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Abstract: Mechanical properties and fracture behavior of Cu-0. 84Co-0. 23Be alloy after plastic deformation and heat
trecatment were comparatively investigated. Severe plastic deformation by hot extrusion and cold drawing was adopted
to induce large plastic strain of Cu-0. 84Co-0. 23Bc alloy. The tensile strength and clongation arc up to 476. 6 MPa
and 18% , respectively. The fractured surface consists of deep dimples and micro-voids, Due to the formation of su-
persaturated solid solution on the Cu matrix by solution treatment at 950 “C for 1 h, the tensile strength decreased to
271.9 MPa, while the clongation increased to 42%. The [racturc morphology is parabolic dimple. Furthermore, the
tensile strength increased significantly to 580. 2 MPa alter aging at 480 “C for 4 h. During thc aging proccss, a large
number of precipitates formed and distributed on the Cu matrix. The fracture feature of aged specimens with low
elongation (4. 6%) exhibits an obvious brittle intergranular fracture, It is confirmed that the mechanical properties
and [racturc bchavior arc dominated by the microstructure characteristics of Cu-0. 84Co-0. 23Bc alloy alter plastic de-
{ormation and hcat trecatment. In addition, the [racturc bchavior at 150 ‘C of aged Cu-0. 84Co-0. 23Bc alloy was also
studied. The tensile strength and elongation are 383.6 MPa and 11.2%, respectively. The fractured morphologies

are mainly candy-shaped with partial parabolic dimples and equiaxed dimples. The fracture mode is multi-mixed

mcchanism that brittle intergranular {racturc plays a dominant rolc and ductile [racturc is sccondary.
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Beryllium copper (Cu-Be) alloys are the typical
precipitation strengthened alloys. As a main strengthe-
ning element, the content range of Be element is 0. 2—
2.0 mass%'!'"?!, The addition of cobalt element can
prominently improve the mechanical strength, hard-
ness, toughness, and resistance to high temperature
of Cu-Be alloys. The Be element content range of
high strength Cu-Be alloy is 1.6 —2.0 mass% , while
that of the high conductivity Cu-Be alloy is 0. 2—0. 6
mass %'*"". The mechanical properties of as-cast Cu-
Be alloys can be improved through severe plastic de-
formation (forging, extrusion, drawing, etc. ). Af-
ter solution and subsequent aging treatment, the

mechanical properties and electrical conductivity of
Cu-Be alloys are improved significantly. Thus, se-
vere plastic deformation methods can be widely used

in the ocean engineering, defense industry, automo-
bile industry, and petroleum industry, etc. 1%,
Currently, the fracture behaviors and mechani-

12 ) aluminium al-

and CuZn alloys''"!

cal properties of stainless stee

P81l magnesium alloy' 711,

loy
etc. have been investigated. For the Cu-Be alloys,
most investigations focused on the mechanical prop-
erties and fracture behaviors of high strength Cu-Be
alloys (1. 6—2. 0 mass% Be)! """ 7121 Ag referred

by Sudhakar et al. ¥ and Rosenthal™®!, the fracture
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behaviors under various loading modes of Cu-Be al-
loys were examined and the fracture mechanisms
were analyzed; according to the results, the domi-
nant failure mechanism was intergranular fracture

1. % investigated the

under tensile mode. Jen et a
effect of over-aging on fracture toughness of C17200
beryllium copper; meanwhile, the micro-fracture and
macro-fracture behaviors of this alloy were compre-
hensively studied; by analyzing the fracture behav-
lor, the internal relationship between pre-cracking
fatigue propagation rate and fracture toughness was
revealed. Millettt®? studied the effect of age harden-
ing on the shock response of Cu-2.0 mass% Be al-
loy, and the results indicated that the shear strength
of this alloy after solution treatment was nearly identi-
cal to that of pure copper, and the aging treatment
significantly improved the strength under shock
loading. However, the effects of preparation method
and heat treatment on the mechanical properties and
fracture behavior, as well as the fracture mechanism
of Cu-Be alloys have been hardly investigated yet.
Furthermore, there are few reports about the com-
parison of mechanical properties and fracture charac-
teristic after plastic deformation and heat treatment
for the Cu-Co-Be alloys (0.2 — 0.6 mass% Be).
Therefore, the mechanical properties, fracture mor-
phology, and microstructure characteristics of Cu-
0. 84Co-0. 23Be alloy after plastic deformation, solid
solution and aging treatment were investigated in
this paper. Meanwhile, the fracture behavior at ele-
vated temperature of aged Cu-0.84Co-0. 23Be alloy
was also researched.
1 Experimental Procedures

