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Abstract: Cu—0.36wt.%Be—0.46wt.%Co alloy plate with 300 mm in width and 10 mm in thickness prepared by
heating—cooling combined mold (HCCM) horizontal continuous casting was cold rolled. Microstructure evolution and
mechanical properties of the alloy as well as its deformation mechanism were investigated. The results showed that the
as-cast alloy plate had columnar grains along the length direction, good surface quality and elongation of 35%, which
was directly large-reduction cold rolled without surface treatment, and the accumulative cold rolling reduction reached
98%. When the reduction was small (20%), numerous dislocations and dislocation cells formed, and the deformation
mechanism was dislocation slip. When the reduction was 40%, deformation twins appeared, and interactions between
twins and dislocation cells induced strip-like dislocation cells. When the reduction exceeded 60%, shear bands formed
and apparent crystal rotation in the micro-region happened. Further increasing the reduction, the amount of the shear
bands rose and they interacted with each other, which refined the grains apparently. The tensile strength and hardness
increased from 353 MPa and HV 119 of the as-cast alloy to 625 MPa and HV 208 with 95% reduction, respectively,
and the elongation reduced from 35% to 7.6%. A process of HCCM horizontal continuous casting—cold rolling can
work as a novel compact method to fabricate Cu—Be alloy sheet.

Key words: HCCM horizontal continuous casting; copper—beryllium alloy; rolling; microstructure; mechanical
properties

beryllium—copper alloy sheet are increasing year by

1 Introduction

Beryllium—copper alloy sheet has brilliant
comprehensive properties such as high strength,
high electrical conductivity, high elasticity, and
non-magnetic, which can be used for connectors,
shrapnel, relay shell in electronic components in
electronic communication, aerospace, transportation,
marine engineering etc [1—-4]. With the rapid
development of high-tech, the demands for

year.

At present, a conventional production process
of beryllium—copper alloy sheet is semi-continuous
casting — homogenization heat treatment — hot
rolling — milling surface —rough rolling — solid
solution treatment—cold rolling—aging [5,6], billet
heating equipment, hot rolling equipment and
pickling process are needed during production of
the alloy sheet, which induces heavy environmental
load and large production investment. In addition,
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in the traditional process of semi-continuous
casting—hot rolling, milling surface is required, the
reduction per pass is small, and the numbers of
rolling pass and intermediate annealing time are
more, which leads to long process flow, low yield
(less than 40%), high production cost, high energy
consumption and so on.

Using  horizontal casting
technology to produce beryllium—copper alloy plate
instead of traditional process of semi-continuous
casting — homogenization heat treatment — hot
rolling, combining with subsequent cold rolling, is
an effective method to solve the problems
mentioned above. However, the alloy plate ingot
produced by traditional horizontal continuous
casting (or cold mold continuous casting) has many
defects such as orange peel, cold shut, segregation
nodule and cracks, furthermore, the following
processing does not work until it suffers surface
milling, which reduces the yield. On the other hand,
the as-cast plate comprises columnar grains along
the thickness direction and contains numerous
defects such as porosity and slag inclusion, which
results in the difficulty to cold rolling, low yield and
poor quality of the product.

In order to overcome the problems mentioned
above, XIE et al [7,8] have invented a novel
heating—cooling  combined mold (HCCM)
horizontal casting technology to
produce beryllium—copper alloy plate with large
width (>300 mm) and small thickness (10—15 mm).
Our previous studies showed that HCCM horizontal
continuous casting technology can effectively
eliminate the columnar grains along the thickness
direction which are produced during cold mold
continuous casting, and obtain columnar grains
along the length direction (i.e. continuous casting
direction), which induces a good plasticity at room
temperature (elongation to failure of 35%) of the
alloy. On the other hand, some defects such as
surface orange peel, cold shut, segregation nodule
and cracks can be completely removed, and the
surface quality of the as-cast alloy plate is good. In
this work, a compact process of HCCM horizontal
continuous casting—cold rolling for generating
beryllium—copper alloy sheet was put forward,
which can solve the problems of long process, low
yield, high production cost and high energy
consumption in traditional production process

