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Mechanical behaviour of an amorphous metal 
ribbon reinforced resin-matrix composite 
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United Technologies Research Center, East Hartford, Connecticut 06108, USA 

Resin-matrix composites, reinforced with high aspect ratio 2826MB amorphous metal 
ribbon in a simple stacking pattern, were fabricated and evaluated. Typical composite 
properties at 60 vol % ribbon are a density of 5.27 g cm-3, a longitudinal tensile strength 
of 1740 MPa, a transverse tensile strength of 870 MPa, a near-isotropic in-plane modulus 
of 100 GPa and a fracture toughness similar to that of 6061-T6 aluminium alloy. These 
composites are also shown to have poor mechanical fatigue resistance. In comparison 
with other engineering materials, these composites are superior on a specific strength 
basis. However, they are not competitive with quasi-isotropic AS graphite-epoxy on a 
specific modulus basis. Because of this deficiency, it is concluded that amorphous metal 
ribbon reinforced composites would not be in a competitive position for most high 
performance composite applications. However, the high biaxial composite strength 
properties, potential low cost, and the unusual soft magnetic properties offered by the 
ribbons may result in some unique composite applications. 

1. Introduction 
The primary structural advantage offered by the 
use of ribbon materials as the reinforcing phase in 
composites is their ability to offer significant 
improvements in transverse composite properties 
while maintaining axial properties equivalent to 
fibre reinforced composites. The degree of iso- 
tropy of the in-plane mechanical properties of 
unidirectionally-reinforced ribbon composites is 
controlled by the ratio of  ribbon width, w, to the 
ribbon thickness, t, the aspect ratio, w/t. If this 
ratio is sufficiently high, virtually isotropic pro- 
perties are achieved. In contrast, in-plane isotropy 
in fibre reinforced systems is achieved through 
multi-directional lay-up patterns such as [0, -+ 45 ~ 
90~ n. Thus, although a similar degree ofisotropy 
may be achieved in a fibre reinforced composite, 
it is achieved at a significant loss in axial properties. 

In spite of the structural advantage offered by 
the use of ribbons as reinforcement, several fac- 
tors have impeded their use. The primary problem 
has been the lack of a low cost process to con- 
sistently produce high performance ribbon material. 
The optimum performance on a specific property 
basis is offered by ceramic reinforcements such as 

boron and silicon carbide or glass reinforcements. 
These materials, however, exhibit the classic "size- 
effect" problem, characteristic of  brittle materials, 
so that wide ribbons cannot be consistently pro- 
duced at reasonable cost having the same strength 
or strength variation as the fibre form. 

Because of the "size-effect" problem associated 
with ceramics and oxide glasses, several investi- 
gators turned to the use of metals such as steel and 
aluminium in ribbon form as the reinforcement in 
resin matrices [1 -4 ] .  Rule-of-mixture axial 
strength and modulus were achieved simultaneously 
with excellent transverse properties. Transverse 
to axial composite ratios, o9o/Oo, in excess of 0.60 
and modulus ratios, Ego/Eo, in excess of 0.9 were 
measured. These same ratios are generally less than 
0.1 in fibre reinforced systems. 

The discovery of amorphous metal alloys and 
their ability to be continuously cast has presented 
the composite scientist with a unique reinforce- 
ment which offers several advantages with respect 
to other metallic reinforcements. Amorphous 
metals have specific strengths significantly higher 
than those offered by cold-rolled steel alloys. 
The cold-rolled steels have an upper limit on 
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specific strength of approximately 31.3 x 103 m 
while iron-base amorphous metal alloys have 
exhibited specific strengths of 49.9 x 10 a m. In 
spite of  their very high strength and amorphous 
structure, amorphous metal alloys do not exhibit 
the "size-effect" characteristic of ceramics and 
glasses. In ribbon form, these materials are easily 
handled and can actually be crimped before failure 
occurs. Other possible advantages depending on 
composition are excellent corrosion resistance and 
unusual magnetic softness. Finally, fabrication of 
amorphous metal ribbon is in principle a low-cost 
forming process since the shaping process is 
opposed by shear resistance of a liquid rather than 
a solid, as in drawing or rolling operations. 

