\

Yesl materials MBPI|
e w 7
Article

Investigation of the Mechanical Properties and Microstructure
of the Co40NiCrMo Alloy Used for STACERs and Prepared by
the CSPB Process and the Winding and Stabilization Method

Ruilong Lu '*@©, Jingtao Han 12, Jiawei Liu !, Zhanhua Li 3, Congfa Zhang %, Cheng Liu !

check for
updates

Citation: Ly, R.; Han, J.; Liu, J.; Li, Z;
Zhang, C.; Liu, C.; Ma, X.
Investigation of the Mechanical
Properties and Microstructure of the
Co040NiCrMo Alloy Used for
STACERs and Prepared by the CSPB
Process and the Winding and
Stabilization Method. Materials 2023,
16,2970. https://doi.org/10.3390/
mal6082970

Academic Editor: Dezs6 Beke

Received: 14 March 2023
Revised: 4 April 2023
Accepted: 6 April 2023
Published: 8 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Xiaoyan Ma 2

School of Materials Science and Engineering, University of Science and Technology Beijing,

Beijing 100083, China

Guangzhou Sino Precision Steel Tube Industry Research Institute Co., Ltd., Guangzhou 511300, China
School of Mechanical Engineering, Shijiazhuang Tiedao University, Shijiazhuang 050043, China
Institute of Spacecraft System Engineering, China Academy of Space Technology, Beijing 100094, China
Correspondence: Irl_1221@163.com; Tel.: +86-17801036096; Fax: +86-010-62332572

¥ =W N

Abstract: The Co40NiCrMo alloy, used for STACERs fabricated by the CSPB (compositing stretch and
press bending) process (cold forming) and the winding and stabilization (winding and heat treatment)
method, was investigated with regard to its tensile property, residual stress, and microstructure.
The Co40NiCrMo STACER prepared by the winding and stabilization method was strengthened
with lower ductility (tensile strength/elongation: 1562 MPa/5%) compared to that prepared by
CSPB (tensile strength/elongation: 1469 MPa/20.4%). The residual stress of the STACER prepared
by winding and stabilization (txy = —137 MPa) showed consistency with that obtained through
CSPB (txy = —131 MPa). Combined with the driving force and pointing accuracy performances,
the optimum heat treatment parameters for the winding and stabilization method were determined
as 520 °C + 4 h. The HABs in the winding and stabilization STACER (98.3%, of which 69.1% were
¥.3 boundaries) were much higher than those in the CSPB STACER (34.6%, of which 19.2% were
¥.3 boundaries), while deformation twins and h.c.p e-platelet networks were present in the CSPB
STACER, and many more annealing twins appeared in the winding and stabilization STACER. It
was concluded that the strengthening mechanism in the CSPB STACER is the combined action of
deformation twins and h.c.p e-platelet networks, while for the winding and stabilization STACER,
annealing twins play the dominant role.

Keywords: STACER; Co40NiCrMo alloy; mechanical property; residual stress; microstructure

1. Introduction

STACEREs (spiral tubes and actuators for controlled extension and retraction), which
are typical one-dimensional linear space deployment mechanisms with advantages, such
as high exhibition ratio, high deploying accuracy, simple structure, small size, lightweight,
self-driving and self-stiffening properties, strong circumferential thermal symmetry, etc.,
are becoming increasingly popular among various spacecrafts [1-4].

A STACER is spirally fabricated from a thin flat metal strip, rolled with a constant
diameter (D), helical pitch (L), and fixed helix angle (), as shown in Figure 1a. STACERs
range in size from 1-10 m in length to 4-55 mm in diameter at the tip, and can provide
extensive force of almost nothing to >200 N [5]. A STACER integrates the power generator,
transmission pair, and actuator into the component itself compared with other split space
deployable mechanisms. In the process of deployment in orbit, it can provide a nearly
constant driving force due to its internal elastic potential energy without any external
driving force. The stowed STACER is a coil of thin strips; during the process of deployment,
the latter layer strip tightly covers the former layer with a certain overlap ratio, and the strip
under the geometrical constraints coupled with the interlayer contact friction eventually
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forms the STACER, which is like a thin wall tube with enough stiffness, size accuracy, and
service stability.
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Figure 1. Schematic plot of STACER (a), the principle of the CSPB process (b), and its model diagram (c).

