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Impact of ion irradiation on the thermal, structural, and mechanical properties
of metallic glasses

S. G. MayF
I. Physikalisches Institut, Georg-August-Universitat Gottingen, Friedrich-Hund-Platz 1, 37077 Géttingen, Germany
(Received 14 September 2004; revised manuscript received 22 November 2004; published 18 April 2005

The impact of ion-beam irradiation on the thermal, structural, and mechanical properties of metallic glasses
is investigated using the model glass, CuTi, in molecular dynamics computer simulations. It is found that
ion-beam bombardment successively modifies the compositional and structural order toward a universal steady
state, which proves to be independent of the initial relaxation state and thermal history of the unirradiated
sample. This is reflected by key materials properties, including enthalpy, structural and compositional short-
range order, as well as Young’s modulus and fracture behavior. The results are interpreted within the frame-
work of competing dynamics, where radiation-induced plastic relaxation counteracts ion-beam disordering.
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[. INTRODUCTION impossibility to atomically resolve modifications in the
glassy matrix. Resistivity measurements during ion-beam
For more than 50 years$ ion-beam interaction with mat- hombardment of metallic glasses indicate severe structural
ter has attracted high scientific interest, where the main focugodifications® However, it seems greatly impossible to map
was lying on defect generation, modification of mostly crys-resistivity changes to structural rearrangements or defects be-
talline metals and semiconductors, as well as ion implantacause of the complexity of the phenomena. In a simulation
tion. Despite this rather long history, ion beams continue tayork, Mattila et al3 addressed a related issue by consider-
be an exciting tool, especially for applications with new ma-ing a single irradiation event in an icosahedrally ordering
terials and nanoscale-structured matteee Ref. 3 for an system, where the order was initially destroyed and subse-
overview. Within this scope, ion beams basically constitute quently partly restored within the course of a single thermal
a tool for locally generating a thermodynamic activation, spike.
which is capable of materials modification, and subsequently We employ MD computer simulatiotsusing realistic in-
relaxes back toward a local, often metastable, equilibfium.teratomic potentials for the model glass, C&Tito bring
This idea is being extensively studied within the frameworkmore light into this exciting issues of radiation-induced
of driven systems. structural modifications. It is expected that such simulations
The present work investigates a related topic, viz. ion-are highly realistic, as they have proven to model radiation-
induced modifications of the thermodynamic, structural, andnduced materials processes in crystalline and amorphous
mechanical properties of metallic glasses from an atomistignetals even quantitatively corrett:1617One of the main
point of view, using molecular dynamio§/D) computer  underlying reasons is the possibility to fully cover the time
simulations. Since the development of new glass-forming alscale of a collision cascade in MD simulations, if low
loys, metallic glasses have become increasingly popular duenough base temperatures of the simulation cell are chosen.
ing the last decade—from a scientifically fundamental pointThis is in complete contrast to thermally activated relaxation
of view and also as engineering matefi#llhen an ion beam processes in glasses, which require extraordinary long simu-
hits a glassy metallic solid, the ion-solid interaction in the|ation runs to cover all relevant materials processes and are
early stages of the collision cascade is comparable to its crygonsequently performed in very small simulation céfls.
talline counterpart. However, because of the random nature The paper is organized as follows: After reviewing the
of glassy matrix and the absence of lattice constraints, actidetails of the simulation procedures in Sec. Il, thermody-
vated entities in the glassy solid, such as defects or molteRamic aspects are treated in Sec. Ill, followed by radiation-
zones, are expected to rearrange pretty freely during relaxnduced structural modificatior(Sec. I\V) and the investiga-
ation or resolidification, respectively. If stresses are appliediion of the mechanical propertiéSec. \J. Finally, the results
these effects can lead to plastic deformatidhyhich can be  are discussed in a broader context in Sec. VI, followed by the
utilized for surface smoothenifjor stress modificatioh in conclusion and an outlook.
amorphous thin films. Internal structural relaxation in metal-
lic glasses because of thermodynamic driving forces is ex-
pected to be closely related to plastic relaxation under exter-
nal forcing, in the case of annealing treatment, as well as ion MD simulations® are performed using the interatomic
bombardment. In fact, for the thermal case, an internal visembedded atom meth8dEAM) potentials, as parametrized
cosity can be successfully introduced, which governs strucky Sabochick and Lart®. The long-range cutoffs were cho-
tural relaxation, in close relation to the shear viscoSityn-  sen as described in the original publication, while the short-
der ion bombardment similar effects are expected. They argange pair interactions were splined to Ziegler-Biersack-
however, experimentally hardly accessible because of theittmark universal potentials the corresponding electron

