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Abstract: The strength of the deformation processed Cu-Fe in-situ composite was conducted by material test sys-

tem(MTS). The results show that the strength increases with the increasing deformation strain and iron content,

which is greater than that of the calculated value based on the rule of mixture. The mechanism of strengthening was

analysed and evidenced by interface barrier. The correlation between the strength and the thickness of copper phase

(tcu) obeys HallPetch relationship and can be described well by geometrical necessary dislocation model and inter-

face as dislocation source model.
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1 INTRODUCTION

The term in-situ composites is used in this pa-
per to describe materials where an align fibrous
microstructure is created by very heavy wire
drawing. The strengths obtained in such compos-
ites can be much greater than that expected from
the calculated
mixturel" 7. Several models have been proposed to

value based on the rule of
explain the phenomena and to set up the strengthe-
ning mechanisms. The first model is dislocation
substructure strengthening model. The analysis
indicates that the dislocations are blocked at the
interface between the fiber and the matrix during
wire-drawing owing to the incompatibility of plas-
tic deformation of the two phases, and consequent-
ly formed high density dislocations, which genera-
ted strengthening effects'™™ . The second is inter-
face barrier model, which attributes the strength
to the difficulty of propagating plastic flow through
the fiber/ matrix interface'®” . The third is the
extended rule of mixture, which accounts for the
dislocation arrangements at the phase boundaries,
the textures and the morphology of both pha-
ses’®” . Some of these models simulate the
strength well, however less research work has
been done on the strengthening mechanism of de-
formation processed Cu-Fe imsitu composite. In
this paper, the mechanical properties of deforma-
tion processed Cu-Fe inrsitu composite and its rela-
ting factors were investigated and analyzed, the
strengthening mechanism and relationshio between
the mechanical properties and micro-structure were

explored, finally the strengthening model was built
up.
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2 EXPERIMENTAL

Cu11.5%Fe and Cu-17. 5% Fe billets with the
sizes of 22 mm in diameter and 70 mm in length af-
ter surface machining were prepared by inductive
melting. From the cast cylindrical ingots the wires
were produced by rotary swaging,
drawing. During swaging the sample diameter was

rolling and

reduced from 22 mm to 16 mm, and by rolling from
16 mm to 8. 5 mm. Finally wire-drawing was con-
ducted until the diameter became 6 mm. Next, the
samples were subjected to two deformation routes.
1) Samples were drawn at room temperature( RT)
without intermediate heat treatment (HT ). 2)
Wire-drawing with intermediate heat treatment. It
is: 6mm HT1 3mm HT2” L.Smm_ HT3™
1, 0.8, 0.5, 0.3, 0.2 mm. The intermediate heat
treatment routes are  HT 1: holding at 500 C for
1 h, cooling from 500 C to 400 C for 48 h; HT2:
holding at 450 C for 1 h, cooling from 450 C to
350 C for 48 h; HT3: holding at 400 C for 1 h,
cooling from 400 C to 300 C for 48 h. The inter-
mediate heat treatments were carried out in vacuum
furnace. The deformation strain was defined as the
natural logarithmic form: Tk In(Ao/Ar), where Ao
is the initial cross-sectional area and A is the final
cross-sectional area.

All tensile tests were conducted at RT with
strain rate of (1.0~ 3.0) x 10" s™".
morphology of the tensile specimens were observed

on a JSM-6360LV SEM.

The fracture

3 RESULTS

3.1 Microstructure
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Fig. 1(a) shows the microstructures of the as
cast Cu-17. 5% Fe alloy. The primary Fe dendrites
(dark) are embedded in the Cu matrix (light).
Fig. 1(b) shows a longitudinal section of the as
drawn wire, and it can be seen that a significant
elongation of the Fe dendrites has occurred during
the wiredrawing.

(a)

Fig. 1 Optical micrographs of Cu-17.5% Fe
(a) —As cast;
(b) —Longitudinal section after drawing to = 5. 37

3.2 Strength

Fig.2 shows the correlation between the
strength of deformation-processed Cu-11. 5% Fe in-
situ composite( A) and the deformation strain( 1)) .
The letter “A” means without intermediate heat
treatment during wire drawing. It is clear that
both the ultimate tensile strength( UTS) and the
yield strength( YS) increase with the increasing de-
formation strain, and the yield strength is in linear
relationship with deformation strain.