During cold rolling, deformation twins and

continuous

continuous

shear bands are prone to form in the copper alloy
with low stacking-fault energy [9,10]. Beryllium—
copper alloy has low stacking-fault energy, and
beryllium—copper alloy plate produced by HCCM
horizontal casting has a strong
anisotropic columnar grain along the length
direction, and microstructure evolution during cold
rolling plays a significant role in its workability and
mechanical properties. In this work, microstructure
evolution and mechanical property of Cu—
0.36wt.%Be—0.46wt.%Co (hereinafter referred to
as “Cu—0.36Be—0.46Co”) alloy sheet produced by
HCCM horizontal continuous casting during cold
rolling and its deformation mechanism were studied,
which laid a theoretical foundation of developing a
compact process of HCCM horizontal continuous
casting—cold rolling for fabricating beryllium—
copper alloy sheet.

continuous

2 Experimental

2.1 Preparation of beryllium—copper plate

The experimental material used in this work
was Cu—0.36Be—0.46Co alloy, and its chemical
composition is shown in Table 1. Cu—0.36Be—
0.46Co alloy plate with a width of 300 mm and a
thickness of 10 mm was prepared by HCCM
horizontal continuous casting. The principle of
HCCM horizontal continuous casting was seen in
Ref. [11]. Referring to our previous experimental
results of the Cu—0.36Be—0.46Co alloy plate
prepared by HCCM horizontal continuous casting,
the parameters of the continuous casting were as
follows: melt temperature of melting furnace
1200 °C, melt temperature of holding furnace
1180 °C, heating temperature of hot mold 1100 °C,
flow rates of primary cooling water Qupperien™
Qupperright:400 L/h, Quppermiddle:600 L/h, Olower 1ef™
Q[ower right:400 L/h, Qlowermiddle:600 L/h, and casting
speed 50 mm/min.

Table 1 Chemical composition of beryllium—copper
alloy (wt.%)

Be Co Ni Fe Al Si Pb Cu
0.36 046 0.10 0.20 0.016 0.056 <0.01 Bal

2.2 Cold rolling
The Cu—0.36Be—0.46Co alloy plates prepared
by HCCM horizontal continuous casting had good
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surface quality and were directly cold rolled at
room temperature without surface treatment. The
rolling mill used in the experiment was a four-high
reversible rolling mill with a back-up roller
diameter of 350 mm and a work roller diameter of
170 mm. The rolling parameters are shown in
Table 2.

Table 2 Rolling parameters of Cu—0.36Be—0.46Co alloy

Pass Thickness before Thickness Total

No. rolling/mm after rolling/mm reduction/%
1 10.0 9.0 10
2 9.0 8.0 20
3 8.0 6.0 40
4 6.0 4.0 60
5 4.0 3.0 70
6 3.0 2.0 80
7 2.0 1.0 90
8 1.0 0.5 95
9 0.5 0.2 98

2.3 Analysis and test methods

Some longitudinal section samples were cut
from the as-cast plates and cold-rolled sheets to
reveal the microstructure evolution of the
beryllium—copper alloy sheet during cold rolling.
After rough grinding, fine grinding and mechanical
polishing, the samples were corroded by a mixed
solution including 5 g FeCl; + 10 mL HCI + 90 mL
H,O0. The metallographic structure of the
longitudinal section of the samples was observed
under LV150 optical metallographic microscope.
The samples were electropolished using the
electrolyte containing 100 mL H;PO4 + 100 mL
C,HsOH + 50 mL CH;CH,CH,OH + 250 mL H,O.
The microstructures of the samples were analyzed
by SUPRA 55 SEM with electron backscatter
diffraction (EBSD) probe. For the samples of
transmission electron microscope (TEM), the
longitudinal section samples with a thickness of
0.4 mm were cut from the sheets. After being
ground to 30—50 um, the samples were then thinned
to perforation using the twin jet electro-polishing in
a solution of 100 mL HNO; + 200 mL CH;OH at
=30 °C, with an electric current of 50 mA.
Microstructures of the samples were studied by
TEM equipment FEI Tecnai G20.