The current most well-known method for forming STACERs is the CSPB (compositing
stretch and press bending) method proposed by Li [6,7]; other methods are not as clear in
detail, such as that proposed by Wu [8]. In the CSPB process, the forming tools consist of a
pair of a punch and die; a thin strip is pulled out of the clearance of the forming tools, and
STACERs with various diameters are obtained by adjusting the size of the mold clearance.
One of the most notable features of CSPB is that forward bending and reverse bending
are introduced to guarantee size accuracy and deploy precision and stability. Key forming
parameters such as post-tension, die gap, punch radius, and strip thickness have been well
studied, as well as the mechanical properties of the STACER as an aerospace component,
as elaborated in the literature [6,9,10]. Yu et al. [11] proposed a method for simulating the
STACER'’s deployment deformation, in which a variational method was adopted. Based
on the deformation characteristics of the steel strip, a proper and possible shape function
space was established to calculate the principle stress and deformation energy due to the
variation pattern of the extension length of the STACER and, finally, the deploying force
was obtained by using the principle of minimum potential energy and the principle of
virtual work. Li et al. [12] conducted the analysis and verification of the deployed stiffness
of a STACER and found that the natural frequency first mode and specific stiffness changes
with different tip radii, tip helix angles, strip widths, and strip thickness of the STACER.
Kong et al. [13] analyzed the influence of top rod radius on the gathering process and
the effects of surface friction coefficient and acceleration on stability during the gathering
process of a STACER.

The classical materials used for manufacturing STACERs are Co40NiCrMo, beryl-
lium copper, stainless-steel strips, and so on. Co40NiCrMo is the most widely used alloy
for STACERs; some researchers [14] investigated the strengthening mechanism of the
Co040NiCrMo alloy subjected to solid solution and cold drawing treatment by using trans-
mission electron microscopy (TEM), and it was found that the slim deformation twins and
their network structure after cold drawing significantly increased the strength of the alloy,
as did the formation of a Suzuki atmosphere due to the segregation of Cr, Mo, and C atoms
after the aging process. In the emerging technology, more studies need to be conducted
on the surface improvement of STACER, such as the study of pulsed laser [15] and 2D
structure material [16] on the surface of STACER, which are considered to be prospective re-
search projects for improvement of the electric, thermal, mechanical, and radiation resistant
properties of STACER on orbit.

To explore the residual stress distribution state, the X-ray diffraction technique for
residual stress measurement can be used, which is usually associated with sin? ¥, a method
based on the interception of the diffraction cone and line detectors. To overcome the loss
of information, cos o, an alternative method using a single exposure to collect the entire
diffraction cone via a 2D detector, was employed [17]. The present paper compared both
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the sin? ¥ and cos « methods in the residual measurement of STACER and determined the
values for STACERs with good service behaviors.

The STACER research mentioned above mainly focuses on the manufacturing process
and the mechanical or service performance; few studies have been conducted on the
STACER microstructure. On that note, the Co40NiCrMo STACER, as an elastic boom based
on Co40NiCrMo strips, should receive more attention with regard to its residual stress
distribution state and microstructure characteristics [18] before and after the formation
of the STACER. In this paper, in addition to the CSPB forming process, a new method
of manufacturing STACERs is proposed—winding and stabilization—which saves more
time, controls the forming process more easily, and is easier to automate. Further, the
STACER of this process has sound service behaviors compared to the CSPB STACER. The
tensile properties of Co40NiCrMo strips for STACERs were analyzed followed by fracture
morphology observation through scanning electron microscopy (SEM). Then the residual
stress was tested through the X-ray diffraction residual stress measurement method, and the
microstructure of STACER was investigated by electron back-scattered diffraction (EBSD)
and transmission electron microscopy (TEM).

In brief, unlike the above previous studies on the service performance and optimization
of STACER products, this paper attempts to explore the changes in mechanical properties,
residual stresses, and microstructure of the Co40NiCrMo alloy after deformation at the
micro level, aiming to identify the strengthening mechanism of the Co40NiCrMo alloy
used for STACERs prepared by different forming methods.

2. Materials and Methods
2.1. Material

The raw material used in this study is a Co40NiCrMo (Elgiloy or 3]J21 alloy) thin alloy
strip manufactured by cold rolling process (reduction of about 70%); the strip width is

127 mm and the thickness is 0.15 mm. The chemical composition (wt.%) is presented in
Table 1.

Table 1. Chemical composition (wt.%) of Co40NiCrMo alloy.

