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IMPLANTATION STUDIES OF IMPURITY IMMOBILIZATIOR HECHANISHS*

S« M. Myers
Sandia Laborateriest
Albvquerque, B 87185

DISCLAMMER

Ion-implanted alloys have been used to study mechanisms of impurity
immobilizaticn in metals. These phenomena provide a means of suppressing
detrimental impurity effects such as embrittlement. Processes investigated
include the reaction of Al and Fe in Be to form AlFeBeL precipitates, the
trapping of Sb in Fe by TiC and TaC precipitates, and the binding of hydrogen
in Fe to lattice defects and to Y solutes. The broader applicability of
the method of investigation is considered in the context of these examples.
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Introduction

Dilute impurities may severely degrade the mechanical properties of
alloys, most frequently cansing loss of ductility. A notable example is
the embrittlement of steels by hydrogen{l) and by the metalloids Sb, Sn, As,
and P(2)._ Such effects often persist for impurity concentrations down to
~1073-1077 atomic fraction. Since purification to these levels is costly
and szometimes nullified by contamination during service, there is a strong
impetus to control embrittlement without excluding the responsible impuri-
ties. One means of accomplishing this i{e to immobilize tk~ embrittling
solutes 80 that they remain dispersed instead of accumulating at potential
fracture sites such as grain boundaries and crack tips. In particular, the
detrimental species may be incorporated into a stable intermetallic phase,
or tucy may be trapped by precipitates, other aolutes, or lattice defects.
Because of their effectiveness in suppressing embrittlement, such mechanisms
have been extensively investigated in the past decade.

At Sandia Lsboratories, processes which reduce impurity mobility are
being investigated using fon-jmplanted alloys. In these studies, the com—
position-versus-depth profile and defect distribution of a <lum layer
are initiaily tallored to exhibit the particular effect of interest. The
material is then annealed, and its thermal evolution is monitored by such
microscopic probes as ion backscattering/channeling and transmission electron
microscopy. Resulting data provide information on the mechanism, kinetics,
and strength of the impurity binding, This procedure complements more con—
ventional methods in several respects. It permits a high degree of control
over composition~versus-depth, so that both the embrittling solute and the
entities with whick it interacts can be localized to selected depth intervals.
Reactions occurring during annealing can then be observed unambipucusly in
the depth profiles of the constituents. In addition, implantation is capa-
ble of introducing any solute to a concentration of several at.Z, so that
the influence of extraneous impurities on the data is minimized. Further-
more, since the implantation experiments require diffusion lengths of only
~0.1 - 1ym, measurements can be carried out at the lower temperatures
here embrittiement is usually manifested and where the processes of mobil~
ity reduction are more prominent.

This paper summarizes the implantation studies of several impurity
immobilization mechanisms and discusses their significance for alloy develop-
ment. The general features and broader applicability of the merhod are also
considered in the context of these examples. The first process to be dis-
cussed 15 the interaction of Al and Fe impurities in Be to form AlFeBeA(B,ln).
Then, TiC and TaC precipitates in Fe are shown to he effective traps for
Sb impurities(S5). Finally, the trapping of hydrogen in Fe by lattice
defects(6) and by Y (yttrium) atoms(7) 15 analyzed.

AlFeBe, Formation in Be(Al,Fe)

Commercial grades of Be usually contain the highly insoluble impurities
Al and Fe, and the way In which these species precipitate strongly affects
the mechanical properties. Aluminum is particularly detrimental because it
tends to separate out at grain boundaries during heat treatment, producing a
low-melting interface. It has been recognized for some time that precipita-
tion of the fcc phase of nominal composition AlFeBe, serves to tie wp Al
within the Be grains{8). However, quantitative information was previously
lacking on the composition range end stability of this phase when it 15 iIn
equitibrium with hep Be. Since such data are needed for effective control
of Al effects, implantation experiments were carried out to evaluate these
properties(3,4)-
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The reaction between AL and Fe in Be was observed by initially implant-
ing these eiemente to different depths, and then monitoring theii depth
profiles during annealing. Typical profiles, obtained by 2 MeV "lle back-
scattering, are shown in Fig. 1. Depth is expressed here as the total
number of atoms per unit area from the surface, which 1s the quantity ohb-
tained from the backscattering anslysis. The 0.2ym interval indicated on
the figure assumes that the atomic demsity is equal to that of unalloyed Be.
Following the room—-temperature implantation, the overall Al-to-Fe atomic
ratio was 3, and the two elements were separated in depth as geen in Fig. la.

