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Abstract

Thermo—mechanical treatment was employed in this study to optimize the strength and conductivity of Cu—Fe—Ag microcomposites. The
strength/conductivity properties of Cu—Fe—Ag microcomposites drawrt.8 without intermediate heat treatments (NH) were observed to
be 1006 MPa/39% IACS and those drawmte 6.3 with three intermediate heat treatments (IH-3) were 939 MPa/56.2% IACS. A substantial
increase of conductivity was obtained at the expense of a modest loss of the strength by the employment of intermediate heat treatments. The
precipitation of impurities and alloying elements during intermediate heat treatment is thought to increase the conductivity due to the reduced
impurity scattering. The activation volume was measured to bb*1fédthe as-drawn Cu—-Fe—Ag (IH-2). Numerous particles were observed
in Cu matrix and the spacing between these partiel&d(nm) were found to be comparable to the activation lengthl{£#78 nm). The most
probable rate controlling mechanism of Cu—Fe—Ag microcomposites is suggested to be the interaction between dislocations and precipitates
in Cu matrix.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction greatly reduced by the addition of alloying elements such as
Nb, Mo, W and Ci{2—4,20] The Cu—Fe system has attracted

The microstructural development and strengthening the interest of some investigators because of the relatively
mechanism of deformation processed Cu based microcom-low cost of iron compared to the other possible insoluble bcc
posites incorporating a body centered cubic (bcc) phase havephase. However, the slow precipitation of iron dissolved dur-

been the subjects of extensive studies22]. Deformation ing processing is known to reduce the electrical conductivity
during cold working leads a fine two-phase microstructure [21,22]
with strong crystallographic textur§s-9,13-15,19,22]The Recently, thermal/mechanical treatmefjts,18,21,22]

strength of heavily deformed Cu base microcomposites ex- have been employed to find a way to improve the strength/
ceeds that predicted by the rule of mixtures (ROM), and a conductivity properties. Intermediate heat treatment during
fundamental understanding of the strengthening mechanismadeformation processing was found to be useful for the
has been the subject of much discusdibr3,10,12,14,16] optimization of the strength and conductivity of Cu base mi-
The particularly attractive feature of these microcomposites crocomposites. The precipitation of impurities and alloying
is the combination of high strength plus high electrical and elements during intermediate heat treatment was suggested to
thermal conductivity. The conductivity of the copper is not increase the conductivity due to the reduced impurity scatter-
ing[18,19,21,22]1t was also suggested that the size and dis-
* Corresponding author. Tel.: +82-42-821-6505; fax: +82-42-822-5450. tribution of filaments can be affected by thermo-mechanical
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[18,21-23] Hong and coworkerfl7,18,21,22]Jnvestigated a load of 300 g using a Vickers microhardness tester. TEM
the effect of the third alloying element on the microstructure specimens were prepared by mechanical thinning and ion
and the physical properties of Cu—Fe microcomposites. milling on a liquid nitrogen stage at 5kV using an incidence
They found that the conductivity can be improved by the angle of 11-12 TEM observations were carried out using
introduction of intermediate heat treatments in Cu—Fe micro- a Jeol JEM 2010 electron microscope operating at 300 kV.
composited17-19,21,22] Since the addition of silver was  The width of Cu matrix between filaments was determined
found to refine the microstructure and increase the strengthusing an image analyzer (Leica Q5001W with Leica Qwin
of Cu—Fe microcomposites effectivel®2], attractive com- software). Electrical resistivity measurements were made at
bination of strength/conductivity properties can be obtained room temperature using a standard four-probe technique.

in Cu—Fe—Ag microcomposites. In this study, the effect
of thermo—mechanical processing on the physical prop-
erties of Cu-9wt.% Fe-1.2wt.%Ag microcomposites was

. 3. Result and discussion
examined.

