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The authors describe a technique for melt infiltration casting of composites with a
metallic-glass matrix. We made rods 5 cm in length and 7 mm in diameter. The samples
were reinforced by continuous metal wires, tungsten powder, or silicon carbide particulate
preforms. The most easily processed composites were those reinforced with tungsten and
carbon steel continuous wire reinforcement. Theg, £Fi13.8CUi2.sNi10 B&s 5 matrix was
quenched to a glass after infiltrating the reinforcement. We analyzed the microstructure

of the composites by x-ray diffraction and scanning electron microscopy. The measured
porosity was less than 3% and the matrix was about 97% amorphous material.

[. INTRODUCTION II. EXPERIMENTAL

Metallic glasses are usually made by rapidly solidi- In this study we used exclusively the 4£pTiiz g
fying certain alloys. Most alloys investigated require Cu,sNiigBexn s (trade name Vitrelo}1) developed
cooling rates of 10K/s or higher to freeze from the by Peker and Johnsthas the matrix material. We first
melt to the metastable amorphous state. The high hearepared ingots by alloying together the constitutive ele-
transfer rate required limits these metallic glasses to thiments in an induction furnace under a titanium-gettered
samples produced by such techniques as splat quenchiaggon atmosphere. The starting metals were high-purity
or melt spinning\? (99.5% metals basis or better) research grade material.

The melt spinning technique has often been used to We fabricated composites with a wide variety of re-
make amorphous metal matrix composites. Particulatenforcements using the described technique. Continuous
reinforcements have been added to a liquid glass-formingeramic fibers, such as silicon carbide and carbon, and
metal alloy and processed with a number of techniquesontinuous metal wires, such as tungsten, carbon steel,
to make composite ribboris’ Wire and continuous fiber stainless steel, molybdenum, tantalum, nickel, copper,
reinforcement of metallic glass ribbons have also beemnd titanium, were used as reinforcement. We also
reported, although the best results have yielded a ribbomade particulate reinforced composites with both loose
reinforced with only two continuous wirés:® tungsten particles and sintered silicon carbide (SiC)

So-called “bulk” metallic glasses, alloys with crit- particulate preforms. The preforms were provided by the
ical cooling rates of 10K/s or less, are much more Carborundum Company.
promising as potential matrix materials for compos-  We used 254um diameter tungsten wire or 254m
ites. These glass-forming alloys are not limited to thindiameter high-carbon (1080) steel music wire as re-
geometries?1* One of the most highly processible of inforcement in the majority of samples. The tungsten
these alloys is Zj »Ti13gCU12sNiigoBe5, Which has  wire was obtained from Thermionics Products Company
a critical cooling rate of about 16 with no fluxing (North Plainfield, NJ). Both types of wire were straight-
required® Fully amorphous rods of this alloy of up to ened and cut into 5 cm lengths. To avoid clumping of
5 cm in diameter have been cast. This amorphous allowires and to ensure good distribution, we bowed the
has a yield point of about 1.9 GPa, which is substantiallywires slightly in samples with lower fiber fractions. The
higher than most crystalline metals. In addition, it ex-tungsten wire was degreased by ultrasonic cleaning in a
hibits approximately 2% elastic strain, again far greatebath of acetone followed by the same procedure in a bath
than crystalline materials. These superior mechanicabf ethanol. The steel wire was cleaned in a solution of
properties and the low critical cooling rate of this bulk 50% phosphoric acid and 50% water at room temperature
metallic glass are the primary reasons for its promise atr 3 min. This solution removes the oxide layer while
a new engineering materigl=*° depositing only a thin phosphate layer.

