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METAL-CERAMIC COMPOSITES FOR HOSTILE ENVIRONMENT 
APPLICATIONS 

Ersan Ustundag, Kurt E. Sickafus, Yi He, Ricardo B. Schwarz, Materials Science 
and Technology Division, Los Alamos National Laboratory, Los Alamos, NM 87545 
Prakash C. Panda' and Rishi Raj, Department of Materials Science and Engineering, 
Cornell University, Ithaca, NY 14853 

ABSTRACT 
We have developed a new metal-ceramic composite made from vanadium metal (V) 
and a non-stoichiometric magnesio-aluminate spinel ceramic. Three vanadium-spinel 
compositions, 40-60, 50-50, and 60-40 (by volume) were prepared by hot pressing 
mixtures of commercial powders. The properties of these composites were deter- 
mined by measuring coefficient of thermal expansion, hardness, elastic constants, and 
fracture toughness. Radiation damage studies were performed on 50-50 vanadium- 
spinel composite samples using 1.5 MeV Xe' ions, with samples held both at 20K and 
at room temperature. Room temperature irradiated samples exhibited very little 
change in microstructure, indicating that this composite has radiation damage resis- 
tance qualities such as resistance to volume swelling under particle bombardment. 
This feature, as well as other properties reviewed in this paper, suggest that vanadium- 
spinel composites are attractive structural materials for fusion reactor design. 

INTRODUCTION 
We report here on the development of a metal-ceramic composite for structural de- 
sign applications in hostile environments (neutron, energetic particles, etc.). The con- 
stituents of the composite are vanadium (V) metal and magnesio-aluminate spinel ce- 
ramic'. A potential application for this composite is as a first-wall material in a deute- 
rium-tritium magnetic fusion reactor (MFX). Three classes of materials are currently 
being considered for this application: (1) austenitic [ 11 and femtic/martensitic steels 
[2]; (2) vanadium-base alloys [3]; and (3) silicon-carbide/silicon-carbide (SiC-Sic) 

Also with Jupiter Technologies, Cornell Industrial Research Park, Ithaca, NY 14850. ' The spinel used in this study was non-stoichiometric with a nominal composition of 
MgO*xAl,O, (x-1.3). Alumina has a wide solid solubility in magnesio-aluminate 
spinel. The single phase spinel can form in the entire range of x=l to 5. This single 
phase solid solution is retained in metastable form when the material is cooled from 
the fabrication temperature. 



2 

composites [4]. We expect vanadium-spinel composites to exhibit a number of attrac- 
tive properties which may make them competitive with the materials described above: 

Good radiation resistance (e.g., absence of volume swelling during particle irradia- 
tion). Evidence for the radiation resistance of vanadium-spinel composites is pre- 
sented in this paper. 
High melting point composite. The melting points of the constituents are T,(V) = 
2180K [5] and T,(MgO*xAl,O,) = 2200 to 2400K [6]. Therefore, the high tem- 
perature mechanical properties (especially creep resistance) of this composite are 
predicted to be very good. The creep resistance of this material is expected to be 
superior to that of vanadium-base alloys due to the presence of the ceramic phase. 
Good thermal shock/fatigue resistance. The thermal expansion properties of vana- 
dium and spinel are well-matched. The mean coefficient of linear thermal expan- 
sion for vanadium (temperature range 300-1200K) is a = 10.53*10'6 R' [7], while 
for MgO*xAl,O, (temperature range 300-1200K)' a = 8.7010~ R' [8]. 
Good thermal conductivity, especially if the composite exhibits a contiguous metal 
phase. Selected thermal conductivity values in the vicinity of the design tempera- 
ture (-750°C for first-wall vanadium-base alloys [9]) are as follows: for vanadium, k 
(T = 7OOOC) = 38.6 W/m-K [lo]; for spinel, k (T = 1000°C) = 5.86 W/m-K 1111. 
High toughness and strength. We anticipate that vanadium-spinel composites will 
exhibit high fracture toughness and possess high-strength metal-ceramic interfaces. 
Our experience indicates that spinel bonds readily to metals, hence the latter prop- 
erty. As we will show later, the mechanical properties can be further optimized once 
we produce fine-grained composite microstructures and control the amount of im- 
purities present in vanadium. 

