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Metal reinforced Metal Matrix Composites (MMMCs) made by combining an aluminium
alloy matrix with stainless steel reinforcing wires are potentially cheaper and tougher than
continuous fibre ceramic reinforced Metal Matrix Composites (MMCs). Although they do
not give as great enhancements in stiffness and strength, worthwhile gains are achieved.
Such MMMCs can be produced by Hot Isostatic Pressing (HIPping), which reduces
interfacial reactions in comparison with liquid metal routes. Here, stainless steel (316L) and
commercial purity aluminium wires were used to make bundles which were inserted into
mild steel cans for HIPping at 525 °C/120 min/100 MPa. Some stainless steel wires were
pre-coated with A17Si, to examine the effect of coatings on mechanical properties.
Specimens were evaluated in terms of their tensile and fatigue properties. During HIPping,
cans collapsed anisotropically to give different cross-section shapes, and for larger
diameter cans, there was also some longitudinal twisting. Wires tended to be better aligned
after HIPping in the smaller diameter cans, which produced material having higher
modulus and UTS. Higher volume fractions of reinforcement tend to give better fatigue
properties. Composites with coated stainless steel wires gave higher composite elongation
to failure than uncoated wires. Both uncoated and coated wires failed by fatigue during
fatigue testing of the composite. This contrasts with ceramic reinforced MMCs where the
fibres fracture at weak points and then pull out of the matrix. © 7998 Kluwer Academic
Publishers

1. Introduction and detrimental. Bhagat and co-workers studied the for-
Metal reinforced Metal Matrix Composites (MMMCs) mation and growth kinetics of interfacial intermetallic
are gaining increasing attention for applications in in-compounds for both liquid metal and solid state routes
dustry [1]. Aluminium alloys reinforced with continu- [11, 12]. In the 1990s, interest was renewed. For ex-
ous stainless steel wires would combine the light weightample, Colinet al.[13] and Delannagt al. [14] made
of aluminium with the strength, stiffness and highersqueeze-cast A1-MMMCs reinforced with twelve mi-
temperature capabilities of stainless steel. The enhanceron stainless steel fibres. They controlled the extent of
ments in specific properties are not as large as for corinterfacial reaction via the infiltration parameters and
tinuous fibre ceramic reinforced alloys (Table I). Nev-the volume fraction of fibres. Barbier and Ambroise
ertheless, in relation to the unreinforced matrix, therg1] found that a squeeze cast stainless steel short fi-
are worthwhile gains, particularly in specific strength.bre A1 MMC had a tensile strength 3 to 4 times that
In addition, the toughness and the elevated temperatukgf the A1 matrix manufactured under the same con-
properties are expected to be better than the ceramuitions. The commercial interest is typified by Honda,
reinforced materials. who produced a squeeze-cast stainless steel wire re-
In the 1960s and 1970s, considerable work was carinforced aluminium con-rod for one of its home mar-
ried out on aluminium alloy/stainless steel combina-ket, small family cars [15]. A 30% weight saving was
tions processed both by solid state [2—7] and by lig-achieved with improvements in engine power and fuel
uid metal routes [8-10]. For the liquid metal routes,economy [16]. Recent studies have focussed on produc-
the reactions at the interfaces between the molten aling aluminium/stainless steel composites by hot press-
minium and the stainless steel were generally extensiving [17, 18] and extending the work towards reactive
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TABLE | Specific properties of commerical purity aluminium and 316L stainless steel compared with those for Al 30 vol % 316L and Al 30% SiC
calculated by the rule of mixtures

Young'’s modulus, Yield strength, Density Melting Specific modulus, Specific strength,
E (GPa) o (MPa) (kg nT3) point (K) E/p (GPa kgl md) o/p (MPa kgt m3)
Al (1100) 70 170 2700 933 0.03 0.06
Stainless steel 200 ~ 800 8000 — 0.03 0.1
316L
SiC (Nicalon) 45-480 300-4908 2800 1573 0.125 11
Al 30 vol % 109 359 4290 — 0.03 0.08
316L
Al 30 vol % SiC 154 1019 2730 — 0.06 0.4

aTake 350 GPa as a representative value.
bTake 3000 MPa as a representative value.

processing of stainless steel coated with nickel and hatoating was fully solidified before the wire was wound
pressed with aluminium to give a stainless steel/NiAlmanually on to a spool.
composite [19].

In general, liquid metal based routes give some in-
terfacial reaction products, which tend to degrade th
mechanical properties. Solid state routes such as hotd
pressing and Hot Isostatic Pressing (HIPping) shoul
inhibit such reactions. In addition, one of the advan-
tages of a route involving matrix plastic flow during
consolidation is that the oxide layer on the aluminium
will tend to be broken up, allowing diffusion bonding
to take place [20]. Results on HIPping of continuous fi-
bre Metal-reinforced MMCs have not previously been

.2. Bundle preparation

undles were prepared from type 316L stainless steel
16.85 Cr, 10.33 Ni, 2.58 Mo, 0.42 Si, 0.42 Mn,
0.029 C, 0.016 P, 0.001 S bal. Fe) and aluminium al-
loy for HIPping by a method based on that described
by Berghezan [22]. Lengths of 316L (coated for some
bundles and uncoated for others) and aluminium alloy
were cut from spools of wire and each one was straight-
reported. ened manually. Various bundles were then prepared (see

HIPping involves the simultaneous application of aFIg. 1). Inthe simplest arrangement (termed here Wire-

