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Influence of thermomechanical processing on the
structure and properties of Cu-Ag alloy
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Abstract; The influences of the thermomechanical processing, including the solidification condi-
tions, the cold deformation and the intermediate annealing treatment, on the structure and proper-
ties of the Cu-10Ag alloy ## sizu composite were studied in this paper, The cast structure and the
structural changes in the cold delormation and intermediate annealing process were observed, The
propertics including the ultimate tensile strength (UTS) and the electrical conductivity were deter-
mined. A two-stage strain strengthening effect for the Cu-10Ag alloy in situ filamentary composite
was observed. The factors influencing the UTS and conductivily were discussed. The solidification
conditions in the range of 10-- 1000 K/s cooling rates and the intermediale heat treatment showed
abviously influence on the structure and properties an the Cu-10Ag alloy in situ fitamentary com-
posite. The typical properties of the Cu-Ag alloy #w situ {ilamentary composites through thermome-
chanical processing were reported.
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1 Introduction

The in situ composites based on copper alloys with high strength and high electrical conductivity has
been developed for applications such as high [icld magnets, where the tensile strengths in excess of 1 GPa
and electric canductivity above 50% TACS (International Annealed Copper Standard) are required ' ™1, The
Cu alloys included essentially two types: one is the alloy system of Cu with face-centered-cubic (fec) ele-
ments such as Ag, another is the alloy system of Cu with body-centered-cubic (bce) elements such as Nb,
Fe and Cr and so on. The Cu-Ag alloy 7 situ composites could be prepared by co-deformation of both Cu
matrix and Ag phase, in which process the second phase Ag was transformed into fine filaments. The mi-
crostructure and properties of the Cu-Ag in sifu composites have been extensively investigated and testified
to be under the influence of many factors such as the content of silver, the alloying additives, the degree of

deformation and intermediate heat treatment and so on™~ "1,
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The present investigation was carried out to examine the comprehensive influence of the thermome-
chanical processing, including factors such as the solidification conditions, the degree of deformation and
the intermediate heat treatment at lower temperature, on the evolutions of the structure and property as
well as the strengthening effect of the Cu-Ag alloy. The Cu-10Ag alloy ir situ composites with high

strength and high electrical conductivities were obtained.

2 Experimental procedure

The 99, 95%Cu and 99, 99%5 Ag in purity were used to prepare the Cu-10% Ag (mass fraction) (simpli-
fied as Cu-10Ag) alloy. The metals were melted in an Al; O, crucible under the protection of pure argon gas
with an induction {urnace, Two ingots were got and numbered as CAl and CAZ, respectively. The ingot
CAl was solidified rapidly through pouring the alloy melt into a water-cooled copper mould, and the ingot
CA2 was solidified slowly through pouring the molten alloy into a preheated graphite mould. Both ingots
were cold deformed. One set of samples were directly forged and drawn to wires of 0. 08 mm in final diame-
ter, and another set of samples were experienced the lower temperature intermediate annealing at the low
strain stage at first and then drawn subsequently to wires of 0, D8 mm,

The samples with different true strains during deformation process were taken to measure the tensile strength
and electrical conductivity and to observe the microstructure. The tensile strengths were determined using FM250
and FM3 types of machines at an initial strain rate of about 1, X107 /s for wire samples with diameters $2>0. 3
mm and $<C0. 3 mm, respectively. The electrical resistivities were measured using a standard four-probe technique

at roomn temperature for wire samples. The microstructure was observed using OM, SEM and TEM microscopes.

3 Influence of solidification conditions on microstructure

The microstructures of CAl and CAZ alloys as cast were the dendrite crystals. The second dendrite
spacing values on average were measured to be 5 um for CAl alloy and 32 ym for CA2 alloy. It is well
known that the dependence of the spacingl(k,,um) of secondary dendrite on the cooling rate ( ¢, K/s) in the
solidification process is an cxponential function and can be expressed as;

A=Bre¢™" (1)

where. B is a coellicient related to alloy system and takes the unit of pm - K" * 57" . n is the exponential re-
lated to alloy system. For the Cu alloys with higher copper content, B=160 ygm « K** + s7** and n=0.
4151 8o, the ¢ values could be calculated according to formula (1) and were ¢ (CA1) =5, 8 X10° K/s for
CA1 alloy and e(CA2) =57 K/s for CAZ alloy, respectively. The cooling rates of the two solidification con-
ditions differ by two orders of magnitude.