This study reports a technique for successfully using  We cast composite specimens in the apparatus shown
the alloy Zg; 5Ti136CuU12sNi1goBe0 s as a matrix mate- by the schematic in Fig. 1. The reinforcement material
rial for composites. The low critical cooling rate of this was placed in the sealed end of a 7 mm inner diameter
alloy allows amorphous metal matrix composites to bequartz-glass tube. We necked the tube about 1 cm above
made in bulk form. the reinforcement, and then placed ingots of the matrix
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quartz tube of the slices using an Inel diffractometer with a position
sensitive detector and CqKradiation (wavelength=
ingot of 0.1790 nm). The cut surface was then polished and
ratrixmaterial b alyzed with scanning electron microscopy (SEM).
Porosity was estimated by two methods. The first
finds the apparent porosity by analysis of a micrograph of
reinforcement a cross-sectioned sample. The bulk sample porosity can
[~ bundle then be extrapolated by assuming homogeneity through-
out the sample. This technique has been used for other
materials as described in an ASTM standrd.
The second method of determining porosity com-
bines analysis of the cross section with Archimedes’
furnace principle. As a consequence of the processing procedure,
the volume frgction of reinforcement. cannot b_e inferred
from the relative amounts of the starting materials. There
FIG. 1. Sc_hematic di_agram of apparatus for casting bulk metallicig 5 sybstantial reaction layer between the as-processed
glass matrix composites. .
composite and the quartz tube, as well as a layer of
quartz which strongly adheres to this reaction layer. The
material in the tube above the neck. The constrictiomuartz layer and the reaction layer must be ground off
minimizes premature contact and thus excessive reatnechanically; unavoidably, some of the reinforcement
tion between the melt and the reinforcement. We therand matrix is removed as well. As a result, we cannot
connected the open end of the quartz tube to a threenake a precise determination of the volume fractions
way switching valve; the tube could thus be evacuatedrom the amounts of the starting materials.
with a roughing pump or pressurized with argon. Prior ~ The volume fraction of wires was computed by
to heating, we evacuated the tube and then flushed &nalyzing a backscatter SEM micrograph of the polished
with argon gas. This cycle was repeated several times toross section of the sample. The relative area covered by
remove any residual oxygen. The tube was left undethe matrix and continuous reinforcement then gives the
vacuum on the last cycle to minimize trapped gasvolume fraction of wires directly. Archimedes’ principle
in the composite sample to be formed. An additionalwas used to find the overall density of the sample. Then,
processing step was required for casting the steel wirbaving both the density of the sample and the volume
composites. The wires were held at 973 K for 2 h undefraction, we determined the porosity.
vacuum to remove any hydrogen absorbed by the steel
during the acid etch.
The sample tube was heated in a resistive tupd!- RESULTS
furnace with temperature feedback control. The ini- The quality of the composite samples produced
tial heating stage was at 1228 K 20 K, well above by this technique varied with the reinforcement. At
the liquidus temperature (993 ¥)of the glass-forming least one sample with each type of reinforcement listed
alloy. This initial heating stage was found useful inin the previous section was made. The samples were
dissolving residual oxides and other impurity phasegudged on the extent of infiltration and the percentage of
which degrade the glass forming ability of the alf8y. matrix which was amorphous. On this basis, tungsten
The variation in temperature comes primarily from theand carbon steel continuous wires were chosen for
temperature profile in the furnace. The sample was helthore extensive study; samples of each with nominal
at this temperature for 15 min. The temperature was thereinforcement volume fractions of 20, 40, 60, and 80%
lowered to 1078 K+ 5 K and allowed to stabilize. When were made.
the furnace reached this target temperature, a positive We measured the porosity of two samples: one with
