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ABSTRACT

Metallic materials play a vital role in the
development of advanced engineering systems
for industiiaI applications. In this paper, the
recent development of two metallic aUoy

families will be briefly reviewed: (1) ordered
intermetallics, and (2) bulk metallic glasses.
Clrdered intermetaIlic alloys based on
aluminizes and silicides possess many

promising properties for structural use at
elevated temperatures in hostile environments.

This is because these alloys have exceHent
oxidation and corrosion resistance, high
temperature strength, and relatively low
materiaI densi~y. Bulk metallic glasses
containing multiple alloying elemenls
constitute a new and exciting class of metallic
materials with attractive mechanical, chemicaI,

and magnetic properties for structural and
fhncticuud use. Recent development indicates
that bulk metallic glasses with high glass

forming ability can be readily produced by
conventional melting and casting techniques.

INTRODUCTION

As stated by Dr. Tadahim W&note,
President of NEC Corporation in Japan,

former
“Those

who dominate materiaIs dominate technology.”
It is true that, from jet engines to clean cars and

from battery materials to computer chips,

materials have aIways played a vital role in
developing advanced engineering systems. In

this paper, the recent development of’ two
metallic materials will be reviewed: (1) ordered
intermetallics, and (2) bulk metallic glasses

(BMGs). Both metallic materials possess

MetalIic glasses were first synthesized by Paul

Duwez and his co-workers in the 1960s;
however, a critical cooling rate of 10b K/s was

necessary for retaining the super-cooIed Iiquid
state to rcmrn temperatures. Because of this

requirement, only foils of -60 pm thickness
couId be produced. Limited progress has been

made in improving the glass forming ability
until multi-component alloys2 were deveIoped
in 1989. For the past decade, substantial

progress has been achieved in reducing the

unique properties for structural and functional
use.

C)rdered interrnetrdlic alloys based cm

alurninides and silicides possess attractive high-
temperature properties, including excelknt

oxidation and corrosion resistance, high yields
strength, and relatively low material density for
structural applications. 1 The yield strength of

conventional alloys decreases with increasing
test temperature; as a result, they become too

weak to be used as structural members at

suffkiently high temperatures. Many

interrnetallics, on the other hand, show a
striking mechanical behavior, i.e., their yield

strength increases, ra{her than decreases, with
temperature; they actually become stionger at
higher temperatures. However, the major

obstacle that limited their use as engineering

material was low ductiIity and poor fracture
resistance at ambient temperatures. For the past
decade or SD, substantial progress has been
made on both the understanding of brittle
fmcture and the design of ductile interrnetallic

alloys based on nickel, iron and titanium
aluminizes for structural use.



, critical cooling rates (to -10 K/s); as a result,

buIk metallic glasses with cross thickness >3
cm can now be readiIy produced by
conventional melting and casting techniques. 3,4

These 13MGs have unique physical and
mechanical properties for structural and
functional use.

BRIEF REVIEW OF RECENT PROGRESS

Intermetallic ailoys were considered to be

intrinsically brittle for a long time until in 1989

when Liu et al. first demonstrated that nickel

and iron aluminizes arc quite ductile and their
low tensile ductility and brittie tiacture was
mainly caused by environmental embrittkment

at ambient temperatures in moist air.5 For
instance, FeAl alurninide showed a low tensile
ductiIity of 21X0in air but as high as 18% in dry
oxygen at room temperature (Fig. 1).
Mechanistically, the embrittlernent involves the
inleracticm of Al atoms with moisture in air and

the generation of atomic hydrogen, and the

penetration of hydrogen at crack tips resuhs in
hydrogen-induced brittle failure. This
embrittlement has been observed in nickel

alwninide and other intermetallic ailoys.

The understanding of the cause of brittle

fracture has led to metallurgical methods to
improve the ductility of intermetallic ahys.

