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Strengthening mechanisms in a rapidly
solidified and aged Cu-Cr alloy
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A single-roller melt spinning method was used to produce Cu-Cr microcrystal alloy ribbons.
Upon proper aging treatment, the strength and hardness of the alloy were remarkably
enhanced while the conductivity only had a minimal decrease. Grain refinement and
coherent dispersion strengthening were proved to be the major factors contributing to the
improvement of strength and hardness of the alloy after aging. The degree of coherent
strengthening was almost identical with that calculated by the Gerold equation. Compared
with the solid solution quenched Cu-Cr alloy, the peak hardness was increased 2.6 times, in
which about 27% was attributed to the grain refinement and 73%, in turn, provided by
coherent strengthening due to aging precipitation. Neither the solid solution strengthening
nor vacancy strengthening had detectable effect on the strength and hardness of the
rapidly solidified Cu-Cr alloy. © 2000 Kluwer Academic Publishers

1. Introduction have been successively reported [3, 4]. As far as the
Having high strength and good electrical and thermaprecipitation strengthening is concerned, different view
conductivities, Cu-Cr alloys are used in a number ofpoints have been presented. Bataitval. [5] believed
engineering applications, such as in electric resistancthat the strengthening mechanism of RS Cu-Cr alloys
welding electrodes, the liner tube of continuous castconformed to the Orowan strengthening mechanism.
ing crystallizer, integrated circuit lead frame, aerialHowever, Correieet al. [6] proposed that before the
conductor of electric locomotive and so on. However,peak hardness in atomized Cu-Cr alloy was reached
higher strength is more and more required for coppethe strengthening was caused by a coherent strength-
alloys with the rapid development of the electronic in-ening mechanism upon aging and the growth of the
dustry. For example, a tensile strength> 600 MPa, precipitates upon over-aging might be explained by
hardness Hw 180 and conductivity>80%IACS are the Orowan strengthening mechanism. In the present
demanded for lead frame materials on a very largavork, the properties and microstructures of a Cu-Cr al-
scale integrated circuit [1] (VLSI). It is obvious that loy produced by the single roller melt spinning method
these property indices can not be reached by copper alvere extensively studied and the specific strengthening
loys produced by conventional solution heat-treatmentnechanism and its effects were analysed.
(CSHT).

Rapid solidification (RS) can lead to a remarkable
refinement of grain size and an obvious extension o2. Experimental
the solid solubility of chromium in copper matrix, the The Cu-0.66Cr alloy ingots, weight of 20 g, were in-
maximum of which even reaching to 3.3% Cr [2]. Thus duction melted in a quartz tube and then jetted under
a great amount of dispersed precipitates is brought ouhe pressure of pure Ar on to a copper roller rotating
upon aging with the simultaneous recovery of electri-at a velocity of about 3000 r/min. The resulting micro-
cal conductivity. RS now has become one of the ef<crystal ribbons were 2 mm wide and 30—t thick.
fective processes in obtaining high strength and higiNo oxidation was found on either side of the ribbons.
conductivity copper alloys. Many studies in this field The aging treatment were carried out in an electrical
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resistance furnace (With temperature accurf&&j?C) TABLE | Properties of CSHT and RS Cu-0.66Cr in the as-cast and

under a dynamic atmosphere of argon. aging conditions

The electrical resistance was measu_red by the four CSHT 1000C  Aging Aging
probe test method using a Wayne Kerr bridge. The mean quenched 500C, RS 500C,
value of five measurements had an estimated accuracy in water 30 min 16°C/s 30 min

of better than 0.0002. The microhardness was carried

out using a Vickers microhardness tester with a load oﬁ?”s"e strength (MPa) - 235 350 236 478
. . icrohardness (Hv) 75 126 105 185
25 g. Atleast five samples were tested with an accurac¥onguctivity (%IACS)  40% 80%  22%  76%
about+5%.
The ribbon samples for scanning electron micro-
scope (SEM) observation were mechanically and chem- R AT RS R AT SR

ically polished before being etched in HNOHCI :
H3POy, : CH3(COOH)=3:1:1:5. Theoil specimens
used for transmission electron microscopy (TEM) were
obtained by double-jet electrolytic polishing-aB0°C

and the electric parameter&0V and 40 mA. The etch-
ing reagentwas kPO, : H,O=7: 3. The resulting thin

foil specimens were examined by transmission electron
microscopy (TEM).

