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Mechanical properties of aluminium/Inconel 601
composite wires formed by swaging

C. SALMON, F. BOLAND, C. COLIN*, F. DELANNAY
Université catholique de Louvain, Département de sciences des matériaux et des procédés,
PCIM, Place Sainte Barbe 2, B-1348 Louvain-la-Neuve, Belgium

This work investigates the formability of a composite made of a pure aluminium matrix
reinforced with an Inconel fibre network. Composites were formed into wires by swaging,
to a true strain gy = 2.7. Thermal expansion, Young’s modulus and tensile properties of
these wires were measured. Young’s modulus of the wires is slightly larger than that of the
as-cast composites, indicating that no significant porosity is present in the composite after
deformation. Tensile strength and ductility are found to decrease with increasing reduction
of diameter. Scanning electron microscope (SEM) observations show that fibres align
during swaging and that fibre fragmentation occurs beyond a certain strain. Fibre
fragments reach a critical aspect ratio of about 7 after a swaging true strain of 1.5.
Qualitatively, the evolution of the properties is explained by a combination of fibre
fragmentation and fibre alignment effects. Properties of the wires are discussed using the
Clyne model and the Nardone and Prewo model (modified shear lag models). © 7998
Kluwer Academic Publishers

1. Introduction whereas metallic composites usually reach only a few
Alarge variety of ceramic fibres have been used for reinper cent ductility, these composites present a ductility of
forcing Al alloys. Beside an attractive high-temperatureabout 8%. High temperature tensile properties are also
strength, Al/ceramic fibres composites usually presensignificantly improved. Hence, the use of such metallic
low ductility and low toughness. On that point of view, fibre reinforced composites could be interesting for ap-
the use of ductile metallic fibres for reinforcing Al al- plications where high-temperature strength is needed
loys appears as an interesting possible alternative bdsut where the density of the material does not matter
cause metallic fibres can improve the strength withoutoo much.

causing a too large loss of ductility. Little work has This paper aims at exploring the formability of alu-
been done on composites made of an Al alloy rein-minium/Inconel fibres composites. Only pure alumi-
forced with metallic fibres because the high reactiv-nium was considered for the matrix. Indeed, pure Al
ity of Al with most metals brings about the forma- reinforced with metallic fibres constitutes a model sys-
tion of brittle intermetallic compounds which cause tem that allows investigation of the plastic behaviour of
a catastrophic loss of toughness. Nevertheless, it hawo interconnected ductile phases deforming together.
recently been reported that the control of processindesting of the formability of such a system of inter-
conditions makes possible the production of sound Alconnected phases is of great interest. The possibility
based composites reinforced with metallic fibres [1].0f making wires of plates by plastic forming broad-
These processing conditions involve a high solidifica-ens the possible range of uses of metallic fibre re-
tion rate and the reduction of the reactivity betweeninforced composites. Particularly, a good formability
the fibres and the matrix either by use of alloying ad-into wires allows the fabrication of composite elec-
ditions in the matrix or by surface treatment of thetrical wires whose thermal expansion coefficient is
fibres. It was demonstrated that Al-matrix compos-reduced.

ites reinforced with heat-treatment nickel-base alloy In this study, an investigation of the mechanical and
fibres (Inconel 60% diameter 12um) could be pro- thermal properties of composite wires produced by
duced by squeeze-casting. Thanks to the oxidic barrieswaging (rotative hammering) is presented. From the
formed on the fibres during heat-treated, neither in-evolution of these properties as a function of swaging
terface reaction layer nor dissolution of the elementgrue strain, an analysis is made of how the two phases
of the fibres was observed in these composites. Terbehave when strained together. The modified shear lag
sile tests showed that the addition of 20% of fibres inmodel introduced by Clyne [2] for composites with a
pure aluminium induces a strength increase by moreelatively small modulus mismatch is used to predict the
than a factor of 2.5 at room temperature [1]. Moreover,Young’s modulus of the wires and the tensile strength
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Figure 2 Size of the tensile specimens machined in the as-cast
composites.