: : atrix i.e. W-M), two strips of sellotape were placed a
high pressure (usually inert) gas and an elevated tenl;,/letdistance apart and the wires were laid down between

perature inaspecially constructed vessel [21]. The pres; e strips, alternating stainless steeland aluminium. The

sure applied is isostatic because itis developedin a ga trib was then wound ub to form a bundle. A more com-
so that, at least as a first approximation, no alteration e P P '

. .. plex arrangement w Itern n inl I
component geometry should occur. The results in thid X arrangeme twas to alternate one stainless stee

work however show severe anisotropic deformation an rl1r|§ vV\\/lzI;Z ;\gg ?élangggjms\{vgtees Egerg?/gr:/tvég;mé\gg steel
the reasons for this will be discussed. Under the hea P ptop

and pressure, internal pores or defects within the solig!"es _touchmg,_ an issue which emerged after the initial
body collapse and weld up. experiments with the W-M arrangement. A further de-

In this work, bundles of aluminium and StainlessvelopmenttopreventtouchmgwastoIaythewwesonan

steel wires were prepared and vacuum canned prior tglummlturg foﬁ' biﬁk'gg Sgl that eaCIT Igyer %W'Fﬁ was q
HIPping. Some of the stainless steel wires were pre?ﬁgla::f;fv\/i\pé_fﬂnatr& (EE‘W—eMV\)/ilsrrrgnee#qpe.nt Efiretlrwrge
coated with A17.3Si to examine the effect on mechani-bundle had been produced it was%vound .ti htlv with
cal behaviour after consolidation. After HIPping, spec- luminium wire ar%und the outside and theg er?ds at-
imens were tensile and fatigue tested. The shape of tht% hed to th llot toff & i ; -
can, distribution of reinforcement and interfacial reac-ached 1o e seliotape cut off o avold organic contam

: : : . : ination during HIPping. Fig. 2 shows photographs of
tions after HIPping were examined in order to interpret
the mechanical properties. the (F-W-M) arrangement and of the bundle.

Bundles were made with commercial purity (0.6 mm
in diameter) aluminium wires. The stainless steel wires
were of different diameters for different bundles, some
0.3 mm diameter uncoated, some 0.5 mm coated and
2. Experimental uncoated. The aluminium foil (A1 0.2Fe) was 0.15 mm
2.1. Pre-coating of stainless steel wires thickness and had been prior annealed atZ5@ fa-
Some wires were pre-coated with A17.3Si alloy (all cilitate rolling up the bundle. The aim of using different
compositions are given in wt %) in a laboratory rig. The diameters was to examine the effect of varying volume
wire was drawn through a bath of molten aluminium fraction on the mechanical properties.
alloy (700°C) continuously. A protective atmosphere  One bundle was prepared from commercial purity
of argon gas was running at approximately 6 I/min.aluminium wires (0.6 mm in diameter) and foil without
The wire was pre-cleaned with one container of soafny reinforcing stainless steel wires, to act as a control.
solution and one of alcohol. A ceramic die controlled Hand lay-up as described is labour intensive and
the coating thickness at the exit from the bath. Theclearly would not be economic for commercial
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Aluminium foil (F)

Figure 1 Schematic diagram of wire-matrix (W-M), wire-matrix-matrix-wire (W-M-M-W), and foil-wire-matrix (F-W-M) bundle arrangements.

] Wl
RN s

Figure 2 Bundle arrangement (F-W-M). 0.5 mm 316L stainless wires are dark spots in the cross-section and are separated by 0.6 mm aluminium
wires (white spots) and 0.15 mm thick aluminium foil.

applications. However, it does allow different arrange-vacuum degassed, sealed by welding and HIPped at
ments to be investigated from an experimental point 0625 °C/120 min/100 MPa. The heating rate was just
view. under 10°C/min and the full consolidation load was
reached after about 70 minutes. The HIPping was car-
ried out in an Autoclave Engineers laboratory unit
2.3. Bundle consolidation by HIPping at Bodycote HIP Ltd., Chesterfield, UK. The inner
Each bundle (9.5 cm in length) was placed in a steetliameter of the cans (12, 18, 20, 26 and 28 mm) was
can (specification C 0.20 wt%, Si 0.10-0.35 wt %, as close as possible to the outer diameter of the bundle.
Mn 0.60-1.00 wt% P & S 0.05 wt%) which was However, inevitably there was some clearance between
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the bundle and the can. The bundle would then be pohere, a facility was developed for sticking tabs i.e.
sitioned off-centre at the beginning of HIPping, con-with a glass slide and double-sided sellotape adhered
tributing to the uneven deformation reported later inon its surface, which provided good alignment. The
Section 3. first samples were of reduced length gauge @6 x

45 mm) and, therefore, strain gauges (type EA-06-

060LZ-120) were used to monitor the elongation. The
2.4. Mechanical testing majority of samples were longer 4.6 x 60 mm) and
Flat specimens for both tensile and S-N fatigue testsvere tensile tested using an extensometer (type Instron
were cut by spark erosion machining from the HIPped2620-604) on an Instron 8501 Machine with a 1000N to
bundles. The dimensions were non-standard becauseaximum load scale. The machine was set to stop the
of the small overall dimensions of the HIPped compos-+ensile test after an elongation of 10 mm was achieved
ites. Fig. 3a shows samples cut by this method from onat a constant speed of 0.2 mm/s. This is in agreement
bundle with a ground surface finish obtained manuallywith the Standard Test Method for Tensile Properties of
using 1200 grit paper and Fig. 3b the dimensions of thé-iber-Reinforced Metal Matrix Composites (ASTM D
parallel-sided specimens for use with the extensometeB552-77). Axial loading fatigue testing was carried out
Tabs were prepared from cold-rolled aluminium sheetson the same Instron machine at room temperature. Only
These were designed to reduce peak specimen stre8or 4 samples were available for fatigue testing from
and to avoid grip penetration into the composite. Re-each HIPped bundle. Inevitably, therefore, the scatter
dux 403-Epoxy Paste Adhesive was employed, choseim the results is large. A uniaxial load was applied with
because of its suitable properties for this work, as disa stress ratio of 0.1 at a frequency of 10 Hz. A positive
cussed by Greavest al. [23]. For the work described stress ratio was chosen due to the slenderness of the
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Figure 3 (a) Specimens cut by spark erosion machining from the (W-M-M-W) HIPped composite (0.5 mm uncoated 316L S.S. wire and 0.6 mm pure
aluminium wire) in a 20 mm can. The speciments are ready for affixing the cold-rolled sheet aluminium tabs. The 316L wires are not well-aligned

