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Abstract: The hot deformation behavior of Pt—10Ir alloy was studied under a wide range of deformation parameters. At
a low deformation temperature (950—1150 °C), the softening mechanism is primarily dynamic recovery. In addition,
dynamic recrystallization by progressive lattice rotation near grain boundaries (DRX by LRGBs) and microshear bands
assisted dynamic recrystallization (MSBs assisted DRX) coordinate the deformation. However, it is difficult for the
dynamic softening to offset the stain hardening due to a limited amount of DRXed grains. At a high deformation
temperature (1250—1350 °C), three main DRX mechanisms associated with strain rates occur: DRX by LRGBs, DRX
by a homogeneous increase in misorientation (HIM) and geometric DRX (GDRX). With increasing strain, DRX by
LRGBs is enhanced gradually under high strain rates; the “pinch-off” effect is enhanced at low strain rates, which was
conducive to the formation of a uniform and fine microstructure.
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1 Introduction

Pt—10Ir alloy is a typical platinum—iridium
alloy with ultrahigh corrosion resistance, good
machining performance and excellent electrical
performance [1,2]. This alloy is widely used in
sophisticated aerospace equipment, national defense
and military industry, for materials such as bonding
wires and electrical contact elements. However,

wire breakage easily occurs in the process of
bonding wire drawing, and the performance
stability of electrical contact cannot meet the
needed level. The main reason for the above
problems is that the processing mechanism of cast
Pt—10Ir alloy is unclear. Bonding wires require hot
working during processing, but the relationship
between the selection of hot working parameters
and the evolution mechanism of the microstructure
is relatively unclear. Therefore, understanding the
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flow behavior, and optimizing the microstructure
during hot working are crucial for production and
excellent performance.

At present, hot deformation behavior has
rarely been reported in Pt—10Ir alloys. Isothermal
hot compression has been applied to exploring
the hot deformation characteristics of many metals.
The method explores the influence of different
deformation temperatures and strain rates on
microstructure by controlling variables, providing
a reference for optimizing actual hot working
parameters. This method has been applied in the
study of hot deformation of many alloys. Using
isothermal unidirectional compression, GUI et al [3]
investigated the effect of the thermomechanical
processing parameters on the dynamic softening
mechanism of Mg—4Y—-2Nd-1Sm—0.5Zr alloys.
They found that the softening mechanism translated
from the synergy of discontinuous dynamic
recrystallization (DDRX) and continuous dynamic
recrystallization (CDRX) at a high temperature. At
low temperatures, the dynamic recrystallization
(DRX) process is weak, and deformation twins can
provide sites for DDRX and CDRX. Compared
with CDRX, DDRX includes a nucleation process,
and DDRX relies on strain-induced grain boundary
migration (SIBM) [4]. YIN et al [5] found that
CDRX is the dominant recrystallization mechanism
under all deformation conditions of the studied
50Ti—47Ni—3Fe alloy, and the migration of HAGBs
could be considered a secondary mechanism at a
low temperature or a high strain rate, so the true
strain—true stress curves show an insignificant
downward trend. CHAMANFAR et al [6] found
that the main flow softening mechanism of
homogenized AA6099 is dynamic recovery (DRV),
and partial DRX enhances dynamic softening,
especially at low deformation temperatures and
high strain rates. The amount of DRX is enhanced
to some extent at low temperatures and high
strain rates, a combination of DDRX, CDRX
and geometric dynamic recrystallization (GDRX)
participates in the development of DRX grains,
GDRX is the dominant DRX mechanism for the
formation of block-like grains, and CDRX makes
the transformation of low angle grain boundaries
(LAGBSs) to high angle grain boundaries (HAGBs)
more obvious. Similar results were found by LI
et al [7] during the study of Al-Mg—Si alloys,
dynamic recovery can facilitate CDRX which relies

on subgrain progressive rotation, and GDRX can be
facilitated through intensive DRV at the marge
region of the initial grain boundary. Although
GDRX is considered one type of CDRX, it is
justified that GDRX has many different features
from CDRX, especially the grain morphology,
which is particularly crucial to GDRX [8]. Some
mechanisms may have a positive impact on DRX;
for example, as the deformation temperature
decreases, the kinetics of microstructure evolution
decelerates, and the microbands and deformation
bands formed by strain localization are enhanced,
which promotes the formation of ultrafine grains
during hot rolling in 304-type austenitic stainless
steel [9].