cuboid bars (as-cast materials) and cylinders of differ-
ent diameters (swaged materials) using the resonance
frequency method (grindosonic) in bending, assuming
isotropic properties with a Poisson ratie- 0.3. Tensile
properties of the as-cast composites and of the wires
were evaluated by tensile tests at room temperature at a

of the fibres while the Nardone and Prewo model [3] isfate of 0.2 mm/min. The elongation was measured us-
used to predict the yield strength of the wires. ing an extensometer with 25 mm gauge length. Samples
of 60 to 80 mm length were cut from the wires swaged

to different diameters. In order to prevent local defor-
2. Experimental mation of the heads of the wire specimen in the grips,
Use was made of 10 mm thick performs consisting ofthe heads were embedded into two half hollow cylin-
22+ 1 vol % of 12um diameter continuous Inconel ders made of Al alloy. The dimensions of the as-cast
601 fibres (N.V.Bekaert S.A.) [4]. The preforms are tensile specimens machined in the as-cast composites
made by stacking loose felts of planar randomly ori-are given in Fig. 2.
ented fibres and by sintering the stack in order to form For the study of the thermal expansion behaviour,
strong interconnections at fibres crossings. The petthree cycles between room temperature and 3D0
forms thus present transverse isotropy. During sinterwere carried at 2C/min out in air on cuboid bar or
ing, fibres grains grow to a size about equal to the fibrecylinder specimens with 10 to 30 mm length. A dwell
diameter, as presented in Fig. 1. Thanks to the ductilityvas carried out at 300C during the two first cycles in
of the fibres, their volume fraction in the composite canorder to relax the internal stresses. The linear thermal
be easily varied from 20 to 80% by compacting the sin-expansion coefficient of the composites was measured
tered preforms before infiltration with the matrix alloy. during the cooling stage of the third cycle. The CTE of
Only volume fraction of 20% was considered in this pure Al (99.99 wt %) was measured betweeri€snd
studly. 300°C to test the calibration of the dilatometer. The
To prevent the reaction from appearing when Almeasured average value of.24:0.7 x 10°® K1 is
comes into contact with Inconel during processing ofin good agreement with the value of .35 107% K—1
the composites, the fibres preforms were heat-treated irgported in the literature [7]. The thermal expansion
air at 750°C during 30 min. This leads to the formation coefficient of Inconel 601 is 17 x 1078 K~ [8].
of an oxidic passivation layer at the surface of the fi-
bres. This oxidation condition was found to be optimal
as far as the mechanical properties of the composites aB Results
concerned. After heat-treatment, the preforms were in3.1. As-cast composites
filtrated with pure liquid aluminium using the squeezeFig. 3illustrates the typical microstructure of a squeeze-
casting method already described in previous papersast composite containing 20 vol % of Inconel 601
[5, 6]. fibres, before forming. At the resolution of the SEM
In order to swage these composites into wires, rodémaging, the composite appears to be devoid of any
with diameters varying from 6 to 9 mm were machinedporosity, even at concave solid angles at fibres contacts.
inthe cast. The composites were swaged in several stefiie absence of significant porosity was confirmed by
using dies with decreasing diameters (about 10% diamdensity measurements performed by the Archimedean
eter reduction at each step). Each reduction of diamemethod. The thin black layer at the fibre/matrix inter-
ter was followed by annealing at 37& for 15 min.  face may reflect the presence of the passivation layer
These conditions of the annealing treatment were optien the fibres. TEM analyses confirmed the absence of
mised (using hardness and microhardness tests) in ordany reaction layer at fibre/matrix interface and indicated
to restore ductility without inducing interface reaction. that the mean thickness of the oxides layer was about
Composites wires were produced by swaging down t@300 nm.
a diameter reduction of 74%, which corresponds to a Fig. 4 shows the typical evolution of strain during the
true strain of 2.7 (wire diameter of about 2 mm). third cycle of the thermal expansion test performed on
Young's modulus and tensile properties were meapure Al and on as-cast Al/In601 composites, in the di-
sured on as-cast composites and on formed compositection of the fibres plane (in-plane) and in the direction
wires. Only the in-plane properties of the as-cast comperpendicular to this plane (transverse). The composite
posites were tested. Young’s modulus was evaluated opresents a sharply reduced average expansivity between

Figure 1 SEM micrograph of the Inconel 601 fibres.
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Figure 3 Optical micrograph of an as-cast Al-20% In601 composite processed using a preform heat-treatecCad ittty 30 min in air.
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Figure 4 Third cycle of a thermal expansion test, for pure Al and for an Al-20% In601 composite tested in the plane of the fibres and in the direction
perpendicular to this plane.