after HIPping: this will affect the mechanical test results. (b) General dimensions of parallel-sided speciment design for use with an extensometer

5520



specimens, which might have buckled if the stress ration an AMS/Optomax V to find the reinforcement vol-
was negative. A scanning electron microscope (SEMime fraction and the number of W-W contacts relative
CamScan Series 2) was utilised to examine the fracturto the total number of stainless steel wires in a given
mode in tensile and fatigue tests. area (17.5 mrf).
Microhardness testing was carried out on samples
before and after HIPping using a Leco M-400 facility
2.5. Optical metallography, microhardness ~ With aload of 100 gf applied for 10 s.
testing and energy dispersive Interfacial reaction products were analysed by En-
spectrometry ergy Dispersive Spectrometry (EDS) on polished cross-

Composites can be difficult to prepare for metallogra-S€ctions in the SEM with a LINK AN 10000 system.
phy. Long periods of polishing and high pressure carResults were ZAF corrected and pure metal standards
cause relief between the matrix and the reinforcementised for Fe, Cr, Ni, Mo, Mn, and Cu. Compound stan-
Here the procedure adopted was as follows: grinding oflards of A%Os, CaSiQ and MgO were used respec-
240 grit paper to obtain a flat surface (300 rpm); grind-tively for A1, Si and Mg analysis.

ing with 600 grit and 1200 grit for 1 min (300 rpm);

polishing with 6, 3 and L.m diamond paste (oil-based)

for 2 min (150 rpm); polishing with colloidal silco (wa- 3. Results

ter lubricant) for 2 min, and in water for 1 min on the 3.1. Interfacial reaction during pre-coating

same cloth to remove the silco particles adhered omlthough the aim of the pre-coating treatment was to
the surface of the samples. Ultrasonic cleaning wagrovide a barrier to reaction between the matrix and the
used between each step. The samples were observsthinless steel during solid state consolidation, a contin-
unetched in a Reichert-Jung-Polyvar-Met microscopaious intermetallic layer was found at the coating/wire
to determine the quality of the interfaces and the reininterface itself along with satellite particles in the re-
forcement distribution. Image analysis was carried outnaining coating (Fig. 4 and Table Il for EDS results). It

316L WIRE
SAT. PARTICLES

1Smm

Figure 4 SEM micrograph of the A1-7.26Si coating on the 316L stainless steel wire formed during the continuous coating proces€at 700
(intermetallic layer, satellite particles).

TABLE Il EDS microanalyses of the 0.5 mm coated 316L wire in Al-Si alloy at 700

316L stainless steel wires Continuous intermetallic Satellite particles Al-Si alloy coating
(9 analyses) layer (case) (7 analyses) (3 analyses) (6 analyses)
Element (wt %3 (at %) (wt %) (at %) (wt %) (at %) (wt %) (at %)
Al 0.2+0.1 0.4+0.1 49.8+ 0.5 63.7+0.4 60.6+6.8 72.4:7.7 97.1+0.9 97.5+0.7
Si 0.5+0.1 1.0+0.1 8.4+0.2 10.4£0.2 7.2£0.8 8.1+ 0.3 2.2+0.6 2.1+0.6
Fe 69.0+0.2 68.6+0.2 30.6-0.6 18.9+ 0.5 27.2+4.0 16.5+5.7 0.7+0.3 0.4+0.2
Cr 17.2£0.1 18.4+£0.1 8.7+0.1 5.8+ 0.05 3.6£2.0 21+1.0 — —
Ni 10.4+£0.1 9.8+0.1 1.0+0.2 0.6+0.1 0.9+0.1 0.6+ 0.5 — —
Mo 22+0.1 1.3+£0.04 1.2£01 0.4+ 0.04 0.2£0.2 0.1+0.1 — —
Mn 0.5+0.1 0.5+0.1 0.3+0.1 0.2+0.03 0.3£0.1 0.2+ 0.04 — —

95% confidence intervals.
aCompare with Alloy Wire Co LTDA: (C-0.029 wt %; Si-0.42 wt %; Mn-0.42 wt %; P-0.016 wt %; S-0.001 wt %; Cr-16.85 wt %; Ni-10.33 wt %;
Mo-2.58 wt %).
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Figure 5 Longitudinal and cross-sectional views of the can after HIPping (oval/kidney shape: A, B, C), (pear shape: D, E, F, plus twisting).