Fig. 3 shows the influence of the Fe content
and deformation strain on the UTS and YS. Both
the UTS(Fig.3(a)) and YS(Fig.3(b)) of the de
formation-processed Cu-11. 5% Fe in-situ composite
(B) and the deformation-processed Cu-17. 5% Fe
irsitu composite( B) increase with the increasing
deformation strain. It is obvious that the iron con-
tent plays an important part on the strength of de-
formationrprocessed Cu-Fe imrsitu composite. The
higher the iron content in deformation-processed
Cu-Fe in-situ composite is, the greater the strength
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Fig. 2 Strength of deformation-processed
Cu-11.5% Fe inrsitu composite( A) with
progressing wire deformation
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Fig. 3 Effect of Fe content on strength of
deformation-processed Cu-Fe
in-situ composites(B)
(a) —Ultimate tensile strength; (b) —Yield strength

increases.
The study on the strain hardening of pure Cu
points out that the strength of pure Cu wire rea

ches a saturated value around 450 = 460 M Pa with
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the increasing deformation strain. The behavior is
the result of dynamic recovery, which results in

equilibrium between the multiplication and annihi-
191 The strength of pure
Fe wire keeps a linear relationship with strain'"*!,

lation of dislocations

and is greater than that of pure Cu at the same de-

' Obviously the contribution to

formation strain
strength by pure Fe is more than that by pure Cu.
Therefore, the higher the Fe content in deforma-
tionprocessed Cu-Fe insitu composites is, the
greater the strength is. The same phenomena are
observed in the study of deformation-processed Cu-
Nb irrsitu composite. As the Nb content increa
ses, the strength increases' .

From Figs. 2 and 3, it can be concluded that
the effect of intermediate heat treatments on the
strength  of the

11.5%Fe in-situ composite is insignificant. Some

deformation-processed  Cu-

researches pointed out that the deformed fibers
could be broken up or spheroidized during interme-
diate heat treatment,
formed after progressing wire deformation. T hat

and much thinner fibers

means, the intermediate heat treatment could make
the fibers finer'"!
heat treatment temperature is not very high, con-
sequently no obvious breakup of Fe fibers is found
under SEM observation. But, the SEM observa
tion indicates that the intermediate heat treatment

. In this study, the intermediate

can accelerate the change from Fe dendrites to fi-

161 1t is certain that the heat treatment sof-

bers
tens the Fe phase and readily enables the formation
of fibers in the later deformation process; therefore
the appearance of small fibers enhances the
strength and compensates the loss of strength dur-
ing heat treatments. It is also seen that Fe parti-
cles precipitate out from Cu matrix during heat
treatments and change into fibers in the later de
formation process, which evidences the fiber
strengthening effects.

Fig. 4 shows the correlation of the strength
and the thickness of Cu phase (tcu). When tcu is
small, the strength increases sharply as the tc. de
creases; at the same thickness, the strength in-
creases with the Fe content. Fig. 4 displays the lin-
ear correlation between strength of deformation-
processed Cu-Fe imsitu composite and zc.’”. It is
clear that the slope of the lines having higher Fe
content is greater than that of having lower Fe con-
tent, that is, the strength dependence of tc.”> of
higher Fe content composite varies more intensive
ly. Meanwhile, the different deformation routes
result in different changing tendency and route A
enhances the strength more greatly than that of
route B.

It is generally accepted that the strength of a
composite obeys the rule of mixture (ROM). Thus

the strength of deformation-processed CuFe

a
1400 (a) * — Cu-11.5%Fe(A)
= — Cu-11.5%Fe(B)
2+ — Cu-17.5%Fe(B)

]
% 1200+
o
5
E1000}
@
Z
& 800F
&
o [ ]
-E 600 |
-

400 —L L—s 5

0.2 0.6 1.0 1.4 1.8
IEL/Z/IJm_”Z
(b)
1400+ » — Cu-11.5%Fe(A)
» — Cu-11.5%Fe(B) .
& e N 0,

1200 Cu-17.5%Fe(B)
=%
2
= 10001
5
|
[75] |
- 800
°
e

600 - s

400 ! ‘ :

0.2 0.6 1.0 14 1.8

IEL/Z/um—!/Z

Fig. 4 Relationship between strength and
thickness of Cu phase(tc) in
deformation-processed Cu-Fe

in-situ composites

irsitu composite could be expressed as

0= Gy Rut Gre He (1
where @, and G. are the strength of Cu and Fe
phase, respectively; ®. and %. are the correspond-
ing volume fractions.