In a previous investigation by the present 
authors [5] composite parameters were investi- 
gated using high-strength Metglas* alloy 2826MB 
ribbon material as the reinforcement with an 
epoxy-nylon adhesive, FM-IO00 as the matrix. 
The effects of ribbon aspect ratio and ribbon 
stacking pattern on transverse composite properties 
were determined and rationalized using the con- 
cept of  critical transfer length. In this paper, the 
results of  an assessment of  composite mechanical 
properties are presented for 2826MB-FM-1000 
composites constructed with high aspect ratio 
ribbon in a simple stacking pattern. 

2. Materials and composite fabrication 
2.1. Materials 
An amorphous metal ribbon having a nominal 
composition of Fe4oNi38Mo4B18 and designated 
Metglas alloy 2826MB was selected as the ribbon 
material for the programme since it possessed the 
best mechanical properties of  the high aspect ratio 
ribbon materials commercially available. Approxi- 
mately 4kg of 2826MB ribbon, nominally of 13 
mm width, were purchased from Allied Chemical 
Corporation for the test programme. The ribbon 
was cast continuously in one production run by the 
vendor. 

Based on the results of the previously reported 
study [5], FM-1000 adhesive film supplied by 
Americal Cyanamid was selected as the matrix 
material. A minimum film weight of 0.073 kgm -2 
was selected since this allowed high ribbon volume 
per cent composites to be fabricated without 
excessive resin flow. 

2.2. Composite fabrication 
A precursor tape 150 mm in width was fabricated 
by winding the ribbon over the adhesive on 
a spring-loaded mandrel. A heated iron was 
then passed over the ribbon surfaces at a slow rate. 
Due to the thermoplastic nature of the Film, a 
controlled amount of  heating served to initiate 
bonding without causing any extensive curing. 
This procedure served to imbed the ribbon in the 
film resulting in a precursor tape exhibiting 
excellent handling properties. Ribbon spacing 
was controlled to approximately 0.5 mm. 

Plies of the proper dimension were cut from 
the tape material and laid up in steel dies using a 
simple stacking pattern where one half of the 
ribbon width was overlapped from layer to layer, 
see Fig. 1. The composites were then hot-pressed 
in air by initially applying 1.38 MPa pressure at 
163 ~ C, and maintaining this pressure for 1 h 
at 177 ~ C. Ribbon volume percentages of 60 were 
typically achieved using these parameters. The 
composite density at this ribbon volume per cent 
was 5.27 g cm-3. 

3. Test procedures 
3.1. Tensile testing at room temperature 
The composite tensile properties were character- 
ized with ribbons oriented both parallel with and 
transverse to the specimen tensile axis. Eight 
layer composite panels of dimensions 76 mm x 
152 mm were fabricated according to the schedule 
outlined previously. Ribbon volume percentages 
were determined from density measurements 
assuming no porosity and using a density of 
8 .02gcm -3 for the 2826MB ribbon and 1.15 
g cm -3 for the FM-1000 matrix. Tensile specimens 
6.35 mm in width were cut from the panels, 
and fibreglass doublers were bonded to the speci- 
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Figure 1 Schematic transverse cross-section of ribbon 
lay-up pattern used in composite fabrication. 

* Metglas is a trademark of Allied Chemical Corporation. 

360 



mens providing a gauge section of 50 ram. Resis- 
tance strain gauges were bonded to both sides of 
the specimens for determination of the elastic 
modulus and failure strain. Tensile testing was 
performed at a constant cross-head speed of 
0.25 mm min -1 . 

3.2. Tensile testing after environmental 
exposu re 

The composite transverse tensile strength was 
determined after exposure to specific environ- 
mental conditions. In particular, since the resin 
was an epoxy-nylon, exposure to elevated tem- 
perature or moisture were anticipated to have a 
deleterious effect on the composite transverse 
tensile strength. 