II. SIMULATION METHODS
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densities were smoothly joined away using third-degredions, as well as by monitoring the presence of a glass tran-
polynomials, as described befdre. sition in the enthalpy and volume during quenching and
Glassy simulation cells are prepared by quenching fronsuccessive annealing. In the present study, amorphicity was
melt at variable rates and zero pressure. Additionally, fomaintained independent of the treatment. Generally, the
comparison, a most completely relaxed reference cell is obstructural information that is provided by the radial distribu-
tained by successive heating and quenching cycles. Duringon function (RDF) is rather limited. Depending on the re-
these quench runs, the temperatures and pressures of all gliirements, therefore, various differently sophisticated meth-

oms are controlled via BerendSémemperature and pressure o4 have been proposed to decompose the first coordination
controls, respectively. lon irradiation is simulated by succesgpq)l to obtain additional informatic®-3! In the present

sively assigning randomly directed velocities of the specifie ork, the main interest lies on the comparison of the amor-

kinetic energy to randomly selected recoil atoms of rando ] ; ., ;
type, while periodic boundary conditions are maintained irr:bhous short-range orddSRO with specific energetically

all spatial directions. This approach guarantees a homogé.@vore.d crystallinefcc, hep, beg or icosahedralico) con-

neous damage distribution throughout the whole cell at hig {igurations. Therefore, gﬁ‘e. structural order parametgras

enough doses, while primary iofisriginating from outside introduced by Zhwet al,* is employed

the samplgand all effects related to them, other than causing . /12

a collision cascade, are omitted. This allows us to focus P(K) = 2i[é’k(')_‘gk(')]
- S - .

solely on radiation-induced structural changes introduced by Ei [640) - ) T2

energetic impacts, excluding surface and impurity effects.
Although this is surely an idealized situation, it can eXpe”'Hereﬁk(i) denotes théth smallest angle formed with atokn
at the vertex and its two neighbor aton®, is the same

1)

mentally occur in that portion of volume that is located far
enough apart from the open surface and the implantation : . . .
depthg of t%e primary ionsp respectivelg.g., inside g thin duantity for the perfect lattice, ang(i)=[2ai/My(yy1)]

films, where the primary ions are implanted into the sub-is the unifprm angular disFributiomnnb is the number of
stratd. The number of atoms in the simulation cell was nearest neighboysSystematic tests showed that although the

scaled with the maximum recoil energy to prevent any con-V"’lIueS Of Py, for f.C(.:' hep, be, af‘d Ico s.hell's are to some
siderable heating of large fractions of the cell. As rule Of_degree (_:oupled, Itis cle_arly possible to discriminate t.hem by
thumb it was assured that more than 35 atoms were presemt(r)ogg(]f'ng an aaproprlaée CL.’tOﬁ’ hCTIOSﬁ n as OHZE;:PH q
per recoil-introduced electron volt. During simulated ion ir-; -2 Tor a specilic cq]?r Ination shell, then it is defined to
radiation, only the outermost two rows of atoms of the cells ave an order as speci '?.d . .