During annealing at 873 K, a portion of the Al migrated to the Fe-rich
layer (Fig. lb), while transmission electron microscopy showed recovery of
implantation damage and precipitation of the phases fcc Al and AlFeBe,.
Formation of the latter intermetallic was theref.re taken to be the driving
force for the Al redistribution. As annealing continued, the Al-Fe reaction
eventually reached completion and stopped, leaving excess Al in the deeper
peak. The profile after 8 hours given in Fig. 1b reflects such a saturated
condition. At this point the Al-to-Fe atomic ratio in the AlFeBe, phase 1is
assumed to be maximized under the constraint of equilibrium between AlFeBe,
and hcp Be. This ratio is obtained by evaluating the areas under the over-—
lapping Fe and Al peaks. The result ({Al]/[Fel),, = 1.4 wvas obtained
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Fig. ). - Reaction of Al and Fe in Be s+ 873 K to form AlFeBe,;.




over the temperature range 773-1073 K, Similar experiments employing an
initial excess of Fe rather than Al yielded ([All/[Fe])py,. ™= 0.9 over the
range 773-873 K.

Implantation experiments also provide inforaation on the stability of
AlFeBe, in Be. At a qualitative level, this turnary compound was fourd to
precipitate preferentially over both Al and hcp-FeBey; 1in the temperature
range investigated, 773-1123 K; the latter two phases were observed only when
the overall Al-to-Fe ratio was outside the boundaries determined above,
resulting in an excess of either Al or Fe. More quantitatively, the ‘heat of
precipitation of AlFeBe, in Be(Al,Fe) can be estimated from the solubilities
of Al and Fe in Be when the ternary phase is present: the smaller the solu-
bilities, the greater the heat of formation. JIon-implanted alluys were used
to determine these two solubilities at 873, 1073, and 1123 K under conditions
where the AlFeBe, was at its Al-rich extreme. The experiments entailed
measuring the concentrations at which Al and Fe diffused from the high-
concentration, precipitated layer intc the underlying single-phase Be. The
solubility values obtained were consistently less than the experimental
resolution, 0.02 at.X for Al and 0.01 at.Z for Fe. Application of dilute-
solution theory(9) to these results yields a heat of precipitation of >0.6 eV
per Al or Fe atom incorporated into AlFeBe,. (This estimate assumes that the
entropy of precipitatien is not very different from the values measured for
FeBell and CuBe3 formation in Be(10).)

The above findings provide significant new information for controlling
Al in Be via AlFeBe, precipitation. For instance, they indicate that Al
uptake by this phase stops at [Al]/[Fe] = l.4. In additien, they allow an
upper bound to be placed on the concentration of Al remaining in solution as
a finction of temperature when AlFeBe, is present. At 1123 ¥ this concen-
tration was aetermined to be <0.02 at.%. Accepting the prediction of dilute
solution theory(9) that the solubility varies as exp(-gH/kT), where sl
1s the heat of precipitation shown above to be >0.6 eV, one has

Al conc.<(l0at.%)exp(- ég%Q—K) @

At 773 K, for .example, this yields an upper bound of 0.0012 at.Z Al in the
Be phase.

Trapping of Sb by Carbide Precipitates in Fe

Ferritic (bce) steels frequently contain the metalloids Sb, Sn, As, and
P as dilute impurities. If such an alloy is exposed to temperatures in the
approxizate raage 600 - 900 K during fabrication or service, these species
tend to segregate at grain boundaries. (Above ~900 K the driving force for
segregation is usually weak, whereas below ~600 K the kinetics are very
slow.) The result of segregation is believed to be a weakening of intergranu-
lar cohesion, producing what ia classically referred to as temper embrittle-
ment(2). 1In seeking to controi this widely encountered effecy, it is
desirable to identify mechanisms whereby the metalloids can be immobilized
within the matrix of the grains. One such process has recently been dis~
covered using ion-implanted alloys: Sb was shown to be trapped by small TiC
or Tal precfipltates in Fe{(5).

Results evidencing an afiinity between Sb and TiC precipituates are
given 1in Fig. 2. Initially, Sb and Ti were implanted to different depths
in Fe at room temperature; the concentration profiles as measured by 2.6 MeV
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e backscattering are shown on the figure. (The Ti concentrations in Fig. 2
are reduced by a factor of 4 to facilitate comparison with the Sb.) After
implantation, the specimen was annealed for 0.5 hours at 873 K. The Ti depth
profile d14 not change observably during this heat treatment; instead, C was
gettered from dilute bulk impurities and possibly from the environment to
form small TYC precipitates. This istterini- was observed by using the
deuterium-excited nuclear reaction ~“C(d,p) 3¢ to detect the €(11). The

TiC particles were identified by tranemission electron microscopy (TEM) and
ghown t~ have a mean size of ~2 nm. Microscopy also indicated that the

hoat Fe lattice recovered from implantation damage during the anneal.