For instance, microalloying with ?3dramatically

improves the mom temperature ductility of
Ni3Al”aluminide.G Auger analyses indicates that
B has a strong tendency to segregate to NiJAl

grain boundaries and to slow down the inward
penetration of hydrogen, resulting in alleviating
the moisture-induced hydrogen embritdement,
Alloy design efforts have resulted in the
development of ductile and strong nickeI and
iron aIuminide alloys for structural use at
elevated temperatures. As shown in Fig. 2, the

yield strength of Ni3Al increases with test
temperature and it can be fi.u-ther improved by
alIoying with Mo, Cr, and Zr additions, The

comparison in Fig. 2 indicates that nickel

ahuninide alloys are much stronger that
conventional alloys such as stainless steel and

HasteIloy-X.

Dual-phase titanium alurninides based on TiAI
with kunellar structures have attracted a great

deal of interest for structural use because of

their extremely low material density and good
mechanical and metallurgical properties at
elevated temperatures,’ However, initial

application of TiAJ alloys had been limited by
their poor fracture resistance at ambient

temperatures. For the past 5 years, considerable
effort has been devoted to TiAl alloys and
significant progress has been achieved in
materiai processing, microstructure.1 control,

and alloy design. The tensile elongation is
mainly controlled by colony size, showing an
increase in ductility with decreasing colony
size. The yield strength, on the other hand, is
sensitive to interlameliar spacing. HalI-Petch
relationships hoId weIl for both yield strength
and tensile elongation at room and elevated
temperatures.’ The tensile elongation of -5%

and yield strength of -1000 MPa are achieved

by controlling both colony size and
interkm-dlar spacing. These TiAl aIloys are

comparable to strong Ni-base superdoys in
strength, but their density is only half that of
superalloy.

Ahhcmgh metallic glasses were first

synthesized by rapid solidification in early

1960s, the initirii use of these materials was
hindered by high manufacture cost and limited

sample size (-60 pm in thickness) because

extremely high cooling rates were required
(--1ObKfs). Breakthrough in design of metallic
glasses was first obtained in 1989 when bulk

quantities of material were successfilIy

synthesized with multi-element systems.z The
critical cooling rate of these BMGs containing
multiple aIIoying elements approaches that of

oxide glasses. The high glass forming ability of
BMGs can be related to the factors:4

(1) multiple elements, 23, (2) large atomic size
difference for constituent elements, usually

—



the decays of the isotopes 26AI, 44Ti, 57Nij and ‘°Fe have recently been completed
[8-10], and evaluations of several additional isotopes are now in progress. The new
evaluated half life (60 + 1 y) of 44Ti implies, for example, that approximately 10–4
solar masses of this isotope were ejected in the Cas A supernova explosion. This
smaller amount of 44Ti is easier to explain in terms of recent models of supernova
nucleosynthesis.

Temperature- and density-dependent weak interaction rates also play a key roIe
in determining both pm-supernova ste!lar structure, and the nucleosynthesis both
before and during the explosion. Theoretical calculations of such rates [11], used
for years in astrophysical models, are based upon nuclear physics and data from
twenty years ago. A new set of weak interaction rates for fp-shell nuclei, which
have improved agreement with (p,n) measurements, have been calculated by Shell
Model Monte Carlo techniques [12]. These new rates are now being put into formats
compatible with models of stellar explosions, and will be used in the near future to
determine their astrophysical implications.

R-MATRIX CALCULATIONS OF
REACTION CROSS SECTIONS

The cross sections of a number of reactions involving light elements (mass A <

16) that are of crucial importance to astrophysics can be calculated via R-matrix
techniques. New evaluated cross sections have been obtained for the reactions

13C(a,n) lGO [15] from R-matrix analyses3He(d,p}4He [13], 12C(cr,~)160 [14], and
of the 5Li, ’60, and ’70 systems, respectively.

