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Ion-Implanted a l loys have been used to study mechanisms of Impurity 
immobilization in meta ls . These phenomena provide a means of suppressing 
detr imental impurity e f f ec t s such as embrit t lement. Processes Invest igated 
include the reac t ion of Al and Fe in Be to form AlFeBe^ p r e c i p i t a t e s , the 
trapping of Sb in Fe by TIC and TaC p r e c i p i t a t e s , and the binding of hydrogen 
in Fe to l a t t i c e defec ts and to Y s o l u t e s . The broader a p p l i c a b i l i t y of 
the method of inves t iga t ion i s considered in the context of these examples. 
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Introduction 
Dilute Impurities may severely degrade the mechanical properties of 

alloys, most frequently causing loss of duct i l i ty . A notable example is 
the enbrittleoent of steels by hydrogen(l) and by the metalloids Sb, Sn, As, 
and P(2)» Such effects often persist for impurity concentrations down to 
~10~3-10~5 atomic fraction. Since purification to these levels is costly 
and sometimes nullified by contamination during service, there is a strong 
impetus to control embrlttlement without excluding the responsible impuri­
t i es . One means of accomplishing this is to immobilize th» embrittling 
solutes so that they remain dispersed instead of accumulating at potential 
fracture sites such as grain boundaries and crack t ips . In particular, the 
detrimental species may be Incorporated into a stable intermetallic phase, 
or ti«y may be trapped by precipitates, other solutes, or l a t t i ce defects. 
Because of their effectiveness in suppressing embrlttlement, such mechanisms 
have been extensively investigated in the past decade. 

At Sandia Laboratories, processes which reduce impurity mobility are 
being investigated using ion-implanted alloys. In these studies, the com-
position-versus-depth profile and defect distribution of a <lum layer 
are in i t ia l ly tailored to exhibit the particular effect of interest . The 
material i s then annealed, and i t s 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. I t permits a high degree of control 
over composition-versus-depth, so that both the embrittling solute and the 
entit ies with which i t interacts can be localized to selected depth intervals. 
Reactions occurring during annealing can then be observed unambiguously in 
the depth profiles of the constituents. In addition, implantation is capa­
ble of introducing any solute to a concentration of several at.%, so that 
the influence of extraneous impurities on the data i s minimized. Further­
more, since the implantation experiments require diffusion lengths of only 
-0.1 - lum, measurements can be carried out at the lower temperatures 
"here embrittlement i s usually manifested and where the processes of nobil­
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 method are also 
considered in the context of these examples. The first process to be dis­
cussed Is the interaction of Al and Fe impurities in Be to form AlFeBe4(3,4). 
Then, TiC and TaC precipitates in Fe are shown to be effective traps for 
Sb i»purities{5). Finally, the trapping of hydrogen in Fe by la t t i ce 
defects(6) and by V (yttrium) atoms(7) i s analyzed. 

AlFeBê  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 aechanlcal properties. Aluminum is particularly detrimental because i t 
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 fee phase of nominal composition AlFeBe^ serves to tie up PI 
within the Be grains(8). However, quantitative Information was previously 
lacking on the composition range end stability of this phase when i t Is in 
equilibrium with hep Be. Since such data are needed for effective control 
of Al effects, implantation experiments >»re carried out to evaluate these 
properties(3,4)-



The reaction between Al and Fe In Be was observed by I n i t i a l l y Implant­
ing these elements to different depths, and then nonltorlng their depth 
prof i l es during annealing. Typical pro f i l e s , obtained by 2 MeV He back-
scatter ing, are shown In Fig. 1 . Depth i s expressed here as the total 
number of atoms per unit area from the surface, which Is the quantity ob­
tained from the backscattering analys is . The 0.2um Interval Indicated on 
the figure a s s i s e s that the atomic density i s equal to that of unalloyed Be. 
Following the room-temperature implantation, the overall Al-to-Fe atomic 
rat io was 3, and the two elements were separated in depth as seen in Fig. l a . 