room temperature and 30C in the in-plane direction studied by optical microscopy and by SEM. No damage
(¢ =188+ 1.3 x 10°6K~1), whichis compensated by in the matrix or at the fibre/matrix interface could be
an increase of the expansivity in the transverse direcdetected.

tion (o« =27.24 1.3 x 1078 K1) (this difference is not The average thermal expansion coefficients of the
unexpected as volume is conserved during thermal cyswaged and as-cast composites between 25 antiG300
cling). The hysteresis loop observed for the compositere compared in Fig. 5. Thermal expansion decreases
indicates that thermal mismatch stresses cause plastitightly froma =18.8+ 1.3 x 1078 K~ in the as-cast

yielding in the matrix. condition too = 16.44 0.6 x 106 K~1 at a true strain
erue= 0.6. Itdoes not seem to evolve anymore for larger
strain.

3.2. Composite wires Fig. 6 compares the Young’s modulus of swaged and

After the shaping of the composites by swaging, theas-cast composites. The fibre volume fraction of each
microstructure of transverse sections of the wires waspecimen was measured by density measurements. The
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a (108K as-c:;lst composite fegye = 1.5 (diameter reductioa:
53%).

30 Damage development during tensile testing was eval-
uated by measuring the decrease of the density and
25 Young’s modulus after tensile fracture. For this pur-
pose, sections were cut within the uniform deformation
20 zone in specimens which had exhibited approximately
15 the same uniform straigy = 0.04 before fracture. Den-
sity measurements by the Archimedean method and
10 modulus measurements by the grindo-sonic method
were compared to the values obtained before tensile
5 tests. Although the dispersion was high, we observed
a trend to a decrease of modulus and of density with
0 increasing swaging strain. However the variations were

as-cast €= € £ slight: for a swaging true strain of 1.5, the decrease of
Al In-plane 0.6 11 1.5 density amounted to a few tenth of a percent and the
Figure 5 Average thermal expansion coefficient betweer? @5and decrease of modulus to aF’OUt 6%. .
300°C for as-cast Al/in601 composite (in-plane) and for composites 1N order to evaluate the influence of the forming pro-
swaged up to different true strains. cess on the strain-hardening of both phases, microhard-
ness tests were performed on as-cast composites and on
samples swaged to a true straji= 2 before and after
annealing at 375C for 15 min. Fig. 9a shows that the

E, (GPa) ey a1 matrix strain-hardens qui i i i
c A swaged =11 _ quite a bit dL_Jr!ng forming an_d
110 ‘ i ‘ ‘ ;X owaged e, =06 that _the anngallng treatment is sgfflue_nt_to restore its
® as-cast ductility. Strain-hardening of the fibres is illustrated in
100 ] Fig. 9b. Considering the standard deviation of the re-
o a8 % - sults, the strain-hardening of the fibres appears quite
90 B * R _.—DXX? 6%% e limited. As expected, this strain-hardening of the fibres
P % is not affected by annealing at 376.

80 _,//’: The SEM micrograph on Fig. 10 presents the mor-

phology of the fibre network after a diameter reduction

70 _ of 74% (swaging true strair 2.7). The fibres close
to the surface have been separated from the matrix by
60 | l | | | | | deeply etching the composite surface after polishing. It
16 17 18 19 20 21 22 23 24 is observed that, during forming, fibres have oriented
Fibres volume fraction (%) along the axis of the wire and have broken. From a ran-

Figure 6 Young’s modulus of as-cast and swaged compos imes( domly oriented Con.tmuous fIer composite, .swaglng
\Voigt bound,=— Reuss bound and ------ modified shear lag model has prOduced an a“gned short fibre composite. Fibres

7). break after a critical value of diameter reduction: SEM
analyses of composites with different extents of swag-
ing indicated that this critical value corresponds to a

scattering is due to the small size of the specimens. Alf'U® strain of about 0.35 (see Table I).

results locate between the Voigt and Reuss bounds com- Fig- 11a presents the evolution of the average length
puted usingEa = 70 GPa antE o1 = 206 GPa [8]. of the fibre fragments as a function of the true strain.
This further attests for the absence of porosity in the

ComPOSiteS' Youn-g,s modulus of Swaged samples iS‘i"ABLE I Evolution of the preform aspect, of the mean length of
on the ayerage’ hlgher _than that of th_e aS'C_aSt Sam_plet%bken fibres and of the fibres diameter as a’ function of the true strain
suggesting no damage in the composite during formingyndergone by the composite during swaging