Based on the conclusions of Funkenbusch'"
and solid solution strengthening increment 70 M Pa
due to Fe solution in Cu phases, the strength val-
ues for Cu and Fe can expressed by

Gu(rg = 228+ 70+ 15611

.= 330+ 1537

The comparisons of the experimental data
with the theoretical calculated values by the ROM
are shown in Fig.5. The results got from
deformationr processed Cu-11. 5% Fe in-situ com-
posite( A) are well matched with the calculated val-
ues when 1<X6; however the values of ROM are
smaller than those of experiments when 126. The
identical results can be referred to Ref. [ 10]. At
the initial stage of deformation, the mechanism can
be well interpreted by the traditional rule of mix-
when the deformation

ture, but strain  gets
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Fig. 5 Ultimate tensile strengths of
deformation-processed Cu-Fe insitu
omposites compared with those calculated based

on rule of mixture strength
(Data for iron and copper were taken from Ref.[ 13])

greater, reaching nano-level in size, the real
strength is much greater than that of rule of mix-

ture.

3.3 Fracture morphologies

Morphologies of fracture surfaces of deforma-
tion-processed Cu-11. 5% Fe in-situ composites( A)
are shown in Fig. 6. They exhibited ductile frac
tures. The fracture surfaces show many dimples,
and the dimples are relatively fine with higher de-
formation strain. The diameters of the fracture
cross sections are measured and the shrinkage rate

are ¢= 32.2% for M= 3.98 and ¥= 27.8% for =
6. 63.

4 DISCUSSION

Figs. 4 and 5 indicate that the correlation be-
tween the strength of deformation-processed Cu-Fe
irsitu composite and Cu phase thickness is con-
formed to the HalFPetch relationship and the
strength is higher than theoretically calculated val-

Fig. 6 SEM micrographs of fracture surface for
deformation-processed Cu-11. 5% Fe
irsitu composites( A)

(a) —Tk 3.98; (b) —Tk 6.63

ue based on ROM, which are all in consistence

(1217 " The research work

with others conclusions
on the hardness of nano-sized Cu-Fe alloy, which
was fabricated by high-energy grinder and annea-
ling treatments, demonstrates that real hardness is
higher than the calculated one based on ROM and a
maximum value appears when the Fe content is
70% ( volume fraction). This is the result of inter
face hardening effects. The changing of slip system
during the stress passing through Cu/Fe interface
generates high-density geometrical necessary dislo-
cations at the interface. The interface effects of
Cu/Fe system are stronger than those of Cu/Cu

" There are many analy-

and Fe/ Fe accordingly
ses on the mechanism of strengthening, basically
being classified into two aspects: 1) strengthening
is attributed to the dislocation; 2) strengthening is
a direct consequence of the presence of barriers
(filaments) in the materials. Factually, they are
all related to the interfaces between the fiber and
the matrix, which affects the density of disloca
tions, their structure and movement. The reason
why the strength of deformation-processed Cu-base
irsitu composite is greater in experiments than in
calculating by ROM is that the system has high in-

' and the blockage of the move-
[20]

terfaces density
ment of dislocations There were also views

that the interface absorbed dislocations and created
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greater stress due to mismatch at the interface,
which brought about higher strength in experi-
ments'?"' . Anyway, the interface of Cu/Fe is an
indispensable factor when the strength of the de
formation-processed Cu-Fe inrsitu composites is in
consideration. The geometrical necessary disloca
tion model and interface as dislocation source mod-
el are discussed in the following.

4.1 Geometrical necessary dislocation model

The geometrical necessary dislocation was
firstly found in the plastic deformation of non-
homogeneous material . Composite materials
comprising phases with pronounced difference in
their respective deformation behavior develop a
strong deformation gradient. The gradient is then
compensated for by generation of dislocation, re-
ferred to as geometrical necessary dislocation. The
stronger the gradient is, the higher the density of
geometrical necessary dislocations is'>*. Ash-
by'* gave out a formula on the density of geomet-

rical necessary dislocations with small deformation

strain.
R=K(YN (2)
where ( is the density of geometrical necessary

dislocations; K is geometrical constant; Tl is
strain; Ais space between phases.