were damped to the desired temperature, using, again, a Be- Additionally, compositional changes in the nearest-

rendsen temperature control. It was, however, assured thggig_hbor_ shell are monitored by calculating its average com-
neither any recoil nor energetic atom from within the colli- position in dependence of the type of the central atom, Cu or

sion cascade reached the thermostated regions. This proc :T determi ific bhysical . h th
dure thus simulates the heat flow from the cell into an infinite_ ' © G€€rMINE SPECIiic physical properlies, such as the

surrounding crystal. The strength of the temperature couplingOung S mOdeMSEgr t.r:ﬁ fracture_btehiwor,dmore swg_t:_latlon
was chosen to maximize energy absorption and minimiz uns are performed with appropriate boundary conditions, as

shock-wave reflections/transmissions at the boundé”ries.W?" as temperature and pressure controls enabled. To deter-
Electronic stopping was incorporated as a frictional force,m'ne E the C(.a" is loaded with 0.1 GPa and zero stress, re-
which affects all atoms with a kinetic energy eXceedingspectlvely, using a Berendsen pressure control with periodic

10 eV; it was based on the SR¥stopping powers. During boundaries employetf. To determine the fracture behavior,

the lifetime of each individual recoil cascade, the cell bound—StreSS'Straln curves with open boundaries/y and periodic

aries were fixed to prevent artifacts caused by an oscillator?oun_dai'es 'Pl ther direction are utilized, using the strain
response of the pressure control. This approach slightly ove ate, ;=5 ns™.

estimates the pressure during a volume cascade in compari-

son to the exp_erimenf[al situation, where the surro_unqling lat- IIl. THERMODYNAMIC PROPERTIES

tice may elastically yield. However, test runs on individual

recoils, which were performed at various hydrostatic pres- Liquid simulation cells are quenched from 6000 K down
sures(—4, 0, and 4 GPaand cell sizes, did not show any to 10 K at zero pressure with variable cooling rafesang-
influence on the properties investigated within the currening from 0.5 to 150 K/ps. The cell prepared witR
scope?® Before starting a succeeding recoil, the pressure iss0.5 K/ps is almost identical to the perfectly relaxed refer-
optionally equilibriated toward zero—the omission or inser-ence cell (see Sec. )l The corresponding fictive
tion of this step enables us to simulate isochoric and isobaritemperature$-3* of the liquid-glass transitions are obtained
conditions, respectively. However, for metallic systems, theby the intersection points of the mutually extrapolated en-
results proved to be identical. In analogy to crystallinethalpy and volume curves from the liquid and glassy sides,
samples, the damage is characterized by the displacementspectively, and are found in the interval, 463—618 K. The
per atom (dpa, which are determined from the onset of the liquid-glass transition occurs &715 K for
Kinchin-Peas# expression, using the displacement energycooling down with any of the investigated rates. Figures 1
10 eV, as determined befotd he amorphous nature is veri- and 2 show the resulting enthalpies and volumes per atom,
fied by calculating the radial and angular distribution func-respectively, as determined at 10 K directly after quenching.
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FIG. 1. Enthalpies of a-CuTi as a function of quench rate before . . . .
and after ion bombardment with different energies and d¢Fes FIG. 3. During bombardment with 1 keV recoils, the enthalpies

=10 K). For high enough doses, a universal steady state is reacheoci differently prep argd system_s converge exponentially ‘OW?“O' a
(dashed ling which is independent of the thermal history of the steady state, which is greatly independent of the thermal history.

glass, as well as the ion energy. The solid line is a fit to the enthalp)-)—he solid lines are exponential fits.
directly after quenching, assuming a logarithmic dependence on the
cooling rate; the other lines are merely guides to the eye. R=R, e 5/KTp, (3)

Both curves can be reasonably well fitted by assuming &ith constant®R, andE,.

logarithmic dependence on the rdte In the following we first focus on the modification of the
enthalpy levels due to ion bombardment with 1 keV recoils
In<5> =— c , (2) at10K, as shown in Fig. 1. As a main result, relaxation is
Ro X=Xo observed in systems that were initially quenched wih