The above studies on the hot working of
different alloys were focused on the theory of hot
deformation, and provided a reference for the
formulation of hot working parameters. However,
the dynamic softening mechanism of high stacking
alloys (such as the studied Pt—10Ir alloy) may be
very different. Although research based on other
alloys can provide a reference for exploring the hot
working of Pt—10Ir alloys, it is still necessary to
explore the microstructure evolution of Pt—10Ir
alloys under different conditions to guide the
production.

The focus of this study is the mechanism of
hot deformation because of the increasing demand
of enterprises for the quality and quantity of
Pt—10Ir products. Isothermal compression was used
to investigate the flow behavior and microstructure
evolution during the hot working process. The
dynamic softening mechanism was studied to
provide theoretical guidance for the hot working of
Pt—10Ir alloy, especially the correlation between the
deformation process of different DRX mechanisms
and temperatures, strain rates and strains.

2 Experimental

The studied Pt—10Ir alloy was provided by
Sino-Precious Metals Co., Ltd., Kunming, China.
Cylindrical specimens with dimensions of 6 mm in
diameter and 9 mm in height were cut from the
casting billet for isothermal compression. Before
hot compression, the specimens underwent a
homogenization treatment at 950 °C for 5h and
were then cooled by water quenching.

Isothermal compression tests were performed
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on a Gleeble—3800 thermomechanical simulator.
The hot compression tests were carried out
at an individual strain of 0.7, five different hot
compression temperatures (950, 1050, 1150, 1250,
and 1350 °C), and four different strain states (0.001,
0.01, 0.1 and 1 s!). Then, the hot compression tests
were carried out at different temperatures (1150 and
1350 °C), two strain rates (0.01 and 1 s™!), and three
true strains (0.35, 0.7, 1.05). To minimize the
friction between the specimen and the dies, a
tantalum foil was used between the dies and the
specimen surface. The specimen was heated to the
designed temperature at a heating rate of 10 °C/s
and held for 180 s to ensure uniform temperature
distribution. After hot compression, the samples
were instantly cold water-quenched. Specimens
for electron backscattered diffraction (EBSD) were
prepared by standard mechanical polishing and
finished by a cross section-polisher (PECS II).
EBSD observations were carried out using a
dual-beam scanning electron microscope (TESCAN
AMBER) equipped with an EBSD camera. The
compressed specimens were sectioned parallel to
the compression axis along the direction of the
centerline for EBSD observation. Transmission
electron microscopy (TEM) specimens were
prepared by focused ion beam (FIB, Thermo

Fisher Helios 5 CX), and submicrostructures were
obtained using a Talos F200X microscope operated
at 200 kV.

3 Results and discussion

3.1 Initial microstructure

The optical microscope (OM) photograph and
inverse pole figures (IPF) map of the Pt—10Ir alloy
after solution treatment are shown in Figs. 1(a, b).
The initial microstructure consists of relatively
uniform equiaxed grains, and a weak-textured
microstructure can be observed in Fig. 1(c).

3.2 Flow behavior evolution

The true stress—true strain curves of the
Pt—10Ir alloy at different temperatures and strain
rates are shown in Fig.2. The hot deformation
temperature and strain rate have significant effects
on the flow characteristics of this alloy. The
flow stress decreases remarkably with increasing
temperature and decreasing strain rate. There are
roughly two stages in the true stress—true strain
curves: the work-hardening region and the relative
steady-state flow stress region. The true stress
increases sharply in the initial deformation stage.
The variation in true stress with true strain is caused

Fig. 1 Microstructure of Pt—10Ir alloy before hot compression: (a) OM image; (b) IPF map; (c) Corresponding pole

figures of {100}, {110}, and {111}
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Fig. 2 True stress—true strain curves obtained by isothermal compression tests of Pt—10Ir samples at 950—1350 °C and
different strain rates: (a) 1 s7'; (b) 0.1 s7%; (¢) 0.01 s7'; (d) 0.001 s™*

by rapid dislocation  multiplication  and
accumulation. The dislocations generated by hot
deformation entangle each other and hinder the
corresponding dislocation movement, and a work-
hardening region appears [10—12].

The weak strain softening is mainly caused by
the DRV process with rapidly increasing strain after
the work-hardening region. Dynamic softening is
enhanced by dislocation annihilation, which can
offset or partially offset the work-hardening effect
[13,14]. As the true strain is further increased, the
true stress does not change obviously in a relatively
wide strain range in the relative steady-state region.
The true stress—true strain curve remains unchanged
or increases slightly at high temperature (1250 and
1350 °C) and low strain rate (0.001 and 0.01 s™1).
Many curves show an upward trend at low
temperatures (950, 1050 and 1150 °C) or high strain
rates (1 s7!). This is because the effect of work-
hardening is high. However, there is no obvious
warping on those curves with upward trend, and the
true stress only increases slightly with increasing

true strain. Dynamic softening occurs at low
temperatures and high strain rates, but the effect of
DRX and DRV cannot completely offset the impact
of work hardening [15].