During annealing at 873 K, a portion of the Al migrated to the Fe-rich 
layer (Fig. l b ) , while transmission electron nicroscopy showed recovery of 
Implantation damage and precipitation of the phases fee Al and AlFeBe^, 
Formation of the l a t t e r intermetall ic was therefore 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 profi le after 8 hours given in Fig. lb re f l ec t s such a saturated 
condition. At th is point the Al-to-Fe atomic ratio in the AlFeSa^ phase i s 
assumed to be maximized under the constraint of equilibrium between AlFeBe^ 
and hep Be. This rat io i s obtained by evaluating the areas under the over­
lapping Fe and Al peaks. The result ( t A l ] / [ F e ! ) m 1.4 was obtained 
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Fig. 1 - Reaction of Al and Fe in Be » ' 873 K to form AlFeBe^. 



over the temperature range 773-1073 K. Similar experiments employing an 
i n i t i a l excess of Fe r a the r than Al yielded ( E A l ] / [ F e ] > m l n B • 0.9 over the 
range 773-873 K. 

Implantation experiments a l so provide information on the s t a b i l i t y of 
AlFeBeA in Be. At a q u a l i t a t i v e l e v e l , t h i s t e rnary compound was found to 
p r e c i p i t a t e p r e f e r e n t i a l l y over both Al and hcp-FeBe^ in the temperature 
range inves t iga ted , 773-1123 K; the l a t t e r two phases were observed only when 
the overa l l Al-to-Fe r a t i o was outs ide the boundaries determined above, 
r e s u l t i n g in an excess of e i t h e r Al or Fe. More q u a n t i t a t i v e l y , the 'heat of 
p r e c i p i t a t i o n of AlFeBe^ in Be(Al,Fe) can be estimated from the s o l u b i l i t i e s 
of Al and Fe in Be when the te rnary phase i s p resen t : the smaller the so lu ­
b i l i t i e s , the g rea te r the heat of formation. Ion-implanted a l loys were used 
to determine these two s o l u b i l i t i e s a t 873, 1073, and 1123 K under condi t ions 
where the AlFeBe^ was a t i t s Al-r ich extreme. The experiments enta i led 
measuring the concentrat ions a t which Al and Fe diffused from the high-
concent ra t ion , p rec ip i t a ted l aye r i n to the underlying s ingle-phase Be. The 
s o l u b i l i t y values obtained were cons i s t en t ly l e s s than the experimental 
r e so lu t i on , 0.02 a t«2 for Al and 0.01 at.% for Fe. Applicat ion of d i l u t e -
so lu t ion theory(9) to these r e s u l t s y ie lds a heat of p r e c i p i t a t i o n of >0.6 eV 
per A] or Fe atom incorporated i n to AlFeBe^. (This es t imate assumes tha t the 
entropy of p r ec ip i t a t i on I s not very d i f fe ren t from the values measured for 
FeBej^ and CuBe.> formation In Be(10).) 

The above findings provide s ign i f i can t new information for con t ro l l ing 
Al In Be via AlFeBe^ p r e c i p i t a t i o n . For i n s t ance , they Indicate tha t Al 
uptake by t h i s phase stops a t [AlJ/[Fe] - 1.4. In add i t i on , they allow an 
upper bound to be placed on the concentrat ion of Al remaining in solut ion as 
a function of temperature when AlFeBe^ i s p resen t . At 1123 K t h i s concen­
t r a t i on was determined to be <0.02 at.%- Accepting the predic t ion of d i l u t e 
solut ion theory(9) tha t the s o l u b i l i t y va r i e s as exp(-aH/kT), where AH 
i s the heat of p rec ip i t a t i on shown above to be >0.6 eV, one has 

Al conc.<(10at.%)exp(- 1^|2_K) 

At 773 K, for example, t h i s y ie lds an upper bound of 0.0012 at.% Al in the 
Be phase. 