This paper presents the results of preliminary irradiation and characterization experi- 
ments on vanadium-spinel composites and examines the merits of these new materials 
for fusion reactor applications. 

EXPERIMENTAL PROCEDURE 
Vanadium powders were obtained from Goodfellow Corporation' with 99.7'% purity. 
The maximum particle size of the vanadium powder was 45 pm, while the average 
particle size was in the range 5-15 pm. A chemical analysis of the vanadium powder 
revealed the following impurities (in ppm by weight): A1 100; Ca 4 0 0 ;  Fe 100; Mg 
~ 1 0 0 ;  Zr 100. Magnesio-aluminate spinel powder was obtained from Alcoa', with 
composition MgO*xAl,O, (x-1.3), and with 99.99'% purity. The average spinel par- 
ticle size was about 10 pm. Typical impurities in chemical assays of the spinel pow- 
der include CaO (c0.3 wt. '?@, Fe203 (cO.1 wt. %), SiO, (<0.06 wt. %), and Na,O 
(<0.15 wt. %). Vanadium and spinel powders were mixed in volume proportions of 
40-60, 50-50, and 60-40, wetted with a few cc of isopropanol, and milled with zir- 
conia balls using a vibratory mill for two hours. Henceforth, these sample composi- 

Thermal expansion of spinel is not seen to be a strong function of its stoichiometry 
in the range of x present in our material [8]. 
' Goodfellow Corporation, 800 Lancaster Ave., Berwyn, PA 19312-1780 

Alcoa Industrial Chemicals Division, P.O. Box 300, Bauxite, AR 7201 1 
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tions will be denoted 40-60 vanadium-spinel, etc. The powders were then loaded into 
graphite dies lined with grafoil' and hot-pressed in an argon atmosphere using a load 
of 14-21 MPa in the temperature range 900-1550°C (900°C was the initial tempera- 
ture and 1550°C the final temperature during hot pressing). The hot-pressing tem- 
perature was maintained in the range 1500-1550°C for one hour. The grafoils used 
for hot pressing were lined with boron nitride. The surfaces of the pellets produced 
by hot pressing were ground to remove any graphite and carbide layers formqd dur- 
ing heating. Pellet densities were then measured using the Archimedes' Method (see, 
e.g., [12]) and the results are shown in Table I. 

Table I. Vanadium-Spinel Sample Compositions and Particle Sizes Before Hot 
Pressing, and Sample Densities Following Hot Pressing 

The coefficient of linear thermal expansion (CTE) of one of the 50-50 composites 
(VS- 1) was determined employing a Perkin-Elmer dynamic mechanical analyzer 
(DMA-7) operated in the expansion mode. A parallelepiped-shaped specimen of 
about 1.2x1.2x7.5 mm dimensions was used and two heatingkooling cycles were 
completed with a maximum temperature of 475°C in air. 
The elastic constants of the same material were measured by a resonant ultrasound 
spectroscopy (RUS) technique. The RUS technique is a non-destructive technique 
based on ultrasonic excitation and measurement of the mechanical resonant frequen- 
cies of a small sample having a regular shape [13]. The material was assumed to be 
isotropic, with two independent second-order elastic stiffness constants: C,, and C,. 
The specimen used in our RUS measurements had dimensions of 1.276~1.330~2.356 
mm. The elastic constants of the other three composites were measured using the 
pulse-echo ultrasonic technique (see, for example, [ 141). 
Hardness testing was performed on a Nikon QM-2 High Temperature Microhardness 
Tester under a vacuum of about lo4 Pa. A sapphire Vickers indenter tip was used at 
loads varying between 200 and 1000 g. The measurements were done from room 
temperature to 800°C. This tekperature was chosen to avoid oxidation in vanadium. 
Five indents were made at each temperature. In addition to the VS-1 composite, we 