C Si Mn P S Cr Ni Co Mo Fe
0.086 0.24 2.02 <0.01 0.0016 20.14 14.92 40.33 6.90 Bal.

2.2. Forming Process

Two manufacturing processes were utilized to obtain STACER, and the forming
principles are described as follows: (1) CSPB process, which follows the forming principle
shown in Figure 1b,c. The thin alloy strip is first made through the clearance of the punch
and die, then the punch and die are tightened with the given clearance, the post-tension is
imposed on the strip at the inlet side, and gradually the thin strip is pulled out at an angle to
the longitudinal direction of the forming tools by the pulling force at the outlet side. Then,
the deformed strip is collected at the receiving shaft, and is eventually released from the
shaft and forms the STACER. Since the CSPB process belongs to the cold forming method,
we also call CSPB STACER cold-formed STACER. (2) The winding and stabilization process,
which has fewer procedures, a higher finishing rate, and easier control than the CSPB
method, is divided into two steps: the winding step and the stabilization step. The winding
step is schematically shown in Figure 2. The two ends of the mandrel are tightened to the
three jaw chucks of the equipment, and one end of the thin strip is fixed at strip fixing
point 1 at a certain given angle to the longitudinal direction of the mandrel axis. With
the rotation and horizontal movement of the mandrel, as the arrow indicates in Figure 2a,
the strip is gradually wound on the mandrel shaft and then fixed tightly at strip fixing
point 2, forming the pre-formed part. The final forming part is obtained after the shaping
procedure of stabilizing heat treatment for the pre-formed part. The physical images of
STACERs obtained by two methods are shown in Figure 3.
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Figure 2. The schematic diagram of the winding procedure (a) and its core model structure (b).
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Figure 3. Physical pictures of STACERs obtained by (a) CSPB method and (b) winding and stabiliza-
tion method.

II

2.3. Tensile Experiment and Fracture Morphology Observation

The tensile specimens are raw strips and CSPB STACER, while the winding and
stabilization process consists of stabilizing heat treatment procedure (at 480 °C, 520 °C,
and 560 °C holding for 2 h, 3 h, and 4 h respectively). The specimens of the winding and
stabilization STACER are obtained according to the parameters of heat treatment. The
dimensions and cutting directions (longitudinal direction, transverse direction, and the 45°
direction with the strip rolling direction) of all tensile specimens are shown in Figure 4. The
tensile experiments were conducted on a universal material testing machine, CMT 4204
(UTC 2017-042). The fracture morphology observation on the fresh fracture surface was
conducted with a ZEISS Gemini SEM 500 instrument.

30
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|

Figure 4. The schematic plot of tensile specimen and cutting directions of strips (Unit: mm).

2.4. Residual Stress Measurement

In this paper, two methods are used for the measurement of the residual stress of
STACER: sin? ¥ and cos «. (1) Proto iXRD apparatus was used to collect the diffraction
peaks for the stress calculation via the sin?> ¥ method. The Proto apparatus is limited
to seven different incident angles between £13°; for each incident angle, 30 exposures
of 0.25 s were used, so measuring time was 52.5 s. All the diffraction peaks were fitted
by using the Gaussian peak fitting method to obtain the value of residual stress. (2) The
measurement device used for the cosx method is Pulstec u-X360n X-ray residual stress
analyzer with Cr-tube (X-ray wavelength A = 2.291 A, operating voltage is 30KV, operating
current is 2mA), which is a compact portable system with a 2D area detector based on the
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principle that the strains are first determined by the acquired Debye-Scherrer ring and
then the residual stress is calculated by the cosine o method [19-21]. The K« doublet from
{220} plane’s family was used due to its high Bragg’s angle (26 = 128.902°) providing better
accuracy of measurement; the surface of the STACER was cleaned by ethanol without any
other treatment.

2.5. EBSD and TEM Experiments

The EBSD measurement was used to study the microstructure and orientation evo-
lution of the STACERs. The apparatus used was an Oxford Instruments Nordlys Max
3. The specimen preparation was as follows: the strips of STACER were cut into slices
(5 mm x 5 mm), then mechanically polished after griding through 2000 grit sandpaper,
and finally electrolytically polished with 5% alcohol perchloric acid. The TEM method was
used to study the evolution of microstructures and the second phase particles or twins
on the matrix. The specimen preparation was as follows: the 3 mm diameter disks with
a thickness of 0.15 mm were obtained from the strips by using a spark-erosion cutter,
pre-thinned to 30 um thickness. The thinned region was obtained through the Gatan 691
ion-beam thinning device, and the Cu self-supporting grid was used before the testing on
the TECNAI F-200 200kV field-emission transmission electron microscope (TEM).