Trapping of Sb by Carbide P r e c i p i t a t e s in Fe 

F e r r i t l c (bcc) s t e e l s frequently contain the metal loids Sb, Sn, As, and 
P as d i l u t e impur i t i e s . If such an a l loy i s exposed to temperatures in the 
approximate range 600 - 900 K during fabr ica t ion or s e r v i c e , these species 
tend to segregate a t g ra in boundaries . (Above ~900 K the dr iv ing force for 
segregation i s usual ly weak, whereas below ~600 K the k ine t i c s are very 
slow.) The r e s u l t of segregat ion i s believed to be a weakening of in te rgranu-
l a r cohesion, producing what i s c l a s s i c a l l y referred to as temper e m b r i t t l e -
• e n t ( 2 ) . In seeking to control t h i s widely encountered e f f e c t , i t i s 
des i rab le to iden t i fy mechanisms whereby the metal loids can be lnmobilized 
within the matrix of the g r a i n s . One such process has recen t ly been d i s ­
covered using ion-implanted a l l o y s : Sb was shown to be trapped by small TiC 
or TaC p r e c i p i t a t e s i n Fe(5) . 

Results evidencing an a f f i n i t y between Sb and TiC p r e c i p i t a t e s a re 
given In Fig. 2. I n i t i a l l y , Sb and Ti were implanted to d i f f e ren t depths 
in Fe a t room temperature; the concentrat ion p ro f i l e s as measured by 2.6 MeV 



*He backscatterlng are shown on the f igure. (The Ti concentrations In Fig. 2 
are reduced by a factor of 4 to f a c i l i t a t e comparison with the Sb.) After 
implantation, the specimen was annealed for 0.5 hours at 873 K. The Ti depth 
prof i le did not change observably during this heat treatment; instead, C was 
gettered from di lute bulk impurities and poi;sibly from the environment to 
form small TJ.C prec ip i ta tes . This getterlns was observed by using the 
deuterium-excited nuclear reaction I 2 C ( d , p ) 1 3 C to detect the C ( l l ) . The 
TiC part ic les were Identified by transmission electron microscopy (TEM) and 
shown t-i have a mean s ize of ~2 nm. Microscopy also indicated that the 
host Fe l a t t i c e recovered from implantation damage during the anneal. 

It i s seen from Fig. 2 that the Sb redistributed during heating, form­
ing a new peak which conforms to the Ti profi le in both depth and width. 
Since TEM showed only the TiC and bcc-Fe phases, t h i s behavior i s taken as 
direct evidence for binding of Sb at the carbide precipi tates . One may 
reasonably hypothesize that the metalloid occupies the TiC-Fe interface In 
a fashion similar to i t s demonstrated accumulation at grain boundaries(2). 

The above interpretation i s reinforced by examining the annealing 
behavior of Fe implanted only with Sb. Depth profi les from such an experi­
ment are given in Fig. 3. Here the kind of Sb redistribution seen in Fig. 2 

DEPTH ( 1 0 " AT./cm'l 

Fig. 2 - Redistribution of Sb to TiC precipitates in Fe at 873 K. 



i s absent; Instead, after annealing! a peak remains at the In i t ia l Implanta­
tion depth. (The obvious reduction In profile area during heat treatment 
re f lec t s Sb sublimation at the Fe surface. Such l o s s was greatly reduced 
in samples also implanted with T i . ) Transmission electron microscopy shows 
that the region of the Sb peak contains e-FeSb prec ip i ta tes , as expected 
from the equilibrium phase diagram. A diffused t a l l extends from this pre­
cipitated layer into the underlying single-phase Fe, and the two prof i le 
structures Intersect at 2.65 a t .Z , which i s the Sb so lub i l i ty at the anneal­
ing temperature. This re la t ive ly simple behavior i s consistent with theore­
t ica l expectations for the Fe-Sb binary system. I t s observation confirms 
that the peak shi f t in Fig. 2 results from implantation of Ti. 