3. Results

Curves showing the variations in tensile strength and _ _ _
microhardness with the aging temperature are given iﬁlg_ure 3 SEM image showing the grains for RS Cu-0.66Cr alloy upon
Figs 1 and 2, respectively, for the melt spun Cu-0.66CF9" 500C for 30 min.
alloy ribbons after aging for 30 min. It is noted that
both curves reach their maximum at 300 with a ten-
sile strength of 478 MPa and microhardness Hv185.

Compared with the CSHT Cu-0.66Cr alloy, the tensile

750
Aging 30 min i
600}
«
& 450}
& 300/
Figure 4 The precipitates in RS Cu-0.66Cr alloy upon aging8Dor
1501 30 min.
0 N " s 1 i
0 100 200 300 400 500 600 strength and microhardness were both considerably im-
Temperture /C proved. The specific data are givenin Table I. Itis found
) ) ) thatin as-cast state, the microhardness of the RS alloy is
Figure 1 Tensile strength vs. aging temperature. increased by 40%, but only possess lower electrical con-
ductivity of about 22%IACS as compared with the al-
230 loy after conventional solution heat treatment (CSHT).
Aging 30 min However, upon aging at 50Q for 30 min, the tensile
. 200¢ strength and microhardness are increased by 47% and
S 37%, respectively. Meanwhile, an obvious recovery to
@ 170 76%IACS in electrical conductivity is obtained.
5 Fig. 3 shows the SEM image of the microstructure
2 140} corresponding to the peak value upon aging at’&00
g for the RS Cu-0.66Cr alloy. It can be seen that even
= 110l after aging the fine grain size has no visible growth
with respect to the as-cast state. The homogeneously
80 ) . . . ) distributed globular precipitates of size about 6 nm are
0 100 200 300 400 500 600 observed by TEM as illustrated in Fig. 4. No two-lobe
T contrast caused by coherent distortion was observed
emperture /C . . . . .
in the microstructure. Many investigators believed that
Figure 2 Microhardness vs. aging temperature. for RS Cu-Cr alloys the precipitates, corresponding to
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TABLE Il The experimental data for RS pure copper

Microhardness Tensile Resistivity
State Hv strength MPa Qm
RS 103 208 1.8% 1078
(1% °C/sec)
Aging 101 203 181x10°8

(500°C x 1 h)

Furthermore, the slight difference of both microhard-
Figure 5 The precipitates in RS Cu-0.66Cr alloy upon aging€Dor ness and tensile Strength bet[ween the RS Cu-Cr .al-
1h. loy and pure copper (comparing the property_data in
Table | and Il) suggestes that the effect of solid solu-
tion strengthening have been small, which can be in-

the peak strength or hardness upon aging, are Iorobaemreted by the minimal difference in the _rad!us of Cu
bly coherent ones [7], which was proved by the factan_d. Cr atoms. However, the great extension in the sol-
that the two-lobe type contrast was clearly observed itPility of Crin Cu resulted in a remarkably increase of
the later stages of the aging process. However, in thélectrical conductivity. Therefore, the enhancement of
present work, no obvious two-lobe type contrast wagnircrohardness in RS Cu-0.66Cr alloy was mainly at-
observed even the sample were over-aged atGe6r tributed to the f_lne grain stre_ngthenlng mechanism. As
1 h besides the precipitates, with a small change in théar s the tensile strength (in Table I) was concerned,
shape, were slightly larger than those in peak hardned§at of RS Cu-Cr alloy was not improved as expected
condition as illustrated in Fig. 5. This phenomenon isWith respectto that of CSHT Cu-Cralloy, which was in-
probably due to the smaller size of precipitates in theconsistentwith the changes in microhardness. This was
present work. Usually, the two-lobe type contrast carfaused by the experimental conditions. In the present
only be observed when the size of precipitates is mor&/Ork, the tensile samples were directly cut from the
than 30 nm. For example, Corresaal. have reported me!t-spun ribbons. In this case, the _structural defects,
that the appearance of the two-lobe type contrast corréD@inly on the free surface of the RS ribbons, should be
sponds to the precipitates with the size about 40-50 nrigken into consideration. Although the surface of the
in an atomized Cu-Cr alloy. Furthermore, Mclintyre [8] rl_bt_)ons were carefully mechanically polished, it is still
believed that the two-lobe type strain field and its shapélifficult to completely remove the defects. Moreover,
mainly depended on the size of precipitates. tht_e tensile tests for such thinner ribbons were quite sen-
The selected area electron diffraction (SAED) anal-Sitive to sma_ll defects. Therefore, the real properties _of
yses of the microstructures corresponding to the pealflinner RS ribbons could only exactly reflected by mi-
hardness did not show any sign of the bee Cr phase. It isrohardness measurement.
obvious that the coherent precipitates are not bee Cr. It The strength and hardness of the RS alloy have been
is probable that the crystal structure of the precipitategreatly enhanced with respectto CSHT alloy after aging
is identical with that of the matrix, that is, the coherenttréatment. in peak hardness or slight over-aging condi-
precipitates is the fcc Cr. This has been confirmed byiOnS, the precipitates remain coherent with the matrix.
Knight in his study on a Cu-Cr alloy [9]. Upon further The increment of shear stress caused by the coherent
aging, the fcc coherent precipitates lost the coherenc§lispersion strengthening can be expressed as [10]
with the matrix and transformed to a bcc structure.

fb 1/2

4. Discussion

The above results have shown that the microhardne : . .