Review of available vendor data indicated that 
a maximum exposure temperature of 82 ~ C was 
appropriate for the resin system utilized. The 
effect of elevated temperature on composite 
transverse tensile strength was evaluated by test- 
ing transverse tensile specimens prepared from 
eight ply panels, as described in Section 3.1, at 
82 ~ C in air atmosphere. To determine the effect 
of thermal fatigue on composite transverse tensile 
strength, as-fabricated composite panels were 
cycled between room temperature and 82~ a 
total of 500 times. Single cycle time was 20 rain 
with 5 rain exposure at the temperature limits. 
After this thermal cycling, transverse tensile speci- 
mens were prepared as described in Section 3.1 
and tension tested at room temperature. 

The effect of moist environment on composite 
transverse tensile strength was determined by 
exposing transverse tensile specimens to 95% 
relative humidity at 60 ~ C for 21 h. Weight-gain 
measurements indicated that saturation occured 
in less than 4 h under these conditions. On remov- 
ing specimens from the humidity chamber, it was 
noted that small irregular patches of rust had 
formed on the outer ply ribbon surfaces. Sub- 
sequent tensile testing was performed at room 
temperature. 

3.3. Fatigue testing at room temperature 
Composite tensile specimens were prepared from 
eight ply panels, as described in Section 3.1 for 
testing in tension-tension fatigue. All specimens 
were tested at a minimum to maximum stress 
ratio of 0.1. Tests were terminated either after 
failure or accumulation of 10 6 fatigue cycles. 

3.4. Impact resistance and fracture 
toughness at room temperature 

Composite impact resistance and fracture though- 
hess were assessed using the instrumented pendulum 
impact test. The test apparatus consisted of a 
standard 31.2 J capacity pendulum impact machine 
equipped with an instrumented tup (input device) 
which permitted the generation of load-time traces 
describing the impact event. Continuous load 
measurements were achieved through the use of 
strain gauges mounted on the tup and a calibration 
to translate strain into load. The strain-gauge out- 
put was monitored on an oscilloscope producing a 
load-time trace which was then photographically 
recorded. 

The composite specimens tested were all of 
non-standard width and depth. However, all the 
specimens were notched in accordance with the 
specifications of ASTM standard E-23 [6], for 
testing of sub-size Charpy specimens. To insure 
uniform impact loading for specimens of different 
depth, shims were fabricated to position the speci- 
men impact face properly with respect to the 
bottom of the pendulum swing. 

Composite specimens tested with ribbons 
oriented both parallel with and transverse to the 
specimen long axis are referred to as the longitudi- 
nal and transverse orientations, respectively. The 
specimen dimensions were nominally 40 mm•  
6.35 m • d, where d is the overall unnotched beam 
width in ram. For the longitudinal orientation, 
laminates were constructed having beam depths 
of 1.59, 3.18 and 6.35 ram. For the transverse 
orientation, all specimens had an unnotched depth 
of 1.59 ram. In both the longitudinal and trans- 
verse orientations, the specimens were oriented 
such that they were struck normal to the plys, not 
on the ply edges. A tup velocity of 1.06 m sec-I 
was used to eliminate the impulse peak from the 
load-time traces. 

4. Ribbon properties 
Throughout the process of composite fabrication, 
ribbon samples were removed to continually 
monitor the ribbon tensile strength and ribbon 
dimensional characteristics. The cross-sectional 
areas, determined by weight measurement assum- 
ing a ribbon density of 8.02 gcm -3, varied by 
approximately 2% around a mean value of 2.24 x 
10 -2 mm 2. The ribbon width was constant at 
13.2 ram, and the average ribbon thickness was 
0.043 ram. The ribbon aspect ratio, w/t, was there- 
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fore 308. Ribbon cross-sections were examined 
metallographically and found to be very uniform. 
Ten groups of five ribbon samples were tensile 
tested to monitor ribbon strength. The average 
ribbon strength was 2570 MPa with a coefficient 
of variation of 0.15. The ribbon elastic modulus is 
quoted to be 165 GPa by the manufacturer and 
was determined as 159 GPa using extensional 
wave-velocity measurements and 165 GPa from 
plots of ribbon tensile specimen compliance as a 
function of gauge length. 