It is seen from Fig. 2 that the Sb redistributed during heating, form-
ing & new peak which conforms to the Ti profile in both depth and width.
Since TEM showed only the TiC and bcc-Fe phases, this behavior is taken as
direct evidence for binding of Sb st the carbilde precipitates. One may
reasonably hypothesize that the metalloid occupies the TiC-Fe interface in
a fashion similar to its demonstrated accumulation at grain boundaries(2).

The above interpretation is reinforced by examining the annealing
behavior of Fe implanted cnly with Sb. Depth profiles from such an experi-
ment are given in Fig. 3. Here the kind of Sb redistribution seen in Fig. 2
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Fig. 2 - Redistribution of sb to TiC precipitates in Fe at B73 K.
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is absent; instead, after annealing, a pesk remains af the initial implanta-
tion depth. (The obvious reduction in profile area during heat treatment
reflects Sb sublimation at the Fe surface. Such loss was greatly ~educed

in samples also implanted with Ti.) Tranemission electrom microscopy shows
that the region of the Sb peak contains g~FeShb precipitates, as expected
from the equilibrium phase diagram. A diffused tail extends from this pre-
cipitated layer into the underlying single-phase Fe, and the two profile
structures intersect at 2.65 at.X, which is the Sb solubility at the anrneal-
ing temperature. This relatively simple behavior is consistent with theore-
tical expectations for the Fe-Sb binary system. Its observation confirms
that the peak shift in Fig. 2 results from implantatton of Ti.

When the S$b- and Ti-implanted specimen of Fig. 2 was subsequently
annealed for much longer times, a low-concentration Sb tail emerged from
the layer containing TiC precipitates. This is seen in Fig. &4, where
profiles after D.5 and 54 hours at 873 K are plotted using an expanded con-
centration scale. The plateau at 0.23 at.X 1s the beginning of a tail which
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Fig. 3 - Antimony profile evolution at 873 K in Fe not implanted with Ti.
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Fig. 4 - Emergence of a diffused Sb tail in the Ti-implanted sample of
Fig. 2 after 54 hours at 873 K.

extends to depths much greater than those probed by the ion backscattering
analysis. The occurrence of such a peak-and-tafl structure is qualitatively
reminiscent of the data in Fig. 3 for the binary alloy. However, the con-
centration level of the tail in Fig. 4, 0.23 at.Z, is an order of magnitude
smaller than the value observed fin Fig. 3, 2.65 at.%. This difference pro-
vides further evidence that Sb is bound within the region containing TiC
precipitates, and it indicates -hat the coupling is substantially stronger
than that of Sb to the e¢-FeSb phase. Finally, behavior similar to that
observed in Figs. 2 and 4 was obtaimed in implantation experiments at 973 K.

As indicated above, it is hypothesized that the trapped Sb occtupies the
TiC-Fe Interface. The interfacial region is assumed to accommodate the large
Sb atom more readily than the bce-Fe lattice. If this interpretation is
correct, such trapping might be expected to occur at other second~phase parti-
cles. In fact, preliminary experiments indicate that Sb is also bound to TaC
precipitates in Fe.

Implantation studies of trapping such as the above may be quantified by
mathematically modeling the evolution of the composition-versus—depth profile.
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Appending appropriate trapping terms to the diffusion equation ylelds for the
general case(12)

2

3 ¢ (x,t) n ¥ 8. (x,t)

5t s Tox? PIRALE (2)
1

3 - :

ot Ci(x.t) S1 3
where

S =B [C_[A(RC] -2 Cexp(- by

1 1{s Pl 15%P ﬁ} 6>

Here Cg is the concentration of the diffusing species not trapped, C; is its
concentration in traps of type i, and A; is the density of these traps. all
expressed as an atomic fraction of the ﬁost phase; Ay is defined so that trap
paturation occurs when C, = Aye The quantities Q, are the trap binding enthal-
pies measured with respect to a solutionized site, and Z is the number of
solutionized sites per host atom, equal to 1 for substitutional species. The
terms S; take account of the movement of solute between solution and traps.
Their evaluation in Eq. & may be regarded physically as the difference between
two rates: the flow from solution to unoccupied traps, whose concentration is
A; = Cy, and the flow from traps to solution. Finally, if the trapping entities
{(such as precipltates) are separaied by distances large compared to their size,
and if they may be characterized by an effective spherical radius R;, then the
rate constants B, are given by(13)

B; = waiDN/ui (5)

where N is the atomic density of the host phase and « is the number of
trap sites per trapping entity. The above system of equations is readily
solved by numerical methods(1l4).