Tensile samples were prepared according to

GB/T 228 —2010 standard. MTS material test
machine was used to perform the tensile tests at
room temperature with a strain rate of 1x107° s .
Three samples of each condition were tested and the
average value of the properties was taken as the
test result. HXD—1000TM hardness tester was
employed to determine the hardness of the samples,
the load was 500 g and the loading time was 15 s.
Five points of each sample were tested and the
average value was taken as the test result.

3 Results and discussion

3.1 Microstructure and mechanical properties of
Cu—0.36Be—0.46Co alloy plate fabricated by
HCCM horizontal continuous casting

A  Cu—0.36Be—0.46Co alloy plate with

300 mm in width and 10 mm in thickness was

prepared by HCCM horizontal continuous casting,

and the macrograph of the as-cast plate is displayed
in Fig. 1. Figure 2 shows the longitudinal sectional

Fig. 1 Photo of Cu—0.36Be—0.46Co alloy plate produced
by HCCM horizontal continuous casting (a) and surface
macrograph (b)
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Fig. 2 Longitudinal section metallographic structure of
Cu—0.36Be—0.46Co alloy plate prepared by HCCM
horizontal continuous casting: (a) 1/2 width; (b) 1/4
width; (¢) 1/20 width

metallographic structure of the as-cast plate at
different positions along its width direction. The
microstructure of the 1/2 width region (central
region) of the as-cast plate consisted of
symmetrically inclined columnar grains with a
certain angle (20°-40°) along the length direction,
and the average grain width was ~1500 pm. The
microstructures of the 1/4 and 1/20 width regions of
the plate were columnar grains parallel to the length
direction, and the average grain width was
~2500 um. The results showed that the beryllium—
copper alloy plate produced by HCCM horizontal
continuous casting had a strong columnar grains

along the length direction with structure
heterogeneity to some extent.
The mechanical properties and surface

roughness of the different parts along the width
direction of the as-cast alloy plate are shown in
Table 3. The tensile strengths of 1/2, 1/4 and 1/20

width samples were 360, 357 and 350 MPa, the
yield strengths were 244, 243 and 248 MPa, and the
elongations to failure were 35.6%, 34.3% and
33.6%, respectively. This indicated that the
difference of microstructure homogeneity had little
effect on the uniformity of mechanical properties,
displaying the uniformity of mechanical properties
along the width direction. Besides, the upper
surface roughness (R,) was 1.5-2.0 pm and the
lower surface roughness (R,) was 2.0—4.0 pum,
which indicated good surface quality of the as-cast
plate, as shown in Fig. 1(b).

Adjusting processing parameters to control the
liquid—solid interface (LSI) position inside the
transition zone between the heating part and the
cooling part was critical to fabricate good surface
quality and strong columnar grains of the tubes by
HCCM horizontal continuous casting [12]. The
process parameters were as follows: melting and
holding temperature 1200 °C, mold heating
temperature 1180 °C, cooling water flow rate
Qupper leﬂZQupper n'ght=400 L/h, Qupper midale=600 L/h,
Qlower leﬂ:Qlower right:400 L/ ha Qlower middle=6000 L/ ha
drawing speed 50 mm/min, in this case, LSI
position of the alloy plate can be controlled inside
the transition zone. On one hand, high enough
temperature gradient along the length direction in
front of LSI was established and the nucleated
grains grew along the length direction for attaining
strong columnar-grained plate [12]. On the other
hand, the alloy plate picked up good surface quality
due to the thick and strong solidified shell formed
during casting.

In view of the above experimental results, the
Cu—0.36Be—0.46Co alloy plate prepared by HCCM
horizontal continuous casting had good surface
quality and strong columnar grains along the length
direction as well as the elongation to failure of
35.0%, and can be directly cold rolled without
surface treatment.