pressure of 207 kPa argon was applied above the melhominally 60 vol % tungsten wire reinforcement and the
These conditions were held for 30 min to allow infiltra- other 80 vol%. Upon evaluation of SEM micrographs
tion of the molten matrix material into the reinforcement. of polished cross sections, the apparent porosity of the
Then the sample was quickly removed from the furnace&eomposites was found to be less than 1%. By calculating
and quenched in brine (8 wt. % NgEl,O solution). To the volume fraction and using Archimedes’ principle
improve the mechanical properties of the steel, somas described in the previous section, we determined a
of the steel wire reinforced samples were tempered gborosity of 3% + 2%.
588 K for 2 h following infiltration and quenching. The quality of the tungsten-reinforced composites
The composite samples were sliced normal to thevas very consistent; more complications arose in making
fiber orientation. We obtained x-ray diffraction patternsthe steel wire reinforced composites. We found that gases
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were released from the steel wires during processing. Th€he first four bcc reflections for iron are visible in the
samples with nominal 20 and 40 vol % steel wire weresteel reinforced samples, and the first five bcc peaks of
made before the problem was found, and thus withoutungsten in the tungsten composites. The peaks from the
the bakeout procedure. To avoid trapped gas porositgeinforcement material are labeled in boxes with the cor-
and hydrogen embrittlement of the steel, the bake outesponding interplanar spacing and the index of the
procedure was added prior to processing the compositeeflection. There are also some additional small crys-
samples in the 60 and 80 vol % steel samples. talline peaks visible in the patterns of samples with low
Figure 2 shows typical x-ray diffraction patterns reinforcement fractions. The number beside each small
of two cross-sectioned composite samples. Thaxis peak corresponds to jts interplanar spacing.
values of the patterns have been converted from two The peaks at 1.68, 2.34 A, and 2.70A in the steel
theta values to interplanar spacings using Bragg’s Lawteinforced sample correspond to the three high intensity
One pattern is of a composite reinforced with 20 vol %peaks from ZrC. We expect carbon in the steel to react
steel music wire, and another is of a sample reinforceavith elements in the molten matrix and form carbides
with 20 vol % tungsten wire. For comparison, the patternat the reinforcement/matrix interface. This explains the
from an unreinforced sample of the matrix material ispresence of ZrC peaks in the pattern. In addition, from
included. The unreinforced matrix pattern shows theexamining the splitting in the (110) peak of the steel
broad diffraction peaks typical of a fully amorphous diffraction pattern, we can estimate the final carbon
structure. The same broad peaks are also visible in thes®ntent to be about 0.27 wt. %. The initial carbon content
lower reinforcement volume fraction samples, but thewas 0.80 wt. %, so this again suggests the diffusion of
matrix pattern is obscured for higher fractions becausearbon from the wires could lead to carbide formation
of the large intensity difference between the Bragg peakat the interface.
of the reinforcement and the broad amorphous bands. SEM micrographs of an 80 vol % tungsten-wire re-
inforced composite are shown in Figs. 3 and 4. Figure 3
is an overview of the structure, and Fig. 4 is a higher
magnification image of the interfacial region. Most of the
i ) matrix is amorphous, but there are dark-contrast crystals
metallic glass (Vitreloy™ 1) visible in the matrix near the matrix-wire interface. In the
M\N tungsten and steel wire composites we found that 1 vol %
T — to 5 vol % of the matrix was crystalline, (_jepending on
the sample. Figure 5 shows an SEM micrograph of a
steel wire reinforced composite sample. Two wires are
partially visible in the upper right and lower left portions
of the image. Crystals are clearly visible in the matrix
- on the interface with the wires. Nevertheless, the total
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FIG. 2. X-ray diffraction pattern of cross-sectioned uniaxially rein-