The microstructural observation of Cu—Fe—Ag microcom-
posite exhibited the ribbon-like morphology of the filaments
2. Experimental on the transverse section and the alignment of the filaments
with wire axis on the longitudinal sectiofi8,21,22] As
Billets of Cu-9wt.% Fe-1.2wt.% Ag (Cu-10vol.% Fe- reported by Hong and Sorig1], Fe filaments are finer in
1vol.% Ag) were prepared by induction melting in air. Cu—Fe—Ag microcomposites than in Cu—Fe—Cr microcom-
Cylindrical billets were about 60 mm in diameter and about posites. It was shown by Hong and Sd&d] that Ag atoms
112 mm in length. Extrusion of cylindrical billets was car- were mostly distributed in the Cu matrix and the filaments
ried out at 500C, reducing the billets from 60 to 24mm in  were almost free of Ag atoms. Hong and Song suggested that
diameter. The extruded rods were then rod rolled to 6 mm in Cu matrix was strengthened by the addition of silver and Fe
a series of steps and subsequently drawn into wires, usingfilaments were strengthened by the addition of chromium.
successively smaller dies, to a minimum diameter of 2 mm. Fig. 1(a) and (b) shows the TEM micrographs showing the
While drawn to 2 mm diameter wires, some part of wires were longitudinal and transverse sections of Cu—Fe—Ag microcom-
annealed twice at45@ (IH-2) and some of them were drawn  posites, respectively. Elongated subgrains and thin filaments
without intermediate heat treatments (NH). Some 2 mm di- parallel to the drawing axis were observed in the longitudi-
ameter wires with two intermediate heat treatments (IH-2) nal section and equi-axed subgrains and thin filaments were
were annealed at 45C and further drawn to a diameter of observed in the transverse section. The filaments are indi-
1 mm (IH-3). The cold drawing strain after high tempera-  cated by arrows in 1(a) and (b). The spacing between Fe
ture extrusion is 4.8 and 6.2 for 2 and 1 mm diameter wires, filaments and the thickness of Fe filaments in the longitu-
respectively, wherg =In (Ag/A) andAg andAare the original dinal section were measured to be 134 and 18 nm, respec-
and final cross-sectional areas, respectively. tively, which are smaller than the inter-filamentary spacing
The evaluation of mechanical strength of wires was (166 nm) and the filament thickness (24 nm) of Cu—Fe—Cr
carried out on a tensile testing machine equipped with microcompositg§18]. The finer microstructural scale in the
an extensometer using specially designed wire grips for Cu—Fe—Ag microcomposite was attributed to initial finer den-
1 mm diameter wires. At least 30mm long wires were drites in Cu—Fe—Ag and easier refinement of filaments due
needed to wind the wires along the round-shaped grips forto stronger Cu matrix strengthened by silver precipitates
mechanical testing was possible to evaluate the strength of[21,22] It should also be noted that there are small precipi-
1 mm diameter wires. For 2-mm wires, the tensile samples tates in Cu matrix as indicated by white arrows.
with a gage length of 20 mm were machined and the regular The strength, hardness and conductivity of variously
grips were used. All tensile test at constant strain rates wereprocessed Cu—Fe—Ag microcomposite wires are summa-
performed at room temperature using a strain rate of6.5  rized in Table 1 The strength/conductivity properties of
10~4s~1. For the measurement of activation volumes, the Cu—Fe—Ag microcomposites drawn tp = 4.8 without
strain rate jump tests were performed from the strain rate of intermediate heat treatments (NH) were observed to be
1x 10%to 1 x 10~2s 1. Hardness was also measured with 1006 MPa/39% IACS and those drawnite 6.3 with three

Table 1

Strength, hardness and conductivity of Cu—Fe—Ag microcomposites

Specimen (diameter; mm) Strength (MPa) Hardness (Hv) Conductivity (%IACS) Thermo-mechanical processing
NH (2) 1006 218 39 n = 4.8, no intermediate heat treatment
1H-2 (2) 916 208 43 n = 4.8, two intermediate heat treatment

IH-3 (1) 939 213 56.2 n = 6.3, three intermediate heat treatment
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Fig. 1. TEM micrographs showing the longitudinal (a) and transverse (b) sections of Cu—Fe—Ag microcomposites.