Grafoil"', UCAR Carbon Co. Inc., P.O. Box 94637, Cleveland, OH 44101. 
Obtained using a 'rule of mixtures.' If a rule of mixtures is applicable, this implies 

that there is no reaction product between the vanadium and spinel. The vanadium 
content appears to be about 3 vol. % more than the compositions specified in Table I. 

t 



also tested a commercially-pure vanadium sample and a hot-pressed spinel specimen 
with similar stoichiometry as that in our samples. 
The fracture toughness of the other three composites were determined using the 
Chevron notch technique [ 151 in three-point bending. A screw-driven testing ma- 
chine (Instron 1125) operated under constant cross-head speed was used to apply 
load on a bending fixture with 8 mm span. Cross-head speeds varied between 0.005 
m d m i n  and 0.025 m d m i n  for different tests, but no effect of cross-head speed was 
observed on fracture toughness. Four bars from each composite with dimensions of 
2.25~2.25~11.6 mm were tested. The Chevron notch was -0.15 mm wide and its tip 
was -0.68 mm away from the lower edge of the specimen yielding an a,, of -0.3 and 
an a, of -1.0 [15]. The fracture toughness was calculated using the “peak-load- 
technique” which employed the analytical expression developed by Wu ([16], see 
also [ 171). A commercial polycrystalline alumina’ with known properties was also 
tested to check the setup. The fracture toughness of the alumina was 4.55 MFa.rnln, 
close to the literature value of 4.50 MPa.m’” [17]. 
Transmission electron microscopy (TEM) samples were produced by mechanical and 
ion thinning. These samples were then examined using a Vacuum Generators 
HB601UX STEM (scanning “EM) operating at 100 kV. Chemical analyses of the 
samples were performed on the STEM using an Oxford Instruments-Link energy- 
dispersive X-ray spectrometer (EDXS). Additional microstructural characterization 
was performed on a CamScan scanning electron microscope (SEM) at 20 kV. 
Selected 50-50 vanadium-spinel TEM samples (VS-1) were irradiated with 1.5 MeV 
Xe’ ions at a dose rate of 4.3.10” Xe cm-2 s” using the HVEM-Tandem Facility at Ar- 
gonne National Laboratory [18]. The maximum dose obtained in this experiment 
was 1.0*1Ol6 Xe ern-'. Periodically during the irradiations, the samples were inspected 
in-situ, using both E M  bright-field and selected-area electron diffraction modes, 
with the electron microscope operating at 400 kV. Two irradiation experiments were 
carried out: one irradiation at room temperature, nominally -300K, and a second ir- 
radiation at 20K. The details of this experiment are described in a separate publica- 
tion [ 191. Simulations using the Monte Carlo ion transport code TRIM [20] indicate 
that at a depth of 50 nm in spinel, the component of damage due to atomic displace- 
ments is about 1 displacement per atom (dpa) per 10’’ Xe ions cm.* in spinel and 1.7 
dpa for vanadium. 

~ 

RESULTS 
Microstructures and Effect of Irradiation 
Fig. 1 is an SEM image of the ,cross section of composite VS- 1. The vanadium parti- 
cles have a bimodal size distribution, where large particles (-10-50 pm diameter) are 
seen together with much smaller ones (4 pm diameter). In all the composites stud- 
ied, the volume fraction of vanadium was well above the percolation limit (-17 vol.%) 
as confirmed by electrical conductivity measurements. A high magnification view of 
the same sample is shown in Fig. 2 where small vanadium particles and a large num- 
ber of twins are observed inside the vanadium grains. The origin of these twins is un- 