Table 3 Mechanical properties and surface roughness at different parts along width direction of as-cast Cu—0.36Be—

0.46Co alloy plate
Different parts along Tensile Yield strength/  Elongation/  Upper surface Lower surface
width direction strength/MPa MPa % roughness/pm roughness/pum
1/2 width 360 244 35.6 1.5 2.4
1/4 width 357 243 34.3 1.5 2.2
1/20 width 350 248 33.6 2.0 4.0




962 Yan-bin JIANG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 958—971

3.2 Cold rolling of Cu—0.36Be—0.46Co alloy plate
produced by HCCM horizontal continuous
casting

From the processing parameters in Table 2, the

Cu—0.36Be—0.46Co alloy plate with a thickness of

10 mm produced by HCCM horizontal continuous

casting was directly multi-pass cold rolled into the

sheet with 0.2 mm in thickness and the maximum

accumulative cold rolling reduction reached 98%.

Figure 3 shows the surface macrographs of the

rolled alloy sheet. All the rolled sheets had smooth

surface without visible defects, which indicated that
the strong length-direction columnar-grained

Cu—0.36Be—0.46Co alloy plate produced by HCCM

horizontal continuous casting exhibited excellent

cold-rolling workability.

3.3 Microstructure evolution of as-cast Cu-—
0.36Be—0.46Co alloy plate during cold

rolling
3.3.1 Metallographic structure

Figure 4 shows a longitudinal section
metallographic ~ structure = of the  as-cast

Cu—0.36Be—0.46Co alloy plate and the cold-rolled
sheets. The as-cast plate had coarse columnar grains
along the length direction, with straight grain
boundaries and distinct dendrites in the grains, as
shown in Fig. 2 and Fig. 4(a). After cold rolling,
when the reduction was 20%, the grain morphology
of the sample was similar to that of the as-cast plate
and the grain boundaries were clearly visible;
however, the deformation traces were parallel to
each other at an angle of ~45° to the rolling
direction in the grains, only a few deformation
traces intersected, and some deformation traces can
pass through the grain boundaries without changing
the passing direction, as shown by the dotted line in

Fig. 4(b). When the reduction was 40%, the average
grain width decreased to ~1200 um and the number
of the deformation traces in the grains increased,
which were of mainly parallel and uniform
distribution, as shown in Fig. 4(c). When the
reduction was 60%, the microstructure of the
sample was similar to that of the reduction 40%, the
average grain width reduced to ~900 um and the
grain boundaries were still clearly visible, but the
number of the deformation traces increased and
shear bands formed in some regions, as shown in
Fig. 4(d). When the reduction rose to 80%, the grain
boundaries became blurred and the number of the
shear bands increased sharply. Two kinds of the
deformation microstructures appeared in the grains,
one was the intersecting shear bands, which divided
the grains into quadrilateral blocks, and the other
was the strip-like structure along the rolling
direction, in which there were fewer shear bands.
These two kinds of microstructures were parallel to
the rolling direction and distributed at intervals in
the thickness direction, and had apparent
characteristics of anisotropic deformation structure,
as shown in Fig. 4(e). As the reduction was further
increased to 90%, the width of the strip-like
structure decreased, which was similar to that of the
reduction 80%, as shown in Fig. 4(f).
3.3.2 EBSD microstructure

EBSD orientation imaging and misorientation
distribution analysis of the as-cast and cold-rolled
samples were carried out to further analyze the
microstructure evolution of the Cu—0.36Be—0.46Co
alloy sheet during cold rolling, as shown in Figs. 5
and 6, where the black bold line and black fine line
were used to mark the high angle boundaries
(HABs) with misorientation over 15° and the
low angle boundaries (LABs) with misorientation