When the Sb- and Ti-implanted specimen of Fig. 2 was subsequently 
annealed for much longer times, a low-concentration Sb t a i l emerged from 
the layer containing TIC precipi tates . This i s seen in Fig. 4, where 
profi les after 0.5 and 54 hours at 873 K are plotted using an expanded con­
centration scale. The plateau at 0.23 at.% Is the beginning of a t a i l which 
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Fig. 3 - Antimony profi le evolution at 873 K in Fe not implanted with Ti. 
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Fig. i - Emergence of a diffused Sb t a i l in the Ti-implanred sample of 
Fig. 2 a f t e r 5b hours a t 873 K. 

extends to depths much g rea t e r than those probed by the ion backscat ter ing 
a n a l y s i s . The occurrence of such a peak-and-ta i l s t ruc tu re i s q u a l i t a t i v e l y 
reminiscent of the data in Fig. 3 for the binary a l l o y . However, the con­
cen t r a t i on leve l of the t a i l in Fig. 4, 0.23 at .%, i s an order of magnitude 
smaller than the value observed In Fig. 3, 2.65 a t .X. This d i f ference pro­
vides fur ther evider.ce tha t Sb i s bound within the region containing TIC 
p r e c i p i t a t e s , and i t i nd ica t e s '.hat the coupling i s subs t an t i a l l y stronger 
than tha t of Sb to the c-FeSb phase. F ina l l y , behavior s imi lar to t ha t 
observed in F igs . 2 and 4 was obtained in Implantation experiments a t 973 K. 

As indicated above, i t i s hypothesized tha t the trapped Sb occupies the 
TiC-Fe i n t e r f a c e . The i n t e r f a c i a l region i s assumed to accommodate the l a rge 
Sb atom more r ead i ly than the bcc-Fe l a t t i c e . If t h i s i n t e r p r e t a t i o n i s 
c o r r e c t , such trapping might be expected to occur a t other second-phase p a r t i ­
c l e s . In f a c t , preliminary experiments ind ica te tha t Sb i s a l so bound to TaC 
p r e c i p i t a t e s in Fe. 

Implantation s tud ies of t rapping such as the above may be quantified by 
mathematically modeling the evolution of the composition-versus-depth p r o f i l e . 



Appending appropriate trapping terms to the diffusion equation yields for the 
general case(12) 

3 2 c s 

- £ c < x , t ) - n 1 - V - S 4 ( x , t ) (2) 

•i c ( x , t ) - s 
It 1 1 (3) 
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Here C g is the concentration of the diffusing species not trapped, C., is its 
concentration in traps of type 1, and A* is the density of these trapp. all 
expressed as an atomic fraction of the host phase; Aj Is defined so that trap 
saturation occurs when C, = Aj. 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 SJ take account of the movement of solute between solution and traps. 
Their evaluation in Eq. 4 may be regarded physically as the difference between 
two rates: the flow from solution to unoccupied traps, whose concentration is 
A. - C^, and the flow from traps to solution. Finally., if the trapping entities 
(such as precipitates) are separated 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) 

\ = AirRjDN/oj (5) 

where N is the atomic density of the host phase and a Is the number of 
trap sites per trapping entity. The above system of equations is readily 
solved by numerical methods(14). 

Equations 2 - 5 were applied for conditions approximating an implanta­
tion experiment where Sb is trapped by carbide precipitates in Fe at 973 K. 
A single trap binding enthalpy of Q, * 0.39 eV was used. 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 
Figs, 2 and 4, namely, solute redistribution in conformance with the trap 
distribution and the emergence of a low-amplitude tail. 