forced bulk metallic-glass matrix composites. Co radiation=( FIG. 3. SEM micrograph in backscatter mode of 80 vol% W
1.7902 A) was used. Percentages shown are nominal volume fractionvire/bulk metallic-glass matrix composite. Sample is polished slice
of reinforcement, and the balance is the metallic glass matrix. cut normal to uniaxial reinforcement.
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FIG. 4. SEM micrograph in backscatter mode. Same sample al g
reparation as Fig. 3. Lighter regions are W wire; darker region is
prep g ¢} J g (Vitreloy

continuous steel wire, and metallic glass reinforced with 60 vol %

matrix. Very dark regions are small crystallized portions of the matrix.
continuous tungsten wire.

wire reinforcement. Note that the unreinforced metallic
glass is elastic up to 1900 MPa, and shows no significant
plastic deformation. The composite reinforced with steel
wire has over 2% plastic strain and slightly improved
ultimate strength. The composite sample reinforced with
tungsten wire also has an increased ultimate strength, in
addition to nearly 16% plastic strain before failure.
Figure 7 is an optical micrograph of a porous pre-
form infiltrated with metallic glass. The preform is made
of silicon carbide particles sintered to 60% density.
Inspection of the micrograph shows full infiltration of
the preform by the metallic glass and apparently a

FIG. 5. SEM micrograph of 60 vol% steel-wire-reinforced bulk
metallic-glass matrix composite. Image from backscatter detecto
Wires appear dark, and matrix appears light. Small darker regions o
crystallized matrix are visible near wire reinforcement.

small dark regions directly on the wire/matrix interface
are most likely carbides resulting from the reaction be
tween elements in the matrix and carbon from the stee
Figure 6 is a stress-strain curve for samples pro
duced by these techniques. The samples were cylinde
6.35 mm in diameter, and approximately 12 mm long.
Pﬁg f?gal,Tgltseﬁo\\l/vvirefr:)iftli (fjt !{g r(fgrr::p;e::rﬁggg?luﬁgr:?':"; 7 Optical micrograph of SjC prefqrm infilltrated with bulk
. ! ! metallic glass. Dark regions are SiC, and light regions are amorphous
forced metallic glass, a sample with 60 vol % 1080 steeetal. Notice the infiltration of the melt into very fine features of the
wire reinforcement, and a sample with 60 vol % tungsterpreform and the absence of crystallized matrix material.
2899
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fully amorphous matrix. X-ray diffraction of this sample amorphous alloy, thus allowing the critical cooling rate
showed crystalline peaks only from silicon carbide.  to be reached in larger samples.
During the initial stage of processing, prior to infil-
tration, the metallic glass is preheated to the minimum
IV. DISCUSSION temperature required to remelt any residual crystalline
As mentioned previously, the choice of matrix com- particles present in the starting ingots. lahal. found in
position and reinforcement materials was largely mo-another bulk glass-former that preheating a few hundred
tivated by ease of processing. To take advantage adegrees above the melting temperature is necessary
the mechanical properties of the metallic glass in theo achieve maximum undercoolii§.The conclusion
composite, it is important to avoid crystallization of from that study is that crystallization of the melt is
brittle intermetallicst® Clearly, for quenching a sample controlled by nucleation of oxide particles; the preheat
from the melt, a low critical cooling rate is advantageousmust exceed the liquidus temperature of the oxides
and allows larger samples to be easily processed artd get maximum undercooling. We expect a similar
fabricated. Z; »Ti13gCU2eNiigoBes s has one of the phenomenon in the Zr-Ti—Cu—Ni—Be system. This
lowest reported critical cooling rates of any metallic study provided the motivation for the initial preheating
glass forming alloy. In addition, the low liquidus tem- step discussed earlier.
perature of the alloy allows processing of the molten  Under the given processing conditions, unreinforced
alloy at a relatively low temperature, and, accordingly,metallic glass samples are fully amorphous under x-ray
results in a minimal reaction between the matrix anddiffraction analysis. At higher temperatures, the viscosity
reinforcement. of the melt drops and the likelihood of exposing the
The extremely high melting point of tungsten reinforcement to the melt prematurely increases. At the
(3680 K) is consistent with both a small thermal effecttemperature of the preheat step, we found significantly
on the microstructure of the wire during processing andnore reaction between the reinforcement and matrix.
limited reactivity with the melt. Although the microstruc- In addition, even if the neck in the quartz tube suc-