Rolling direction

Fig. 3 Photos of cold-rolled Cu—0.36Be—0.46Co alloy sheet with thickness of 0.2 mm: (a) Sheet coil; (b) Surface of

sheet
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Thickness direction
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Fig. 4 Metallographic structure in longitudinal section of as-cast and cold-rolled Cu—0.36Be—0.46Co alloy sheets:
(a) As-cast state; (b) 20% reduction; (c) 40% reduction; (d) 60% reduction; (e) 80% reduction; (f) 90% reduction

within 2°—15°, respectively. From Figs. 5(a) and
6(a), the as-cast sample had columnar grains along
the length direction, and the grain boundaries were
mainly LAB. When the reduction was 20%,
crystallographic orientation of the local micro-
regions had little change (colour change in the local
region in Fig. 5(b)), indicating slight rotation of the
local micro-region inside grains, which induced
numerous parallel LAB near the original grain
boundaries, as shown in Figs. 5(b) and 6(b). When
the reduction was 40%, the crystal rotation extent
increased and a lot of LAB formed in the local
region, which were developed into many banded
structure, as shown in Figs. 5(c) and 6(c). When the
reduction was increased to 60%, the extent of

intragranular deformation intensified and apparent
crystal rotation in micro-region occurred, resulting
in numerous banded structures, as shown in
Fig. 5(d). When the reduction was further increased
to 80%, the number of LABs increased remarkably
and the extent of intragranular shear deformation
intensified, resulting in the formation of intersected
shear bands (Figs. 5(e) and 6(e)), which coincided
with the metallographic structure in Fig. 4(e).
3.3.3 TEM microstructure

Transmission electron microscopy (TEM) was
employed to observe the microstructures of the
as-cast and cold-rolled samples. Figure 7 shows the
TEM images of the as-cast sample, and there were
straight low-angle grain boundaries in the sample.
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| —

Fig. 5 EBSD orientation maps in longitudinal section of as-cast and cold-rolled Cu—0.36Be—0.46Co alloy sheets:
(a) As-cast state; (b) 20% reduction; (c) 40% reduction; (d) 60% reduction; (e) 80% reduction

In addition, a few dislocations and precipitate
particles with a diameter of ~3 nm formed inside
grains. The dislocations were formed by a large
number of vacancies accumulated during the
solidification of the as-cast alloy plate, and the
precipitated phase particles were formed in the Cu
matrix during the cooling of the solidified alloy.
After cold rolling, a great number of dispersed
dislocations were produced in the alloy when the
reduction was 20% (Fig. 8(a)). Under the action of
rolling pressure, multiple dislocation slip systems
were activated and a large number of dislocations
interacted, which induced the dislocation nets and
dislocation cells [13,14]. The average size of the
dislocation cells was ~0.7 um, and the cell wall was
of high-density dislocations and intracellular

dislocation density was low, as shown in Figs. 8(b)
and (c). In addition, numerous parallel dislocation
bands with a width of ~0.2 pum formed in the alloy
(Fig. 9(d)), which corresponded to the deformation
traces in the metallographic structure of Fig. 2(b).

When the reduction was 40%, the number of
the dislocation cell increased due to the continuous
multiplication and interaction of dislocations
(Fig. 9(a)), and the interior stress due to dislocation
accumulation in the local region reached the critical
stress to activate twin, which formed numerous
parallel deformation twins with a width of ~30 nm,
as shown in Fig. 9(b). In addition, some twins
passed through the dislocation cells by shear
deformation to form strip-like dislocation cells, as
shown in Figs. 9(c) and (d).



Yan-bin JIANG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 958-971 965

0.9 0.9
(@) (b)
0.8} 0.8}
0.7t 0.7 H
oy 1 &
§ 0.6 § 0.6 H
g 05} g 0.5
3=] 3=]
2 044 2 04f
3 3
= 03} = 03}
& &
02} 02}
0.1} 0.1F
. . || . L. . . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Misorientation/(°) Misorientation/(°)
0.9 0.8
© (d)
08¢ 0.7 H
. 0.7 fr 7 0.6f
5 0.6 g
= s 05h
g 0.5 g
= S 044
=z 04r =
;T:; . é 0.3+
02l 02}
0.1»1ﬂ 0.1H
. : : ; : ; T . ;
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Misorientation/(°) Misorientation/(°)
0.7H
> 0.6
Q
5]
El 0.5H
2
S 041
Z
3 03
&
02}
0.1
L. | o