Fig. 7 presents the engineering stress-strain curves
of swaged composites after different swaging extents. Meanlength  Fibre
Strength is observed to decrease progressively with . of the broken  diameter

increasing diameter reduction. The tensile ductility Preform aspect floresrt) Gem)
varies between 1 and 7%, indicating a large scattering Network — 125+ 038
These values are lower than the ductility of:%  0.35 Some fibres breaking ~ —

measured for the as-cast composites [1]. The evolu2-60 Some fibres breaking ~ — 709
tions of the yield strengthof, %) and of the tensile Czﬂgzlf?;;";om 103£36 124+09
strength §7s) with swaging strain are summarized on 1 5q No more network, 84 31 115+ 1.1
Fig. 8. For a swaging true strai,e=0.35 (diameter short fibres

reduction= 16%), op 29, increases by 40% angrs by  2.00 No more network, 7528 128+1.0
30% in comparison to the as-cast composite. Subse- short fibres

quently, bothog 0, and ors decrease with increasing < Nzhrgftrﬁb”reets""ork’ 8236 110+15

swaging strain, reaching values similar to that of the
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Figure 7 Conventional stress-strain curves of composites swaged to different diameter reductions.
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Figure 8 Evolution of (a) conventional yield strengilg 2o, and (b) ulti-

The average fibre length was measured by dissolving
the Al matrix in HCI and by measuring the length of
about 300 fibres on SEM images such as Fig. 10. A
typical length distribution is shown on Fig. 11b. More
detail about the morphology of the fibre preforms after
forming is given in Table I. SEM observation of the
fibres after complete leaching out the matrix showed
that the fragmentation of the fibres was not uniform in
the wire section. For a straify < 1.5, fibres are bro-
ken only at the wire periphery and an interconnected
fibre network still remains in the centre of the wire.
For e > 1.5, only short fibre fragments are found. Fi-
bres seem to have reached a minimum length of about
80um after a true strain of 1.5. As indicated in Table I,
the fibre diameter does not seem to change in spite of
the progressive diameter reduction of the composite.

It is worth mentioning that rolling tests performed
on the same composites showed the same behaviour:
fibre breaking begins for quite the same equivalent true
strain and an average minimum fibre length of about
80um is also measured.

4. Discussion

From the observation of the microstructure of the com-
posites and of the morphology of the preforms at differ-
ent stages of the forming process, we can conclude that:

1. During the first steps of the process, the fibres
align in the direction of the axis of the wire, without
being deformeds =0 to 0.3).

2. After a critical amount of swaging, when aligning
is completed, fibres begin to break. The fibres at the

mate tensile strengtys of the composites as a function of the swaging SUrface of the wires appear to break firgt=¢ 0.3 to
1.1

true strain.
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Hv Several features can have an influence on the value
of the Young’s modulus of the composite:
\
40 — e the orientation of the fibres,
Al o the aspect ratio of the fibres,
Load = 5 g e the porosity (or damage) in the composite.
35 |— —
No porosity could be detected at the SEM resolution.
In addition, the modulus of swaged composites is glob-
30 — ally higher than that of the as-cast composites (Fig. 6).
This suggests that the modulus increase due to the fibre
alignment outbalances the modulus decrease due to the
25 — § — decrease of the aspect ratio.
| ‘ A convenient model for estimating the Young’s mod-
as-cast cold-worked annealed ulus of an aligned short fibres composites with an aspect
true strain = 2 ratio of 7 is the “modified shear lag model” proposed
@) by Clyne [2]. According to this model:
Hv ( )
E: — E) tanhfis)
Ec={ViEf|1— VnE 1
380 l c {ff|: Emns ]+mm (1)
Fibres
Load = 3
330 L g | where
. Ei(l—sechfs) + E
En= 2 i 2
280 — —
and
230 _| 2E 1/2
e Saml o
Ef(1 + vm)IN(1/ V)
180 | | ‘

as-cast cold-worked annealed
true strain = 2

(b)

Ec, Er and Ep, are the Young’s modulus of the com-
posite, fibres and matrix, respectivaly, is the Poisson
ratio of the matrix,V; andV,, are the fibre and matrix

volume fraction, andis the mean fibre aspectratio. The

Figure 9 Vickers microhardness of (a) the aluminium matrix
(load=5 g) and (b) the Inconel fibres (load3 g) in the as-cast com-

result presented as a dotted line on Fig. 5 is obtained

posite and in composites swaged to a true strain of 2, before and aftddSINGS = 7,Em =70 GPaFE; =206 GPa ant, =0.3.

annealing at 375C for 15 min.