ture of steel is not as stable at the processing temperaeeds in preventing contact between the melt and the
tures, the glass is tolerant of small additions of ifén, reinforcement, there is reaction between the melt and
making steel a good reinforcement material as well.  the quartz. Titanium, zirconium, and beryllium all form
The crystals in the matrix are most likely due to im- very stable oxides; all three are more thermodynamically
purities on the surface of the reinforcement. Preliminarystable than silicon dioxide per mole of oxygen. Thus,
analysis shows that dissolved reinforcement material isve expect the quartz to be reduced by contact with the
not a significant constituent of the crystals; howevermelt. This reaction is obvious in the final sample and
Figs. 4 and 5 clearly show more crystallization nearis responsible for the observed interlayer between the
the matrix-reinforcement interface. However, in the rein-composite and the quartz. This is unavoidable to some
forced samples, some crystals appeared in the matrix faxtent with this technique, but because we suspect that
away from any reinforcement material. No crystals wereoxygen is detrimental to the glass-forming ability of this
present in similarly processed unreinforced samples. Thalloy, we try to minimize this silica reduction reaction.
larger amount of crystallized matrix material in the steel ~ We chose the processing conditions to minimize
wire reinforced samples is most likely due to largerthe total reaction between the reinforcement and the
amounts of oxides on the steel than on the tungstemmatrix. In some cases, it is possible that some reaction
Identification of the crystalline phases present as welis desirable for optimal interfacial characteristics. For
as results of mechanical tests will be addressed in laténsufficient interfacial reactions, reaction time can simply
publications. be extended. Far more common is the problem of excess
Nevertheless, addition of reinforcements to a bulkreaction between matrix and reinforcement.
metallic glass can allow samples to be made larger than Conditions for the final stage of processing were
with the glass alone. The amorphous matrix material hashosen to allow sufficient time for full infiltration of
a thermal conductivity of about 0.035 W cmK™! at  the reinforcement by the melt with minimal reaction.
room temperature. We would expect a somewhat loweBecause of its higher viscosity, the glass-forming alloy
thermal conductivity for the undercooled melt, which is takes longer to infiltrate the reinforcement than conven-
the material of interest in determining critical cooling tional metal matrix materials do. At the temperature
rates. Tungsten and carbon steel have thermal conduof this processing step, the viscosity of the molten
tivities of 1.74 W cm! K™! and 1.0 W cm! K™!, alloy is about 4 Pa-§ By comparison, aluminum at
respectively’®> and remain solid during the processing. its melting point is about 1 mPa%3.Lower viscosities
The addition of higher thermally conductive materi- at higher temperatures would allow shorter infiltration
als in the composite allows heat to be removed fromtimes, but with increased reaction between the matrix and
the composite more efficiently than in the unreinforcedreinforcement. We found that there was more reaction
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between matrix and reinforcement at higher temperaREFERENCES

tures, despite shorter processing times.

The mechanical testing showed that the addition
of reinforcement can significantly improve certain me- 2
chanical properties in the composite over those of the
unreinforced metallic glass. For instance, the strain-
to-failure in the composite reinforced with 60 vol %
tungsten was nearly 16% at a strength higher than could

3

be sustained in the unreinforced metallic glass. Furthera.
5.

mechanical testing will be presented in later papers.
Although the two samples measured have low poros-

ity, we suspect this number may not be representative of,

all samples, particularly those of lower volume fractions. 7

More samples need to be measured to obtain a bettes.
9.
10.
11.

statistical sampling.

V. CONCLUSIONS

Composites with a bulk metallic-glass matrix cani12.
successfully be made by slow melt infiltration of the 13-

reinforcement. Given the right processing conditions

inforcement, and the matrix freezes to an amorphous

structure. Many reinforcement materials and geometrie&6é.

can be used successfully. The most easily processed
composites were reinforced with uniaxial tungsten an

steel wires, and silicon carbide particulate preforms. Theg

matrix material used was £r>Ti138CUo sNiigoBes s,

but this technique should be applicable with other bulkl9.

metallic glass alloys.
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