intermediate heat treatments (IH-3) were 939 MPa/56.2%  Fig. 2 shows the mechanical responses of as-drawn
IACS. A substantial increase of conductivity was obtained Cu—Fe—Ag wires (IH-2) with intermediate heat treatments
at the expense of a modest loss of the strength by theand Cu-Fe—-Ag wires (IH-2) annealed at various tempera-
employment of intermediate heat treatments. The optimum tures after the final drawing process. As showrFig. 2,
strength/conductivity properties of Cu—Fe—Ag obtained inthe the strength decreased appreciably with increase of tempera-
present study (939 MPa/56.2% IACS) was found to be better ture. For Cu—Fe—Ag wires (IH-2), inappreciable work hard-
than 891 MPa/45.5% IACS obtained for Cu—Fe—Cr micro- eningand subsequentwork softening were obsefRigd3(a)
compositg18]. The increase of the conductivity with min-

imal loss of strength for microcomposites is mainly due to

the reduced impurity scatterifg@—9], caused by the precip- 1000
itation of impurities and alloying elements. The effect of . Room
recovery of the Cu matrix during intermediate heat treat- i -\ | 200°C
ment is thought to be contributory to the increase of the / - e 300°C
conductivity. The better strength/conductivity properties in 800 I- e ‘\\ —meemne 400°C
Cu-Fe-Ag can be attributed to the effective precipitation r/ e 500°C
and the finer microstructural scale in Cu—Fe—Ag compared 7 \

in Cu—Fe—Cr. It was suggested by Hd2@] that the nucle-
ation and precipitation of Fe was facilitated in the presence
of Ag.

Hong and coworkers[18-23] suggested that the
microstructural scale of filaments can be refined by
thermo—mechanical processing involving intermediate heat
treatments in Cu base microcomposites. Deformed filaments
are known to be broken-up or spheroidized during interme-
diate heat treatmenf20,23] These broken-up particles and 200 }
spheroids develop into finer and thinner filaments upon fur-
ther drawing after intermediate heat treatmd@®23]. In- s
deed some investigato{6,17,21—24]observed very rapid
recovery of the strength upon redrawing after an intermedi- 0 . 1 . L

. - 0 10 20
ate heat treatment, which may have resulted from refining o
of filaments. The increase of conductivity in Cu—Fe—Ag af- Strain (%)
ter |r!t§rm'ed|ate heat treatments at 460s attn_bUted to the, Fig. 2. Stress—strain responses of as-drawn Cu—-Fe—Ag wires (IH-2) with
precipitation of Fe and Ag atoms that were dissolved during intermediate heat treatments and Cu—Fe—Ag wires (IH-2) annealed atvarious
heavy drawing. temperatures.

Stress (Mpa)
\
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1000 20 According to Hong et a[25], the contribution of strengthen-

Lo— o0 {18 ing components of heavily drawn bundled Cu-20vol.% Nb

ook \D . 1 can be broken down to approximately 70% interface strength-

\D>< " ening, 10% substructure strengthening and 20% precipitation
o strengthening (see Fig. 5 {25]). And the strength of Cu-

600 . 1125 10vol.% Nb was predicted to be comprised of 42% interface

— / 110> strengthening, 42% substructure strengthening and 16% pre-
cipitation strengtheninf5].

In the heavily drawn bundled Cu—Nb microcompos-
ites, the precipitation strengthening term is appreciable
because of numerous Nb particles which were formed
during thermo—mechanical processing at 760[19,25]

In the heavily deformed Cu based microcomposites, the
substructural strengthening term was suggested to arise from
(@ Temperature (°C) the presence of elongated sub-grain and/or grain boundaries
as in heavily deformed pure metals. As the volume fraction
70 of filaments decreases, the substructural strengthening term

I becomes more importaiit6,25] Cu based microcompos-
65 ites with low volume fraction of filaments are more likely
60' to soften after heat treatment because heavily deformed

| _— Cu matrix with sub-grains and/or grains are more likely
55 |- to be affected by recovery and recrystallization at high

. / temperatures than the region with filaments. This suggestion
50 F - is comparable to the increased stability of heavily deformed