5, Composite properties 
5.1. Tensile properties 
The longitudinal elastic modulus, Eo, and tensile 
strength, %,  determined as a function of ribbon 
volume-fraction are plotted in Figs 2 and 3, 
respectively. Lines representing the rule-of-mixtures 
corresponding to a ribbon tensile strength of 
2570 MPa and ribbon modulus of 165 GPa are 
included for comparison purposes. The matrix 
contribution was assumed to be zero. It is evident 
from Fig. 2 that the measured composite modulus 
is closely approximated by the rule-of-mixtures 
prediction. However, it is evident in Fig. 3 that the 
composite strengths are significantly greater than 
that predicted by the role-of-mixtures using a 
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Figure 2 Axial composite elastic modulus as a function of 
ribbon content. 
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Figure 3 Axial composite tensile strength as a function of 
ribbon content. 

ribbon tensile strength of 2570 MPa. The data can 
be more closely approximated assuming a ribbon 
tensile strength of 2900MPa. Typical longitudinal 
stress-strain curves are shown in Fig. 4. The 
stress-strain behaviour was linear elastic to a 
strain level of approximately 0.01; beyond this 
point a slightly decreased modulus was observed 
until failure. Failure strains varied between 0.017 
and 0.020. Tensile fractures were flat and occured 
at 90 ~ to the tensile axis. 

The transverse tensile stress-strain behaviour 
was determined using specimens cut from a panel 
having an average of 58 vol% ribbon. The average 
transverse tensile strength, O9o, was 806 MPa, the 
average transverse tensile modulus, E9o , w a s  112 
GPa, and the average failure strain was 0.0068. 
Assuming an average ribbon strength of 2900 MPa, 
Oo can be calculated at this ribbon volume-fraction, 
given a composite strength ratio, o90/00, of 0.48 
This value is in close agreement with the strength 
of 0.50 predicted for this stacking pattern [5]. 
Note that in the simple stacking pattern, Fig. 1, 
the anticipated fracture path is along the plane of 
weakness defined by the ribbon gaps. Along this 
fracture path, the fraction of ribbons broken is 
0.50 and there is no puU-out contribution from 
the other layers. Thus, the strength ratio, O9o/Oo, 
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Figure 4 Axial tensile stress-strain behaviour at room 
temperature for composites containing ribbon volume 
percentages of 40% and 54%. 

is predicted as 0.50. Observation of  transverse 
composite fracture surface in the scanning electron 
microscope (SEM), Fig. 5, confirmed the antici- 
pated fracture mode. As expected for an eight- 
layer composite,  four r ibbon fractures are observed. 
The cast r ibbon edges of  two intermediate layers 
are also visible in the SEM observations. 

The transverse elastic properties of  ribbon 
reinforced composites are primarily controlled 
by  the r ibbon aspect ratio. With the ribbon used 
in this investigation, an in-plane modulus ratio, 
Ego/Eo, o f  0.94 is predicted from the Ha lp in -  
Tsai relations [7].  At a ribbon volume per cent, 

Vr of  58, the axial composite modulus is predic- 
ted to be 96 GPa. Thus, the anticipated transverse 
composite modulus is 90 GPa. As stated previously, 
the transverse elastic modulus was measured as 
112 GPa, a significantly higher value. Examin- 
ation o f  the s tress-s train curves showed that  the 
elastic modulus of  these specimens increased as 
the failure strain was approached. Further  testing 
o f  specimens revealed that the transverse s t ress-  
strain behaviour, as determined using strain gauges, 
was dependent on the location o f  the gauges on 
the specimen surface. Typical s t ress-s train behav- 
iour for the two strain-gauge pair locations is 
shown in Fig. 6. When neither strain gauge over- 