. ~0.04 K/fs or higher, while increasing enthalpies occur in
whereX denotes either the enthalpy or the volurég andRy the case of more relaxed samples. For high enough doses, a

correspond to some arbitrary reference rate, @nsla fitting steady state is observéd ~-4.246 eV, dashed line in Fig

constant. This is based on the observation, that below th@' which is reached only by systems quenched wih

glass transition both, enthalpy and volume, usually depen 0.02 K/fs when loaded with 0.095 dpa. More relaxed con-
linearly on the temperature with identical slopes and ar(?T ’ ) :

merely shifted in dependence of the thermal history. This gurations require higher doses, which is shown in Figs. 1

shift is generally proportional to the shift of the fictive tem- and 3. It is interesting to note, that an initial quenching rate
peratureT,, which depends logarithmically on the cooling of 0.04 K/fs exactly reproduces the enthalpy of the steady

ratel2.35 state, which does not reveal any further modification under
recoil bombardment. A detailed analysis of the simulation
cell during 1 keV recoils clearly shows the presence of

14.48 7 ' ' melted regions in the sense of thermal spikes, which are not
i 4 0.095dpa (1keV) 0.2 @ significantly expectelf for the lower recoil energiésas in-
<"E‘ 14.4414 o, vestigated in Fig. 1. Nevertheless, even a sufficiently high
Q 01 ¢ amount of 20 eV recoils is capable of driving the system
£ 14.40] a exactly towards the same steady state enthalpy, which there-
o [ 0.0 @ fore seems to be universally determined only by the sample
< I v a temperature. It is generally found, that the enthalpy con-
o 14.40( -% verges toward steady state with a decaying exponential as a
S r — 01% function of dose ® (see Fig. 3 i.e.,, H=Hy+H;
S 4438 &b A A L exp(-®/dy), whered, is independent of the recoil energy,
[ x as quenched BB A JgoF when measured in displacements per atom, and depends
14.361 . . solely on the initial relaxation state of the system. In fact, we
0.00 0.05 0.10 0.15 carried out cqmparable sjmulgtions at 300(Kot shown
Quench rate [K/fsec] here and obtained almost identical enthalpy and steady-state

curves, just shifted toward more positive values, as expected.
FIG. 2. Dependence of the average atomic volume on thel his indicates the universal nature of the observed phenom-
guench rate and buildup of hydrostatic pressure after bombardmefa.
with 1 keV recoils. The solid line is a fit, assuming a logarithmic ~ The simulations above were performed at constant vol-
dependence of the volume on the cooling rate, the dotted line is justme, which results in the buildup of compressive and tensile
a guide to the eye. pressures once the steady state has been reached; that is, an
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FIG. 4. Fraction of icosahedral-type of nearest-neighbor shells, FIG- 5. Recoil-induced modifications of the composition of the
as determined from the structural order parameter. The solid line {§¢arest-neighbor shells in dependence of the initial quenching rate,
an interpolation to thes quenchegamples, the dotted line after With Cu and Ti as a central atom, respectivetecoil energy:
bombardment with 0.095 dpd keV). 1 keV).

initially more relaxed sample expands and less relaxedigher dosegup to 0.95 dpa which was simulated only for
sample contracts, respectivélig. 2). However, the stresses four representative samples due to the high CPU demand.
are so tiny, that they do not influence the relaxation behavior [N addition, recoil bombardment has the effect of chang-
and steady state. This was confirmed by constant pressuffd the local composition within the nearest-neighbor shells,
simulation runs for samples witR=5x 104 and 0.15 K/fs;  Which is shown in Fig. 5 for Cu neighbors around a Ti and
these additional results are also incorporated in Fig. 1 iff°U central atom, respectively. This effect has some similarity
complete agreement with the constant volume data. to ion-beam mixing(see Ref. 41 for a simulationWe also
The glass transition temperature is determined for alfXPect the occurrence of a steady state, which is, however,
samples before and after recoil bombardment by traversing B0t fully observed for any of the simulations in Fig. 5. Even
temperature ramp with the rate, 0.001 K/fs. It is found that itat the highest dose®.95 dpa only the samples quenched at
lies within the rangeng(736110 K, where less relaxed R=0.04 K/fs show some sign of saturation. As mixing oc-

dicates, that compositional SRO has only a minor influence

on the enthalpyH in a—CuTi. In fact, a rather weak influence
of antisite defects on the enthalpy during amorphization of
crystalline CuTi has been reported beféfe.