is difficult to identify the interfacial reaction products Fig. 6 ‘Intermediate Stage’ (b)). The relative density of
unequivocally. For the continuous intermetallic layerthe composite therefore tends to increase from the ends
formed during continuous coating on A17.3Si, the ratioof the can towards the centre.
of the at % contents in Table Il suggest A%i>,CrFe;.
The satellite particles have a higher Al content and
reduced amounts of Si, Fe and Cr compared to the cord.2.3. Distribution of reinforcement
tinuous layer. The ratios correspond with/8i,CrFe.  Fig. 7 illustrates the effect of HIPping on a (W-M-
For more precise determination, TEM samples wouldvi-W) bundle. The stainless steel reinforcement wires
need to be prepared and diffraction patterns analysedare not uniformly spaced through the cross-section and
in several places are touching. Where three stainless
steel wires touch, porosity tends to be present in the
3.2. Effects of HIPping interstice, and indeed, examples were found of the alu-
3.2.1. Shape of can minium matrix being extruded through the space be-
The cans and bundles did not deform evenly duringween nearly touching wires (e.g. Fig. 8). Voids are
HIPing (see Fig. 5). Cans of 12 mm diameter werelikely sites for the initiation of failure. Fig. 9 shows
oval, those of 18 and 20 mm kidney-shaped and thosthere is a correlation between the number of W-W con-
of larger diameter (26 and 28 mm) were pear-shaped itacts (as a proportion of the total number of stainless
cross-section. Longitudinally, the wider diameter canssteel wires in a given area) and the wire volume fraction
were twisted. The dark central areas in some of thdor various arrangements. 0.5 mm diameter reinforce-
cross-sections show where the section has been tak@ment specimens have higher wire volume fractions than
at the can base, through part of the base itself. Whethose with 0.3 mm diameter wires (compare (6) with
the bundles were spark machined to obtain mechanicgb) and (c) with (10)) but have not prevented them. The
test specimens, the macroscopic effects of these defouse of Al foil has significantly reduced the number of
mations were clear: the fibres were no longer alignedV-W contacts (compare (5) with (10)). There are in-
parallel to the longitudinal axis and in addition, the stances where two adjacent stainless steel wires appear
twist meant that some fibres ended in the middle of &o be ‘shearing’-through the foil (e.g. see Fig. 10). The
mechanical test specimen (e.g. see Fig. 3a specimen #pw stress of aluminium at 50CC is 2.6 MPa [24] and
The consequence is that some mechanical test spedience such ‘shearing’ is to be expected. If this occurs,
mens were unreinforced for part of their length. itis bound to lead to an increase in the number of W-W
contacts.

3.2.2. Degree of consolidation

In general, almost full (e.g. Fig. 6 Final Stage (a)) or full 3.2.4. Interfacial reactions

(e.g. Fig. 6 Final Stage (b)) consolidation was achievednterfacial reaction products were observed with bun-
in the middle of the can. At the ends of the can, theralles (6), (7) and (8). Slight reaction was found for bun-
was some constraint resisting the isotropic pressure ardles (5) and (9), but none for bundle (10).

in some cases consolidation was incomplete. This cor- Electron microscopy (Fig. 11) shows cracks in the
responds with the intermediate stage in HIPping (e.gintermetallic layer of a HIPped array with pre-coated
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Original wire arrangement Intermediate result

7

(W-M) array 0.5mm uncoated 316L (bright wires) and 63+15% of W-W contacts per total number of 316L 63+12% of W-W contacts per total number of 316L

0.6mm Al wires (hatched). Bakelite in background. wires in 17.5mm?> . 33+2% wire volume fraction. wires in 17.5mm” . 41+2% wire volume fraction.

"

(F-W-M) array 0.5mm uncoated 316L (bright wires), and
0.6mm Al wires and 0.15mm Al foil (hatched). Bakelite | Anisotropic deformation caused by plastic collapse at the | 23£10% of W-W contacts per total number of 316L
in background. end of the can. wires in 17.5mm? . 36+2% wire volume fraction.

Figure 6 Cross sections showing consolidation sequences of HIPped composites for (a) (W-M) 0.5 mm 316L wires and 0.6 mm Al; and (b) (F-W-M)
arrangement made of 0.15 mm Al foil, 0.5 mm 316L and 0.6 mm Al wires.

Starting condition Final state
.gj - éf Casjfgk'

)‘(> O (8§§> 'i 500um

: ()A . ¢
- 33 OR(\OQ S a

(W-M-M-W) 0.5mm uncoated 316L wires and|50+6% of W-W contacts in relation to the number of]
0.6mm Al wires (hatched). Bakelite in background. |316L wires in 17.5mm? . 30£2% wire volume fraction.

Figure 7 Cross section of the HIPped composite for the (W-M-M-W) array formed by 0.5 mm uncoated 316L wires and 0.6 mm pure Al wires.
Unetched.

i

Figure 8 HIPped (W-M) 0.3 mm unocated 316L wire and 0.6 mm Al wires showing a void between the wires and matrix flowing into the void.
Unetched.
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[(6) W-M array 0.5mm 316 L
wires in 0.6mm Al

2 e (a) W-M array 0.5mm 316L in
£ 70 0.8mm Al-5%Si
c 1
— Id
5% 601} ,%(e) (9) W-M-M-W amray 0.5mm 316L
= s N
L E sl 9) . in 0.6mm Al
™~
€T 401} p (5) W-M array 0.3mm 316L in
8= 4
=@ 0 g ) . 0.6mm Al
T O Vi -’
..;. g 20+ e PR ’%‘c’ (b) W-M array 0.3mm 316L in
" 10} -’ 0.8mm Al-5%Si
- . -8(i0) ’
0 . ‘ X X
E ' ‘ ' ' 10) F-W-M . i
3 0 10 20 30 40 50 (10) array 0.3mm 316L in

0.6mm Al and 0.2mm Al foil
Wire volume fraction (%) (c) F-W-M array 0.5mm 316L in
0.6mm Al and 0.2mm Al foil

Figure 9 Effect of the wire volume fraction (%) on the number of (W-W) contacts for HIPped bundles. Bundle numbers identify with those in Table IV.

