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Abstract : Mechanical properties and fr acture beha vior of Cu-O. 84Co-0. 23Be alloy afte r plastic deformation and heat

treatment were com par at ively investigated. Severe plast ic defo rm ation by hot extrus ion and cold drawing was adopted

to induce large pla sti c s tra in of Cu-O. 84Co-0. 23Be alloy. The tensile strength and elonga tion ar e up to 476. 6 MPa

and 18 %, respectively. The fractured surface con sists of deep dimples and micro-voids . Due to the form ation of su ­

persaturated solid sol ution on th e Cu matrix by sol ut ion treatment at 950 ·C for 1 h , the tens ile strength decreas ed to

271. 9 MPa , while th e elongation increase d to 42 % . The fra cture morphology is par aboli c dimple. Furthermore, th e

tensile s tr ength incr eased significantl y to 580. 2 MP a aft er ag ing at 480 ·C for 4 h. Durin g th e agin g pro cess, a larg e

number of precipitat es formed and distributed on the Cu m atrix. The fr acture feature of aged sp ecim ens with low

elongation ( 4. 6% ) exhibits an ob vious brittle intergranular fracture. It is confirmed that th e mechanical properties

and fractu re behavior are dominated by th e microstructure charac te ris tics of Cu-O. 84Co-0. 23Be alloy aft er plastic de­

formation and heat tr eatment. In add ition, th e fracture behavior at 450 ·C of aged Cu-O. 84Co-0. 23Be alloy was also

studied. The tensile strength and elongation ar e 38 3. 6 MPa and 11. 2 % , respectively . The fractured morphologies

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

mechani sm that britt le int ergranular fracture plays a dominant role and du cti le fra cture is second ar y.
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Beryll ium copper (Cu-Be) alloys are the typical

precip itation strengthened alloys. As a main strengthe­

ning eleme nt , the con tent range of Be el emen t is O. 2 ­
2.0 m ass % [l,zJ . T he addi tion of cobalt el em ent can

prominently improve the mechanical strength, ha rd­

ness , toughness , and resis tance to h igh tem pera ture

of Cu-B e alloys. T he Be el em ent cont en t range of

high strength Cu-Be alloy is 1. 6 - 2.0 mass%, wh ile

that of the h igh conductivity Cu -Be alloy is O. 2-0. 6
mass % [3 .1] . The mechanical properties of as -cast Cu ­

Be alloys can be improved th rough sev ere plastic de­

formation ( forg ing, extrusion, drawing, etc. ) . Af­

ter so lu tion and subseq uent aging trea tmen t, t he

m ech anical properties and elect r ical co nductivity of

C u-Be alloys are improved significantly. T hus, se­

vere plastic deformation m etho ds can be widely used

in the ocean engineering, defense industry, automo­

bi le indus try, and petroleu m indus try , et c. [5-10J.

Curren tly, t he frac ture behaviors and m ec ha ni ­

ca l properties of s tai nless steel [ll, lZJ, aluminium al­
loi 13.14J , magnesium allo i l5.16J, and Cu-Zn alloys[l7]

et c. have been invest igated. For the Cu-Be all oys ,

m os t investigations focused on the m ec ha nical prop­

er t ies and fract ure behaviors of h igh strength Cu -Be
alloys (1. 6-2. 0 m ass % Be) [1.5.7-9.18-z9J. As referred

by Sudha kar et al. [18J and Rosen thal[19J , t he frac ture
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beh aviors under various loadin g m od es of Cu-B e al­