The electrolytic copper (99. 99 mass% ), cobalt
flake (99.95 mass%), and Cu-3.3 mass¥ Be master

alloy were used for preparing the Cu-0.8Co-0.2Be
(nominal composition) ingot. The raw materials were

R10 _
(a) :—} 1.6

melted in a KGPT200-2. 5 medium frequency induc-
tion furnace at the temperatures of 1150— 1250 C.
The feeding sequence of raw materials was electro-
lytic copper, cobalt flake, and Cu-Be master alloy.
The phosphor copper alloy was used for deoxidiza-
tion. The molten metals were poured into a cast iron
mould and an ingot with a diameter of 100 mm was
obtained. The actual composition of the ingot was
0. 84 massYs cobalt and 0. 23 mass% beryllium along
with balance of copper by chemical analysis. A bar
with a diameter of 16 mm was obtained by subse-
and cold

drawing. The heat treatment of specimens with a

quent hot forging, thermal extrusion,
size of $16 mm X 10 mm was carried out by a KSS-
1200 gas protection tube furnace. Based on the phase

1901 the solution tempera-

diagram of Cu-Be alloys
ture of specimens was 950 ‘C and the holding time
was 1 h. Then, the specimens were aging treated at
480 °C, held for 4 h and cooled in air. The perform-
ance and microstructure of Cu-0. 84Co-0. 23Be alloy
were related with the process parameters of heat
treatment (temperature and holding time).
Mechanical properties of Cu-0. 84Co-0. 23Be al-
loy were measured in accordance with the uniaxial
tensile test. Tensile samples were prepared accord-
ing to the GB/T 228.1-2010 tensile testing at room
temperature and the GB/T 4338-2006 tensile testing
at elevated temperature, respectively. The experi-
mental results of tensile testing were repetitive.
Fig. 1 shows the tensile specimens for room temper-
ature tests and elevated temperature tests. Tensile
testing for each condition, as well as data acquisition
and analysis, was performed using a SHIMADZU
AG-T 250 kN precision universal testing machine
with a constant strain rate of 2 mm/min. In addi-
tion, a high-temperature heating device associated
with the testing machine was implemented for elevated
temperature tests. The fractured surface morphologies

(b) R 16/

M12

10 mm
—_

~

Fig. 1 Drawing of tensile specimens (unit: mm

for room temperature tests (a) and for elevated temperature tests (b)
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were observed using a scanning electron microscope
(SEM). The specimens were cleaned three times by
ethanol liquid in KQ5200 ultrasonic stirrer before
SEM observation. The microstructures of supersatu-
rated solid solution and precipitates after solution
and aging treatment were observed under a trans-
mission electron microscope (TEM),

2 Results and Discussion

The tensile strength and elongation of Cu-
0. 84Co-0. 23Be alloy under different states are pres-
ented in Table 1. Compared with the mechanical
properties for drawing state, the tensile strength for
solution condition decreases sharply to 271. 9 MPa,
but the elongation increases significantly from 18%
to 42%. The reason is that the Be atoms dissolved
into the Cu matrix and formed the supersaturated
solid solution after solution heat treatment. Subse-
quently, the tensile strength of alloy increased sig-
nificantly and reached a peak value of 580. 2 MPa af-
ter aging treatment, while the elongation reduced to
the minimum value of 4. 6%. Although the tensile
strength of aged Cu-0.84Co-0. 23Be alloy tested at
450 C shows a reduction compared with that of ag-
ing state at room temperature, the value is still
higher than that of solution state. Furthermore, the

~__ Radial region and
. Shear lip| fibrous region

“iﬁecldng_

(a) Macroscopic fracture morphology;

Table 1 Comparison of experimental results of
Cu-0. 84Co-0. 23Be alloy under different states

Test Tensile Yicld )
. Elongation/
State temperature/ strength/ strength/ o
T MPa MPa !
Drawing 25 176. 6 136. 6 18.0
Solid solution 25 271.9 — 42.0
. 25 580. 2 168. 2 1.6
Aging
4150 383.6 314. 3 11.2

elongation has an obvious increase and achieves the
value of 11.2% (Table 1).