As a function of anneal time, the above theoretical calculation has the 
following useful property! after the emergence >jf the diffused tail, the con­
centration in this tall just beneath the trapping layer decreases continuously 
with time, maintaining a nearly constant ratio to the quantity of Sb still 
trapped. The relation is given by 

Cg(tail) exp(- Qj/kT) 
N/t^dx K N/Ajdx (6) 



Fig. 5 - Model ca lcu la t ion of the Sb p ro f i l e evolut ion at 973 K in the 
presence of 0.39 eV t r a p s . 

where the subscr ipt 1 re fe rs to the s ingle type of t r a p . This approximation 
i s increas ingly accurate as the t r ap occupancy becomes small compared to one. 
Phys ica l ly , Eq. 6 simply s t a t e s t ha t the f rac t ional occupancies of t raps and 
solut ionized s i t e s within a near-surface equi l ib ra ted region are re la ted by 
the Boltzmann fac tor exp(-Qn/kT). This r e s u l t provides a means of obtaining 
the trapping enthalpy Q! , s ince the t o t a l number of t raps per uni t area 
N/A-dx can be estimated from TEM. Moreover, such a proportional va r i a t ion 
i s spec i f i c a l l y c h a r a c t e r i s t i c of t rapping , as opposed to incorporat ion of 
Sb in to an i n t e rme ta l l i c phase, so t ha t i t s experimental observation in the 
implantat ion experiments would support the proposed i n t e r p r e t a t i o n . 

The time-dependent quan t i t i e s Cg( ta i l ) and N/C^dx can he obtained 
experimentally from backsca t te r ing p rof i l e s such as the one given in Fig. 4. 
Data from two Isothermal anneal sequences a re plotted in Fig. 6, where measure­
ments a t shor te r times pr ior to the emergence of the diffused ta 'Z are omitted. 
(Moving to the l e f t on the p lo t corresponds to increasing the time a t tempera­
t u r e . ) In one case Tl was implanted to a fluence of 1.0 x 10 a t . / c m 2 , and 
the annealing was car r ied out a t 973 K; TEM showed a mean TiC p rec ip i t a t e 
s ize of *5 nm. The other experiment employed Ta a t a lower dose, 1.7 x 1 0 1 6 



at./en , and the heat treatments were dore at 873 K; transmission electron 
diffraction froa 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 NfA.dx was estimated from the observed precipitate size distribution 
to be 2.4 x lCr° em" 2. Substituting the slope from Fig. 6 into Eq. 6 then 
gives a trapping enthalpy of Cs a 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 Sb densities 
which typically embrittle steels; indeed, for a fixed temperature and trap 
density, the fraction of the impurities occupying traps is expected to rei-ain 
constant down to infinitesimal concentrations. Furthermore, pending experi­
mental confirmation, it seems reasonable to anticipate that the other trouble­
some metalloids Sn, As, and P will undergo similar trapping, and that the 
effect is 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 author, this ap­
proach for suppressing metalloid effects In 6teels had not previously been 
considered in the literature, nor had the affinity of metalloids for second-
phase particles been determined. 
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Fig. 6 - Relative variations of the amount of trapped Sb and the Sb concentra­
tion in solution for Fe containing TIC or TaC precipitates. Anneal 
time increases to the left. The error bars indicate the standard 
statistical error for the solutionlzed concentration. 



Trapping of Hydrogen i n Fe 

Dilute hydrogen impur i t ies embr i t t l e both f e r r i t l c (bcc) and a u s t e n i t i c 
(fee) E t e e l s ( l ) . Control of t h i s degradation i s made d i f f i c u l t by the high 
hydrogen mobi l i ty , p a r t i c u l a r l y in the bcc s t r u c t u r e j for example, in pure 
Fe, W O c a / s ' a t room temperature. Such rapid t ranspor t allows the im­
pur i ty to be assimilated from the environment during fabr ica t ion or serv ice 
and to accumulate a t gra in boundaries or crack t i p s . Although the spec i f i c 
mechanisms of hydrogen embrlttlement remain c o n t r o v e r s i a l , the re i s almost 
general agreement tha t suppression of t ranspor t i s very b e n e f i c i a l . ' Conse­
quent ly , t rapping processes which accomplish t h i s are of considerable i n t e r e s t . 
Ion implanted a l loys have been used to inves t iga t e two such e f fec t s in bcc Fe: 
trapping of hydrogen by defec ts and by Y (yt t r ium) atoms. 