I two-phase alloys than heavily deformed single-phase metals.
The strength of Cu—Fe—Ag microcomposite of the present
40 K study was observed to decrease more rapidly with increase

. . . . . of temperature than Cu—Nb microcomposites with higher
0 100 200 300 400 500 volume fractions of filament§25,26] In Cu-15vol.% Nb
(b) Temperature (°C) and Cu-18vol.% Nb, the decrease of the strength became
appreciable when the heat treatment temperature was higher
Fig. 3. Va_riations of the strength and the ductility (a) and conductivity (b) than 500°C [4,26] whereas the strength began to decrease
as a function of treatment temperature. above the heat treatment temperature of 3Dth Cu-Fe—Ag
of the present study. The more rapid decrease of the strength
shows the variation of the strength and the ductility as a func- in Cu—Fe—Ag of the present study can be mostly due to the
tion of heat treatment temperature. As shown in this figure, significant contribution of the substructural strengthening
the strength decreased slowly up to 5@0and the ductility of Cu matrix to the strength, which is more susceptible to
increased more rapidly with increasing heat treatment tem- softening at high temperatures.
perature above 35. In Fig. 3(b), the electrical conduc- In addition to the substructural softening due to recovery
tivity is plotted as a function of heat treatment temperature. of heavily deformed Cu matrix, the spheroidizatifif]
The electrical conductivity increased with the increase of heat and stress relief of heavily drawn filameni7,28] are
treatment temperature. thought to contribute to the softening of Cu—Fe—Ag after

In order to explain the effect of the final annealing on the heat treatments. It is well established that spheroidization
mechanical strength and electrical conductivity, the effect of and the residual stress relief occurred at 400in Cu
volume fraction of filaments on the microstructural evolution based microcompositefl9,27,28] The increase of the
and strengthening mechanism of Cu based microcompos-conductivity after the final annealing can be associated with
ites should be discussed. Hong et[@b] proposed that the  the reprecipitation of Cu matrix, recovery/recrystallization
strengthening component of Cu—Nb microcomposites con- of Cu matrix and the stress relief of filaments which also
sist of interface strengthening, substructural strengtheninginduces the stress relief of Cu matf28].
and precipitation strengthening. It was also suggested that In order to investigate the deformation mechanism of
the contribution of the interface strengthening component to Cu—Fe—Ag, the strain rate change tests were performed and
the total strength increases with increase of the drawing strainthe activation volumes for plastic flow were measuféd. 4
and volume fraction of filamen{d46,25] In Cu—Fe—Ag mi- shows an example of the strain rate change test of Cu—Fe—Ag
crocomposite of the present study, the volume fraction of Fe heat treated at 30@. The strain rate was changed well be-
is 10%, which is relatively lower than other Cu based micro- forethe UTS was reached (at the plastic strain of 0.008—-0.01).
composites studied extensively by many investigdtibr$5]. It should be noted that a small stress jump occurred when the

400 r .‘./. .
F —o—UT.S. B
2001 —e— Ductility ]

L 1 " 1 n 1 L 1 L 1
0 100 200 300 400 500
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between obstacles for the thermally activated deformation
800 of Cu—Fe—-Ag microcomposites is 1i7(=43 nm). Hong and
™ coworkers[16,20,22,23Jsuggested that the filaments in Cu
base microcomposites are athermal obstacles and contribute
to the athermal strengthening component. In Cu-Fe—Ag, the
ratio of yield stresses was found to be 0.92, which is close
400 to that of Young’s moduli (0.91]22]. The sensitivity of the
athermal strengthening component to temperature and strain
rate, therefore, is negligible. The thickness of Fe filaments and
the spacing between Fe filaments of Cu—Fe—Ag microcom-
posite of the present study is larger than those of powder pro-
o —— L L cessed Cu—Fe by Biselliand Morfikl] because of the lower
0 2 4 6 8 10 12 14 . . . : .
o drawing strain and the different processing method (casting
Strain (%) versus powder metallurgy) employed in the present study. Fe
Fig. 4. Stress—strain curve for the strain rate change test of Cu-Fe—-Ag heatﬁlam_entS with the thICkneSS of approximately 18 nm and the
treated at 300C. The strain rate was changed from the strain rate of 1 SPacing of 134 nm in Cu—Fe—Ag of the present study are not
10~*1to 1 x 10-2s~ ! at the plastic strain of 0.008. likely the rate controlling obstacles during plastic deforma-
tion of Cu—Fe—-Ag[22,23,26] They are athermal obstacles
strain rate was changed. The activation volume associated22,23,26,30which increase the strength by increasing the
with the deformation process has been obtained from the fol- long-range internal stress and less likely to be strain rate sen-