Fig. 2 shows the fracture morphologies at room
temperature of Cu-0. 84Co-0. 23Be alloy under draw-
ing state. Fig. 2 (a) shows that the tensile sample
has a marked necking phenomenon, and the fracture
direction is parallel to the axis of tensile direction. In
addition, the fracture surface consists of three dis-
tinct regions, i. e. fibrous region, radial region, and
shear lip region, which represent the crack initia-
tion, crack extension, and shear fracture zones, re-
spectively. Firstly, fracture occurs in the fiber re-
gion and then expands rapidly to the radiation region
and break down finally with the formation of shear
lips. The radiation direction is the direction of crack
source. Figs. 2(b) —2(d) show that the crack zone of

Crack sourc
fibro

(b), (¢), (d) Microscopic fracturc morphologics under different magnifications.

Fig. 2 Fracture morphologies at room temperature of Cu-0. 84Co-0. 23Be alloy under drawing state
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Cu-0. 84Co-0. 23Be alloy consists of equiaxed dim-
ples and micro-cavity.

The fracture morphologies at room temperature
of Cu-0. 84Co-0. 23Be alloy under solution state are
shown in Fig. 3. Fig. 3(a) shows that the as-quenched
sample breaks along the angle of 45° to the tensile
direction under the action of shear stress. Moreover,

the obvious plastic deformation appears near the
fracture and the surface of sample has a large num-
ber of scaly cracks. As shown in Figs. 3(b) —3(d),
in comparison with the equiaxed dimples under
drawing condition, the relatively shallow dimples
namely parabolic dimple or shear dimple with the
parabolic shape distribute on the shear lips zone.

(a) Macroscopic [racture morphology;

(b), (c), (d) Microscopic fracture morphologies under different magnifications.

Fig. 3 Fracture morphologies at room temperature of as-quenched Cu-0. 84Co-0. 23Be alloy at 950 C for 1 h

Fig. 4 shows the fracture images at room tem-
perature of Cu-0.84Co-0. 23Be alloy aged at 480 °C
for 4 h. Fig. 4(a) shows that the failure mode is brit-
tle intergranular fracture. The macroscopic fracture
surface is characterized by bright surfaces, and every
bright surface is the interface of grains. The fracture
cross section is candy-shaped morphology with the
coarse grains. According to Figs. 4(b) —4(d), each
polyhedron of grain morphology is similar to the
gathered candy, and the triple nodes in grain bound-
ary surface are also observed clearly. In addition,
partial shallow shear dimples are found on some
crystalline grains.

The fracture morphologies of aged Cu-0. 84Co-
0. 23Be alloy after high temperature tensile test at
450 C are shown in Fig. 5. Fig. 5(a) shows that the
macroscopic failure mode is also the brittle interg-
ranular fracture. However, owing to the oxidation

reaction under high temperature, the interfaces of
grains are not as bright as those of samples at room
temperature. As shown in Figs. 5(b) —5(d), except
for the candy-shaped morphology, more shear dim-
ples and tearing ridges distribute on local crystalline
grains (Fig. 5(c)). In addition, a lot of small and
deep equiaxed dimples and micro-cavity are also ob-
served, which indicates that the ductility is better in
these zones (Fig. 5(d)).

The microstructures of supersaturated solid so-
lution and precipitates after solution and aging treat-
ment are shown in Fig. 6, respectively. Due to the
sufficient dissolution of solute atoms in the Cu ma-
trix and rapid cooling rate, the a supersaturated sol-
id solution formed after solution treatment at 950 °C
for 1 h (Fig. 6(a)). Under as-quenched condition of
Cu-0. 84Co-0. 23Be alloy, the integrity of matrix lat-
tice was destroyed because of the formation of a large
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(a) Macroscopic fracture morphology; (b), (¢)» (d) Microscopic fracturc morphologics under different magnifications.

Fig. 4 Fracture morphologies at room temperature of Cu-0. 84Co-0. 23Be alloy aged at 480 C for 4 h

fracture

B

I Equiaxed
¥ dimple

(a) Macroscopic fracture morphology; (b), (¢)» (d) Microscopic fracturc morphologics under different magnifications.

Fig. 5 Fracture morphologies at 450 C of Cu-0. 84Co-0. 23Be alloy aged at 480 C for 4 h
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(a) Solution treatment at 950 ‘C for 1 h;
TEM images of Cu-0. 84Co-0. 23Be alloy after solution and aging treatment

Fig. 6

amount of vacancies. The electron wave scattering
led to the decrease of conductivity of Cu-0. 84Co-
0. 23Be alloy™*%, In addition, the specimens exhib-
ited no detectable precipitation and the low disloca-
tion density showed that no straining during quench-
ing occurred. Therefore, the as-quenched alloy was
still relatively soft and had an excellent elongation as
well as the relatively lower tensile strength (Table 1).
However, a series of phases precipitated from the «
supersaturated solid solution and distribute on the
aging
ment' *3!_ Tt can be seen from Fig. 6(b) that a large

copper matrix by the subsequent treat-
amount of precipitates dispersively distribute on the
copper matrix. For Cu-0.84Co-0. 23Be alloy, the
precipitates effectively hindered the motion of dislo-
cations due to the strong lattice distortion field, and
thus led to the improvement of mechanical proper-
ties?®*, Therefore, the tensile strength of Cu-
0. 84Co-0. 23Be alloy improved significantly after ag-
ing at 480 °C for 4 h (Table 1).