AD998E grade, 99.8% pure, from Coors Ceramics Co., Golden, CO. 
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known at present, but they ceuld form during cooling from the hot pressing tem- 
perature due to the CTE mismatch between vanadium and the spinel matrix. Their 
presence, however, indicates the possibility of brittle behavior in vanadium which will 
occur if the ductile-to-brittle-transition temperature (DBTT) of the metal has been 
increased to the room temperature level from its normal value of about -150OC to 
-200°C [21]. This point will be further discussed in the next section. 
The E M  investigations show that there are no reaction products at the interfaces be- 
tween vanadium and spinel particles (see [19] about details). Some pores were evi- 
dent at grain boundaries in the spinel phase and in addition, pockets of an amorphous 
or glassy phase (up to 1 pm in size) were found scattered throughout the microstruc- 
ture. The glassy-phase pockets were rich in some of the impurities found in the initial 
powders, such as Fe, Ca, and Si. Phosphorus (P) was also found in the glassy pockets. 
However, it was not present in the particle assays. 
EDXS analyses on the same specimen indicate that significant quantities (several at.%) 
of at least two impurities, P and Ca, are segregated at spinel grain boundaries [19]. It 
is likely that the segregation of these species to grain boundaries is linked to the for- 
mation of the glassy-phase pockets. These impurities possess limited solubility in 
both vanadium and spinel; hence, they are exsolved and accumulate at grain bounda- 
ries and triple junctions. There was also some vanadium dissolved in spinel grains (on 
the order of several at.%). 
To assess the radiation damage resistance of these composites, a TEM sample of com- 
posite VS-1 was irradiated at -20K with 1.5 MeV Xe' ions to a fluence of 5.0*10'5 Xe 
cme2. All of the grains in this sample retained their crystallinity for an ion dose which 
corresponds to about 5 dpa at a depth of 50 nm in spinel and to about 8.5 dpa in va- 
nadium. However, the grain boundaries and the boundaries between vanadium and 
spinel did not exhibit similar resilience. All of the interfaces between particles appear 
to have been preferentially sputtered during the irradiation (see [19] for details). 
Another TEM specimen from the same material was irradiated at room temperature 
(-300K) with an ion fluence of 1.0*10'6 Xe cm.2. This corresponds to about 10 dpa 
at a depth of 50 nm in spinel and to about 17 dpa at a similar depth in vanadium. It 
was found that the microstructure of this vanadium-spinel composite is unaltered by 
the room temperature irradiation [19]. All of the crystalline grains before Xe' irra- 
diation are still crystalline afterwards, while the glassy pockets remain amorphous 
following Xe' exposure. The interfaces between vanadium and spinel appear to resist 
alteration during irradiation, in contrast to the preferential sputtering phenomenon 
observed at interfaces during the 20K Xe' irradiation. The sizes of the microstruc- 
tural features are approximately the same before and after irradiation and there is no 
evidence for the appearance o f  microvoids following irradiation. The only apparent 
changes in microstructure aft& irradiation are (i) a decrease in the contrast of the 
chevron-like twinned structure in large vanadium grains (Fig. 2); (ii) a diminished 
bend-contour contrast in spinel grains; and (iii) the appearance of mottled "black- 
spot" contrast in spinel grains. Though the glassy pockets appear unaltered by irra- 
diation, they are undesirable from the perspective of optimized mechanical perform- 
ance. In future vanadium-spinel synthesis experiments, efforts will be made to elimi- 
nate these amorphous inclusions, as well as to reduce the concentration of the impuri- 
ties that segregate to grain boundaries. 
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Properties 
The average value of the CTE of composite VS-1 between 50 and 475°C was deter- 
mined to be 8.74010~ K'. This number compares well with the rule-of-mixtures pre- 
diction of 8 .96010~ K' derived from the published CTEs of vanadium and spinel 
[7,8] for the same temperature range. However, when the CTE data are plotted 
against temperature (Fig. 3) it is observed that the composite CTE initially follows the 
spinel line, but it approaches and crosses the vanadium CTE curve at higher tempera- 
tures. One possible explanation for this behavior is the dissolution of oxygen in va- 
nadium, which can reach values exceeding 6 at.% at 600°C [22]. This would cause an 
expansion in the vanadium lattice. Additional experiments under vacuum and at 
higher temperatures are planned to resolve this issue. 
Hot hardness data obtained from the same composite, together with that from a pure 
vanadium and a hot-pressed spinel, are shown in Fig. 4. Vanadium is seen to behave 
like a typical pure metal which shows an Arrhenius-type temperature dependence for 
its hardness. The hardness of spinel, as expected, varies less with temperature and its 
value of -7 GPa at room temperature is somewhat lower than that reported in the lit- 
erature (-14 GPa, [23]). The hardness of the composite falls between the two. How- 
ever, its room temperature hardness is about 5 GPa which is much higher than that of 
various vanadium-base alloys (-2-3 GPa at that temperature [21]). From this it can 
also be concluded that the high-temperature strength of the composite will be supe- 
rior to that of vanadium-base alloys. 
From the RUS measurements, the two independent elastic constants of the VS-1 com- 
posite were determined to be (in GPa): C,, = 302 and C, = 84.3. Other elastic con- 
stants: Young's modulus = 220 GPa, bulk modulus = 189 GPa, and Poisson's ratio 
= 0.306. The elastic constants of composites VS-3, VS-4, and VS-5 were obtained by 
the pulse-echo method and the results are given in Table 11, together with the rule-of- 