3.3 Microstructure deformed at low temperature
(950-1150 °C)

Figure 3 shows the microstructure of Pt—10Ir
alloy deformed at relatively lower temperatures
(950—1150 °C). The true stress—true strain curves at
950—1150 °C in Fig. 2 exhibit the characteristics of
constant hardening. The microstructures are similar
and characterized by a large amount of initial
deformed grains and a small amount of dynamic
recrystallized grains around and inside deformed
grains. Many deformation bands in the initial grains
(marked by arrows in Figs. 3(a, b) and surrounded
by yellow box A in Fig. 3(c)) are easily observed at
low deformation temperatures or high strain rates.
Some necklace structures can be observed along the
grain boundaries at low strain rates, as shown in
Fig. 3(e) (marked by yellow box B).
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Fig. 3 IPF maps of Pt—10Ir alloy deformed at low temperatures: (a) 950 °C, 0.01 s™%; (b) 1050 °C, 0.01 s°%; (¢) 1150 °C,
1s7% (d) 1150 °C, 0.1 575 (e) 1150 °C, 0.01 s7%; (f) 1150 °C, 0.001 s ! (Gray lines are middle angle grain boundaries
(MAGBs) with misorientation between 10° and 15°, and black lines are high angle grain boundaries (HAGBs) with

misorientation higher than 15°)

To systematically discuss the effect of the
deformation bands, case of 1150 °C, 1 s7! is chosen
for a detailed analysis. At a low deformation
temperature of 1150 °C and a high strain rate of
1 s7!, some microbands (consisting of LAGBs and
MAGBs) and deformation bands (consisting of
HAGBs) can be observed in Fig. 4 (the region
surrounded by yellow box A in Fig. 3(c)). Some
subgrains and DRX grains are generated between
deformation bands. To explore the formation
mechanism of these DRX grains, four randomly
picked grains in the deformation band are selected
from Zone 1 to analyze the point-to-origin
misorientation (cumulative misorientation), and the
corresponding orientation gradients are shown in
Fig. 5(a).

As shown in Fig. 5(a), the cumulative
misorientation increases rapidly to nearly 14°
within 8 pm, indicating that a high dislocation
density exists in Grains 1, 3 and 4. The cumulative
misorientation of Grain 2 is 2°-4° within 6 pm,
indicating that the dislocations in Grain 2 may be
used for the transformation from LAGBs into
HAGBs. The four randomly picked grains are

different from DDRX grains with inside cumulative
misorientation below 1° [16].

Figure 5(b) shows the orientation gradient
measured by Lines 1, 2, 3, and 4 in Fig. 4. The
misorientation between the deformation band and
initial grain of Zone III is approximately 45°—55°,
as shown in Line 1 and Line 2. The misorientation
between the microbands is 8°—15° in Zone IV. The
cumulative misorientation between the microband
is smaller than that between the deformation
bands, and it can be found that most parts of the
microband in Zone IV are composed of LAGBEs,
and some MAGBs and HAGBs exist in some parts,
as shown in the black circles in Zone IV. Since
LAGB and MAGB are types of geometrically
necessary  subboundary, the  misorientation
increases sharply upon hot deformation, resulting in
their conversion to HAGBs [17—19]. Therefore, the
microbands in Zone IV eventually transform into
deformation bands if the hot deformation process
continues.

Deformation bands are beneficial to the
generation of fine-grained structures. Some fine-
grained DRX grains are separated from the deformation
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Fig. 5 Orientation gradient (a) measured in Grains 1, 2, 3 and 4 of Zone I in Fig. 4; orientation gradient (b) measured by

Lines 1, 2, 3, and 4 of Zones III and IV in Fig. 4

band in Zone II of Fig. 4. This is mainly due to the
existence of strain-induced grain boundaries
perpendicular to the extension direction. These
strain-induced subboundaries subdivide preexisting
microbands and deformation bands into chains of
subgrains, and the misorientation of those subgrains
increases and results in the evolution of ultrafine
grains with increasing strain [9].

To further study the influence of the
deformation band on the evolution of the
microstructure, TEM analysis was used on the
samples deformed at 1150 °C, 1s7!, and the TEM
sample was extracted from an area perpendicular
to the deformation band, as shown in Fig. 6(a).