K is the compatibility coefficient, which re-
flects the incompatibility of the shear strain of two
phases and depends on the mismatched degree be-
tween two phases. It was proved that #=~K " (¢
the rotation angle, b: burgers vector), therefore
the maximum value of K could be figured out by
putting the maximum rotation angle 90° during a
wiredrawing process into the formula, which
equals 6.3 % 10°/ m.

According the previous researches, the spac
ing between two phases could be replaced by, con-
sequently a more proper expression of the density
is drawn out:

f= K f —L=dn (3)

0 ae

After integrating:

Q= K[e"- 1]/ab (4)

When the deformation strain is small enough
(«1), Eqgn. (2) is more accurate; when N>1,
the following is better,

R = K/bA (5)

The strength of deformation-processed Cu-Fe
irsitu composite is the sum contribution of geo-
metrical necessary dislocation @, effects and statis-
tical dislocations @ based on the bulk strength:

0= QG+ oMb JQ+ Q (6)

where @ is lattice friction force, M is Talyor co-
efficient, His shear modulus, @ is statistical densi-
ty of dislocation. All parameters are referred to the

24
referencel*" .

The calculated densities of geometrical neces-
sary dislocations based on Eqn. (5) and the correla
tion between the thickness of Fe fiber and the
strain of the composite are as follows: when K= 7
x 10°/m"” and N= 2.6~ 9. 4, the @ value of de
formation processed Cu-11. 5% Fe inrsitu composite
(A)
inrsitu composite( B) lie in the range of 1.8 x 10"~
2.9x10"em ™ * and 4.4 % 10~ 6. 7% 10" em™ 2, re
spectively. When K= 2x 10"/ m'", that of deform-
ation processed Cu17. 5% Fe in-situ composite( B)
is 1.3x 10"~ 1.9 x 10”cm™?. The higher the Fe
content is, the higher the dislocation density is.
The reason is that with the same deformation
strain, higher Fe content leads to higher interface

and deformation processed Cu-17.5% Fe

density between Cu and Fe phases.

Fig. 7 shows the comparison between experi-
mental and calculated values. It can be seen that
the data match well when the compatibility coeffr
K=7%x10°/m for
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Fig. 7 Comparison between calculated results
and experimental ones
(a) —Deformation-processed Cu-11.5% Fe
imrsitu composite( A), K= 7x 10*7;

(b) —Deformatiom processed Cu-17.5% Fe
irrsitu composite(B) , K= 2x 10’
(Calculated strength for geometrical necessary
dislocation as function of wire draw ing)
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Cu11. 5% Fe in-situ composite( A) and K= 2 X
10°/m for deformation processed Cu-17.5% Fe
irsitu composite( B) .

4.2 Interface as dislocation source

Spitzig et al'>” put forward that the inter
faces of Cu/Nb acted as sources of dislocations
which controlled plastic flow across the interfaces.
In the model the number of dislocations generated
per unit of deformation is proportional to the inter-
facial surface area per unit volume(S). Hong'"
modified the HallF Petch equation by taking total
area of phase boundaries into consideration:

o= g+ KS"? (7)

where S is the total area of the phase boundaries,
/

k is a constant.

The comparison between  experimental
strength and calculated strength based on this

model is demonstrated in Fig. 8. The results when
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Fig.8 Comparison between calculated results
and experimental ones

(a) —Deformatiom processed Cu-11. 5% Fe
ir situ composite( A) ;

(b) —Deformation-processed Cu-17.5% Fe
i situ com posite( B)

(Calculated strength for interface as
dislocation source as function of wire draw n)

K= 2MPa* mm "? are similar to each other for
the deformation processed Cu-1l. 5% Fe inmsitu
composite(A), while ¥ = 8 MPa * mm™ "2, the da-
ta fit well with the deformation processed Cu-
17. 5% Fe in-situcomposite( B) .

From the above results the conclusion can be
educed that the geometrical necessary dislocation
model and interface as dislocation source model can
describe the strength of deformation- processed Cu-

Fe in-situ composite.
S CONCLUSIONS

1) The strength of deformation processed Cu-
Fe inrsitu composite increases with the increasing
deformation strain and Fe content, and its depend-
ence on the thickness of Cu phase obeys HallPetch
relationship.

2) The strength can be described by geomet-
rical necessary dislocation model and interface as
dislocation source model with a fitting parameters.
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