The microstructure of the cast Cu-10Ag alloy consisted of the Ag precipitate, the (Cu+ Ag) eutectic
and the Cu phase. Changing the solidification conditions did not change the compositions of the structural
phases but altered the proportions of the phases in both as-cast alloys, as shown in Table 1. Tt can be seen
that the proportion of the Ag precipitate phase in CAZ alloy was three times higher than that in CAl alloy,
but the proportion of (CH— Ag) eutectic in CA1 alloy was twa times higher than that in CA2 alloy, It indi-
cated that the rapid solidification restrained the separation of the Ag precipitate phase and increased the pro-
portion of the (Cu+Ag) eutectic, and that the slow solidification improved inversely the separation of the

primary Ag precipitate phase,
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Table 1 Phase proportions in the as cast Cu-10Ag alloys under different solidification conditions -

“Alloy e o . Cooling rate Cu phase {Cu+Ag) eutectic  Ag precipitate phase
Ci 5 }
number Solidification Conditions FK e s ) v 1% 1%
CAl In water cooling copper mould 5, 8X10° 69.1 30,2 0.7
CAzZ In preheated graphite mould 57 81,0 6.5 2.5

Figure 1 showed the dendrite morphology and distribution of the structural phases in the as-cast Cu-
10Ag alloy. It can be seen from Figs, 1(a) and (b) that the size and spacing of the dendrite crystals of CAl
alloy solidified rapidly were obviously smaller than those of CA2 alloy solidified slowly. In Fig, 1(c), the
black region's were the essentially pure copper matrix and surrounded by the Ag precipitate films, which
were about 0, 51, Opm width for CAT alloy and 1. 5—2. Opm width for CAZ alloy, The (Cut+Ag) eutectic
colonies were distributed in the interdendritic zones (gray white E zones) and adjaéent to the Ag rings, The
sizes of Ag lamellae in the eutectic colonies were much finer than the primary Ag precipitate films. The ob-

servation is consistent with that of Sakaj er aZ, (9

Fig.1 LDendrite morphelogy and distribution of the structural phases in the cast Cu-10Ag alloy
(a) —CALl alloy; (b) —CAZ alloy; (¢) —CAl alloy

4 Influence of deformation degree on microstructure and properties
of the Cu-10Ag alloy

4,1 Microstrocture evolution in the deformation processing

In the deformation process. the Ag phase including the Ag precipitates and the Ag lamellae in the eu-

tectic colonies were transformed into Ag fibers (Fig. 2). The Ag precipitates were developed into relatively-

coarse fibers, whereas the Ag lamellae in the eutectic 650
colonies were transformed to relatively fine filaments. i Egiﬂ
The diameters of the Ag fibers, formed from the Ag c sser
precipitates in the different true strain stages, were meas- E 450 b
ured by SEM observation and showed in Fig, 3, It was :E: '
found that the diameters(d) of the Ag fibers could be ap- “ED sor
proached through an exponential function of the true strain % 250 b
(p): d=C + exp(—0.228y), where Cis a coefficient re- 3
lated to the size of the original crystals and was 900nm for 150
CAl alloy and 1500nm for CA2 alloy in the present case, 50 oy

respectively. So. the Cu-10Ag alloy solidified rapidly had 3 4 5 6 7 8 9 10 1

finer and denser silver filaments throughout the final True strain /1

Wires, Fig.3 Dependences of average diameters of Ag fibers on

Fig. 4(a) indicated further that the Ag filaments in the true stain for CAL and CAZ alloys
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Fig.2 SEM micrograph of Ag fibers in CAl and CAZ Alloys as y="7. [{a, b) , respectively, and TEM
micrograph of the CAl alloy ribbon asp=10.4 (¢}

the heavy deformed Cu-10Ag alloy were in a dislocation-free state. The Kikuchi line in Cu matrix shown in Fig. 4
(b indicated also a state with low density of defects. Figs, 1(c) and (d) were electron diffraction patterns corre-
spond to the points a and b noted in Fig. 4(a), in which the texture with a cube-to-cube orientation relationship