0" 10 20 30 40 50 60
Misorientation/(°)
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Fig. 7 TEM images of as-cast Cu—0.36Be—0.46Co alloy
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da..,

Fig. 8 TEM images and diffraction pattern of cold

For the reduction of 60%, the number of the
twin increased remarkably and the dislocation
density inside the twins also rose (Figs. 10(a)—(c)).
With the increase of the rolling reduction, the
interaction between dislocations and twins
intensified, which induced parallel microbands [15]
(Fig. 10(d)). Furthermore, the diffraction spots in
the electron diffraction pattern were distorted
obviously, indicating the large crystal rotation and a
high strain state in the sample. Such behaviours
were ascribe to that with the increase of the
reduction, multiple dislocation slip systems were

&
4 ERdE
3 A4 %

-rolled Cu—0.36Be—0.46Co alloy sheet with reduction of 20%

Fig. 9 TEM images and diffraction pattern of cold-rolled Cu—0.36Be—0.46Co alloy sheet with reduction of 40%

activated and numerous twins formed, which
induced rotation of microcrystalline to maintain the
deformation continuity and release the local stress
concentration [16].

When the reduction was increased to 80%, a
great number of the shear bands were found in the
grains, some of which interacted with each other,
leading to severe kinking phenomenon in the local
region and forming S-like band [17], as shown in
Figs. 11(a) and (b). From the enlarged TEM images,
it can be observed that the shear bands formed via
the interaction of high density dislocation groups
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. Ky

Fig. 11 TEM images and diffraction pattern of cold-rolled Cu—0.36Be—0.46Co alloy sheet with reduction of 80%

and twins, as shown in Fig. 11(d). In addition, the
distortion degree of the diffraction spots of the
deformed microstructure rose, indicating that the
degree of shear deformation in the alloy increased
with an increase of the reduction, and the degree of
crystal rotation was also enhanced correspondingly.
As the reduction was further increased to 90%,
apart from the formation of microbands in the alloy
(Figs. 12(a) and (c)), the interaction among the
shear bands, dislocations and twins intensified and
a large number of slender dislocation cells were

generated, which significantly refined the deformed
matrix, as shown in Figs. 12(b) and (d).

From the above microstructure analysis,
during the cold rolling of the Cu—0.36Be—0.46Co
alloy plate produced by HCCM horizontal
continuous casting, for the small reduction (e.g.,
20%), a large number of dispersed dislocation nets
and dislocation cells formed, and the dislocation
sliding mainly contributed to deformation
mechanism. For the moderate reduction (e.g., 40%),
twins formed and interaction between dislocation
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cells and twins induced the strip-like dislocation
cells, indicating that twinning was one of the
deformation mechanisms. For the larger reduction
(>60%), the shear deformation intensified and shear
bands formed. With an increase of the reduction, the
shear bands increased in number and interacted
with each other, which refined grains obviously, and
the shear deformation was the primary deformation
mechanism in this stage.

3.4 Mechanical property changes of Cu-—
0.36Be—0.46Co alloy sheet during cold
rolling
Figure 13 shows that mechanical properties of

the as-cast and cold-rolled Cu—0.36Be—0.46Co

alloy. The tensile strength, hardness and elongation
to failure of the as-cast plate were 353 MPa,

HV 119 and 35.0%, respectively. After cold rolling,

for the reduction of 20%, the tensile strength and

hardness of the alloy increased to 424 MPa and

HV 159, respectively, and the elongation fell to

11.3%, indicating apparent work-hardening effect.

When the reduction was 40%, the tensile strength

and hardness rose to 482 MPa and HV 168,

respectively, but the elongation dropped slowly to

8.9%. With further increasing the reduction (60%—

95%), the tensile strength and hardness increased,

but the elongation (7.6%—8.5%) dropped slightly.