The modifications of the enthalpies and volumes of the
simulation cells in dependence of the quench rates and ion
treatments must be the effect of changes in the atomic-level
structures of the amorphous solids, i.e., the structural and The irradiation-induced energetic and structural modifica-
compositional short- and medium-range orders. For a morgéions of the amorphous matrix in Sec. lll and IV may seem
thorough investigation, the structural order param@giis  small, they induce, however, severe effects on macroscopic
employed with respect to fcc, hep, bee, and ico short-rang@roperties. Figure 6 shows the dependence of the Young's
ordering. It is found, that none of the investigated CuTimoduli E on the quenching rates—before and after bombard-
samples shows any significant amount of a crystal-type SRGnent with 0.095 dpa recoils at 1 keV. Thas-quenched
portions are fluctuating arourrd0.5%. This again confirms samples reveal a strong decrease of almost a factor 3, from
their amorphous nature. However, the structural analysis=66 GPa down to 27 GPa, when increasing the quench rates
yields a significant contribution of a local icosahedral type offrom 5.0x 10*to 0.15 K/fs, respectively. When the
ordering, which is energetically favorable, as shown in Fig.samples are bombarded with energetic recoils, the elastic
4. The relevance of local ico configurations for glass formajproperties again reflect a steady state into which the system
tion has indeed been identified in simulati®h®3” and s driven by the forcing of irradiation, similar to the enthal-
experimenta® studies, as predicted befoi&?° pies(Fig. 1) and structure$Fig. 4). The steady-state value of

Successive recoil bombardments change the structural e~ 67 GPa, which is reached at high enough doses, corre-
vironment in a-CuTi, by decreasingR<0.01 K/f9 or in-  sponds to a sample, which has been thermally quenched at
creasing (R>0.01 K/f9 ico order, respectively, untii a R=0.02 K/fs. Similarly big effects have been reported ex-
steady state is reached, which is greatly independent of theerimentally for thermal treatmeft.
thermal history(Fig. 4). In comparison to the system enthal-  Stress-strain curves are the other mechanical property in-
pies (Fig. 1), the steady state is reached at significantlyvestigated within the current scope. Figure 7 presents the

IV. STRUCTURAL AND COMPOSITIONAL SHORT-
RANGE ORDER

V. MECHANICAL PROPERTIES
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employed potential does not include a covalent-bonding con-
tribution or angular forces, and therefore overestimates the
fluidity and ductility in comparison to experiments.

VI. DISCUSSION OF THE STEADY STATE

The investigations of key materials properti&ec. 11I-V
clearly indicate that ion irradiation drives different metallic
amorphous phases towatlde samesteady-state amorphous
phase. In fact, equivalent thermal and mechanical properties
are clear manifestations of identical structural and composi-
tional properties occurring on the atomic scale, i.e., the short-
range ordefSec. IV) and beyond. This is a special feature of
metallic glasses, which is, e.g., not observed in covalent net-
work glasseé® In the following we therefore discuss the
underlying atomic-scale kinetics.