The TEM micrograph (Fig. 6(b)) shows the
deformation band area in the sample deformed at
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1150 °C, 1 s™!, as marked by the white dashed line.
Figure 6(c) shows the magnified region marked
in Fig. 6(b). The deformation band (marked by
white dashed lines) contains a DRX region with
low-density dislocation and a deformation region
with high-density dislocations. The deformation
region in the deformation band shows that a cell
structure is formed at high-density dislocations, and
some dislocation walls can be found due to
dislocation motion and rearrangement. Dislocation
walls divide the deformation band into several
parts, which can be regarded as precursors of DRX
grains generated in the deformation band, and the
result clearly reveals that this DRX mechanism
has no recognizable nucleation and growth. The
mechanism of deformation bands assisted DRX
could be seen as a type of mechanism of microshear
bands assisted DRX (MSBs assisted CDRX). A
similar DRX mechanism can also occur in duplex
stainless steel: strain tends to distribute in the
interphase because the hardness of austenite and
ferrite are different, and the parts of austenite
regions near the interphase accommodate most of
the strain, which facilitates the formation of MSBs
and deformation bands. The transition regions of
MSBs and deformation bands are the dominant
softening mechanism in the phase where DRX is
difficult to occur [20,21].

The microbands and deformation bands are
formed by intense strain localization, which results
from an insufficient softening effect at a low
deformation temperature. The evolution of those
band-like structures followed by DRV leads to
subdivision and grain refinement during hot
deformation.

3.4 Microstructure deformed at high temperature
(1250-1350 °C)

Figure 7 shows the IPF maps of the specimens
deformed at high temperature (1250—1350 °C).
More subboundaries and DRX grains can be
observed at a high strain rate of 1 s™!, and necklace
structures, microbands and deformation bands can
also be observed in the microstructure, as shown in
Figs. 7(a, ¢).

With a decrease in the strain rate (Figs. 7(c—f)),
more cell structures can be observed, and the size of
the new DRX grains is larger than that deformed at
low temperature because increasing the deformation
time allows sufficient time for the newly formed
DRX grains to grow. Compared with the specimens
deformed at the high strain rate, the initial grains
deformed at the lower strain rates of 0.01 and
0.001 s' have noticeable dynamic softening,
uniform deformation and noticeable flattening. The
initial grain boundaries are plastically elongated
perpendicular to the deformation direction. The
microstructure deformed at high temperature and
low strain rate exhibits obvious characteristics of
DRV, which is consistent with the true stress—true
strain curves.

Three characteristic regions are selected to
discuss the mechanism of microstructure evolution
at a high temperature of 1350 °C and a high strain
rate of 1 7! (Regions C, D, and E marked by yellow
boxes in Fig. 7(c)). A duplex microstructure can be
observed, which consists of (1) initial grains, i.e.,
large deformed grains containing substructures and
(2) fine equiaxed grains surrounded by HAGBs
formed on the grain boundaries or on/near the
deformation bands.

Deformation band area
o T T R D R

O osation loop

Deformation

(01000¢:1 " 0
IEZION:

Fig. 6 Deformation substructure near deformation band in sample deformed at at 1150 °C, 1 s™! (The area marked with

white dashed lines represents the cross-section of the deformation band)
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Fig. 7 IPF maps at high deformation temperatures: (a) 1

206um B >,

=

250°C, 1 s7'; (b) 1250 °C, 0.001 s; (c) 1350 °C, 1 s7';

(d) 1350 °C, 0.1 s7; (e) 1350 °C, 0.01 s°; (f) 1350 °C, 0.001 5!

The initial grain boundaries become serrated
and bulged, as presented in Fig. 8(a). As a typical
symbol of DDRX, serrated grain boundaries (GBs)
and bulging are important nucleation sites for DRX,
as indicated by red arrows. Necklace structures can
be observed around the initial grain boundaries in
Figs. 8(a, b), but these necklace structures do not
seem to be entirely formed by DDRX because there
are numerous substructures within the necklace
structures.

Figure 8(c) shows the kernel average mis-
orientation (KAM) map of the area marked with a
black box in Fig. 8(a). The KAM map is applied
to describing the dislocation density or strain
concentration. Grain 1 and Grain 2 in Fig. 8(c) are
typical DRX grain nuclei of DDRX, and the initial
grain boundaries tend to move toward the region
with high dislocation density; nevertheless, intense
DRV reduces the dislocation density to a low level,
so the DDRX progress characterized by SIBM is
obstructed. The necklace structure is regarded as the
main feature of DDRX, as reported previously [16].
However, it is unreasonable to attribute the
necklace structure initiated through SIBM for alloys
to high stacking fault energy (SFE); there must be
other mechanisms that contribute to the formation

of necklace structures during hot deformation.