3. Results and Discussion
3.1. Tensile Experiment Results and Fracture Morphology Analysis

The results of the tensile experiment for raw Co40NiCrMo strips are shown in Figure 5a,
and the data are laid out in Table 2. The stress—strain curves show similar patterns with
the tensile strength/elongation rate at 1478.09 MPa/17.92%, 1445.83 MPa/24.96% and
1483.22 MPa/18.48% (average value is 1469.04 MPa/20.4%). The longitudinal direction
shows a slightly lower value in tensile strength and a higher value in elongation rate than
the other two directions. The stress—strain curves of the cold-formed CSPB STACER (see
Figure 5b) show almost the same trend as the raw strips. The values of all the tensile
strength /elongation rates are 1418 MPa/12.8%, 1415 MPa/11.6%, and 1429 MPa/10.1%
(average value is 1421 MPa/11.5%), implying that the CSPB process had little influence on
the tensile properties of the cold-rolled raw strips [22].
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Figure 5. The stress—strain curves of (a) raw strips and (b) CSPB STACER.

Table 2. Tensile strength and elongation of raw strips and CSPB STACER.

Tensile Strength (MPa) Elongation (%)
Specimen
Longitudinal Transverse 45° Longitudinal Transverse
Raw strips 1478.09 1445.83 1483.22 17.92 24.96 18.48
CSPB STACER 1418 1415 1429 12.8 11.6 10.1
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The stress—strain curves of the STACER formed by the winding and stabilization
process are shown in Figure 6a; every individual line stands for a stabilizing heat treatment
condition, and the tensile strength ranges from 1484 MPa to 1615 MPa (average: 1562 MPa)
with an average elongation rate around 5%. Another view of the tensile property of
these specimens is plotted in Figure 6b; it was found that, with the increase in heating
temperature and holding time, the tensile strength increases first and then decreases, and
the turning point is 520 °C + 4 h, similar to the mechanism illustrated by the previous
study [23]. This trend depends on the microstructure changes in the alloy; with the increase
in heating temperature and the holding time, the amount of precipitated phases increases,
and the more uniform the distribution, the more obvious the strengthening effect. When
the heating temperature is higher than 520 °C and the holding time is more than four hours,
the precipitated phase dissolves, the strengthening effect is reduced, and the recovery and
recrystallization are accelerated. Moreover, the STACERs formed under this condition
have consistent service performances, such as pointing accuracy and driving force (see
Figure 7, details in Table 3, STACERs obtained under 520 °C + 4 h with the closest service
performance to the CSPB STACERs; testing procedures from the literature [6]) with the
STACER formed by the CSPB process, which have already been applied in the aerospace
industry [24]. As we know, the excellent properties of materials mainly depend on the
optimization of the microstructure; the STACER formed by the stabilization parameter at
520 °C + 4 h with good service performance also relates to its special microstructure [25],
which is discussed later.
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Figure 6. The stress—strain curves (a) and stress changes (b) according to heat treatment parameters
of STACER formed by the winding and stabilization process (elongation: red number).
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Figure 7. Typical service performances for CSPB STACER (cold formed) and winding and stabilization
STACER: (a) driving force; (b) pointing accuracy.
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Table 3. Data of driving force and pointing accuracy for CSPB STACER and winding and stabilization
STACER.

Driving Force (N) Pointing Accuracy (°)
Specimen
0Om 1m 2m 3m 4m 5m 1 2 3 4 5 6
Cold formed 38.6 29.5 27.5 27.3 24.1 20.5 0.08 0.12 0.1 0.13 0.09 0.11
480°C+4h 28.6 255 23.9 23 21.9 19.6 0.55 0.49 0.57 0.62 0.45 0.43
520°C+4h 35.6 28.3 26.8 254 229 20.1 0.21 0.18 0.22 0.21 0.23 0.19
560°C +4h 27.9 25.8 24.3 23.2 21.1 19.2 0.6 0.46 0.56 0.61 0.52 0.46