loy s w ere exam ine d and the frac t ure m ech anisms

we re ana lyzed ; according to the resu lts , the domi­

nan t fail ure m ech ani sm was intergranular fractu re

und er tensile mode. J en et a l. [20J inves ti ga ted the

effe ct of ov er-aging on frac t ure toughness of C17200

beryll ium copper; mean wh ile, the micro-fracture and

m acro-fract ure beh aviors of th is alloy were com p re­

hen si vel y studied; by ana lyzing the fractu re behav­

io r , the in ternal re lationsh ip betw een pre-c ra ck ing

fat igue pro pagation rate and fr acture tou ghness was

rev eal ed . M ill et t '< ' :' st udied the effec t of age harden ­

in g on the sho ck response of Cu-2. 0 m ass % Be al­

loy, and the res ul ts indi ca ted tha t the shear streng th

of this alloy after solution treatme nt was nearl y ide nti ­

ca l to that of pure coppe r , and the aging treatmen t

sign ifica n tly imp roved the streng th un der shock

loading . H owev er , the effe ct s of pr epara tion m ethod

and heat treatment on the m ech anical proper ti es and

fr acture beh avi or, as w ell as t he fract ure m echanism

of C u-Be all oys have been hardl y in vest igated yet.

F ur thermore , there a re few re ports about the com ­

parison of m ech anical properties and fract ure cha ra c­

teristic after plasti c deformat ion and heat treatment

for the C u-Co-Be alloys ( 0. 2 - 0.6 mass % Be).

Therefo re, the mechanical prop er t ies, fr actu re m or­

pholog y, and mi cro s tr uct ure cha racter is t ics of Cu ­

O. 84Co-0 . 23Be alloy after plast ic deformati on , so lid

so lution and aging treatment w ere inves tigated in

this paper. M eanwhile, the fracture behav ior a t el e­

vated te m pe rat ure of aged Cu -O. 84C o-0. 23 Be alloy

was also researche d.

1 Experimental Procedures

The electrolytic copper ( 99. 99 mass % ), coba lt

flake ( 99. 95 mass%), and Cu-3. 3 mass % Be mast er

a lloy w ere used fo r prepari ng the Cu-O. 8Co-0. 2Be

(nominal composi tio n ) ingot. T he raw mat erials were

m elted in a K GPT 200-2. 5 m ed ium fr equ ency induc ­

t ion furnace at the t emperatures of 11 50 - 1 250 °C.

The feedi ng se que nce of raw m at eria ls was electro­

ly t ic copper , cobalt flake, and Cu-Be m as te r all oy.

The phosphor copper all oy was used fo r deoxidiza­

t ion. T he m olten m etal s w ere po ured into a cas t iro n

m ould and an ingo t wi th a diamet er of 100 mm was

obtaine d. T he ac tua l com posit ion of the in go t was

O. 84 mass % cobalt and O. 23 mass % beryllium along

w it h bal ance of copper by chemical ana lysis. A bar

wi t h a diameter of 16 mm was obtai ned by s u bse­

quen t hot forgin g, thermal ext r us ion , and cold

drawing. The heat t reat ment of spe cimens wit h a

size of 1> 16 mm X 10 m m was ca r ried out b y a KSS­

1200 ga s protection tube fu rnace. Based on the phase

diagram of Cu-Be alloys[30J , the so lution te m pe ra ­

tu re of specimens was 950°C and the holding t ime

was 1 h . Then, the spec im ens w ere ag ing treated at

480 °C , hel d fo r 4 h and coo led in ai r . The perfor m ­

anc e and mi cro structure of C u-O. 84Co-0 . 23Be alloy

were re lated w it h the p rocess parameters of hea t

t re at ment (tem perat ure and holding ti me).

M ech anical propert ies of C u-O. 84Co-0 . 23Be al­

loy were m easured in accorda nc e with the uniaxial

t en sile test. T en sile sa mples w ere prepared acco rd­

ing to the G B/ T 228. 1-2010 tensile tes ting a t room

tem perature and the GB/ T 4338-2006 tensile test ing

at elevated temperature, respectively. The experi ­

m ental res ul ts of tensile test ing w ere repet it ive.