Trapping by La t t i ce Defects 

The object ive of the experiment was to determine how s t rongly hydrogen 
i s bound to l a t t i c e imperfections in Fe and, to the extent poss ib l e , charac­
t e r i z e the underlying atomic c o n f i g u r a t i o n s ^ ) . Pure, highly-annealed Fe 
was i n i t i a l l y implanted with the deuterium isotope (D) a t a temperature of 
=90 K; a dose of 1.5 x 1 0 1 6 D/cm2 was injected a t 15 keV, producing a peak 
concent ra t ion of =1 at .X a t a depth of =0.lMm. The implantat ion a l so 
produced extensive l a t t i c e damage which served as t r a p s . Subsequently, the 
specimen temperature was l i n e a r l y ramped at a r a t e of 2 K/minute. At 10 K 
i n t e r v a l s , the amount of D re ta ined within K0.UVm of the surface was 
measured by bombarding with 0.7 MeV He and detec t ing protons from the 
nuclear reac t ion B( He,p) He. Release from t raps was manifested by a 
decrease in the quanti ty of D de tec ted , and the temperatures of re lease 
were i nd i ca t i ve of the t r ap depths . 

The f rac t ion of the i n i t i a l l y implanted D remaining r i t h i n the implanted 
region i s plot ted versus temperature in Fig. 7. Two re lease s tages are pre­
sen t , centered at about 260 and 400 K r e spec t ive ly . Other ion beam experiments 
ind ica te that the D does not a c tua l l y leavn the sample below 303 K, due to a 
surface permeation b a r r i e r ; hence, a t .teast during the 260 K s t age , the re lease 
occurs pr imari ly in to the underlying F-* matr ix . Both the s tages in Fig. 7 
occur a t temperatures far too high to oe a t t r i bu t ed to the onset of pe r fec t -
l a t t i c e d i f fus ion , and therefore both must be associa ted with det rappin^. It 
then follows that the ion-damaged region contains a t l e a s t two d i s t i n c t defec t -
t r ap conf igura t ions . 

Equations 2 - 5 were employed to model the time evolution of the system. 
Two d i f fe ren t t raps were included in the c a l c u l a t i o n , and t h e i r concentrat ions 
and binding enthalpies were adjusted to produce agreement with the da ta . The 
depth range containing t raps was fixed in accordance with the known penet ra­
t ions of implantat ion and analys is beams. The r e s u l t s of the model ca lcu la t ion 
are given in Fig. 7, where agreement between theory and experiment i s seen to 
be exce l l en t . The D trapping enthalpies obtained from the f i t a re 0.5 eV for 
the 260 K stage and 0.B eV for the 400 K s t a g e . 

Ion channeling of the 3He ana lys i s beam provided information on the l a t ­
t i c e l oca t ion of the trapped D. S ingle-crys ta l Fe was i n i t i a l l y implanted 
a t 110 K and then annealed at a s e r i e s of increasing temperatures. Following 
the implantat ion and af te r each anneal , the specimen was held a t 110 K while 
(100) planar and <100> axial scans were made. Prior to crossing the 260 K 
s t a g e , the data a re cons is ten t with >90% of the D occupying the s i t e shown in 
Fig. 8j the pos i t ion i s c lose to &lgh-sysmetry oc tahedra l , but displaced by 
5=0.04 nm toward a nearest-neighbor subs t i t u t iona l s i t e . After exceeding 
260 Kt the channeling data changed q u a l i t a t i v e l y , in a fashion suggesting more 
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Fig. 7 - Release of D from defect Craps in Fe during l i n e a r ramping of 
temperature. The solid l i ne i s a f i t t e d t heo re t i ca l ca lcu la t ion 
with t rap depths of 0.48 and 0.81 eV. 