Although porosity is not taken into account, the predic-

tion of the model underestimates the measured values.
Considering the experimental scatter, it does not seem

Figure 10 SEM micrograph of a swaged composite after a diameter
reduction of 74%. The sample was deeply etched in HCI.

3. Finally, fibres breaking propagates to the centre

worth further commenting the difference between the
model and the results. We at least can conclude that no
significant porosity is present in the composites.

The slight decrease of the average thermal expansion

coefficient of the composite after swaging (Fig. 5) can
also be explained by the prevalence of fibre alignment
on fibre fragmentation. Thermal expansion cannot be
simulated by a linear thermoelasticity model because,
as shown on Fig. 4, some plastic yielding has occurred
in the matrix during the test.

The major parameters determining the yield strength

and tensile strength of composites are:

o the orientation of the fibres,

o the aspect ratio of the fibres,

o the strain hardening of the fibres,
o the strain hardening of the matrix,
o the damaging of the material.

of the wire until the fragments assume a mean aspedtig. 8a shows thaty 2y first increases during the form-
ratio of about 7 §; = 1.1 to 2.7). No significant change ing process and decreases subsequently with increasing

of the fibre diameter is observed.
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Figure 11 (a) Mean length of the fibre fragments as a function of the true strain in swaging. (b) Typical fibre length distribution (sample swaged to a
true strains; = 2.7).

as-cast composite. This evolution of the propertiesaligned short fibres with an aspect ratio of 7 and using
could be qualitatively explained as follows: omy =25 MPa [1], we findocy =43 MPa, to be com-
pared to the measured valug,y, =70 MPa. Sekine
1. At the beginning of swaging, strain-hardening of and Chen [9] explain the underestimation brought about
the fibres and alignment of the fibres give rise to anby the shear lag model by the effect of matrix harden-
increasing strength. ing. Indeed, the yield strength of the matrix is increased
2. The strength increase due to fibre alignment isbecause of a higher dislocation density (due to thermal
rapidly outbalanced by the decrease of the aspect ranismatch between matrix and fibres) and of a smaller
tio, in such a way that, globally, the strength decreasegrain size. For the present composites, the yield strength
progressively with increasing strain. of the matrix should be increased from 25 to 40 MPa to
yield a prediction in agreement with experiment. Such a
We can try to predict the yield strength of the swagedstrength increase is not unrealistic for a pure Al matrix.
composite using the equation derived by Nardone and The value of the tensile strength of the fibres after sin-
Prewo [3] also on the basis of the shear lag model. Thesring and infiltration is not known. However, the min-
authors express the yield strength as imum critical aspect ration of the fibres, after extensive
swaging can be used to evaluate the tensile strength of

B (s+2) the fibresgt, by using again the relation derived from
Oy = Umy[vf >t Vm @ the shear lag model [10]:
whereonyy andogy are the yield strength of the ma- s— le o )
trix and of the composite, respectively. Assuming Cde 2ty

5515



wherel is the critical length of the fibresk is the di-  bres allows rather good formability. The Al/In601 com-
ameter of the fibres, anth,y is the shear strength of posites can be formed to a true strain of 2.7 by swaging.
the matrix. Usingrmy = omy/2=125 MPa ands=7,  No porosity nor defect can be detected in the compos-
relation (5) givesrs =175 MPa. Usingrmy =40 MPa  ite wires. The different resistance of fibre and matrix to
for accounting for the matrix strengthening, we find plastic straining brings about fibre fragmentaiton dur-
or=280 MPa. These values seem quite low for In-ing forming. It has been shown that the fibre fragments
conel 601, even considering the effect of the annealingapidly reach a minimum aspect ratio of about 7. This
brought about by the sintering treatment. In his modi-value can be justified considering the flow strength of
fied shear lag model, Clyne [2] proposes the relation the matrix and of the fibres. The mechanical properties
of the wires could be explained semi-quantitatively us-
s le  of < Er — Em) 6) ing the modified shear lag model considering the effects
d 2Tmy 2E; of both fragmentation and alignment of the fibres.
In this case, using the same value of s, one obtains
or =530 MPa WithTmy =125 MPa anobf =850 MPa Acknowledgements
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5. Conclusions
This work demonstrates that the high ductility of alu- Received 16 June
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