Figure 8(d) shows the KAM map of the region
marked with a black box in Fig. 8(b). The necklace
structure is surrounded by HAGBs completely, and
many subgrains in the necklace structure have
remnant strain concentrations and substructures
(LAGBs and MAGBs). The necklace structure in
Fig. 8(a) has more comprehensive development
characteristics, so it can be considered the precursor
of the necklace structure in Fig. 8(b). The external
HAGBs are preferentially formed, and then the
internal part is separated by subboundaries. For
example, Grain 3, as a serrated part, is separated
from the necklace structure.

The DRX grains are generated not only at the
edge of the initial grain boundaries but also inside
the initial grains (such as Grain 4). In places far
from the initial grain boundaries, some strain-
induced grain boundaries (marked by black arrows
in Fig. 8(b)) as well as many subgrains in irregular
shapes are enclosed or semienclosed by LAGBs and
MAGBs. The DRX gradually extends from the
initial grain boundary to the interior.

Two regions are selected (labeled with red
boxes in Fig. 8(c)) to investigate the influence of
subgrains near the initial grain boundary on DRX
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Fig. 8 Magnified Regions C (a) and D (b) in Fig. 7(c) of sample deformed at 1350 °C, 1 s™'; KAM maps marked by
black box (c) in (a) and black box (d) in (b); GOS maps of Regions 1 (e) and 2 (f) in (c)

behavior. The grain orientation spread (GOS) map
is used as an indicator of the degree of DRX,
separating the recrystallized grains (GOS<1°-2°)
and subgrains (GOS<7°) from the initially
deformed grains. The blue parts in the GOS map
indicate the recrystallized grains, the yellow parts
indicate the subgrains, and the red parts indicate the
deformed grains. The grains near the initial grain
boundaries are well developed, as shown in
Fig. 8(e), while the internal region has higher GOS
values, as shown in Fig. 8(f). The subgrains in
Fig. 8(e) can develop into DRX completely in
advance, especially near the initial grain
boundaries.

The TEM observations in Fig. 9 reveal that
the firstly formed dislocation walls frequently tend
to align along the grain boundaries, and some
dislocation walls divide the margin region into
several subgrains near the initial grain boundaries.
In high SFE alloys, dislocation cells and LAGBs

tend to form near the initial grain boundaries,
and these substructures form smaller brick-like
subgrains to promote DRX. This kind of DRX
mechanism depends on the subgrains generated at
the edge of the initial grains [7,22]. In addition,
the dislocation networks located inside the initial
grain form subgrain boundaries by continuously
absorbing surrounding free dislocations. The
dislocation network formed by LAGBs can
easily develop with the effect of dislocation
rearrangements by cross-slip and climb, and those
strain-induced subgrains could serve as precursors
of DRX grains. The formation mechanism of the
new grains is that LAGBs absorb dislocation energy
to form subgrain boundaries to divide the initial
grains [23,24].

At  different deformation temperatures,
necklace structures are formed at the initial grain
boundaries, but the formation mechanism of these
necklace structures is different. To explore the
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formation mechanism of the necklace structure
at different hot deformation temperatures, the
necklace structures near the initial grain boundaries
at 1150 °C, 0.01 s™' (Fig. 10(a)) and 1350 °C, 1s™'
(Fig. 10(b)) are compared.

There are two typical modes of the mis-
orientation profile within the necklace structure of
Figs. 10(c, d), as shown in Fig. 11: (1) The point-
to-point misorientations along Line 1 and Line 2 in
Fig. 10(c) oscillate up and down between 1°, while
the point-to-origin misorientations along Line 1 and

Compression direction

t

angle/(°) o 1 2 3 4

Line 2 exceed 4° within a short distance, showing
a large progressive lattice rotation from the
grain center to the grain boundary and a limited
structural rearrangement in these grains, as shown
in Figs. 11(a,b); (2) Both point-to-point and
cumulative misorientations along Line 3 and Line 5
in Fig. 10(d) oscillate below 1°, implying that there
is no obvious accumulation of misorientation in
those new grains, as shown in Figs. 11(c, e), while
the mode of Line 4 in Fig. 10(d) is similar to that of
Line 1 and Line 2, as shown in Fig. 11(d).