[001] 

*-— [J00J 

O Fe LATTICE SITES 
• DSITE 
* OCTAHEDRAL SITE 
+ TETRAHEDRALSITE 

Fig. 8 - Lattice location of D occupying the 0.5 eV defect trap in Fe. 

than one D configuration. Consequently, the lattice location shown in Fig. 8 
is attributed to the 260 K, 0.5 eV trap. Finally, this experiment did not 
determine the nature of the defectB 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. 



The 0.5 eV and 0.8 eV defect t raps iden t i f i ed in the above implantat ion 
experiment g r ea t l y reduce t h e mobi l i ty of hydrogen; t h e i r binding entha lp ies 
exceed by an order of magnitude the a c t i v a t i o n enthalpy for d i f fus ion , "0.05 
eV. Moreover, i t seems p laus ib le to suggest t ha t these t r aps might be i n t r o ­
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 !U gas on the downstream side 
of the f o i l . An e f fec t ive trapping enthalpy of 0.6 eV was deduced, and t h i s 
l i e s between the values obtained in the present work. Consequently, defect 
trapping appears worthy of considera t ion as one method for c o n t r o l l i n g hydro­
gen embritclement of f e r r i t i e s t e e l s . 

Trapping by Implanted Y 

Hydrogen was found to be trapped even more s t rongly in Fe which had 
been Ion-implanted with Y(7). The experiment was carr ied out by i n i t i a l l y 
implanting 190 keV Y a t room temperature to a dose of 4 x 1 0 1 a t . /cm . 
Transmission e lec t ron microscopy and ion backseat ter ing/channel ing showed 
t h a t t h i s produced a highly defected, supersaturated so lu t ion with a peak 
concentrat ion of 8 at.% a t 35 nm. The specimen was then injected with 1.5 x 
1 0 1 6 D/cm at 15 keV and a temperature of 90 K, and a r e t en t i on - ve r sus -
temperaturc p ro f i l e l i k e tha t of F ig . 7 was measured. A control experiment 
was a lso performed in which Fe se l f - ions were implanted instead of the Y, 
thereby crea t ing damage without a l t e r i n g the composition. Data from the 
two experiments are given in Fig. P. 

The p ro f i l e for the s e l f - i o n - i r r a d i a t e d Fe i s v i r t u a l l y unchanged from 
tha t obtained with D Implantation alone (Fig. 7) . Apparently, the number and 
charac te r of defect t raps are s imi lar in the two cases . In c o n t r a s t , the Fe 
layer Implanted with Y re ta ined most of the B to temperatures well above the 
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Fig. 9 - Release of D from t raps in Y-implanted Fe and Fe-implanted Fe during 
I'n-.-.r ramping of temperature. The theo re t i ca l sol id l i n e assumes a 
unique t r ap depth of 1.27 eV. 



two r e l e t ae s tages observed In pure Fe; about 100% of the r e l ea se occurred in 
an i n t e rva l centered a t "560 K. The t i n e evolut ion of t h i s system was 
modeled using Eqs. 2 - 5 , assuming tha t one t r ap e x i s t s a t each Y atom. A 
s ingle t r ap enthalpy of Qj_ « 1.27 eV then y ie lds the sol id curve in Fig. 9. 
The width of the experimentally observed re lease stage i s s i g n i f i c a n t l y 
g rea te r than predicted by the c a l c u l a t i o n , suggesting an apprec iable range 
of t r ap depths centered at - 1 . 3 eV. 