The fractography is laid out in Figure 8; the cold-formed STACER after the tensile
test shows equiaxial dimples with craters of varying sizes and depths, since the number of
dimples per unit area on the fracture surface depends on the number of nucleation sites and
the plasticity of the material. If many nucleation sites were present, void growth would be
limited because of the intersecting and linking up of neighboring dimples [26,27]. The SEM
images indicated that the fracture mechanism is mainly ductile due to the weakness of the
grain boundaries and the aggregation of micropores, which is indicative that the Co40NiCrMo
strip has high strength and relatively good ductility [28,29]. The microscopic fractography
of the Co40NiCrMo STACER obtained by the winding and stabilization process is shown
in Figure 8b—d, which showed that, with the increase in heating temperature, the depth
of the dimples became shallower, and the craters became smaller. In this condition, the
number of dimples per unit area on the fracture surface depends on the number of nucleation
sites, the number of grains, and the plasticity of the material. Many cracks formed at the
grain boundaries and intergranular cracking occurred by the growth and coalescence of the
micro voids along the grain boundary during the tensile test; the dominant mechanism of
ductile fracture for the Co40NiCrMo is the coalescence of the high density of nucleated voids.
The change in failure behavior could be dictated by the interaction between the dislocation
movements [30]. As shown in Figure 7, after the process parameter of 520 °C + 4 h, the
strength decreased and the toughness increased [31]; combined with the tensile experiment
results and the service performance of the STACER, we set 520 °C + 4 h as the optimum
parameters for stabilizing heat treatment.

Figure 8. The fracture morphology after the tensile experiment of the Co40NiCrMo strips: (a) CSPB
STACER; (b—d) winding and stabilization STACER under 480 °C + 4 h, 520 °C +4 h, and 560 °C +4 h,
respectively.
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3.2. Residual Stress Analysis

The raw strips and CSPB STACER were tested for residual stress by the sin? ¥ method;
as shown in Figure 9, the residual stress values of the raw strips were —10~—20 MPa, while
for the cold-formed STACER, the residual stress components were —128 MPa (tyy) for the
circumferential direction and —136 MPa (oy) for the axial direction. After the cold forming
process, due to the larger angle of the rolling direction of strips to the axial direction of
the STACER (see « angle in Figure 1a.), larger residual compressive stress (mainly Ty)
was needed to tighten the adjacent strip layers and to provide enough stiffness to keep the
geometric configuration of the STACER to meet its service performance.

300

200 |-
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XX Axial direction

=
3
T

-10
—20

Residual stress/MPa
|
=
(=} (=}
T

—200

7300 1 1
Raw strips CSPB STACER

Figure 9. The residual stress results of raw strips and CSPB STACER using sin? ¥ method.

To further investigate the residual stress distribution, the 2D detector, Pulstec pu-X360n
X-ray residual stress analyzer, was adopted to obtain the Debye ring and the residual
stress values of the samples. Figure 10 shows the Debye rings and the residual stress (ox
and Tyy) of the CSPB STACER’s (Figure 10a) winding and stabilization component under
480 °C + 4 h (Figure 10b), 520 °C + 4 h (Figure 10c), and 560 °C + 4 h (Figure 10d). From
Figure 10a, we can see that the residual stress of the CSPB STACER was oy = —140 MPa,
Txy = —131 MPa; in contrast with the results of the CSPB STACER tested by the sin2 ¥
method (Figure 9), they were mostly located around the value —130 MPa, which may
indicate that the two residual stress-testing methods (sin® ¥ and cos o) did not make a
significant difference in this specific testing process, so we can assume that the two methods
have consistency in the residual testing process for STACERs. The residual stress-testing re-
sults of the winding and stabilization specimen showed that, with the increase in stabilizing
heating temperature, the oy value of residual stress increased from —611 MPa to —310 MPa,
while the Ty value decreased from —8 MPa to —137 MPa, and then increased to 87 MPa,
which indicated that the inner residual stress was released to some extent while keeping
the stiffness and shape of the STACER and retaining excellent service performance. The Ty
value of residual stress of the winding and stabilization component under 520 °C + 4 h was
in good accordance with the testing result of the CSPB STACER (—128 MPa and —131 MPa),
which further confirms that the CSPB STACER and the winding and stabilization STACER
under 520 °C + 4 h had consistency in their service performance.