Misorientation
angle/(°) o 1 2 3 4 5

Fig. 10 Necklace structures formed under different hot deformation conditions: (a) Magnified Region B in Fig. 3(e) of
sample deformed at 1150 °C, 0.01 s'; (b) Magnified Region E in Fig. 7(c) of sample deformed at 1350 °C, 1 s7!;
(c) KAM map of necklace structure in (a); (d) KAM map of necklace structure in (b)
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Fig. 11 Corresponding misorientation gradients of Lines 1 (a), 2 (b), 3 (c), 4 (d) and 5 (e) in Figs. 10(c, d)

Compared with the specimen deformed at a
high strain rate, the specimen deformed at 1150 °C,
0.01 s! has a relatively high level of freedom in
dislocation rearrangement, cell block structures
enclosed or semienclosed by LAGBs can be seen in
the initial grain (marked by black arrows in
Fig. 10(a)), and those structure regions usually
include low- to medium-angle subboundaries
where the misorientation angles are conjointly
accommodated. Relatively uniform deformation
makes the strain concentrated in the region of the
initial grain boundary, and subgrains near the grain
boundary more easily transform into DRX grains
via progressive lattice rotation. This kind of CDRX
is reported by progressive lattice rotation near grain
boundaries (LRGBs), also known as recovery-
assisted DRX (DRV-assisted DRX) [23,24].

In addition to the DRX mode mentioned above,
there are other DRX modes in the necklace
structure. The prominent characteristics of bulging
can be found in grains containing Line 3 and Line 5,
and there are small stored energy gradients in
these grains from the KAM map in Fig. 10(d).
This phenomenon indicates that the bulging part
conforms to the formation characteristics of DDRX,
so DDRX also participates in the formation of
necklace structures in the sample deformed at
1350 °C, 1 s,

The necklace structure not only is formed at
the initial grain boundary but also gradually
develops toward the interior of the deformed grain.
There are some strain-induced grain boundaries in
the deformed grains, as marked by black arrows in
Fig. 10(b), which can serve as regions for the
formation of necklace structures.

Many grains with the characteristics of bulging
in the necklace structure are not fully bound by
HAGBs, and most of the grains in the necklace
structure contain large interior misorientation
accumulations (>2°). Hence, it is reasonable to
believe that LRGBs-assisted DRX is the dominant
mechanism at 1350 °C, 1 s' and that DDRX is
the secondary mechanism for forming necklace
structures.

Figure 12 shows origin-to-origin misorientation
of Lines 1-3 in Fig.7(e). The cumulative
misorientations can easily exceed 15° in a smaller
range relative to the initial grains, indicating that
the misorientation accumulates and that progressive
subgrain rotation has been well developed [16]. The
LAGBs in the initial grains are dispersed, dividing
the initial grain into several subgrains, such as
Region F in Fig. 7(e). This type of DRX is traditional
CDRX, i.e., CDRX by homogeneous increase in
misorientation (HIM), which relies on continuously
progressive rotation of subgrains [25]. If the
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specimen continues to deform, these subgrains
surrounded or semisurrounded by LAGBs are
eventually enclosed by HAGB:s.

35

Point to origin

30
Line 2
25+

Line 3

20+

15

Line 1

10

Misorientation angle/(°)

0 20 40 60 80 100 120 140 160
Distance/um
Fig. 12 Misorientation gradient measured along Lines 1,
2 and 3 in Fig. 7(e)

Due to the high deformation temperature and
low strain rate, some grains are fully compressed,
and many brick-like structures are formed in
the microstructure. The formation of brick-like
structures consumes many dislocations, as shown in
Fig. 13(a). The initial grain boundary is still straight
because the dislocation density in the grain is too
low to generate bulging, which is consistent with
the result of the KAM map of the region shown in
Fig. 13(b).

The brick-like structure is a main feature of
GDRX, and subgrains in brick-like structures have
similar crystallographic orientations. If the parallel
HAGBSs are very close to each other and approach
enough, the microstructure tends to collapse due to
surface tension at triple points, and then “pinch-off”
occurs, as marked by the white arrow in Fig. 13(a).
Similarly, GDRX occurs at the extremities of
deformed grains, marked by black arrows in
Fig. 7(e) [26].

3.5 Effects of strain and strain rate on micro-
structure evolution of Pt—10Ir alloy

To investigate the DRX mechanisms
influenced by the strain and strain rate, 1350 °C
was chosen as the study temperature, and the grain
boundary maps are shown in Figs. 14 and 15. Green
lines indicate misorientation between 2° and 10°,
red lines indicate misorientation between 10° and
15°, and black lines indicate misorientation larger
than 15°.

Misorientation
angle/ (O) 0 | 2 3 4 5

Fig. 13 Magnified Region G (a) in Fig. 7(e); KAM map
of region marked by black box (b) in (a)

Figures 14(a—f) show the grain boundary
maps deformed at different strains when the
strain rates are 1 s' and 0.01 s™'. Figures 14(g, h)
show the misorientation distribution of the grain
boundary.