Figure 5 Fracture surface of transverse tensile specimen, 
where RF denotes ribbon fracture and CE denotes the 
locations of ribbon cast edges debonded from the resin 
matrix. 
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Figure 6 Composite transverse tensile stress-strain beha- 
viour at room temperature. The locations of the strain 
gauge (SG) pairs on each test specimen are schematically 
indicated. 
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layed a ribbon gap, as in the data reported, the 
initial elastic modulus was higher than predicted 
and the apparent elastic modulus increased as the 
failure load was approached. When one gauge 
overlayed a ribbon gap, the initial elastic modulus 
was lower than predicted and was followed by an 
increase in strain as the load increased. It was con- 
cluded from these results that non-uniform defor- 
mation occurred along the length of  the specimen 
when tested in transverse tension. Greater defor- 
mation occurred at the ribbon-gap locations, and 
this condition was aggravated as the failure strain 
was approached. 

5.2. Effect of environmental exposure on 
transverse tensile properties 

Also of  interest in this resin-matrix system were 
the effects of  elevated temperature, thermal fatigue, 
and exposure to moist environment on the trans- 
verse tensile strength, the results o f  these tests 
are summarized in Table I. Also included are the 
ribbon volume percentages determined from 
density measurements and the predicted room- 
temperature composite strength for the stacking 
pattern utilized. 

As shown in Table I, the transverse strength 
determined at 82 ~ C was reduced to 55% of  the 
room-temperature value. This reduction in tensile 
strength was correlated with a change in specimen 
fracture mode. Ribbon pull-out, as well as ribbon 
fracture, occurred at 82 ~ C. For the eight-layer 
composite tested, typical fracture surfaces exhibi- 
ted two ribbons pulled out and two ribbons frac- 
tured. These results indicate that the r ibbon-  
matrix bond strength was decreased at 82 ~ C to 
the extent that the critical ribbon overlap required 
to prevent pull-out was greater than that provided 
by this ribbon width. 

Although the composite transverse tensile 
strength was significantly reduced at 82 ~ C with 
respect to room temperature, thermal cycling 
between room temperature and 82~  had no 

measurable effect on post-cycling room-tempera- 
ture composite transverse tensile strength. It can 
be seen in Table I that the average tensile strength 
measured was very close to the predicted as- 
fabricated strength and unaffected by the thermal 
fatigue cycle utilized. 

Finally, it is evident in Table I that exposure to 
a moist environment severely degraded the com- 
posite tensile strength. All specimens failed by 
ribbon pull-out indicating that the r ibbon-matr ix 
bond strength was severely degraded. Corrosion 
products were also evident along the edges of  the 
interior ply ribbons but to much lesser extent 
than observed on the outer ply ribbon surfaces. 
These factors point to the need for corrosion- 
resistant ribbon compositions and composite 
protective coatings. 

5.3. Mechanical fatigue properties 
The tension-tension fatigue behaviours of  com- 
posites with ribbons both oriented parallel with 
and transverse to the stress axis were determined. 
In order to compare the data obtained, the ratio 
of  the maximum applied fatigue stress, amax, to 
the calculated composite tensile strength, ae, 
amax/ae, was plotted as a function of  cycles-to- 
failure. These data are presented in Fig. 7 for both 
longitudinal and transverse ribbon orientations. 

Two groups of  specimens were tested with 
ribbons in the longitudinal orientation. In the 
first group, specimens were cut from panels con- 
structed with the 0.5 W overlap pattern as in Fig. 
1. As shown in Fig. 7, a 106 cycle fatigue life was 
achieved using these specimens at a maximum 
stress to composite strength ratio, amax/O e of  
0.11. This is very low when compared with fibre 
reinforced resin matrix composite systems such as 
As-graphite-epoxy, where this ratio is typically in 
the range o f  0.6 to 0.7. It was thought that this 
poor fatigue resistance of  longitudinal samples 
might be attributed to the specimen cutting oper- 
ation. If  the ribbon were notch senstive, then 

T A B L E I Composite transverse tensile strength 

Exposure Test temperature (~ Ribbon content, 
Vr (vol %) 