The fracture morphologies reveal that the fail-
ure mode is mainly the ductile fracture. The fracture
cross section is perpendicular to or parallel to the
tensile stress direction. The micro-fracture morphol-
ogies of drawing and solution samples are mainly the
equiaxed dimples and the shear dimples, respective-
ly. The difference can be interpreted that the shape
of dimples is dominated by the state of sustained
stress, and the size as well as the depth related to
the ductility of the material. For instance, the equi-
axed dimples form under the normal stress. The mi-
cro-holes grow around uniformly and the approxi-
mate roundness equiaxed dimples occur after frac-
ture under the effect of normal stress (Fig.2(b)).
However, under the shear stress, the shear or para-

bolic dimples usually occur in the shear lips zones of

(h) Aged at 480 C for 4 h.

tensile fracture (Fig. 3 (b)). The process of dimples
fracture is the formation, growing up, and intercon-
nection of micro-holes. It belongs to a kind of high
energy absorption process of ductile fracture. The
micro-holes (cavity) form on the area with serious
plastic deformation. The inclusions in this area are
the nucleation location of micro-cavities. The micro-
cavities grow up and gather together, and then lead
to the appearance of cracks. The cracks extend rap-
idly and finally break down in the shear lip area. The
of aged Cu-0.84Co-
0. 23Be alloy at room temperature and high tempera-

main fracture mechanisms
ture are brittle fracture. The brittle fracture surface
is usually perpendicular to the tensile stress direc-
tion. The brittle intergranular fracture largely de-
pends on the grain boundary surface states. The pre-
cipitation along grain boundary of brittle phase due
to metallurgy or heat treatment factors can lead to
the crystal brittle fracture. For the Cu-Co-Be alloy
aged at 480 ‘C for 4 h (Fig. 6), a series of precipi-
tates form on the grain boundary, and finally result
in the intergranular brittle fracture. However, ac-
cording to the fracture morphologies of specimens
for room temperature and elevated temperature
tests, the former have a little quantity of shear dim-
ples and the latter have more shear dimples and deep
equiaxed dimples (Figs. 4 and 5). The results indi-
cate that the failure mechanism is the multi-mixed
mechanism that brittle intergranular fracture plays a
dominant role and ductile fracture is secondary. Mo-
reover, the specimens for high temperature test are

accompanied by the oxidation reaction.
3 Conclusions

(1) The plastic deformation and heat treat-

ment have significant effects on the tensile proper-
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ties of Cu-0.84Co-0. 23Be alloy. The experimental
results of tensile test are repetitive. For the as-draw-
ing specimens, the tensile strength and elongation
are up to 476.6 MPa and 18% ., respectively. After
solution treatment at 950 ‘C for 1 h, the tensile
strength decreases to 271. 9 MPa, while the elonga-
tion increases to 42%5. Furthermore, the tensile strength
increases significantly to 580.2 MPa after aging at
480 °C for 4 h, while the elongation is only 4. 6 %.

(2) It is confirmed that the mechanical proper-
ties and fracture behavior are dominated by the mi-
crostructure characteristics. The failure mode after
severe plastic deformation is the typical equiaxed
ductile fracture with a marked necking. The frac-
tured surface consists of deep dimples and micro-
voids. Due to the formation of supersaturated solid
solution, the fracture morphologies for solution state
are parabolic dimples. During the aging process, a
large number of precipitates form and distribute on
the Cu matrix. The aged specimens exhibit obvious
brittle intergranular fractures.

(3) The tensile strength and elongation of
aged Cu-0. 84Co-0. 23Be alloy for elevated tempera-
ture test are 383.6 MPa and 11.2%, respectively.
The fractured morphologies are mainly candy-shaped
grains with partial parabolic dimples and equiaxed
dimples. The fracture mode is multi-mixed mecha-
nism that brittle intergranular fracture plays a domi-
nant role and ductile fracture is secondary.
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