316L WIRE

Al FOIL

Figure 10 HIPped (F-W-M) 0.5 mm uncoated 316L wires, 0.6 mm Al wires and 0.15 mm Al foil. Al foil is being ‘cut’ between two 316L wires.
Unetched.

wires, illustrating the brittle nature of the intermetallic. interface and at a distance of approximately.
Consequently, the transfer of the HIPping pressure tdrom the intermetallic products into the Al matrix (see
the stainless steel is inefficient and this is reflected irfable 111). Analyses for 0.5 mm uncoated 316L stain-
microhardness results, with an increase for the microtess steel and 0.6 mm aluminium wire are also shown in
hardness of the uncoated wires after HIPping but nothe table for comparison. Substantial proportions of Si,
for the coated. Fe, Cr, Ni, Mo and Mn have diffused outwards from the

Bundle (6) (W-M with 0.5 mm uncoated 316L wire) 0.5 mm 316L uncoated wire, and Al has diffused from
had particles of reaction product (rather than a continthe matrix to form the interfacial intermetallic product.
uous layer) at specific locations along the 316L wire.As most elements constituting the intermetallic prod-
Also some products of reaction had been transportedct originated from the 316L wire, the growth profile
into the matrix with ‘flakes’ of the hard drawn stain- of these products is in the direction from the 316L wire
less steel (Fig. 12). However, some 316L wire flakeso the matrix, so that they adopt the shape of a ‘single
did not form these intermetallic products when in con-drop’ or occasionally ‘multiple drops’ (see Fig. 12).
tact with the Al matrix. This suggests that, some flakesEDS performed adjacent to these ‘drops’ at a distance
were easily displaced from the 316L wire surface byof 2 um into the matrix indicated a slight increase in
Al wires during HIPping. However, for those which Fe and Cr. These elements form a solid solution with
were not easily displaced reaction occurred followedthe aluminium matrix. Other elements (Si, Ni, Mo and
by migration. Mn) remained in the ‘drops’. The presence of Fe and

Microanalysis (EDS) was performed on the inter-Cr ahead of the ‘drops’ suggests that their growth is
metallic products formed at the aluminium/316L wire associated with diffusion of these elements.
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316 L WIRE

Figure 11 SEM of a HIPped composite composed of a (W-M) array 0.5 mm coated 316L wire and Al wire. Unetched.

TABLE III Results of EDS microanalyses carried out on the components and on the intermetallic products at the reinforcement/Al interface of a
HIPped W-M array composed of 0.5 mm uncoated 316L wire and 0.6 mm Al wire (wire volume fractib2%) (see Fig. 12)

0.5 mm 316L Intermetallic Al matrix at 2 um

stainless steel wire products at interface from intermetallic Al wire

(9 analyses) (7 analyses) products (9 analyses) (10 analyses)
Element (wt %) (at %) (wt %) (at %) (wt %) (at %) (wt %) (at %)
Al 0.2+0.1* 0.4+0.1 46.6+0.7 64.2+0.7 98.8+0.3 99.5+0.1 99.74+0.2 99.8+0.1
Si 0.5+0.1 1.0+0.1 0.4+0.1 0.5+0.1 — — — —
Fe 69.0+0.2 68.6+0.2 37.0+0.8 24.6+0.6 1.0+£0.3 0.4+0.08 0.3:0.1 0.2+0.04
Cr 17.2£0.1 18.4+:0.1 9.0+0.2 6.4+0.1 0.2+0.1 0.1+0.01 — —
Ni 10.4+0.1 9.8+0.1 5.6+0.3 3.6£0.2 — — — —
Mo 2.2+01 1.3+£0.04 1.2£01 0.5+ 0.03 — — — —
Mn 0.5+0.1 0.5+0.1 0.2+0.1 0.2+0.1 — — — —

*95% confidence interval.

Based on stoichiometry, the intermetallic productsmaximum uniform strength, probably because of the
at the interface (‘drops’) have a formula,ACroNiFe;  better wire alignment after HIPping.
and also contain Mo and Mn. According to Nishida Table IV shows the measured mechanical properties
and Narita [25], the microhardness of the intermetallicin comparison with predictions based on the Rule of
compounds would be in a range of approximately 76(Mixtures (ROM). There is good agreement with the
to 850 VHN. predictions for: maximum uniform stress for bundles
Contrary to the (W-M) 0.5 mm uncoated 316L bun- (6) and (7); elastic modulus for bundles (9) and (10);
dle, the transport of ‘flakes’ into the matrix did not strain to failure for bundles (7) and (8). Overall though,
occur in the (W-M-M-W) bundle even though it has the bundle (10) gave the most consistent set of results in
same constituents. Furthermore, fractographs after teterms of approaching the ROM predictions. The best
sile failure show flakes still adhered to the 316L wire values for strength and modulus were obtained with
surface. bundle (6).
SEM of the fracture surfaces reemphasises the brittle
nature of the intermetallic reaction product formed
3.3. Mechanical properties on coated reinforcements, with cracking occurring
3.3.1. Tensile testing through that layer. All specimens shown in Fig. 13
The stress-strain curves (Fig. 13) show that HIPpedhow interfacial delamination between the constituents,
composites made from coated wire have substantiallpetween the stainless steel wires and the aluminium
more ductility than those made from uncoated wire, formatrix (e.g. Fig. 14), between aluminium wires and at
comparable volume fractions (see Table IV). Compar-aluminium wire/foil interfaces. For specimens (6), (7)
ing bundles (7) and (8) which are both for coated wiresand (8) in Fig. 13, intermetallic reaction products are
with similar volume fractions, the bundle with the nar- evident but these are absent for (10) (compare Figs 14
rower diameter can (7) has a higher modulus as well aand 15 looking for the ‘pimples’ on the surface of the
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Formation of intermetallic compounds on the
316L wire surface. These intermetallic
compounds are also formed at the 316L flakes
transported to the Al matrix between the Al
wire boundary. Some 316L flakes are
transported easily by the Al matrix and,
therefore, products of reaction are not observed.
—— 10um

316L WIRE

Intermetallic products at the interface. Flakes
are observed transporting these into the Al
matrix.