The first of these reactions is important for the Big Bang. The new evaluated
cross section takes into account new experimental data for this reacticm, and results
in a reaction cross section that is about 9 % higher than the previous one [16] at

IOW energies. This implies increased deuterium destruction for Big Bang Nucle-
osynthesis. The second reaction is one of the most important reactions in nuclear
astrophysics - it determines the 12C / lbO ratio in massive stars, and determines
whether massive stars wil] collapse to neutron stars or black holes after supernova
explosions. The new evaluated cross section results in an astrophysical S-factor
(the cross section with the Coulomb penetrability and geometric cross section di-
vided out) of S(171) = 23 keV . b, almost a factor of 4 lower than another recent
analysis [17]. This implies a higher ~2C / 1%3 ratio than is ordinarily used for

13C a,n) ~bC)reaction is extremely importantmassive star evolution. Finally, the [
for the production of neutrons used for the synthesis of elements heavier than Fe

in the slow neutron capture process (s-process). The new evaluated cross section
results in a reaction rate that is more than an order of magnitude higher than the

previous rate [18] at low temperatures, which makes available significantly more
neutrons for the s-process from this reaction than was previously thought.

Recently, a new analysis of low-energy JV+lV scattering has been started utilizing
deuteron photodisintegration data in order to obtain an improved evaluation for



n + p capture in the region of importance for Big Bang Nucleosynthesis [19]. This
reaction contributes large uncertainties in the predicted abundances of primordial
deuterium and 7Li, and therefore of the Big Bang Nucleosynthesis constraint on the
baryon density of the universe - or, equivalently, the amount of normal (barycmic)
matter in the universe.

STATISTICAL MODEL CALCULATIONS OF
REACTION CROSS SECTIONS

The calculation of rmcleosynthesis and energy generation in supernovae and pre-
superrmva stars typically involves thousands of nuclear reactions, many more than
can be practically measured, even were the nuclei stable and only in their ground
states (neither is true in a supernova). In these situations, caJcuIations of reaction
cross sections (which are then converted into rates) are absolutely essential input
for astrophysica~ models. For isotopes with mass A > 24, the high density of
states in the compound nucleus means that most reactions involving the capture
or exchange of a single neutron, proton, or cwparticle (i.e., most of the reactions of
astrophysical interest ) can be treated using a statistical (Hauser-Feshbach) modeI.

A lengthy and thorough review of the Hauser-Feshbach cross section calculations
employed in modern studies of nucleosynthesis has recently been completed [20].
The study examines the sensitivity of the nucleosynthesis of intermediate mass el-
ements (28 < A < 80) in supernovae derived from massive stars to the nuclear
reaction rates employed in the model. TWO standard sources of reaction rate data
[21,22] are employed in pairs of calculations that are otherwise identicaI. Both in-
clude as a common backbone the experimental reactions rates of [18]. Two stellar
models of 15 and 25 solar masses are evolved from core hydrogen burning to a pre-
supernova state carrying an appropriately large reaction network, then exploded
using a piston near the edge of the iron core as described by [23]. The final stelIar
yields from these models calculated with the two rate sets are compared and found
to differ in most cases by less than a factor of two over the entire range of nuclei
studied (1 < Z < 30). Reasons for the major discrepancies are discussed in detail
along with the physics underlying the two reaction rate sets employed. The nuck-
osynthesis results are relatively robust and less sensitive than might be expected
to uncertainties in nuclear reaction rates, though they are sensitive to the stellar
model employed.

A new set of reaction rates based on Hauser-Feshbach calculations has been de-
veloped by Rauscher and Thielemann [24]. This will be adopted as a new standard
by both the WoosIeY and Theilemann groups and will constitute the source of theo-
ret ical reaction rates in future work that will reexamine nucleosynthesis in massive
stars [23] and galactic chemical evolution [25].