600

Stress (Mpa)

200 -

lowing classical equatiof29]: sitive.
y 21/i2 H_ong a_nd Hill[20,23] observed numerous sec_ond phase
Vapp= kTdIn— = mkT In——— (1) particles in Cu-Nb and Cu-Ag nanocomposites. Small
ot n—-1n second-phase particles in Cu matrix were suggested to result

wherek is the Boltzmann’s constant, the shear strain rate,  from reprecipitation of the second phase that had dissolved
71 andr; the applied shear stresses at the normal strain rategduring heavy deformation processing. It was suggested
&1 and &g, respectively andl is the absolute temperature. recently that the most probable rate controlling mecha-

The shear stress was calculated from the yield stresg nism of Cu—Fe—Cr microcomposites was the interaction
using the relation = oy/m, wheremis the Taylor factor. The ~ between dislocations and precipitates in Cu maffig].
calculated apparent activation volume was i7(whereb As shown inFig. 1, many particles were also observed

is the burgers vector for Cu (=0.256 nm)) for as-drawn IH- in Cu matrix of Cu-Fe—Ag. The spacing between these
2 wires at room temperature. And the activation volumes particles was observed to be 25-35 nm, which is reasonably
for Cu—Fe—Ag annealed at high temperatures above 300 close to the activation length (43nm) observed in this
increased to 180—180 whereas it decreased to 1&fter study, which supports the interaction between dislocations
being annealed at 20C, as summarized ifiable 2 The and precipitates as a rate controlling mechanism. The
decrease of the activation energy at 2@0may be associated  decrease of the activation volume in Cu—Fe—Ag heat treated
with the precipitation of silver, which was reported to be at 200°C further supports that the interaction between
precipitated at 100—20@ after heavy deformaticj21-23] dislocations and precipitates plays an important role in
The strain rate sensitivity at the plastic strain of 0.03 was thermally activated deformation of Cu-Fe-Ag micro-
measured to be 6.9 103 for the as-drawn wires and does composites.
not change appreciably with annealing. Hong and coworkerqd21-23] reported that the pre-
The activation volume measured in this study is larger cipitation of silver phase was particularly pronounced in
than that (45°) of Cu-15vol.% Fe with a drawing strain of Cu—Ag nanocomposites and Cu—Fe—Ag microcomposites
4.4 observed by Biselli and Morrig1]. The smaller acti-  if they were heat treated at low temperatures (100<200
vation volume observed by Biselli and Morris is associated The decrease of the activation volume of Cu-Fe-Ag heat
with the finer microstructural scale due to powder metal- treated at 200C can be associated with more precipitation
lurgy processing and a higher drawing strain. The spacing of silver at 200°C. The interaction between dislocations
and precipitates as the most probable rate controlling

Table 2 mechanism is compatible with the suggest[@h,26] that

Activation volume as a function of annealing temperature the precipitation strengthening contribute appreciably to
Annealing temperature Activation volume ~ the strength in thermo—mechanically processed Cu—Nb.
As-drawn (IH-2) 1703 Although the contribution of the interface strengthen-
200°C 156° ing and substructural strengthening to the strength of
300°C 188° Cu—-Fe-Ag is thought to be greater than that of precipitation
ggg:g iggg strengthening, interface strengthening and substructural

strengthening components arose from athermal long-range
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obstacles such as Fe filaments, elongated sub-grain and grailReferences
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