Occasionally, islands of intermetallics on the
316L wire surface tend to join and grow.
Some flakes act as nucleants for the formation
of intermetallic products. —,  10um

A thin flake is indicated by an arrow on the
316L wire. Intermetallic products are also
observed moving with flakes into the matrix.

' 10pm

Figure 12 Backscattered electron images (SEM) of the HIPped (W-M) system composed of 0.5 mm 316L and 0.6 mm Al showing the microstructure
of intermetallic products (light grey contrast), Al matrix (dark grey contrast), 316L wire and 316L flakes (bright contrast).
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TABLE 1V A comparison of mechanical properties of 0.5 mm (coated and uncoated) and 0.3 mm 316L/aluminium alloy composites with those of

the matrix and reinforcements

Volume True uniform
Bundle frgctiorl Maximum uniform Elastic modulus, _elongation
constituents and wires, Vs (%) stressg (MPa) E (GPa) & (%)
HIPped bundle Average Rule of Rule of Rule of
arrays 6 samples Average mixture Average mixture Average mixture
Control (F-M) — 59+ 8P — 424 8° — 2.84+0.8° —
bundle of HIPped Al(1)
0.3 mm uncoated — 1358210° — 193 — 1.0+0.2 —
316L wire (2)
0.5 mm uncoated — 151638° — 193 — 1.54+0.4 —
316L wire (3)
0.5 mm coated — 1341 3° — 193 — 1.3+0.2 —
316L wire (4)
(W-M) 0.3 mm 2241 164+ 117 345 38+ 6P 75 1.2+0.3 2.4
uncoated 316L in
Al (20 mm g can) (5)
(W-M) 0.5 mm 4142 675+ 26° 656 188+ 25 104 0.740.2 2.3
uncoated 316L in
Al (20 mm g can) (6)
(W-M) 0.5 mm 43+ 4 570+ 125 610 1945 107 45+ 3.0 2.1
coated 316L in Al
(12 mm @ can) (7)
(W-M) 0.5 mm 50+ 2 2654+ 624 700 17+ 5¢ 118 3.8+ 1.8 2.1
coated 316L in Al
(20 mm g can) (8)
(W-M-M-W) 0.5 mm 29+3 242+ 87° 482 76+ 61° 86 1.0+0.8° 2.4
uncoated 316L in Al
(20 mm @ can) (9)
(F-W-M) 0.3 mm 17+3 366+ 3% 280 68+ 15° 68 2.0+0.1° 25

uncoated 316L in
Al (18 mm g can) (10)

80% confidence interval, except for volume fraction (%) wires (95%).
8ASM—Metals Reference Book, Volume 3, 1993.

b3 samples.

€2 samples.

d6 samples.

Rule of mixturesP¢ = (1 — V) Pm + Vs P; whereP is an average mechanical property € or &), V is an average volume fraction, and the subscripts

¢, m, and f refer to the composite, matrix and fibre, respectively.

1600 —g3mm uncoated (3) 0.5mm uncoated 3161 (6) (W-M) 0.5mm
1500 | 316L wire (2) . wire uncoated 316L in
. i Al 20mm diameter
1400 + ./ 4 0.5mm coated 316L wire can
1300 4 -
(10) (F-W-M)
1200 + 0.3mm uncoated
1100 + 316LIin Al
= 1000 | 18mm diameter
o can
= 900 |
0
"] 1 7) (W-M) 0.5mm
g o (6) Uncoated 41 vol% (co)a(ted I;/|1)st in Al
§ 700 + Uncoated 43 vol% 12mm diameter
= 600 Uncoated 17 vol% M o
500 - (10) Uncoated 50 vol%
400 | - )
——— (8) (W-M) 0.5mm
300 <
- coated 316L in Al
200 20mm diameter
100 | Control (F-M) bundle of HiPped Al can
Ny L s N
00 06 12 18 24 30 36 42 48 54 60

True strain (%)

Figure 13 True stress-strain curves for (W-M) and (F-W-M) HIPped composites and for their constituents. Identifying numbers correspond with those

in Table IV.
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Figure 14 SEM micrograph of a tensile fracture surface of a HIPped (W-M) array 0.5 mm uncoated 316L wire and 0.6 mm Al wire composite,
showing the ‘cup-and-cone’ fracture of the wire, the extensive matrix shearing fracture and Fe-Al particles formed along the 316L wire surface.
Bundle (6) in Fig. 13.