1.40E-05 
1.30E-05 
1.20E-05 

2 1.10E-05 
Y 1.00E-05 
w 9.00E-06 
5 8.00E-06 

7.00E-06 
6.00E-06 
5.00E-06 

\ 

200 400 600 800 1000 1200 
Temperature (K) 

Figure 3. Variation of the CTE of composite VS-1 with temperature as compared to 
literature values of vanadium [7] and spinel (MgO*xAl,O,) [8]. 
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Sample E",,, 
ID (GPa) 

v s - 3  270 
v s - 4  245 
v s - 5  227 

0 200 400 600 800 1000 1200 

Temperature (K) 

Epred. vmeas.  Vprcd. Kk 
(GPa) (MPa.mIR) 
218 0.274 0.306 2.66 
203 0.283 0.315 3 .OS 
188 0.274 0.325 3.33 

Figure 4. Vickers hardness vs. temperature. Loads, for vanadium and composite: 
1000 g; for spinel: 500 g. 

mixtures predictions. The predictions are based on the following values from litera- 
ture: vanadium, E = 128 GPa, v = 0.365 [24]; spinel (stoichiometric, MgAl,O,), E 
=278 GPa, v = 0.266 [25]. There is a relatively good match in the value of the 
Young's modulus for the two 50-50 composites (VS-1 and VS-4) considering the 
fact that they were obtained using different techniques. It is seen that all the Young's 
modulus predictions are underestimates. Although it is known that the modulus of 
spinel (MgO*xAl,O,) increases by up to 10% with x [26], the increase observed in our 
specimens is larger; however, the reason behind it is presently unknown. 
The fracture toughness values shown in Table I1 are lower than expected, although 
they still represent significant improvements over the fracture toughness of mono- 
lithic spinel (-1.4 MPa.m"*, [27]). It should also be noted that the "maximum-load" 
version of the Chevron notch;technique is known to provide a lower estimate of the 
fracture toughness compared to other methods (see [17] for details). It is clear, how- 
ever, that the ductile phase toughening provided by vanadium is insufficient. Obser- 
vations of the fracture surface provide clues about the reasons behind this behavior. 
We have seen that fracture mainly occurs at vanadiudvanadium and spineVspine1 in- 
terfaces, but rarely along vanadiudspinel interfaces. This observation indicates that 
the vanadiudspinel interfaces are strong as reported in other investigations of metal- 
spinel composites [28]. As can be seen in Fig. 5, there is intergranular fracture in va- 
nadium together with cleavage in large grains. Combined with the observation of 
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Figure 5.  SEM image of the fracture surface of a specimen from composite VS-3 
(40-60). The bright phase is vanadium. 