(1113, )| (1114, [110]c, Il £110]4; between Cu matrix and Ag filament was observed,as shown in Figs. 4(d. d).

Fig.4 TEM micrograph (a). the Kikuchi line (1) and electron diffraction patterns (c,d} for the CAl al-

loy with the true straing=10. 4.

4,2 Prupe_rties of the deformed Cu-10Ag alloy in situ composite wires

Fig. 5 showed the dependences of the ultimate tensile strength (UTS) on the true strain for CAl and
CAZ alloy in situ composite wires. The UTS values increased with increase of the true strain, At lower
true strain stage asn<(8.5, however, the UTS values of CAl alloy were lower than those of CA2 alloy; at
higher true strain stage asn>>8. 5, the UTS wvalucs of CAl alloy increased rapidly and were higher than

those of CA2 alloy.
The evolution of UTS in the deformation process shawed a two-stage strain strengthening effect. At

low strain stage, the dislocation cells with about 150—200 nm occurred' ™, and the dislocation density in
the Cu matrix and the Ag phase, Yy, and Ygag » should increase with the deforming degree and could
reach 1012014 cm™*"%, According 1o the model of dislocation piling, the sirengthening to the composite
was controlled mainly by the work hardening or dislocation strengthening in Cu matrix and Ag phase and
directly proportional to /Yaen andYuap. The sizes of the Cu grains and Ag filaments in CA2 alloy were
much larger than that in CAl alloy (Fig. 3). It could be considered that the CA2 alloy can contain more dis-

location cells and higher dislocation density than the CAl alloy, namely Yacan = Yacan. On the other
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hand, CAZ2 alloy contained higher proportion of Ag precipitate than CAl alloy. So the CA2 alloy possessed
higher strength than the CAl alloy. At higher strain stage, the superfine Ag filaments could not contain
the stable dislocation cells. The dislocations or the dislocation cells generated at low strain stage should mi-

grate out of Ag filaments and turned into grain boundaries. The Ag filaments were in a dislocation-free
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Fig. 5 Dependence of UTS on truc strain for Fig. 6 Dependence of resistivity on true strain
both CAl and CAZ alloys for both CAI and CAZ alloys

state, The Cu matrix was also in a state with low density of defects (Fig. 4(h)). So, the strengthening to
heavy deformed composite was mainly dependent to mechanism caused by superfine Ag filaments or the
large interfaces, The strengthening mechanism made the UTS increase rapidly. Because the sizes of both
the Ag filaments and the Cu grains in CAl alloy were much smaller than that in CA2 alloy, so the CAl al-
loy possessed higher strength than CAZ alloy at high true strain stage., The similar two-stage strain
strengthening effect in Cu-Ag alloy in sitz composites were alse observed by other authorst? ¥,

Fig. 6 showed the dependence of the electrical resistivity on the truc strain for both CAl and CA2 al-
loys. It presented also two stage changes with increase of the true strain, At the low strain stage, the resis-
tivity increased at first then had smaller fluctuation of about 1 p{} * cm, Tt means that the dislocation densi-
ty in both alloy increased firstly due to the true strain increasing and then decreased due to the dislocation
migrating out, At the high strain stage. the resistivity increased rapidly due to the Ag lilamentary refining
highly and the interface area increasing,. The changes of the resistivity for both alloys were based on the