Figure 15 SEM micrograph of a fracture surface produced by tensile testing of a HIPped (F-W-M) 0.3 mm uncoated 316L wire, 0.6 mm Al wire and
0.15 mm thick Al foil, showing a smooth surface on the 316L wire, characteristic of the absence of products of reaction. Total interfacial delaminatio
between constituents is observed. Bundle (10) in Fig. 13.

wires). The stainless steel wires generally fail in a cup316L wires) has very poor fatigue endurance and was
and cone manner. Some fracture surfaces also shomot included in Fig. 16. These poor fatigue endurance
wire misalignment. results may be due to the observed poor diffusion bond-
ing between the constituents (Fig. 15). SEM analysis of
the fracture surface for (W-M) 0.5 mm uncoated 316L
3.3.2. Fatigue testing with 0.6 mm Al wire (the material with the highest re-
The fatigue test results are shown in Fig. 16 with thesistance to fatigue) shows virtually no fibre pullout and
best fit line between the points. The fatigue results lie ina strongly bonded interface between the constituents
a band whose range is defined respectively by the (W(Fig. 17). Cracks can be observed in the matrix, run-
M) 0.5 mm uncoated 316L and (W-M) 0.5 mm coated ning perpendicular to the 316L wire with little evidence
316L. Both were HIPped in a 20 mm diameter can. Inof interfacial failure. This suggests that the diffusion
spite of relatively high maximum uniform stress (seebonding achieved after HIPping between stainless steel
Table 1V) bundle (10) ((F-W-M) array 0.3 mm uncoated and the Al matrix is sufficiently strong that the fatigue
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200

¢ W-M array 0.5mm uncoated 316L
180 1 wires in Al (20mm diameter can)
@)
160 1 A W-M array 0.5mm coated 316L
wires in Al (12mm diameter can)
= 1401 N——————
& o W-M array 0.3mm uncoated 316L
o 1201 wires in Al (20mm diameter can)
g 1) R L
3 1004 x W-M-M-W array 0.5mm uncoated
€ 316L wires in Al (20mm diameter
@ 80 1 can) (9) — . — . — . —
£ 60 g W-M array 0.5mm coated 316L
@ I wires in Al (20mm diameter can)
40 1 R=0.1 T st
¢ ¢ Endurance limit for 1100
20 1 aluminium
0

100 1000 10000 100000 1000000 10000000

Number of cycles

Figure 16 S-N curves of 0.3 mm and 0.5 mm uncoated and coated 316L wire/pure aluminium matrix. Bundles numbers refer to Table IV.

Figure 17 SEM fractograph of a fatigue specimen from a (W-M) 0.5 mm uncoated 316L wires in Al (bundle (6) in Table 1V). This type of fatigue is
indicative of good bonding between wire (316L) and matrix (Al). Cracks indicated as (1), (2) and (3) in the Al matrix, have apparently formed at the
boundary between 0.6 mm Al wires which are only weakly diffusion-bonded after HIPping.

cracks mainly propagate perpendicular to the loadingRegion Il). The cracks from Region | need to propagate
direction without deflecting to the longitudinal direc- around the wires to reach Region Il. This is achieved
tion at the reinforcement-matrix interface. through interfacial debonding but without delamina-
Fig. 18 shows the development of the fatigue crackion. The wires left in the wake of the crack, bridge
in the same specimen as illustrated in Fig. 17. Thehe crack and thus shield the crack tip from the applied
cracks originate at edge defects and propagate througtiress. Eventually, fatigue cracks independently initi-
the composite. Many microcracks are formed at theate and propagate through the wire to join up with the
edge of the specimen (Region I), because of the lacknatrix cracks. This process repeats as the main fatigue
of constraint; these are distributed in a regular patterncrack grows but at an accelerating rate until failure.
The cracks propagate readily up to the first 316L wire, There are insufficient data points in Fig. 16 to draw
which then acts as a barrier to further propagationany particular conclusions about the difference in prop-
At the same time, deformation also occurs, but witherties between the various bundles. Wire diameter and
less intensity due to the greater constraint, in the othevolume fraction, can diameter and wire coating are
part of the matrix which is confined between the wiresall expected to affect the fatigue behaviour. SEM of
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Low magnification SEM photograph: a
large number of fine cracks are formed in
Region I, they pass around and grow also
parallel to the wire. Further coarse cracks
are formed in Region II. De-bonding is
also observed.

Higher magnification detail of Regions I
and II. The principal cracks branch,
possibly due to a wire lying beneath this
plane.

Detail of de-bonding.

The crack path is deflected at the
interface.

Figure 18 Series of SEM photographs taken along the gauge length of a fatigue specimen HIPped with a (W-M) array of 0.5 mm uncoated 316L wire
and 0.6 mm Al wire (bundle (6) in Table 1V). This specimen was subjected to a high number of cydip(fellure.

the fatigue fracture surface from a bundle with coatedular. There is total interfacial delamination between the
wires shows that, in contrast with a bundle with un-coating and the matrix, whereas the interface between
coated wires, the cracks tend to run approximately parthe coating and the reinforcement tends to remain in-
allel to the reinforcement wires, rather than perpendictact. For both coated and uncoated reinforcement, some
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wires stretched to failure during fatigue testing. Thisthe radial deflection resulting in an elliptical shape. At
contrasts with ceramic reinforced MMCs where the fi-points A, B, C and D the bending moment is zero and
bres fracture at weak points and then pull out of thethe maximum moment occurs@t=0 and a) = .
matrix. The smaller diameter cans are more constrained than
the larger diameter. Therefore, they deform by buckling
and collapse modes 1 and 2. The larger diameter cans
4. Discussion are less constrained and therefore give the pear shape
4.1. Shape of can after HIPping i.e. collapse mode 3 and also show the longitudinal
According to Juvinall [26] who analysed the stress dis-twist because of matrix plastic deformation. In general,
tribution in cylinders subjected to isostatic stress, thethe fibres will tend to be better aligned in the narrower
can should fail laterally first and compress the bundlediameter cans after HIPping.
longitudinally. The can ends will then fail. In trans-  The pressure required to produce plastic can collapse
verse cross-section, the possible plastic collapse modesn be calculated as a function of the distance from the
can be schematised as in Fig. 19 (an extension of thid (see Fig. 20) by using the analysis of Haydl and Sher-
treatment by Timoshenko and Gere [27]). Buckling andbourne [27] for various diameter cans. From the figures,
collapse mode 1 represent the most constrained caseis.can be seen that the can bottom will yield before the
Fig. 19 can be compared with Fig. 5. The failure material closest to the lid and also that this yielding
by plastic collapse of tubes under pressure depends giressure is not achieved for the narrowest diameter can

Hydrostatic pressure (p)

Collapse mode 3 Collapse mode 4

Figure 19 Possibilities for can plastic collapse in cross-section view.