For the reduction of 95%, the tensile strength,

hardness and elongation were 625 MPa, HV 208

and 7.6%, respectively.

ok . .
Fig. 12 TEM images and diffraction pattern of cold-rolled Cu—0.36Be—0.46Co alloy sheet with reduction of 90%
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Fig. 13 Mechanical properties of as-cast and cold-rolled

Cu—0.36Be—0.46Co  alloy sheet with different

reductions: (a) Tensile strength and elongation to failure;

(b) Hardness

The mechanical property evolution of the
Cu—0.36Be—0.46Co alloy plate prepared by HCCM
horizontal continuous casting during cold rolling
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was closely related to its microstructure. The as-cast
alloy plate had large columnar grains along the
length direction, few transverse grain boundaries,
few dislocations formed during solidification in the
grains, the large average free path of dislocation
sliding and low-density dislocations [18—20], which
resulted in a low work-hardening rate and can
withstand a large degree of extension deformation
along the length direction before fracture and
failure, therefore, the as-cast plate had the low
strength (353 MPa) and high elongation to failure
(35.0%). For the reduction of 20%, a large number
of dislocations, dislocation cells and dislocation
bands formed, which impeded dislocation
movement and induced high work-hardening effect,
resulting in remarkable increase of both hardness
and tensile strength but a sharp decrease of the
elongation. When the reduction was 40%, the
number of dislocation cells increased and numerous
twins with an average width of 30 nm formed. The
interaction among twins, dislocations and
dislocation cells induced the continuous increase of
the hardness and tensile strength as well as a
reduction of the elongation.

When the reduction was increased to 60%,
numerous microbands formed in the alloy and the
apparent crystal rotation in the micro-region
occurred. When the reduction was 80%, dislocation
density increased and more intersected shear bands
formed. With further increasing the reduction
(90%), the dislocation density changed little;
however, a large number of subgrains (such as

dislocation cells) formed, which refined the
deformed matrix. These subgrain boundaries can
effectively hinder the dislocation movement,
resulting in the increase of both tensile strength and
hardness with an increase of the reduction [21]. For
the reduction of 60%—90%, on one hand, numerous
tens of nanometer dislocation cells and microbands
formed in the alloy, which refined the grains. On
the other hand, the coarse primary columnar grains
along the length direction were prone to rotation of
microcrystals under high strain state, which was
favourable to release the stress concentration.
Therefore, the slight decrease of the elongation with
an increase in the reduction from 60% to 95% was
mainly ascribe to refinement of subgrain and crystal
rotation in the micro-region, and the elongation
decreased from 8.5% to 7.6%, which was
favourable to the subsequent cold rolling.

Figure 14 shows the tensile fracture
morphology of the cold-rolled alloy sheet. Dimples
emerged apparently on the fracture surface of the
cold-rolled sheets with different reductions. For the
reduction of 20%, large and deep dimples were
found on the fracture surface, as shown in
Fig. 14(a). With increasing the reduction, the
dimple size became smaller and shallower, for the
reduction of 95%, the fracture surface with many
dimples of the rolled sample was still ductile
fracture mode and the elongation was 7.6%, which
showed good cold-rolling workability of the
Cu—0.36Be—0.46Co alloy plate produced by HCCM
horizontal continuous casting.

Fig. 14 SEM fractographs of cold-rolled Cu—0.36Be—0.46Co alloy sheet with different reductions: (a) 20%; (b) 40%:;

(c) 60%; (d) 80%; (e) 95%
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From the above experimental results and
analysis, the Cu—0.36Be—0.46Co alloy plate
prepared by HCCM horizontal continuous casting
had good surface quality and can be directly
large-deformation cold rolled without surface
treatment. Besides, the as-cast plate had strong
columnar grains along the length direction, the
mechanical properties along the width direction
were uniform, the elongation to failure was 35.0%
and the maximum accumulative cold-rolling
reduction can reach 98%. Making full use of the
advantages mentioned above, a novel method of
HCCM horizontal continuous casting—cold rolling
for producing beryllium—copper alloy sheet was
proposed in this work, which can omit high energy
consumption, high metal loss and high
environmental burden processes of hot rolling,
surface treatment, intermediate annealing and
pickling in the traditional production method. Such
method is expected to develop into a new compact
process and high efficiency producing technology
of beryllium—copper alloy sheet with some
advantages of low equipment investment, low
production cost and low energy consumption.