At a constant strain rate of 1s™', the local
temperature rises due to the adiabatic heating effect,
the impact of SIBM is promoted, and grain
boundary bulging can be detected in Fig. 14(a).
In addition, many LAGBs are produced in the
deformed grains when the strain is relatively low.
Figure 14(g) shows that LAGBs account for the
highest proportion when the strain is 0.35. Some
DRX grains and necklace structures are formed
through the growth of subgrains located at the
mantle regions situated along the initial grain
boundaries, and they have higher misorientation
gradients compared with the inside of the initial
grains, marked by black arrows in Fig. 14(a). The
formation of higher misorientation gradients should
be the result of strain partitioning during plastic
deformation, which results in a misfit in strain
between the inside and outside a deformed grain.
The misfit can be adjusted at the interface through
local shear deformation and boundary sliding, so
the misorientation of subboundaries near the mantle
regions increases quickly [27,28]. As the strain
increases to 0.7, the proportion of HAGBs increases
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to 15.2%. Moreover, the proportion of HAGBs
reaches the highest of 19%, and the microstructure
is almost covered by necklace structures when the
strain increases to 1.05. At the same time, the
proportion of LAGBs continues to decrease with
increasing strain due to the fast conversion speed
from LAGBs to HAGBs. At a high strain rate of
1 s7!, DRX can be promoted by increasing strain.
Both DDRX and CDRX by LRGBs are positively
developed especially the latter.

The microstructure deformed at a lower strain
rate of 0.01 s™! is similar to that at a high strain rate
of 1 s™' when the strain is 0.35. However, there is
no collection of MAGBs near the initial grain
boundaries. A long deformation time makes the
effect of DRV more sufficient, hindering the
significantly from 16.6% to 22.9% with increasing

accumulation of dislocations from conducting
DDRX [23]. Well-developed subgrain structures
with LAGBs can be observed in the initial grains
shown in Fig. 14(d) when the strain is 0.7, and
some of their boundaries gradually develop into
MAGBs and HAGBs. CDRX is characterized by
much slower kinetics than DDRX led by SIBM, and
the migration rate of grain boundaries involved in
traditional CDRX is 3 orders of magnitude smaller
than that involved in DDRX [29,30]. As the strain
continues to increase to 1.05, the grain gradually
changes to a lamellar microstructure, LAGBs
and MAGBs gradually separate large deformed
grains into brick-like subgrains, the “pinch-off” is
promoted and GDRX grain is well developed.
From Fig. 14(h), the proportion of HAGBs increases
strain. Although DRV is still the primary dynamic
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softening mechanism, the proportion of DRX in
the softening process increases because GDRX is
effectively active by severe plastic deformation.
Figure 15 shows the influence of different
strain rates on the grain boundary distribution at a
fixed temperature of 1350 °C and a strain of 0.7.
The size of the subgrains increases obviously with
decreasing strain rate, as shown in Figs. 15(a—c),
mainly because the extended deformation time
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Fig. 15 Grain boundary maps in samples deformed at
1350 °C and strain of 0.7 with strain rate of 157! (a),
0.1 s (b), 0.01 s'(c) and 0.001 s ' (d); misorientation
angle distribution of samples deformed at 1350 °C under
different strain rates (e)

gives the subgrain a longer growth time, but the
proportion of HAGBs only increases from 15.2%
to 16.6%. The main reason for the insignificant
numerical changes in HAGBs is that a lower
strain rate increases the kinetic energy of atoms, so
the dislocation movement is stronger, and most
of the energy is consumed for microstructure
recovery [15]. The microstructure deformed at a
strain rate of 0.001 s™' is the same as that at 0.01 s/,
indicating that the DRV tends to be saturated. In
other words, when the strain rate is lower than
0.01 s7!, the effect of DRV does not increase with
decreasing strain rate.

It is remarkable that with the decrease in the
strain rate from 1 to 0.001s™!, the proportions
of LAGBs show an upward trend, while the
proportions of MAGBs represent a downward
trend. At high strain rates, the transition from
LAGBs to MAGBs is relatively high, and adiabatic
temperature rise at high strain rates can lead to
increased grain boundary mobility, making LAGBs
more prone to increased misorientation [31,32].
LAGBs almost transform into HAGBs via SIBM
under high strain rates and strains. Meanwhile, with
the extension of deformation time, CDRX and
GDRX are promoted.

3.6 Illustration of main DRX mechanism of

Pt—10Ir alloy

During hot deformation of the Pt—10Ir alloy,
two main DRX mechanisms can participate in
dynamic softening: CDRX and GDRX. A schematic
for the main DRX under different conditions is
portrayed in Fig. 16.