twinning in vanadium (Fig. 2), this points to a relatively brittle behavior of vanadium. 
In other words, the DBTT of vanadium may have been raised to room temperature 
levels. In that case, the dominant deformation and fracture behavior of vanadium un- 
der ambient conditions would be twinning and cleavage [21]. It is well known that 
impurities such as H, 0, N, B and C can profoundly affect the mechanical properties 
of vanadium, even when they are present at several hundred ppm levels, and can sig- 
nificantly raise the DBTT [21]. Studies are underway to determine the amount of 
these impurities present in our composites. 
Another interesting observation on fracture surfaces is indicated in Fig. 6. Here, in 
addition to intergranular fracture in the spinel phase, a small vanadium particle is seen 
to have “necked” and partially debonded along the vanadiudspinel interface. Such 
a behavior, if it had been more common, would have led to a ductile-phase toughen- 
ing increase. Recent studies on metal-ceramic composites [29] suggest that maximum 
toughening by the metallic phase is realized when small (-1 pm diameter) metal par- 
ticles are distributed in a ceramic matrix with which they form a strong interface. 
This fact is supported by the observation in Fig. 6. We have, therefore, ongoing ef- 
forts to produce vanadium-spinel composites with finer metal particles which employ 
mechanical alloying to decrease the initial metal particle size [30]. 

CONCLUSION 
A new metal-ceramic composite has been developed consisting of a mixture of vana- 
dium and magnesio-aluminate spinel, It has properties that make it an attractive 
structural material in hostile environments such as the first wall of a magnetic fusion 
reactor. In this paper, it was demonstrated that a 50-50 volume mixture vanadium- 

\ 
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Figure 6. Fracture surface SEM image of a specimen cut from composite VS-3 
(40-60). The bright phase is vanadium. 

spinel hot-pressed composite sample experienced little or no microstructural evolu- 
tion following a heavy ion (Xe) dose of between 10-17 dpa at room temperature. 
This result indicates that vanadium-spinel composites may possess high resistance to 
radiation-induced damage phenomena such as volume swelling. possibly due to some 
thermally-activated recovery mechanisms. The observed radiation resistance of vana- 
dium-spinel composites was anticipated to some extent, based on the known radiation 
resistance properties of the constituents. MgAI,O, single crystals have survived neu- 
tron exposures of up to 250 dpa and exhibited virtually no change in physical dimen- 
sions or elastic properties [3 13- Moreover, vanadium-base alloys are distinguished for 
their swelling resistance, especially V-Cr-Ti alloys which have projected lifetimes for 
swelling > 250 dpa [3]. If the radiation resistance of vanadium-spinel composites 
persists at the higher fusion first wall design temperatures (-75OoC), then vanadium- 
spinel structural composites may constitute attractive alternatives to the conventional 
first wall design materials. Vanadium-spinel composites are also attractive because of 
the high melting points of the constituents (which should enhance high temperature 
mechanical properties), the matching coefficients of thermal expansion of vanadium 
and spinel (which will increase the thermal shocWfatigue properties of the composite), 
their good thermal conductivity (based on the vanadium constituent), and the poten- 
tial for high-toughness composites with strong interfaces. Our hot hardness meas- 
urements indicate that the composites have better high temperature strengths com- 
pared to vanadium-base alloys. Similarly. there was a significant improvement in the 
fracture toughness of the composite over that of monolithic spinel. However, the 
coarse vanadium microstmcture and possibly the presence of impurities in i t  preclude 
the attainment of a higher fracture toughness. Our future studies will concentrate on 
microstructure control to enhance the mechanical properties of these composites. 

, 
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