Equations 2 — 5 were applied for conditions approximating an implanta-
tion experiment where S5b is trapped by carbide precipitates in Fe at 973 K.
A single trap binding enthalpy of Q = 0.39 eV was uvsed. Resulting depth
profiles of Sb are shown in Fig. 5, where the distribution of traps is given
by the dashed line. The theoretical profile after 0.28 hours at 973 K ex-
hibits both the qualitative features of the experimental data emphasized in
Fips, 2 and 4, namely, solute redistribution in conformance with the trap
distribution and the emergence of a low-amplitude tail.

As a function of annesl time, the above theoretical calculation has the
following useful property: after the emergence f the diffused tail, the con-
centration in this tail just beneath the trapping layer decreases continuously
with time, maintaining a nearly constant ratio te the quantity of Sb still
trapped. The relation is given by

Cs(tail) . exp(- QllkT)
NJcdx  ~ N[Apdx (6
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Fig., 5 — Model calculation of the Sb profile evolution at 973 K in the
presence of 0.39 eV traps.

vhere the subscript 1 refers to the single type of trap. This approximation
is increasingly accurate as the trap occupancy becomes small compared to one.
Physically, Eq. 6 simply states that the fractional occupancies of traps and
solutionized sites within a near-surface equilibrated region are related by
the Boltzmann factor exp(-QllkT). This result provides a means of obtaining
the trapping enthalpy @, since the total number of traps per unit area

Nf dx can be estimated from TEM. Moreover, such a proportional variation
is specifically characteristic of trapping, as opposed to incorporaticn of
Sb into an intermetallic phase, su that its experimental observation in the
implantation experiments would support the proposed interpretation.

The time-dependent quantities Cs(tail) and NfCldx can he obtained
experimentally from backscattering profiles such as the one given in Fig. 4.
Data from two isothermal anneal sequences are plotted in Fig. 6, where measure~
ments at shorter times prior to the emergence of the diffused ta!l are omitted.
(Moving to the left on the plot corresponds to Increasing the 5ime at Lempera-
ture.) In one case Ti was implanted to a fluence of 1.0 x 10t at./cm“, and
the annealing was carried out at 973 K; TEM showed & mean TIC precipitate
gize of =5 mm. The other experiment employed Ta at a lower dose, 1.7 x 10



at./cmz. and the heat treatments wete dore at 873 K; transmission electron

diffraction from this specimen indicated the presence of the TaC phase.

Both sets of data are seen to exhibit the proportional variation predicted

by Eq. 6. In the case of the TiC experiment, the number of traps per unit

area NjA dx waf estigated from the observed precipitate size distribution

to be 2.i x 1016 ™2, Substituting the slope from Fig. 6 into Eq. 6 then

gives a trapping enthalpy of Q = 0.4 eV. ,

The implantation experiments discussed above have demonstrated trapping
of Sb by small TiC and TaC precipitates in Fe. Consideration of kinetics
indicates that this effect should also occur at the much lower St densities
vhich typically embrittle steels; indeed, for a fixed temperature and trap
density, the fraction of the impurities occupying traps is expected to rerain
constant down to infinitesimal concentrations. Furthermore, pending experi-
mental confirmation, it seems reascnable to anticipate that the other trguble-
some metalloids Sn, As, and P will undergo similar trapping, and that the
effect 1s not unique to precipitates of TiC or TaC. For all these reasons,
the trapping mechanism identified in the present work appears promising for
control of temper embrittlement. To the knowledge of the auvthor, this ap-
proach for suppressing metalloid effects in steels had not previously been
considered in the literature, nor had the affinity of metalloids for second-
phase particles been determined.
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Trapping of Hydrogen in Fe

Dilute hydrogen impurities embrittle both ferritic (bce) and austenitic
(fec) steels(l). Control of this degradation is made difficult by the high
hydrogen Zob%lity, particularly in the bee structure; for example, in pure
Fe, D10 *cm“/s at room temperature. Such rapid transport allows the im-
purity to be assimilated from the enviromment during fabrication or service
and to accumulate at grain boundaries or crack tips. Although the specific
mechanisms of hydrogen embrittlement remain controversial, there is almost
general agreement that suppression of transport is very beneficial. ' Conse~-
quently, trapping processes which accomplish thie are of considerable interest.
Ion implanted alloys have been used to investigate two such effects in bec Fe:
trapping of hydrogen by defects and by Y (yttrium) atoms.