same structural reason and mechanism as that of the strengthening effect,

5 Influence of intermediate heat treatment on the microstructure
and properties

5.1 Microstructure evolution in the heat treatment process

The annealing treatment of the cold deformed Cu-10Ag alloy promoted the separation of the Ag precip-
itate. The morphology and the size of the Ag precipitale were related to the annealing temperature. The
composite aged at the temperatures below 200°C maintained stil the highly filamentary structure, but a
similar separating process of Ag precipitate was observed at temperatures above 200°C for CAl and CAZ2 al-
loys, Aging 1 hour at 200°C, the very fine Ag precipitate grains with size of about 2—8 nm separated from
the Cu matrix{Fig. 7¢a)). Aging at 300°C, the layered Ag precipitate formed{Fig. 7(b)) and the partial Ag
precipitate began to be spheroidized(Fig, 7(¢)}. At 400°C aging, the spheroidized Ag precipitate grew up
{Fig. 7(d)), the partial recrystallization occurred. The alloys were recrystallized well at 500°C aging. With
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the annealing temperature rising, the lattice constants of CAl and CAZ alloys were reduced slowly as below
300C and quickly as above 3007C.

H0nm

Fig. 7 Morphology and distribution of the Ag precipitate of the deformed Cu-10Ag alloy during the an-
nealing process at different temperatures ’
(a)—200C; (h)—300Cy (c)—3007C; (d)—400TC
5.2 Influence of intermediate heat treatment on properties of the Cu-10Ag alloy composites
5.2.1 Aging strengthening effect of the cold deformed Cu-10Ag alloy -

The influences of the annealing temperature on the properties of the Cu-10Ag in situ filamentary com-

posite depended on the cold deformation degree and the 1200 = 85
annealing temperature, Fig. 8 showed the influence of the an- -ar L
nealing temperatures on the properties of the deformed Cu- 1100 —o—cn)‘ ,l“ ls0
10Ag alloy with the true strain n=6. 0. With the annealing (S 5
temperature rising, the UTS values of CAl and CA2 alloys § 106 'i
increased at first and then decreased after about 350C. The Eé 000 | 17 ié
conductivities of both alloys increased lightly at first and - -E
then rapidly after about 300°C. It indicated that the Cu-10Ag 800 X - —— 1708
in situ filamentary composites showed important aging
strengthening effect and possessed improved conductivity 700 — : it 65

¢ 200 400 600

during the annealing process. Obviously, the separation of Temperature / C
the Ag precipitate is responsible for the aging strengthening  Fig. 8 Effect of the annealing temgeratures on
effect. On the other hand, the separation of the Ag precipi- strength (curve 1, 2) and conductivity

tate led to the decrease of the solid solubility of Ag in the Cu Ceurve 3,4) of Cu-l0Ag alloy deformed
with the true strain =6,0 (1), (3)—

matrix and the increase of the quantity of Ag phase, it made _
CA1 alloy; (2), (4)—CAZ2 alloy;

the electrical conductivity increase, especially for the alloy
annealed'at high temperature,
5.2,2 Influence of the intermediate heat treatment on properties of the heavy deformed composite wires
“Fig. 9 showed the influerice of IAT at 350°C for | hour at 7=2. 95 on the UTS and conductivity of
CAland CAZ alloys deformed heavy with the true strain y=10. 4. It can be seen that the 1AT increased ob-
viously the UTS values of the composite wire but maintained still high conductivities. Table 2 listed some
typical data of the UTS and the relative conductivity of the CAl and CA2 alloy composite wires. Here,
TACS is the relative conductivity of the Cu-10Ag alloy to the international annealing copper standard and is
equal to p(Cu)/p(Cu-10Ag) X100% with p(Cu)=1. 690 *» cm. It is clear that the highest UTS values of
1560 MPa and 1500 MPa with conductivities of 64% and 62% IACS could be obtained for the heavy de-

formed CAl and CA2 alloy in situ filamentary composite wires experienced the IAT at lower true strain,
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and that the in situ [ilamentary composite based on the Cu-10Ag alloy solidified rapidly possessed higher
UTS values than that based on the alloy solidified slowly.