F ig. 1 shows the t en sile sp ecim ens fo r room temper ­

at ure tests and elevated tempe ra ture tests. T ensil e

testing for each condition , as we ll as da ta ac qu is ition

and ana lys is, was pe rfor med us ing a S HIMADZU

AG-I 250 k N precision univers a l testing m achi ne

w it h a constant st ra in ra te of 2 mm/ m in . In addi­

t ion , a high-temperature heatin g dev ice associated

wi t h the test ing machine was imp lemented for eleva ted

temperature test s. The frac tured s urface m orphologies

Fig. 1 Drawing of tensile specimens ( unit : mm ) for room temperature tests ( a) and for elevated temperature test s ( b)
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w ere observe d us in g a scann ing elect ro n m icroscope

( SEM ). The s peci m ens were cleane d three times by

et hano l liquid in KQ5200 ult rasonic st irre r before

SE M observation. T he m icro s tr uct ures of supersat u­

rated so lid so lut ion and precip itates after so lut ion

and agi ng treatment were obs erved under a t rans ­

m ission elec t ro n m icroscope (TEM).

2 Results and Discussion

T he tensile strength and elo ngation of Cu ­

O. 84Co-0. 23Be alloy under diff erent s ta tes are pres ­

en te d in T able 1. Co mpared wi t h the m ech anical

prop er ties for d rawing state , the te nsile strength for

so lut ion condit ion decreases sharply to 271. 9 M Pa ,

b ut the elongat ion increases significantly fr om 18 %

to 42% . The reason is that the Be atoms di ssolved

into the Cu m a t ri x and form ed the supersaturated

so lid so lution after so lution heat t reatment. Su bs e­

quen tl y, the tensi le s trength of a lloy in creased sig­

nif icantly and reach ed a pea k value of 580. 2 MPa af ­

ter aging treatment, wh ile the elongat io n re duced to

the m inim um va lue of 4. 6 % . Al though the tensile

s trength of aged C u-O. 84Co-0. 23Be alloy tested at

450°C shows a reduct ion co mpared wi th that of ag ­

ing s ta te a t room temperature, the va lue is s ti ll

h igher than that of so lut ion state. F urtherm ore, the

Table 1 Comparison of experimental results of

Cu-O. 84Co-O. 23Be alloy under different states

Test Tensile Yield
State t em pera t u r e/ strength/ strcngth /

Elongation/

'C MPa MPa
%

Drawing 25 176. 6 136. 6 18. 0

Solid solution 25 271. 9 12.0

Aging
25 580. 2 168. 2 1. 6

150 383.6 311.3 11. 2

elongat ion has an obvious in crease and ac h ieves the

value of 11. 2 % ( T able 1) .

F ig. 2 shows the fr acture m orphol ogies at room

t emperature of C u-O. 84Co-0 . 23B e alloy under draw­

ing state. Fig. 2 ( a) shows that the tensile sample

has a m arked neck in g phe no m eno n , and the fracture

direction is pa rall el to the axis of tensile dir ection . In

addit ion , the fr act ure s urface consists of th ree dis­

tinct regions, i. e. fib rous region , rad ia l regi on , and

shear lip region, w hic h repres en t the crack ini tia­

tion, crack exte ns ion , and shear frac t ure zones , re­

s pectively. Fi rstly , fr acture occurs in the fiber re­

gion and the n expands rap idl y to the rad ia tion region

and b reak down finall y wit h the formation of shear

lip s. The rad iation di rect ion is t he dir ecti on of crack

so urce. Figs. 2 ( b ) - 2 (d ) sho w that the crack zone of

( a) Macroscopic fractur e morphology ; (b) . (e) . (d) Microscopic fractur e morphologies under different magnifications.

Fig. 2 Fracture morphologies at room temperature of Cu-O. 84Co-O . 238e alloy under drawing st ate
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C u-O. 84Co-0. 23Be alloy consists of equiaxe d dim­

pl es and m icr o-cav ity.

The fr actu re m orphologies at roo m tempe rature

of C u-O. 84Co-0. 23Be all oy under so lution st ate are

shown in Fig. 3. Fig. 3 ( a ) shows that the as-quenched

sa mple breaks a long the angle of 45° to the ten sile

di rec t io n under the ac t ion of shear st ress. M oreov er,

the obvio us plastic deformat ion ap pea rs near the

fr acture and the s urface of sa m ple has a large num­

ber of scaly cracks. As shown in Fi gs. 3 (b) - 3 (d) ,

in co m pa r ison wit h the equiaxed dimpl es und er

drawing conditi on , the re lat ive ly shallow dim pl es

namel y parabolic di mple or shea r dimpl e w ith the

parabo lic shape di stribute on the shear lips zone.

