
of the surface material was relatively high at high
temperatures, and chemical interactions occurred
where contact with asperities caused certain
adhesive strength [42—45]. The diffusion rate of
atoms can be expressed by Eq.(2) [46], and the
adhesion strength can be expressed by Eq. (3) [39]:

D = Dyexp[~Qp /(RT)] 2

f(T) = foDO=(T/T,)] €)

where D is the billet—die mutual diffusion
coefficient; Op is deformation activation energy; R
is the molar gas constant; 7 is the true average
contact temperature; f{7) is the friction stress per
unit area; fy is the average adhesive strength per unit
area under a certain temperature as a reference; T

is the melting point of pure nickel (1500—1600 °C);
Dy and 7 are constants.

The model showed that the adhesion effect
was mainly controlled by the real interface
temperature. As the temperature increased, the
adhesive strength decreased, and the maximum
shear stress on the surface also decreased; therefore,
the wear process involves the discontinuous
competition of asperities. When the shear force was
greater than the adhesion force, the adhesion points
tore and caused wear (Fig. 3(d) and Fig. 4(c)).

The temperature during metal plastic
deformation largely determines the stress and strain;
however, the study on the friction and wear
behavior of pure nickel extrusion in this paper
showed that the transformation of the wear
mechanism also greatly influenced the stress
and strain during material forming (Fig. 14). LIU
et al [47] pointed out from the mechanism that the
surface quality of extruded aluminum alloys was
mainly related to abrasive particles. The difference
is that the main factor that determines the
surface quality of pure nickel (Fig. 2) is the wear
mechanism (abrasive wear, adhesive wear, etc).

4.2 LS evolution mechanism

Figures 5, 6, 7, and 14 illustrate that as the true
temperature increased and the stress decreased, the
grain size and the LAGB fraction increased. The
gradient distribution of temperature and stress
during the warm extrusion of pure nickel likely
dominated the microstructure evolution mechanism
of LS. During deformation methods with gradient
distributions of temperature or stress, such as laser
shot peening [30], dynamic plastic deformation [48],
rolling [49], etc, the LS also appears. This may
be the deformation mechanism of pure nickel
during plastic deformation at medium and low
temperatures, but the gradient distribution of
temperature and stress is affected by friction. The
lower the temperature is and the greater the friction
is, the greater the gradient distribution is and the
narrower the LS is (Fig. 8). The cross-sectional area
caused by wear is about 1% of the total area. Due to
different wear mechanisms, the wear scar structure
must be different [50,51], which may also be a
reason for the deflection of the XRD peak in Fig. 3.

The LS formed mainly due to the movement
and arrangement of dislocation walls. Figure 15
shows bright-field and dark-field TEM images of
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the LS. The bright-field and dark-field images
showed the entire spatial shape and distribution of
dislocations. The following is an analysis of how
dislocations moved to form the LS. LS in Fig. 15
was divided into 5 regions: (1) As extrusion
progressed, a large number of dislocations began to
appear. To reduce the distortion energy of the grains
during deformation, dislocations within the grains
spontaneously formed DWs. The high-density DW
moved parallel to the (111) (110) slip system of
pure nickel (i.e., perpendicular to the movement of
the dislocation wall), which divided the original
grain into layers; (2) Dislocations in the layered
structure formed dislocation cells, LAGBs began to
gradually form, and the dislocation density
decreased [52]; (3) The existing defects in the
original tissue acted as pre-nuclei that hindered
dislocation [25]. The long and flat DWs formed a
smaller LS, which was also why the Ill-zone LS
was thinner than the surrounding structure; (4)
Some scattered dislocations were similar to the
dislocations in Zone II due to the introduction of
LAGBs; (5) The layered structure with a low
dislocation density was basical, and some isolated
dislocations were rearranged perpendicularly to the
LS. Finally, the interconnection split the layered
structure and formed smaller sub-grains (Fig. 9).

4.3 Main orientation grain characteristics

During pure nickel extrusion, deformation
occurred due to normal and tangential forces, which
produced a strong texture. The strength and
type of texture greatly influenced the plastic strain
capacity [53]. The five main ideal textures were
identified in Fig. 12: P, S, Copper, Brass, and
Shear 2. These were used to make the distribution
map in Fig. 16. The chaotic interweaving of various
textures showed that the textures underwent mutual
transformation. The distribution  was
consistent with the LAGBs arrangement and the
KAM distribution orientation gradient trends in
Figs. 7(a) and (b). The movement arrangement of
GNDs and the local migration rate of different
grain boundaries resulted in a certain directionality
in some grains [38]. That is, the dislocation wall
shown in Fig. 10 is parallel to the specific (111) slip
plane in the P, S, Copper, Brass, and Shear 2
orientation grains. WANG et al [38] also found that
a texture was easily generated when the slip system
was activated during the thermal deformation of the

texture

Pre-nuclei

Fig. 15 Bright-field (a) and dark-field (b) TEM images
of enlarged orange box in Fig. 8(d)

nickel alloy. According to the grain type determined
in Fig. 7(c), the Schmidt factor (SF) values of the
deformed grains were determined at different
positions on the activated (111){110) slip system. It
can be found that the SF value in the deformed
grains was relatively large, and the average SF
value reached 0.44, which showed that dislocations
easily moved on the (111) slip plane. In addition,
the SF within the same grain under this slip system
changed greatly, indicating that the proliferation,
recombination, and annihilation of dislocations
were very active during extrusion. The grains that
activated the slip system promoted the GNDs to
form locally-ordered LS and also an ideal texture;
therefore, slip transfer significantly improved the
strain compatibility [54].

By analyzing the macromorphology and
micromorphology of the workpiece surface and
subsurface, it was concluded that there were
multiple wear mechanisms at the interface during
the warm extrusion of pure nickel. In order to
better unify the expression of surface wear and
microstructure evolution, the schematic diagram of
showing wear mechanism and microstructure
evolution in Fig. 17 was drawn.
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Fig. 16 Main texture distribution of pure nickel extruded at 400 °C
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Fig. 17 Schematic diagram of surface wear mechanism and microstructure evolution during extrusion of pure nickel

5 Conclusions

(1) Fatigue wear occurred during extrusion at
100—400 °C, in which fatigue cracks appeared at
100 °C, and fatigue pitting occurred at >200 °C.
Fatigue wear during extrusion at 100 and 200 °C
induced three-body abrasive wear. At 300 °C,
two-body abrasive wear occurred due to the cutting
action of die asperities. Adhesive wear occurred at
400 °C.

(2) During the extrusion of pure nickel, the
long and straight dislocation walls transformed the
original grain into LS on the activated slip system,
and the isolated dislocations cut off the LS, and
finally LAGBs were introduced.

(3) The lower the extrusion temperature, the
greater the friction of the billet-die interface; thus,
the more obvious the temperature and stress
gradient distribution, and the narrower the LS.

(4) The GNDs in the deformed grain with a
larger SF value formed an ideal texture (i.e., P, S,
Copper, Brass, and Shear2) on the (111) slip
surface. At the same time, the grain had a larger
strain gradient.
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