With regard to the mechanism of the above V e f f e c t , i t seems improbable 
tha t a coupling as s trong as 1.3 eV r e s u l t s simply from a chemical i n t e r a c ­
t ion between subs t i t u t iona l Y and i n t e r s t i t i a l D. A more p laus ib le hypothesis 
i s t ha t the oversize Y atom, whose elemental atomic volume i s 2.8 times that 
of Fe, c o l l e c t s i r rad ia t ion- induced vacancies to produce an impuri ty-
s t a b i l i z e d defect- Evidence e x i s t s for such e f f ec t s in both bcc and fee 
l a t t i c e s ( 1 6 , 1 7 ) . The strong trapping may then r e f l e c t the combination of a 
Y-D chemical i n t e r ac t i on and coupling to a l a t t i c e imperfect ion. Support for 
t h i s i n t e r p r e t a t i o n comes from another expe r imen t^ ) in which the Fe host was 
implanted with Kr instead of Y. The i n e r t - g a s atom i s a l so oversized in Fe, 
but i t has no chemical a f f i n i t y for hydrogen. In t h i s c a se , the r e t e n t i o n -
versus-temperature p rof i l e for implanted D was q u a l i t a t i v e l y l i k e that of Y-
implanted Fe, with almost 100% of the r e l ease occurring in a s ing le s t a g e , 
but th/> re l ease temperature was reduced by =80 K. The dif ference i s t e n t a ­
t i ve ly a t t r i b u t e d to the absence of a chemical component in the t rapping . 

Traps with a depth of 1.3 eV are p o t e n t i a l l y very useful for con t ro l l i ng 
hyarogen mobil i ty in s t e e l s . They a re v i r t u a l l y i r r e v e r s i b l e a t room tempera­
t u r e , yet capable of being emptied by moderate anneal ing. In considering such 
a p p l i c a t i o n s , however, a key question i s whether the responsible e n t i t i e s 
can be Introduced by means other than ion implanation. The answer to t h i s 
must await a mo.e complete understanding of the mechanism. 

In concluding t h i s sec t ion on hydrogen t r 'v ing, i t i s i n s t r u c t i v e to 
consider the difference in experimental approve rrom tha t used to study Sb 
trapping by carbide p r e c i p i t a t e s . The hydrogen work enta i led simply monitor­
ing the decreasing quant i ty of trapped hydrogen during l i n e a r ramping of 
temperature, whereas in the Sb study both the trapped quant i ty and the con­
cen t ra t ion in so lu t ion were measured as a function of isothermal anneal ing. 
The l a t t e r method i s a c tua l l y the more sens i t i ve to t rapp ing , and i t i s 
p a r t i c u l a r l y s u i t a b l e when the t rap depth i s small compared to the ac t i va t i on 
enthalpy for di f fus ion. In the Fe-Sb-TIC system, these q u a n t i t i e s are 0.4 eV 
and 2.8 eV respec t ive ly . For hydrogen in Fe, the s i t u a t i o n i s reversed, 
with t r a p depths >0*5 eV and a diffusion enthalpy of a 0 . 0 5 eV. Under t h i s 
condi t ion , it i s qu i te su f f i c i en t to monitor detrapping with increasing 
temperature. Moreover, the presence of a r e l a t i v e l y strong t r ap may render 
the solut ionized concentrat ion too small to measure, a s was the case In the 
hydrogen experiment. 

Conclusion 

Ion-implanted a l loys provide a useful medium in which to Ident i fy and 
cha rac te r i se impurity immobilization mechanisms. Thir i s demonstrated by the 
va r i e ty of processes inves t iga ted In the present work, which exemplify each 
of the four p r inc ipa l ways in which solute t ranspor t can be reduced: incor -
porati ' jo in to a s t ab l e i n t e r m e t a l l i c phase, and trapping by p r e c i p i t a t e s , 
o ther s o l u t e s , or l a t t i c e de fec t s . In every case the implantat ion experiment 
e i t h e r iden t i f i ed the process for the f i r s t time or s u b s t a n t i a l l y expanded 
knowledge of i t s p r o p e r t i e s . Since, a d d i t i o n a l l y , the experimental approach 
and methods of data ana lys i s used In t h i s work are widely a p p l i c a b l e , they 
provide a s i gn i f i c an t new c a p a b i l i t y for a l loy development. 
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