Transverse tensile strength 

Measured (MPa) Predicted* (MPa) 

as-fabricated 20 58 806 841 
as-fabricated 82 58 449 841 
thermal cycling 20 64 913 928 
95% relative humidity 60 ~ C 20 64 150 928 

* 090 = 0 . 5  orV r for as-fabricated specimens tested at 20 ~ C. 
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Figure 7 Composite tension-tension fatigue behaviour 
(R = 0.l). 

defects induced along the specimen length in 
those areas where ribbons were cut during speci- 
men preparation could reduce fatigue strength. To 
assess this possibility, a second group of  compo- 
site specimens was fabricated such that the as- 
received ribbon edges were preserved. This was 
accomplished by fabricating single-ribbon width 
eight-layer composite laminates, i.e., with an over- 
lap of  1.0 W. As before, the specimens were tested 
using a stress ratio o f  0.1. The data for these speci- 
mens, also included in Fig. 7, indicate that the 
composite laminates fabricated using uncut ribbons 
have better fatigue resistance than specimens cut 
from a composite panel. A 106 cycle fatigue life 
was achieved for a maximum stress to composite 
strength ratio of  0.19. Although this represents 
a considerable improvement in fatigue life, longi- 
tudinal composite fatigue performance is still low. 

With ribbons oriented at 90 ~ to the tensile 
axis, the composite fatigue resistance is similar 
to that observed with ribbons oriented at 0 ~ to 
the tensile axis, Fig. 7. A 106 cycle fatigue limit 
was achieved for a maximum stress-to-composite 
strength ratio, Omax/Oe, of  0.16. This ratio is 

greater than that observed for the longitudinal 
specimens cut from panels but is less than that 
observed for the uncut longitudinal laminates. 

In summary, these data indicate that for 
60 vol% ribbon with a simple overlap pattern the 
approximat e 106 cycle fatigue limits are 330 
MPa for the longitudinal ribbon orientation and 
140 MPa with ribbons oriented transversely. These 
values are less than 20% of  the composite static 
strength. In comparison with fibre reinforced com- 
posites, the fatigue resistance of  these amor- 
phous metal ribbon reinforced composites is low. 

Observation of  fatigued samples showed that 
the macroscopic failure mode of  the composites 
was identical to composites failed in static tension. 
No extensive delamination or other damage was 
observed as a function of  fatigue loading. This 
observation suggested that the fatigue resistance of  
the amorphous metal ribbon was low relative to 
its tensile strength: 

5.4. Impact resistance and fracture 
toughness 

A summary of  the specimens tested in the instru- 
mented pendulum impact apparatus and the data 
recorded is presented in Table II. A typical l oad-  
time trace obtained is shown in Fig. 8. Interpre- 
tation of  the impact response of  composites is 
generally complicated since it often depends on 
specimen geometry and the resultant imposed 
stress state. It is well known from beam theory 
that the failure mode in three-point bending is 
dependent on the test span-to-depth ratio. In 
general, for high longitudinal strength composites, 
tensile failures are observed at large span-to-depth 
ratios. Thus, the impact energy measured can 
depend to a large extent on the test span-to-depth 
ratio. To assess the relative role of  these phenomena 
in the test results reported, the maximum flexural 
stress at failure was calculated using the equation 

T A B L E II Results of instrumented impact testing 

Orientation V r Specimen width Overall specimen depth Maximum load Impact energy 
(vol %) (ram) (ram) (N) (J) 

Longitudinal 60 6.86 1.58 267 0.65 
Longitudinal 60 6.91 1.58 236 0.65 
Longitudinal 59 6.93 3.18 872 1.50 
Longitudinal 58 7.06 3.18 805 1.49 
Longitudinal 56 7.32 6.35 2680 3.10 
Transverse 60 6.25 1'.59 142 0.47 
Transverse 60 6.27 1.59 125 0.49 
Transverse 60 6.15 1.59 133 0.34 
Transverse 60 6.25 1.59 182 0.50 
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Figure 8 Instrumented impact trace for the longitudinal 
orientation and a net section depth of 5.03 ram. 

crrn ~ = 3/2 (PS/bd2), (1) 

where P is the load at failure, S is the span, b is 
the beam width, and d is the beam depth. In this 
case, the overall beam depth minus the notch was 
utilized for d. 