3.3. Electron Backscatter Diffraction Analysis

The as-received Co40CrNiMo raw strips, cold-formed STACER and the winding and
stabilization (520 °C + 4 h) processes were investigated by EBSD technology, and the data
of the results were used to construct the corresponding grain boundary (GB), inverse
pole figure (IPF), kernel average misorientation (KAM, which shows a difference in the
crystal orientations of adjacent measurement points, and generally used to characterize
the residual plastic strain), and misorientation angle distribution (MAD) maps as shown
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in Figure 11. In the GB maps, the low-angle boundaries (LABs) have misorientation
angles in the range of 2~15°, the high-angle boundaries (HABs) have misorientation angles
greater than 15°, and the )3 (<111>60°) boundaries are represented by red, black, and
blue lines, respectively (data details in Table 4). The GBs, KAM, and MAD maps exhibit
similar trends for the raw strips and cold-formed STACER, which is different from the
STACER fabricated through the winding and stabilization process. The LABs, HABs, and
Y3 boundaries account for 66%-34%-20%, 65.4%—34.6%-19.2%, and 1.67%-98.3%—-69.1% of
the three kinds of specimens, respectively; in particular, the fraction of LABs in the winding
and stabilization STACER was close to zero, and the KAM values were much lower than
the magnitudes obtained from the specimens of raw strips and the cold—formed STACER.
This suggested that the recovery and recrystallization process was initiated in the heat
treatment procedure, and reduced the dislocation density by annihilating or rearranging,
resulting in the decrease of the LABs and the increase of HABs (mainly the }~3 (<111>60°)
boundaries due to the low SFE in Co40NiCrMo alloy (the twins form easily). It may also
result from the formation of deformation-induced boundaries (DIBs) [32] in heavily cold
deformed strips, with misorientations evolving from low to high angles with increasing
strain and the recovery in heat treatment process, as illustrated in Figure 11. The mean size
of the grains calculated by the equivalent circle diameter method from the EBSD data for
the three categories of specimen were 2.1, 2.2, and 3.6 pm (Table 4), respectively, indicating
that the grains grew by 64% in the heat treatment process.

Debye ring(2D

uR Stress o, —140 MPa uR Stress o, —611MPa
(Std. Dev. 69 MPa) (Std. Dev. 23 MPa)
Ty —131 MPa Ty —8 MPa
(Std. Dev. 72 MPa) " (Std. Dev 26 MPa)

aR Stress o, —394mMpa =R Stress o, —310MPa
(Std. Dev. 72 MPa) (Std. Dev. 30 MPa)
Txy —137 MPa Txy 87 MPa
(Std. Dev. 60 MPa) (Std. Dev. 25 MPa)

Figure 10. The Debye rings and their residual stresses (ox and Txy): (a) CSPB STACER; (b-d) winding
and stabilization STACER under 480 °C + 4 h, 520 °C + 4 h, and 560 °C + 4 h, respectively.

The as-received Co40NiCrMo strips were provided in the condition of cold rolling
under a large reduction of about 70%, resulting in smaller grain sizes with many sub-
grains located along the grain boundaries [33]. Since Co40CrNiMo is a face-centered
cubic structure alloy with low stacking fault energy (SFE) [34], the raw strips and cold-
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formed STACERs were prone to recover through the stacking fault interactions and slip
dislocations during heat treatment [35]. As shown in Figure 11d,h,i, the “two-peaks”
phenomenon disappeared and the misorientation angles around 60° dominated the matrix
microstructure—i.e., many more annealing twins appeared.
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Figure 11. Results of EBSD studies: GB (a,e,i), IPF (b,f,j), KAM (c,g k), and MAD (d,h,1) maps of raw
strips (a—d), cold-formed STACER (e-h) and winding and stabilization STACER specimens (i-1).
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Table 4. GBs and average grains size of the EBSD results.
Specimen LABs (%) HABs (%) Y3 (<111>60°) (%) Average Grains Size (um)
Raw strips 66 34 20 2.1
Cold formed 65.4 34.6 19.2 22
520°C +4h 1.67 98.3 69.1 3.6