( a) M ac ro scopic fr actur e m orpholog y; (b), (c), ( d) M icro sco pic fra cture m o r ph o logies under d iff ere nt m agnifica ti o ns .

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

F ig. 4 show s the frac t ur e images a t room tem­

pera t ure of Cu-O. 84Co-0 . 23 Be alloy aged a t 480°C

for 4 h. F ig. 4 (a ) shows that the failure m od e is bri t­

tl e in t ergranular fr acture. The m acroscopic fr acture

s urface is cha racteri zed by bright surfaces, and every

bright s urface is the in terface of grains . The fr acture

cr oss sect io n is candy -shape d morpholog y wit h the

coarse g rains. According to F ig s. 4 (b) - 4 (d) , eac h

po lyhedro n of g rai n m orphol ogy is s im ila r to the

ga t hered candy , and the tripl e nod es in g ra in bound­

ary s urface a re a lso obs erved cl early. In addi tion ,

pa r tial shallow shear di m pl es a re fou nd on some

crystall ine grai n s.

T he fract ure m orphol ogies of ag ed C u-O. 84Co­

O. 23B e alloy aft er high temperature tens ile test at

450 °C are shown in Fi g. 5. F ig. 5 ( a ) shows that the

m acroscopic fail ure mode is also the b rittl e interg­

ra n ula r fr acture. H ow ever, owi ng to the oxida tion

react ion under h igh t emperature, the in te rfaces of

grains a re no t as brigh t as those of sam ples a t room

te m perature. A s shown in F ig s. 5 ( b ) - 5 ( d ), excep t

for the ca ndy-s haped m orphol ogy, m ore shea r dim­

ples and tearing r idges distribute on local crystall in e

grains (Fig. 5 ( c r ) , In addi t ion, a lot of small and

deep equiaxed dimples and mi cro -c av ity a re also ob­

se rved, whi ch indica tes that the ductili t y is be tt er in

these zones (Fig. 5 (d ) ) .

The mi cro structures of s up ersat ura ted so lid so ­

lution and precipitates after so lution and agi ng treat­

m en t a re shown in Fi g. 6, respect ive ly. Du e to the

s uff icient di ssolu tion of solute atoms in the Cu m a­

t r ix and rapid cool in g rat e , the a supersat ura ted so l­

id so lution fo r m ed after so lution t reatment a t 950 °C

for 1 h (Fig. 6(a» . U nde r as -quenc hed condi tion of

C u-O. 84Co-0. 23Be all oy , the in tegri ty of matrix la t­

t ice was destroyed becau se of the format ion of a la rge
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( a) Macroscop ic frac ture m orphology; (b), ( c), ( d) Micro scop ic fra cture m orphologies un der d iffe re nt magnificat ion s.

Fig. 4 Fracture morphologies at room temperature of Cu-O. 84Co-O. 238e alloy aged at 480 °c for 4 h

( a) Macroscop ic fra cture m orphology ; (b), ( c), ( d) Microsco pic fra cture m orphologies un der d iffe re nt magnificat ion s.

Fig. 5 Fracture morphologies at 450 'C of Cu-O. 84Co-O. 238e alloy aged at 480 °c for 4 h

937
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(a ) Solu tion t reat m ent a t 950 'C for 1 h , (b) Aged at 480 'C for 4 h.

Fig. 6 TEM images of Cu-O. 84Co-O. 23Be alloy after solution and aging treatment

Vol. 23

amount of vacancies. The electron wave scattering

led to the decrease of conductivity of Cu-O. 84Co­

O. 23B e allol3
1.

32]. In addition, the specimens exhib­

ited no detectable precipitation and the low disloca­

tion density showed that no s training during quench­

ing occurred. Therefore, the as -quenched alloy was

still relatively soft and had an exce lle n t elongation as

well as the relatively lower tensile strength (Table 1).