Trapping by Lattice Defects

The objective of the experiment was to determine how strongly hydrogen
is bound to lattice imperfections in Fe and, to the extent possible, charac~
terize the underlying atomic configurations(6). Pure, highly-annealed Fe
was initially {mplanted with the deuterium isotope (D) at & temperature of
=90 K; a dose of 1.5 x 1016 D/em® was injected at 15 keV, producing a peak
concentration of =1 at.% at a depth of =0.lkum. The implantation also
produced extensive lattice damage which served as traps. Subsequently, the
specimen temperature was linearly ramped at a rate of 2 K/minute. At 10 K
intervals, the amcunt of D retained thin #0.4¥m of the surface was
measured by bonba g with 0.7 MeV ~“He and detecting protons from the
nuclear reaction He ,p) "He. Release from traps was manifested by a
decrease in the quantity of D detected, and the temperatures of release
were indicative of the trap depths.

The fraction of the initfally implanted D remaining vithin the implanted
reglon is plotted versus temperature in Fig. 7. Two release stages are pre-
sent, centered at about 260 and 400 X respectively. Other ion beam experiments
indicate that the D does mot actually leavr the sample below 303 K, due to a
surface permeation barrier; hence, at .east during the 260 K stage, the release
occurs primarily into the underlying F: matrix. Both the stages in Fig. 7
occur at temperatures far too high to be attributed to the onset of perfect=-
lattice diffusion, and therefore both rust be associated with detrapping. It
then follows that the fon-damaged region contains at least two distinct defect-

trap configurations.

Equations 2 - 5 were employed to model the time evolution of the system.
Two different traps were included in the calculation, ard their concentrations
and binding rnthalpies were adjusted to produce agreement with the data. The
depth range containing tra:s waes fixed in accordance with the known penetra-
tions of implantation and analysis beams. The results of the model calculation
are glven in Fig, 7, where agreement between theory and experiment is seen to
be excellent. The D trapping enthalpies obtained from the fit are 0.5 eV for
the 260 K stage and 0.B eV for the 400 K stage.

Ion channeling of the 3pe analysis beam provided information on the lat-
tice location of the trapped D. Single-crystal Fe was initially implanted
at 110 K and then annealed at a series of increasing temperatures. Followinz
the Implantation and after each anneal, the specimen was held at 110 K while
(100) planar and <100> axial scans were made. Prior to crossing the 260 X
stage, the data are consistent with >30% of the D occupying the site shown in
Fig. B; the position is close to high-symmetry octahedral, but displaced by
6=0,04 mm toward a nearest-neighbor substitutional site. After exceeding
260 K, the channeling data changed qualitatively, in a fashion suggesting more
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Fig. 8 - Lattice location of D occupying the 0.5 eV defect trap in Fe.

than one D configuration. Consequently, the lattice location showm in Fig. 8
1s attributed to the 260 K, 0.5 eV trap. Finally, this experiment did not
determine the nature of the defects to which the D is bound. Nevertheless,
several considerations suggest that the 0.5 eV traps are vacancies(6). At a
more speculative level, vacancy clusters may possibly produce the 0.8 eV

trapping.
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The 0.5 eV and 0.8 eV defect traps identified in the above implantation
experiment greatly reduce the mobility of hydrogen; their binding enthalpies
exceed by an ovder of magnitude the activation enthalpy for diffusion, =0.05
eV. Moreover, it seems plausible to suggest that these traps might be intro-
duced on a macroscopic scale by techniques such as cold working. Support for
such a view has subsequently come from hydrogen permeation experiments in Fe
(15), where cold work delayed the emergence of I, gas on the downstream side
of the foll. An effective trapping enthelpy of 0.6 eV was deduced, and this
lies between the values obtained in the present work. Consequently, defect
trapping appears worthy of consideration as one method for controllihg hydro-
gen embrittlement of ferritic steels.