For the longitudinally reinforced composites, 
the values of  maximum flexural stress at failure 
are compared with the energy per unit area dis- 
sipated in Table III. It is evident that the test 
span-to-depth ratio, S/d, has a strong influence on 
the flexural stress at failure. As S/d decreased from 
31.5 to 8.0, the flexural stress at failure decreased 
from 1450 MPa to 869 MPa indicating a probable 
contr ibution of shear failure at low S/d in the 
composites. In contrast to this indicated change 
in the stress-state at failure as a function of test 
geometry,  the energy dissipated per net section 
area was not strongly affected. The energy per unit 
area increased by approximately 15% over the 
same range of  S/d. This result was consistent 
with the observation that all specimens exhibited 
tensile failure of  ribbons in the plane of  impact 
with very little interlaminar failure. Thus, the 
above noted change in calculated flexurat stress 
at failure was not explained. 

Fig. 9 shows a comparison of the effect of test 
geometry on the notched bend specimen impact 
energy of  this longitudinally reinforced composite 
and unreinforced metals tested similarly [8]. The 

T A B L E III Effect of test span-to-depth ratio on energy 
per unit area dissipated for longitudinal specimens 

Vr Test span-to- Maximum flexural Energy per 
(vol%) depth ratio, stress (MPa) unit area 

S/d (J m -2 ) 

60 31.5 1450 74700 
60 31.5 1270 74200 
59 15.8 1170 85400 
58 15.8 1060 83100 
56 8.0 869 84400 
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Figure 9 Energy dissipated as a function of specimen 
geometry for notched three-point bend impact specimens. 

data for the composite specimens were normalized 
to the same specimen width as the metals assuming 
a linear dependence of  impact energy on speci- 
men width. Both the notched unreinforced metals 
and composite specimens exhibited a similar 
dependence of  energy dissipated on net speci- 
men depth. However, the composite dissipates 
equivalent impact energy only at the smaller net 
specimen depths tested. 

With the ribbons oriented transversely, all 
specimens were tested at S/d = 31.5 and an aver- 
age flexural strength of  869 MPa was measured. 
This correlates well with a calculated tensile 
strength of  869 MPa for the composite based on a 
ribbon strength of  2900 MPa. The average energy 
per unit area dissipated for the transverse specimen 
was 56900 J m-2 compared to 74500 J m-2 for 
longitudinal specimens of  the same test geometry,  
i.e., S/d = 31.5. Observation of  the fracture sur- 
faces of  the transverse specimens indicated a more 
irregular fracture plane in comparison with the 
longitudinal specimens. This was caused by a cer- 
tain degree of  ribbon sliding during fabrication 
which forced the crack to deviate significantly 
about the plane of  weakness. This factor no doubt 
contr ibuted to the energy measured for the trans- 
verse specimens. Thus, an even greater difference 
in energy dissipated between the two orientations 
would be expected for a perfect transverse lay-up. 
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T A B L E IV CalculatedKiD values for Charpy V-notched 
specimens 

Material Orientation KID (MPa m -1/2 ) 

2826MB-FM-1000* Longitudinal 32.7 -+ 8.0 
Transverse 17.5 -+ 3.0 

6061-T6 - 33.9 
Ti-6A 1-4V 135 

* V r=60vol%.  

Finally,  as a measure of  resistance to crack 
growth, dynamic fracture thoughness values, KiD,  
were calculated using the maximum load for frac- 
ture o f  the composite specimens. These data are 
listed in Table IV, together with values determined 
in a similar manner for Charpy V-notch specimens 
of  Ti-6A1-4V and 6061-T6 in a previous investi- 
gation [8] .  The longitudinally reinforced compo- 
sites exhibit a fracture toughness, KID , similar to 
that observed for 6061-T6 aluminium alloy. With 
ribbons in the transverse orientation, the frac- 
ture toughness is half that  o f  the longitudinal 
orientation. 