REACTION EVALUATIONS FOR
EXPLOSIVE HYDROGEN AND HELIUM BURNING

Stellar explosions such as novae and X-ray bursters are among the largest ther-
monuclear explosions known in the cosmos, Sequences of nuclear reactions - pri-
marily proton captures and (a,p) reactions - on stable and on proton-rich radioac-
tive nuclei are thought to power these events. These reactions generate enor-
mous amounts of energy and synthesize isotopes up to mass A N 40 (novae) and
A N 80-100 (X-ray bursters) [26]. Evaluation of crucial nuclear reactions, espe-
cially in the mass A <20 and 30< A <50 ranges, has been designated as a high
priority by an ad-hoc Nuclear Astrophysics Data Steering Committee [27].

Evaluations of two important reactions in novae and X-ray bursters - the
140(a,p)~7F and ‘7F(p,~)lsNe - have recently been completed, [28] These reac-
tions serve to bypass the slow 140 beta decay, alter the abundances of oxygen
isotopes produced in explosions, and potentially process CNC) nuclides up to iso-
topes with mass A >20. The new evaluation corrected an error as large as 13 YO in
the 17F{p,~) lBNe rate, gave the first complete expression for the 140( CY,p)17Frate
using all current experimental data, determined realistic rate uncertainties, and fit
the results using the two most popular rate parameterizations. The evaluations
are ako posted on the WWW, [29] Another project (in progress) is the evaluation
of the 18F(p,a) 150 and lgF(p,-y)lgNe reactions. The rates of these reactions help
determine the amount of CNC) nuclides in stellar material that may be processed
up to higher masses [via (p,?) ] or cycled back down to Iower masses [via (p,a)
]. The new evaluation is focusing on the contributions of known resonances in
lgNe above the lgF +p threshold, as well as those of six resonances expected from
the level structure of 19F but never seen in the lgNe compound system [30]. This
evaluation work for explosive hydrogen and helium burning is closely coupled to
a measurement program with proton-rich radioactive isotopes at ORNL’s Holifield
Radioactive Ion Beam Facility [31-33].

Another project vital to improve our understanding of explosive hydrogen burn-
ing is the evaluation of (p,~) and’ (p,cz) reactions on isotopes with mass 30-50. Cur-
rently, information on IeveI properties, resonance parameters, and cross sections are
being compiled for a number of such reactions - for example, 31P(p,~), 31P(p,a),
US3,SQ6S(P,7), and 3Z$V4S5S (pja) [34]. The next stage of this project involves or-
ganizing the compiled data - summarizing the references, producing tabular data+
and posting it on the WWW [35]. Procedures will be developed for calmdating
the proton capture strengths associated with these (p,~) and (p,a) reactions, and
searches will be made for possible missing low-energy proton resonances through
consideration of isobaric analog nuclei as well as transfer reaction [e.g., (3He,d)]
data. Depending on their parameters (resonance energy, spin, parity, total and

partial widths), such missing resonances can change reaction rates by orders of
magnitude. In addition to cahdating the reaction rates, procedures have been de-
veloped to caIculate the associated uncertainties in the reaction rates based on the



reported experimental uncertainties oft he resonance energies, strengths, and other
parameters. These uncertainties will aIso be organized and posted on the WWW.

EVALUATIONS FOR PHYSICS IN RED GIANT STARS

The re~ative abundances of the oxygen isotopes are an important diagnostic of
the conditions inside red giant stars. The abundance of 170 is particularly sensitive
to stellar mixing and convection caused by the extreme temperature dependence
of the two nuclear reactions that destroy 170, 170(p,a)14N and ~TCl(p,~)lsF [36].
This strong temperature dependence results from the properties of 4 resonances
near the ’70 +p threshold in 18F. Additionally, measurements of the ~70/la0 and
180 lBO ratios in pre-solar meteoritic grains have been used to determine the age/
of the Galaxy [37]. Interpretation of these isotopic ratio measurements is hampered
by uncertainties in the rates of the lTO(p,a) lAN and ~TO(p,~)18F nuclear reactions.