Trapping by lmplanted ¥

Hydrogen was found to be trapped even more strongly in Fe which had
been lon-impianted with Y(7). The experiment was carried oing by 1n151311y
implanting 190 keV Y at room temperature to a dose of 4 x 10°" at./em”.
Transmission electron microscopy and fon backscattering/channeling showed
that this produced a highly defected, supersaturated solution with a peak
coggen:r‘.ﬁion of 8 at.Z at 35 nm. The specimen was then injected with 1.5 x
10"° D/em” at 15 keV and a temperature of 90 K, and a retention-versus=
Ltemperature profile like that of Fig. 7 was measured. A control experiment
was also perfcrmed in which Fe self-ions were implanted fInstead of the ¥,
therehy creating damage without altering the composition. Data from the
two experiments are given in Fig. ©.

The profile for the self~ion-irradiated Fe is virtually unchanged from
that obtained with D implantation alone (Fig. 7). Apparently, the number and
character of defect traps are similar in the two cases. In contrast, the Fe
layer implanted with Y retained most of the D to temperazures well above the
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Fig. 9 — Release of D from traps in Y-implanted Fe and Fe-implanted Fe during
1'=.ur ramping of temperature. The theoretical solid line assumes a
utique trap depth of 1.27 eV.
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two relecse stages observed in pure Fe; about 100% of the release occurred in
an interval centered at 2560 K. The time evolution of this system was
modeled using Eqs. 2 — 5, assuming that one trap exists at each Y atom. A
oingle trap enthalpy of Q; = 1.27 eV then yields the solid curve in Fig. 9.
The width of the experimentally observed release stage is significantly
greater than predicted by the calculation, suggesting an appreciable range
of trap depths centered at =1.3 eV.

Vith regard to the mechanism of the above Y effect, it seems improbable
that a coupling as strong as 1,3 eV results simply from a chemical interac-
tion between substitutional Y and interstitial D. A more plausible hypothesis
18 that the oversize Y atom, whose elemental atomic voluwe is 2.8 times that
of Fe, collects irradiation-induced vacanciee to produce an impurity-
stabilized defect. Evidence exists for such effects in both bcc and fcc
lattices(16,17). The strong trapping may then reflect the combination of a
Y-D chemical interaction and coupling to a lattice imperfection. Support for
this interpretation comes from another experiment(7) in which the Fe host was
implanted with Kr instead of Y. The inert-gas atom is also oversized in Fe,
but it has no chemical affinity for hydrogen. In this case, the retention-
versus—-temperature profile for implanted D was qualitatively like that of Y-
implanted Fe, with almost 100% of the release occurring in a single stage,
but the release temperature was reduced by =80 K. The difference is tenta-
tively attributed to the absence of & chemical component in the trapping.

Traps with a depth of 1.3 eV are potentially very useful for controlling
hyarogen mobility in steeis. They are virtually irreversible at room tempera-
ture, yet capable of being emptied by moderate annealing. In considering such
applications, however, a key question is whether the responsible entities
can be introeduced by means other than ion implanation. ‘'fhe answer to this
must await a more complete understanding of the meckanism.

In coacluding this section on hydrogen &ir -wing, it is instructive to
consider the difference in experimental appro.¢c “rom that used to study Sb
trapping by carbide precipitates. The hydrogen work entailed simply monitor-
ing the decreasing quantity of trapped hydrogen during linear ramping of
temperature, whersas in the 5b study both the trapped quantity and the con-
centration in solution were measured as a function of isothermal annealing.
The latter method is actually the more sensitive to trapping, and it is
particularly suitable when the trap depth is small compared to the activation
enthalpy for diffusion. In the Fe-5b-TiC system, these quantities are 0.4 eV
and 2.8 eV respectively. For hydrogen in Fe, the situation is reversed,
with trap depths »>0.5 eV and a diffusion enthalpy of #0.05 eV. [Under this
condition, it is quite sufficient to monitor detrapping with increasing
terperature. Moreover, the presence of a relativeiy strong trap may render
the solutionized concentration too small to measure, as was the case in the
hydrogen experiment.

Lonclusion

Ton-implanted alloys provide a useful medium in which to identify and
characteri-e impurity immobilization mechanisms. Thir is demonstreted by the
variety of processes investigated in the present work, which exemplify each
of the four principal waye in which solute transport can be reduced: incor-
poratiun into a stable intermetallic phase, and trapping by precipitates,
other solutes, or lattices defects. In every case the implantation experiment
either identified the process for the first time or substantially expanded
knowledge of its properties. Since, additionally, the experimental approach
and methods of data analysis used in this work are widely applicable, they
provide a significant new capability for alloy developament.
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