6. Summary and conclusions 
The results of  this investigation have demonstrated 
that amorphous metal  ribbon properties can be 
effectively translated into a r es in -mat r ix  compo- 
site. The utility of  the ribbon format was demon- 
strated through the achievement o f  high values 
of  composite axial and transverse tensile strength 
and elastic modulus. The strength and modulus 
properties could be readily predicted using rela- 
tively simple models coupled with existing theo- 
ries. Several composite performance deficiencies 
were also identified and directly related to the 
2826MB amorphous metal ribbon or the resin 

matrix.  These included poor moisture resistance 
and poor composite fatigue properties. 

A summary of  the composite properties demon- 
strated in this investigation using a simple stacking 
pat tern and a ribbon volume per cent of  60 is 
presented in Table V and compared with other 
selected engineering_materials. Note that,  for the 
graphite fibre-reinforced composite selected, 
the quasi-isotropic properties are used for com- 
parison since the primary advantage offered by 
ribbon reinforcement is composite transverse 
to longitudinal proper ty  ratios which approach 
unity. On a specific strength basis, where the 
specific strength is the ratio of  the strength, u, to 
the density, p, the amorphous metal  ribbon 
reinforced composite is competitive with the 
materials listed. In the longitudinal orientation, 
the specific strength is significantly greater than 
that of  the other materials. Although this is not 
true in the transverse orientation for the compo- 
site listed, it may be anticipated that with alter- 
nate stacking patterns or further ribbon improve- 
ments, amorphous metal r ibbon reinforced com- 
posite transverse strength equivalent to that offered 
by [0, + 45 ~ 90~ AS g raph i t e -epoxy  can be 
achieved [9].  On a specific modulus basis, E/p, 
the amorphous metal ribbon reinforced composite 
is not competit ive with [0, -+ 45 ~ , 90~ As 
g raph i t e - epoxy  having a specific modulus approxi- 
mately 40% lower. This deficiency in specific 
modulus is one which cannot be overcome within 
the framework of  existent amorphous metal 
ribbon technology. This is due to the fact that 
the elastic modulus to density ratio of  most 
metallic materials is nearly invariant. Thus, improve- 
ments in ribbon modulus will be achieved con- 

T A B L E V Material property summary 

Parameter* Ribbon reinforced 
2826MB-FM-1000 t 

AS-3501 [0.-+ 45,90]s 
Graphite-epoxy 

606 l-T6 Aluminium alloy Ti-6A1-4V 

P (gcm -~) 5.27 1.58 2.72 
% (MPa) 1740 450 310 
o90 (MPa) 870 450 
E o (GPa) 99 48 69 
E9o (GPa) 94 48 
e o (%) 1.8 1.0 12 
%0 (%) 1.0 1.0 
Fatigue 330 (0) 250 (0) 97 
limit (MPa) 140 (90) 250 (90) 

32.7 (0) - 33.9 
KID (MPa m -m ) 

17.5 (90) 

4.43 
1170 

114 

8.0 

635 

135 

* 0 subscript refers to an axial measurement, 90 subscript refers to a transverse measurement. 
t V r = 60 vol %, simple overlap pattern. 
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currently with increase in density so that signifi- 
cant improvement in specific modulus properties 
is not foreseen. On comparing the other properties, 
it may be seen that the amorphous metal rib- 
bon reinforced composite offers both advantages 
and disadvantages with respect to the other ma- 
terials. 

Because of the low specific modulus of amor- 
phous metal ribbon reinforced composites, it is 
concluded that these composites will not be in a 
competitive position for most advanced composite 
applications, particularly in the aerospace industry, 
The advantages of the composite lie in the high 
biaxial strength properties, potential low cost, and 
perhaPs in the unusual soft magnetic properties 
offered by the ribbons. Potential composite appli- 
cations will therefore probably be limited to those 
which rely on the unique properties characteristic 
of  this material. 
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