(105 RS Cu-Cralloywastigherthanhat () 1% %1 Lcion o e cegree o st &
of CSHT Cu-Cr alloy. According to the microstruc- e matrix. respectively. and f are the ?nean radius
ture analyses there were three possible strengtheniﬁ d vqum’e frarl)ction o¥,the recinitates. respectivel
mechanismsi.e. fine grain strengthening, solid solutio is the line tension of the dIiJsIocgtions ’ inngd b th)é
strengthening and vacancy strengthening. To furtherd Srecipitates X is a coefficient variatin b(ftween Zénd
termine the specific effects of the three strengthenin P Iv.X — 2.6 is selectedl” — ng2 variat
mechanism, ribbons of pure copper were prepared b étl:;g:n)g 08_9 '0 53 selectedl =a®bh, o vanates

RS inth;e shamR()esmanner asthe R_SbCu-CraIon. The pro d The maximum mutual action force Fm between the
erties of the pure copper ribbons are summarize - . . .

in Table Il. The microhardness and tensile strength o gg%fg; E;if'?'ttatsz agd 3 Str(;’“th:) etlj(ge d|1$1|ocat|_on
the RS pure copper only had a negligible decrease upa ) ulated by >erd and Haber ora [11], using
aging at 500C for 1 h inspite of the complete decay of Isotropic elastic theory giving

vacancies. Thus, it was proved that the large amount of

vacancies do not give a strong vacancy strengthening. Fm = 4Gebr (2)
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If Bc= sin@/2)=Fm/2I' =1, the radiugmax Of the by AHv =30, which contributed about 27% to the
maximum coherent precipitates that can be cut byincrement of the microhardness. In the later aging at

dislocations is given as 550°C for 30 min, no obvious grain growth was found.
The fine grain strengthening machanism still worked.
r Therefore, the coherent dispersion strengthening leads
Fmax = 2Ghe C) an increment of microhardness aboutH80, which

contributes about 73% to the increment of the micro-
By inserting Equation 3 into Equation 1, one gets thehardness. Both the solid solution and vacancy strength-
estimated maximum increment of the shear stress reening have little effects on the microhardness.
sulting from coherent dispersion strengthening, which
is written as
5. Conclusions
ATesmax= 1.84Gef1/? (4) 1. The microhardness of RS Cu-0.66Cr alloy can be
increased by 40% as compared with that of the CSHT
As far as the Cu-Cr alloy systemis concerned, the latticécu-Cr alloy.
constant of fcc Cr is required in calculating the value 2. Upon aging at 50@ for 30 min, the tensile
of e. However, the lattice constant of fcc Cr in Cu-Cr strength of RS Cu-0.66Cr alloy is increased by 46%
alloy has not be reported. As approximation, the latticewith respect to the CSHT Cu-Cr alloy. Meanwhile,
constantr = 0.368 nm [12] of the rich fcc Cr phase in a recovery of electrical conductivity reaching about

Cu-Ni alloy is inserted into the following equation: ~ 76%IACS obtained.
3. Two-lobe type contrast is not found in the peak

lap — am| hardness condition and even in the later stages of the
8§ = am () ageing process for the RS Cu-0.66Cr alloy due to the
very fine precipitates.

The values = 0.018 is obtained. By inserting this into 4. The estimated maximum strength by using coher-

Equation 6 ent precipitation theory is quite consistent with the ex-
perimental results.
& = [8][1 + 2G(1 — 2up)/ G p(L + up)] (6) 5. The variations of microhardness indicates that

upon aging the fine grain strengthening contribute to
about 27% enhancement of microhardness.While the
coherent dispersion strengthing contribute to about
_73%. Both the solid solution and vacancy strengthening
only minimal effect on the microhardness.

One gets = 0.015for fcc Cr phase. By inserting the re-
lated parameterdf = 3.06, G =421, ¢ =0.015)into
Equation 1, the increment of maximum strength con
tributed by coherent precipitates is obtained as

_ 1/2
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