It is tempting to utilize a thermal-spike-related model as a

bombardments: Independent of the thermal history, a steady stafgst simple picture. That is, metallic glasses are generally
elastic modulus is reached at high enough doses. The lines agensely packed, so that nuclear stopping can elevate the local

guides to the eye.

temperature within the cascade above the corresponding
glass temperature at high enough recoil energies. As in the

result for three different quenching rates, where the asfiquid state, the memory kerrflof the thermal history is

guenched state i) more, (b) equal, and(c) less relaxed

lost, subsequent cooling down defines a newly quenched-in

than the final radiation-induced steady state. It is observeg|assy state, which appears macroscopically, once the sample
that as the cell is more relaxed, the maximum strength inpa5 peen fully covered with thermal spikes.

creases, which is in agreement

with  experimental

Although the above picture is appealing because of its

observation§?#* Again, in the steady state the stress-straingjmpjicity, it has some severe shortcomings. Particularly, it
curves become greatly independent of the thermal historgannot explain why identical steady states are reached for

and behave similar to the sample quenchee=at04 K/fs.

any investigated recoil energy, even for energies as low as

In this context it is important to emphasize, that the presently)g’e\y/, where melting within a thermal spike has been
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FIG. 7. Stress-strain curves of a-CuTi befds®lid line) and
after (dotted ling bombardment with 1 keV recoil®.095 dpg, in

dependence of the initial quench rate.

0.4

0.5

excluded? This indicates, that a more generalized picture is
desirable, which we base in the following on point-defect-
like entities(“point defects’) in the amorphous matrix.

We first note, that interstitials, vacancies, Frenkel pairs, as
well as displacements can be defined in an amorphous matrix
in analogy to their crystalline counterpaftSimilar to crys-
tals, displacements introduce structural and compositional
disorder. However, as lattice sites are not conserved, the ki-
netics of concurrent defects is found to be fundamentally
different. In contrast to freely migrating defetis crystal-
line systems, which can cover long distances by a diffusion
process, point defects in metallic amorphous systems are eas-
ily delocalized and absorbed by the surrounding glassy ma-
trix. This is achieved by viscous relaxation involving several
neighboring shells of the defects, as shown in our earlier
work.? Under external or thermodynamic forcing, this effect

can be described as radiation-induced viscodity; - ®,
while regular diffusion processes do not play any significant
role at ambient temperatures. Thus, within the current con-
text, radiation-induced viscous relaxation counteracts
radiation-induced structural disordering. In fact, we have
showr? that point defects always dominate the relaxation ki-
netics, as they affect significantly larger volumes than do
thermal spikes. This is also in accord with our present find-
ing that equivalent structural changes are obtained for differ-
ent recoil energies when doses are normalized to the defect
generation(i.e., measured in displacement per atom, Secs.
-Vv).

144109-5



S. G. MAYR PHYSICAL REVIEW B 71, 144109(2005

In the following, therefore, we present a more generalized VIl. CONCLUSIONS AND OUTLOOK

picture based on the concept of competing dynamics, using |on.heam bombardment drives differently structured
an appropriate set of order parameté[sto characterizé amorphous phases toward a universal steady-state phase,
sgnall deviations from a stabilized amorphous reference statghich is independent of the thermal history. This is reflected
b,. Recoil bombardments change the order parameters intg key physical properties, as demonstrated for thermody-
double way: They relax them by an appropriate viscoHify  namic, structural, and mechanical aspects. The final steady
and contrarily drive them out of equilibrium with rate8,.  state is defined by a competition between radiation-induced
Using irreversible thermodynamié$3*this is described by disordering and viscous relaxation toward local equilibrium.
From a practical point of view, the present studies suggest

b G amorphous metallic alloys as an ideal engineering material in
—E - Tl =4 4 a radiation environment or deep space, especially as
u B P sp p

2 b composited/ where radiation-induced viscous fl&whould

be greatly inhibited. Vi_ce versa, ion-beam bomba_rdment can

whereG is an appropriate free enthalpy functional. For smallbe the method of choice to tune surface propertsegh as
deviations,b#—bz, from the reference statéG/ b, is tay- hardness or wear resistanad bulk metallic glasses, which
lored as~C(b,~b?), with an appropriate consta. It is  iS highly relevant for engineering applications.
rc?adilyb seen, thab, converges exponentially towark®, ACKNOWLEDGMENTS
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