3.4. Transmission Electron Microscopy Analysis

The specimens from the raw strips, the cold-formed STACER, and the winding and
stabilization (520 °C + 4 h) STACER were tested by transmission electron microscopy
(TEM); their bright field images and selected area electron diffraction (SAED) patterns
are shown in Figure 12. Streaks or “relrods” were observed in the SAED pattern of the
samples in raw strips and in the cold-formed STACER; the specimens of these strips were
not subjected to the aging process. From Figure 12a—d, the main features were the matrix
with many thin platelets; the dark thin platelets that we found were h.c.p. platelets which
were identified by their corresponding selected area electron diffraction (SAED) patterns
(see Figure 12d); and the diffracted intensity distribution in reciprocal space was extended
into streaks perpendicular to their habit planes, so, if the thick dimension of the plate
is parallel to the electron beam, the streaks will be recorded on the diffraction pattern,
However, some reports [36,37] had indicated that h.c.p e-platelets were able to form during
the aging of the cold-worked Elgiloy alloy, similar to those reported in MP alloys [38—41],
for which aging of the cold-worked samples in the FCC + HCP regions was thought to
accelerate the transformation of yf.. — €ncp platelets [42,43], but the density of the ¢
phase was not quantified and needed to be studied by further investigation. Aging of
the cold-worked strips at a temperature higher than 520 °C and onwards led to softening
(induced from the tensile results of samples aging under 560 °C) which was attributed
to both the transformation of the deformation-induced h.c.p e-platelets to the fcc phase
(as fcc is stable at high temperature) and the annihilation of the lattice defects produced
by the recovery and recrystallization. Due to the as-received strips being severely rolled
by the reduction of about 70%, deformation twins also appeared in the specimens (see
Figure 12b). This is due to the dislocations, or if the deformation twins were locked by the
Suzuki effect while, during the heat treatment process, macroscopic inhomogeneous strain,
and t microscopic structural changes, the movable dislocations moved and the shear bands
recovered, resulting in the increase of annealing twins and the reduce of h.c.p e-platelets.
From Figure 11i, we can see that the twins accounted for about 68%; further in Figure 12ef,
the twins dominated the majority of the matrix, and the SAED pattern was detected and is
indexed in Figure 12g,h, while the thin platelets were fewer than the former two kinds of
specimens, and the dislocation decreased significantly (see Figure 11a,ei). By comparison
with Figure 11d,h, the twins in the raw strips and the cold-formed STACER accounted for
about 10% and 12%, respectively; we concluded that the strengthening mechanism in the
as-received raw strips and cold-formed STACER was the combined action of deformation
twins and h.c.p platelets” networks, while for the strengthening mechanism in the heat-
treated STACER (520 °C + 4 h), the twins played a dominant role. The schematic plot of the
strengthening mechanisms is shown in Figure 13.
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Figure 12. TEM images of Co40NiCrMo strips, Raw strips (a,b); cold-formed STACER (c,d); winding
and stabilization STACER (520 °C + 4 h) (e-g) selected-area electron diffraction (SAED) pattern for
twins in (f); (h) indices to (g).

Raw strips

Deformation twins

Annealing twins

CSPB STACER Winding and Stabilization STACER

Figure 13. Schematic plot of strengthening mechanisms for raw strips, CSPB STACER, and winding
and stabilization STACER.
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4. Conclusions

The as-received Co40NiCrMo alloy strips, cold-formed STACER, and STACER pre-
pared by the winding and stabilization method were subjected to tensile experiments
and fracture morphology observation, residual stress measurements, and EBSD and TEM
characterization. The main findings of the study are summarized as follows:

(1) The tensile strength/elongation rates were around 1469.04 MPa/20.4%, 1421 MPa/11.5%,
and 1562 MPa/5% for the raw strips, CSPB STACER and winding and stabilization
STACER, respectively. From SEM fractography of the tensile specimens, the fracture
mechanism was determined to be ductile, and the winding and stabilization STACER
showed lower ductility combined with the pointing accuracy and driving force service
performance; the optimum parameter for the stabilizing heat treatment was determined
as 520 °C+4h.

(2) The values of residual stress for the raw Co40NiCrMo strips were below 20 MPa; for
the cold-formed STACER, the residual stress component Txy was —128 MPa by the
sin? ¥ method (Txy = —131 MPa by cosa method), which showed consistency with the
residual stress component (Txy = —137 MPa) of the STACER prepared by the winding
and stabilization method.

(3) The EBSD and TEM results indicated that the strengthening mechanism of the
Co040NiCrMo alloy for the as-received Co40NiCrMo strips and the STACER pre-
pared by the CSPB method was the combined action of deformation twins and h.c.p
platelet networks, while for the STACER obtained by the winding and stabilization
method, the annealing twins played a dominant role.
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