As fentioned above, the intermediate annealing treatment of the deformed Cu-10Ag alloy promoted
the separation of Ag precipitate. The separated Ag precipitate grains or spheroids were subsequently re-
drawn and transformed into very fine Ag filaments. So, the heavy drawn Cu-10Ag in sizx filamentary com-
posite wire with IAT had finer and denser Ag filaments than that without IAT. Tt is the reason why the

IAT increased obviously the UTS of the in sizu {ilamentary composite wires,
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g | £
& 13005 S 1300 |
|77]
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1200 1200 |
100K 1100
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Conductivity / % Conductivity / %

Fig.9 WUTS vs conductivity for CA1{a) and CAZ(b} alloys in situ filamentary composite wire
Curve 1; The composite wire heavy deformed directly with true strain 4=10. 4 without TAT; Curve 2: The

composite wire experenced L TAT at 350°C for 1 hour at 3= 2. 95 and followed through heavy deformation

with true strain 4= 10. 4

Table 2 Influence of the thermomechanical processing on the properties of Cu-10Ag alloy composite wires

Thetmomechanical CA1 alloy composite wire CAZ allay composite wire
processing UTS/MPa Conductivity/ % 1ACS UTS/MPa Conductivity/ BTACS
=10, 4, without AT 1355 64 230 64
72=10.4, with FAT" 1560 652 1500 63

Note: 1) IAT= annealing at 350°C for 1 hour at 4=2.95

6 Conclusions

The Cu-10Ag alloys with cooling rates of 10—1000 K/s were prepared. The structural phases of the
alloys as cast consisted of the Ag precipitate, the (Cu+Ag) eutectic and Cu phase, Changing the solidifiea-
tion conditions could alter the proportions of the phases. The rapid solidification restrained the separation
of the Ag precipitate phase, increased the portion of the (Cu+Ag) eutectic and refined the original grains
of various phases; but the slow solidification improved the separation of the Ag precipitate phase,

In the deformation process, the Cu-10Ag alloy was developed to the in sitn filamentary composite, The
Ag precipitate in the cast structure were developed into relatively coarse Ag fibers, the diameters(d) of

which can be approached through an exponential function of the true strain(p): d=C + exp(—0. 228»),
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whereas the Ag layers in the eutectic colonies were transformed to very fine Ag filaments with about a few
nanometers in diameter., The Ag filaments were in the dislocation-free state and the Cu matrix was in a
state with low density of defects for the Cu-10Ag alloy in situ composite heavy deformed with the true
straingnzz9. Based on the same structure evolution, the ultifnate tensile strengths of the composite increased
and the conductivities decreased with increase of the true strain, The Cu-Ag alloy in situ filamentary com-
posites contained a two-stage strain strengthening effect. At low strain stage, the strengths of the alloy
composite wires were controlled mainly by the work hardening mechanism in Cu matrix and Ag phase, and
the strengthening rate of the alloy solidified rapidly was lower than that of the alloy solidified slowly. At
high strain stage, the strengths of the composite wires were mainly dependent to the strengthening mecha-
"nism of superfine Ag filaments or the large interfaces, and the strengthening rate of the alloy solidified rap-
idly was higher than that of the alloy solidified slowly. ‘

The annealing of the deformed Cu-10Ag alloy in situ composites promoted the separation of fine Ag
precipitate and the aging strengthening effect, which were related to the annealing temperatures. The inter-
mediate heat treatment at the low strain stage during the heavy deformation process refined the Ag fila-
ments, increased the ultimate tensile strength and the electrical conductivity of the Cu-10Ag in situ filamen-
tary composites,

So, the suitable thermomechanical processing is an important condition to obtain the optimum compre-
hensive properties for the Cu-Ag alloy in situ filamentary composite. For example, the typical comprehen-
sive properties could be reached to UTS of 1560 MPa for the rapidly solidified alloy and to UTS of 1500
MPa for the slowly solidilied alloy with conductivities of 622 —64 % JACS,
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