However, a series of phases precipitated from the a

supersaturated solid solution and distribute on the

copper matrix by the subsequent aging treat­

ment[33,34]. It can be seen from Fig. 6(b) that a large

amount of precipitates dispersively dis tribu te on the

copper matrix. For Cu-O. 84Co-0. 23Be alloy , the

precipitates effe ct ivel y hindered the motion of dislo ­

cations due to the strong lattice distortion field, and

thus led to the improvement of m echanical proper­

ti es [35,36]. Therefore, the tensile strength of Cu­

O. 84Co-0. 23B e alloy improved significantly after ag ­

ing at 480°C for 4 h (Table l ).

The fr acture morphologies reveal that the fail­

ure mode is mainly the ductile fr acture. The fr acture

cross section is perpendicular to or parallel to the

tensile stress direction. The micro-fracture morphol ­

ogi es of drawing and solution samples are mainly the

equia xe d 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 siz e as w ell 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 equiaxe d 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

tensile fracture (Fig. 3 ( b) ). The pro cess of dimples

fracture is the formation, growing up, and intercon­

nection of micro-holes. It belongs to a kind of high

ene rgy absorption process of ductil e fracture. The

mi cro-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 g row up and gather to gether, and then lead

to the appearan ce of cr acks. The cra cks extend rap­

idly and finally break down in the shear lip area. The

m ain fr acture mechanisms of aged Cu-O. 84Co­

O. 23Be alloy a t room temperature and high tempera­

ture a re brittle fr acture. The brittle fracture surface

is usually perpendicular to the tensile stress direc­

tion. The brittle in tergranular fr acture largely de­

pends on the grain boundary surface states . The pre­

cipitation along grain boundary of brittle phase due

to m etallurgy or heat treatment factors can lead to

the crystal bri ttle fracture. For the Cu-Co-Be alloy

aged a t 480°C for 4 h (Fig. 6), a series of precipi­

ta tes form on the grain boundary, and fin ally resul t

in the intergranular brittle fracture. Howev er, ac ­

cording to the fr acture morphologies of specimens

for room temperature and elevated temperature

t ests, the former have a little quantity of shear dim­

pl es and the latter have more shear dimples and deep

equiaxe d dimples (Figs. 4 and 5 ), The r esults indi­

cate that the failure m echanism is the multi-mixed

m echanism that brittle intergranular fracture plays a

dominant role and ductile fr acture 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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ti es of C u-O. 84 Co-0. 23 Be alloy. The expe r im en ta l

res u lts of tensi le test a re rep e ti t ive. F or the as-draw­

ing specimens , t he tensile s trength and elonga t ion

a re up to 476.6 MPa and 18 %, respect ively. A ft er

so lution trea t m ent a t 950°C for 1 h , the tensile

st rengt h dec reas es to 271. 9 MPa , w hi le the elonga ­

tion increases to 42 % . F urthermore , the tensile str ength

incr eases significantly to 580. 2 MPa afte r aging at

480°C for 4 h , whi le the elonga t ion is only 4. 6 %.

(2) It is co n fir m ed that the m ech ani cal proper­

t ies and fr acture beh avior a re dominat ed by the mi­

crost r uc t ure character ist ics . The fai lure m od e after

sev ere pl as ti c deformation is the ty pica l eq uia xe d

ductil e fr acture with a m arked necking. The fr ac ­

tured surface cons is t s of deep dimples and micro­

voids. Du e to the formation of s upers a t ura te d solid

so lut ion , th e fracture morphologies for solutio n state

are para bolic dim pl es. During the ag ing process , a

large number o f precip itates form and di s tribute on

the C u m atrix. The age d s pecimens exhibit obv io us

bri ttl e in tergranular fract ures.

( 3 ) T he tensil e st rengt h and elo n ga t ion of

age d Cu-O. 84 Co-0 . 23 Be alloy for ele va te d tem pera­

t ure test a re 383 . 6 M Pa and 11. 2 % , respec tively .

The fractu red m orphologies a re m ainly candy -shap ed

g rains w it h pa r ti a l parab ol ic dimples and equia xed

dimples . The fr acture m od e is mult i-mixed m ech a­

ni sm tha t brittle int ergranular fr acture pl ay s a domi­

nant rol e and ductile fract ure is secondary .
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