In order to better use the oxygen abundances as tracers of red giant convec-
tion and of the galactic age, improvements in these two reaction rates are needed.
There have been several recent measurements of the properties of these states, and
these results are being used in a new evaluation (in progress) of the 170(p,a)lgN
and ~70(p,~) lSF reactions. Careful consideration is being given to identifying and
quantifying the uncertainties in these rates, including contributions from weak res-
onances and interferences. Preliminary results for this evaluation have motivated a
new measurement of the 170(p,~)18F reaction [38] that addresses one of the most
significant remaining uncertainties in this rate. The results of this measurement
are currently being incorporated in the evaluation.

COMPILATIONS OF CHARGED-PARTICLE INDUCED
REACTIONS

Evaluations of charged particle-induced reactions are crucial in many areas of
nuclear astrophysics, and compilations of existing experimental data provide the
foundation for all evaluations. Unfortunately, the compilations for charged particle-
induced reactions are inadequate, lagging significantly behind those for neutron-
induced reactions. The National Nuclear Data Center is addressing this serious
problem by compiling charged particle nuclear data in references dating back to
1980, and entering it into the NNDC databases. Presently there are more than
3,700 such references entered onto the Cross Section Information Storage and Re-
trieval System (CSISRS) database [39], corresponding to approximately 700,000
data points. The CSISRS database contains a total of over 5 million data points,
with information including cross sections, angular and energy distributions, rem-
nance parameters, and polarizations, The format for the data is EXFOR, a world-

wide exchange format for experimental nuclear reaction data.



As part of this project, the NNDC is entering the experimental data used in the
JNARCRE collection of reaction rates [40] into the NNDC databases, and has en-
tered into a cooperative agreement with VNHEF (Sarov, Russia) whereby VNIIEF
will scan in data from figures in the articles when numerical data is unavailable.

DISSEMINATIONS OF NUCLEAR ASTROPHYSICS
DATA

The projects described in the above sections involve evaluations, calculations, and
compilations which expand and improve the nuclear physics information requred
for research in astrophysics. However, it is very irnportad to put this information
into user-friendly formats that may be easily incorporated into astrophysics models,
and to rapidly disseminate this work to the research community.

(he example of such dissemination work is the posting of one of the most impor-
tant reaction rate collections, by Caughlan and Fowler [18], on the WWW. This
is the first electronic dissemination [29] of the 160 reaction rates (with inverses)
contained in this collection. @oughly half of these rates have been updated by the
NACRE collaboration [40].) The utility of the original Caughlan and Folwer rate
collection was improved by making a graphical user interface and search engine
based on the chart of the nuclides, by adding GIF and Postscript pjots of each of
the rates, by developing a technique to automatically regenerate pIots to simplif~’
future modifications, by adding a downloadable FORTRAN subroutine of the rates,
and by calculating and posting temperature derivatives of the rates. Other sets of
reaction rates - for explosive hydrogen burning and for Big Bang nucleosynthesis
- are also posted on the WWW, as well as a Nuclear Astrophysics Bibliography

[29]. The bibliography is a useful resource for producing evaluations of nuclear re-
action and structure information important for astrophysics, It includes references
to astrophysical journals and reports which are outside the normal scope of Nuclear
Science References [41]. The first phase of this project, which includes over 1200
references, has recently been completed.

Clther dissemination projects include the posting on the WWW of reaction rate
calculations of Hoffman and WoosIey, of Thielemann and collaborators, other rate
collections, weak interaction rates, atomic masses, chemical and isotopic abun-
dances, and lists of astrophysics meetings [421.

SUMMARY

Several recent projects that address the nuclear data needs for astrophysics re-
search have been described. These projects include compilation of charged particle
data, evaluations of capture reactions on stable and unstable isotopes, calculations
of cross sections with statistical models and R-matrix theory, and dissemination of
this information on the WWW. These projects serve to improve the nuclear data



available for astrophysical studies of important phenomena such as supernovae,
novae, X-ray bursts, red giant stars, massive star evoIution, and the Big Bang.
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