160 12mm internal
diameter (specimen
2 140 shown in Fig. 5A-oval
._..% 120 1 shape)
9 s 100 100MPa HIPping pressure ay |=———- 20mm intemnal
g E_ diameter (specimen
v Qe 80l b  shown in Fig. 5B and
a § 60 \ b A C-kidney shape)
g £ 1 \ 3 Y 24mm intemal
k] 40 1 N~ da diameter (specimen
c R O € shown in Fig. 5D-
o 20+ 0 TUTTmoERERLaL pear shape)
0 : : : ——- -30mm intemnal
0 5 10 15 20 d diameter (specimen
shown in Fig. 5F-
Distance from the lid, mm pear shape)

Figure 20 Calculated pressures for can lateral plastic collapse and bottom yielding pressure (a, b, ¢, and d).
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with the HIPping cycle used in this work (HIPping pres- in Fig. 16 to draw firm conclusions. Bundles with
sure 100 MPa). Where lid plastic collapse does occur, itoated wires would be expected to give poorer fa-
causes wire misalignment towards the ends. The varitigue behaviour than those with uncoated wires, be-
ation in can lateral yielding pressure along the lengthcause the brittle interface around the reinforcement
will result in better consolidation in the middle than at would provide little resistance to the crack tip propagat-
the ends of the can. ing around the reinforcing wire. Smaller diameter re-
inforcing wires would tend to give poorer performance
because they would give less effective crack bridging
than wider diameter wires. Poorer performance would

4.2. Mechanical testing also be associated with lower volume fractions as there

The stress-strain curves show that HIPped compositegould be less crack tip plasticity constraint and fewer
made from coated wire show substantially more ductilipres bridging the crack. Wire misalignment, wire dis-

ity than those made from uncoated wire (Fig. 13). Thecontinuity and voids between wires will all reduce the
bundle in the narrower diameter can (7) is also st|fferfatigue endurance.

and stronger than (8), probably because the reinforce-
ment wires are better aligned. The increase in ductility
with coating might be explained as follows. The brittle
interface means that load transfer from the matrix tob. Summary and conclusions
the reinforcement is less efficient than in the uncoatedVietal reinforced Metal Matrix Composites (MMMCs)
case. The coating then acts as a ‘lubricant’, fracturing abave been made by Hot Isostatic Pressing (HIPping)
low loads and thus delaying matrix elastic deformation316L stainless steel wires with an aluminium matrix at
and consequently matrix plastic deformation. The de525°C/120 min/100 MPa. Some stainless steel wires
lay continues until the whole interface has fractured orwere pre-coated with Al7Si to examine its effect on
each wire under stress. After total interfacial failure, theproperties. During the HIPping the mild steel cans col-
matrix deforms plastically and then fails with limited lapse unevenly to give different cross-section shapes,
wire reinforcement. Bundle (6) is essentially stiffer andand for larger diameter cans there was also some lon-
stronger than bundle (10) because the volume fractiogitudinal twisting. Wires tend to be better aligned after
of reinforcement is higher (see Table V). HIPping in the narrower diameter cans, giving higher
Predictions of maximum uniform stress, modulusmodulus and UTS. High reinforcement volume frac-
and elongation to failure using the Rule of Mixturestions tend to give better fatigue properties. Coated re-
are in some cases comparable to experimental resuligforcement gives higher composite elongation to fail-
but not in others. The Rule of Mixtures is rather crudeure than uncoated, possibly because of the loss of load
for plastic phenomena but should be a good guide fotransfer brought about by the extensive cracking of the
an elastic property such as elastic modulus. In pracbrittle coating. This may occur in the final stage of
tice, the main reason why the measured properties aif@ilure which is negligible in fatigue terms. Stainless
lower than those calculated in the work described heresteel reinforcements fail by fatigue. Cracks form and
is because the reinforcement wires are misaligned anpropagate independently in the wires and eventually
in some cases not continuous through the bundle i.ghey join with the matrix fatigue cracks. This contrasts
giving a lower effective volume fraction than should be with ceramic reinforced MMCs where fibres fracture at
the case. In addition, where diffusion bonding is inad-weak points and then pull out of the matrix. Interpos-
equate, the modulus and strength will be low becauség foils between layers of wires reduces the number
the material behaves more like an aggregate than a coef wire-wire contacts but does not prevent them. Better
tinuous solid. results might be obtained by improving the distribution
The Scanning Electron Microscopy results from ten-of the constituents of the can prior to HIPping, longer
sile fracture surfaces show that failure was in somdiIPping times (to improve the diffusion bonding) and
cases through the original boundaries between the co@ptimisation of the geometry of the can so as to give
stituents suggesting that complete diffusion bondinggood reinforcement alignment. If ductility is required,
has not been achieved, particularly where residual alucoated fibres are an advantage.
mina is present between the aluminium constituents.
Better bonding might be achieved by lengthening the
time at temperature and pressure in the HIPping cycIeG/

This would also lead to a greater degree of interfacia cknowledgements
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