4 Conclusions

(1) Cu—0.36wt.%Be—0.46wt.%Co alloy plate
with 300 mm in width and 10 mm in thickness
produced by HCCM horizontal continuous casting
had columnar grains along the length direction and
good surface quality as well as the elongation to
failure of ~35%, which can be directly
large-deformation cold rolled without surface
treatment, and the cold-rolling
reduction reached 98%. The as-cast plate exhibited
excellent cold rolling workability.

(2) During cold rolling, for the small reduction
of 20%, substantial dislocation nets and dislocation
cells formed, the dislocation sliding mainly
contributed to deformation mechanism. For the
reduction of 40%, twins formed and interaction
between dislocation cells and twins induced
strip-like dislocation cells, indicating the main
deformation mechanisms of dislocation sliding and
twinning. When the reduction exceeded 60%, the
shear deformation intensified, shear bands formed
and apparent crystal rotation in the micro-region
happened. With an increase of the reduction, shear
bands increased in number and interacted with each

accumulative

other, which refined grains obviously.

(3) For the reduction of 20%, the tensile
strength and hardness of the alloy increased from
353 MPa and HV 119 of the as-cast alloy to
424 MPa and HV 159, respectively, and the
elongation to failure reduced from 35% to 11.3%.
When the reduction was 40%, the tensile strength
and hardness rose to 482 MPa and HV 168,
respectively, and the elongation fell to 8.9%. With
further increasing the reduction, the tensile strength
and hardness increased, but the elongation
decreased slowly. For the reduction of 95%, the
tensile strength and hardness were 625 MPa and
HYV 208, respectively, and the elongation was 7.6%.
Formation of shear bands induced continuous
hardening, and refinement of subgrain as well as
crystal rotation in the micro-region contributed to
the slight decrease of the elongation with an
increase in the reduction from 60% to 95%.

(4) The process of HCCM horizontal
continuous casting—cold rolling can work as a novel
compact means to fabricate beryllium—copper alloy
sheet.
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M SH A HRIK FEESE Cu—0.36Be—0.46Co & &4
AELTFEF BB LAF hF M EE TSk

R, KRR F F, A, & o, it & KD, FkAeC, EAm?

1. FERY MERES TSR, Kb 410083;

2. ERURHECR S MPRHEER & HORBOE I E s %, st 100083;
3. TERITAGBSRERN AR, AMiL 753000;
4. LA RAR ik, wIYI 518118

1 = RHAAHEERHCCM)KTES T EH14 300 mm(%) x 10 mm(&) Cu—0.36%Be—0.46%Co(J5i £:7) %)
HE, SEHHM TR, RIS & B RSV J S R AR R S A TEHLEE . 45 R
A B E T MRS, REAEL, WEMNKRER 35%, JLFKRESI A 2T KBEA
T, TR KM RAFLETEEIE 98%. MR ER/NT(20%), BHEIHENAEIEE, TERKEVREUN
AARIDIAE RIS i BTN 40%0), A& IR ZR G, HAS RS AAS B BRI R SR A4S i 24
BIGERIE 60%0T, JEMYIRR, KAHRMMXGEEES); BEREENE A, VI wHENEZ BAHE
YERD, s Sk B B A4k o B o R AR th 85251 353 MPa F1 HV 119 23 5 7H & EAFL A T8 95%K 8 625 MPa
FITHV 208, W52 N H 35%FFKE 7.6%. 1245 R MK RYH & & HCCM K- H—2 5L R mi Ak
BT 5 V23R S 30 A4
KPR MAUHEHRUKFES: WMsa4e: flw; ML e

(Edited by Xiang-qun LI)
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