Figure 16(a) shows the microshear bands
(MSBs) assisted CDRX, which relies on some
fixed oriented grains. These grains show a strong
propensity to split by deformation bands [33]. If
fewer slip systems in the grain are activated
during deformation, a banded structure is formed,
especially when deformed at low temperature and
high strain rate [34,35]. These banded structures are
not crystallographically related to the initial grains,
which is beneficial to partitioning the total strain
to make different regions undergo different strains,
and it is energetically favorable to achieve
macroscopically imposed shape change [17,33]. At
the early deformation stage, some strain-induced
LAGBs are generated from dislocation arrangement



Xin-pei ZHANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 225242 239

along the shear direction [26,36]. With the low
to medium strain, via the MAGB stage, the
deformation band composed of strain-induced
HAGBs is generated from LAGBs in the shear
direction, and accompanied by the subdivision of
transverse LAGBs. In the end, continuous strain
results in the evolution of fine grains to separate
from the deformation band [9].

Figure 16(b) shows the CDRX by LRGB:s.
This kind of CDRX relies on DRV to form well-
defined subgrains in the grain boundary region [23].
DRV occurs when the strain is low, and the climb
and cross-slip of dislocations are more active
at the initial grain boundary because of the
stress concentration [21]. Although SIBM occurs,
dislocations are difficult to accumulate, and the
dislocation density near the initial grain boundary
may not be enough to lead to bulging. As seen in
Fig. 8(a, b) and Fig. 9, the accumulated dislocation
density in the SIBM regions is consumed, resulting
in the formation of subgrain coalescence. The
subgrains near the SIBM regions that deviate from
their initial grains preferentially transform into
DRX grains by subgrain rotation [28,37,38]. The
DRX mechanism occurs not only along grain
boundaries but also inside the grains, and such
a process repeatedly occurs inside the initial
grains [39]. This kind of DRX is the dominant DRX

Grain 2

Grain 1

(d)

mechanism of the Pt—10Ir alloy.

CDRX by HIM is displayed in Fig. 16(c). This
conventional CDRX relies on a high deformation
temperature and low strain rate to form a
homogeneous microstructure [5,40]. Due to the
low strain rate, there is sufficient time for DRV
in deformed microstructure. Dislocation cells are
formed in the initial grains with increasing strain.
With the annihilation and arrangement of
dislocations, these dislocation cells can form
equiaxed subgrains semienclosed by LAGBs, and
then those subgrains continuously absorb
deformation energy to form new grains through
subgrain rotations [7,26].

The GDRX shown in Fig. 16(d) is largely
dependent on the role of DRV [5], so it is more
likely to occur in alloys with high stacking fault
energy. Uniform deformation fully compresses the
initial grains, the HAGBs of the deformed grain
tend to be parallel, and some brick-like subgrains
are formed through thinning of the grain width.
When those HAGBs approach 1-2 times the
subgrain size, the boundaries collapse due to
surface tension, the “pinch-off” process occurs,
and GDRX grains are produced from this

process [22,41]. GDRX could also occur in a part
of the DRX grains formed by LRGBs located at
the mantle regions [7].

> CDRX

GDRX

I e
+— —>E S OB T
iEN -

L Dislocations

Pinch-off ‘

---LAGBs ——HAGBs

Fig. 16 Schematic of main DRX mechanisms in Pt—10Ir alloy (SGR: Subgrain rotation)
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4 Conclusions

(1) At low deformation temperatures (950—
1150 °C), microbands and deformation bands
resulting from strain localization are promoted. Two
kinds of CDRX coordinate hot deformation: DRX
by LRGBs and MSBs assisted DRX. The dynamic
softening is weak, and it is difficult to offset the
work hardening, resulting in no obvious softening
in the flow curves.

(2) The kinetics of microstructure evolution at
high deformation temperatures (1250—1350 °C) is
DRV. CDRX by LRGBs is obviously increased
because of intense DRV, and many necklace
structures near the deformed grains are produced
at high strain rates. At low strain rates, the
microstructure has uniform deformation and
noticeable flattening, CDRX by HIM and GDRX
are enhanced, and the flow curves show significant
softening.

(3) With increasing strain, both CDRX and
GDRX are promoted. Grain boundary bulging
and CDRX by LRGBs are both increased at high
strain rates, which is beneficial to producing fine
microstructures. At low strain rates, the deformed
grains form an obvious layered structure and the
effect of “pinch-off” is promoted, so GDRX is
obviously enhanced, which has a positive effect on
the formation of a uniform microstructure.
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