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a b s t r a c t

We report on the evolution of microstructure and mechanical properties of Fe/W multilayers subjected to
helium ion irradiations. Sputtered Fe/W multilayers with individual layer thickness, varying from 1 to
200 nm, were subjected to He+ ion irradiation with a peak displacement per atom value of 6 at ambient
temperatures. Helium bubbles, 1–2 nm in diameter, were observed in Fe and W, and more so along layer
interfaces. The magnitude of hardness variation after radiation depends on the individual layer thickness.
Radiation hardening is observed in specimens with individual layer thickness of P5 nm. At smaller layer
thickness, the hardness barely changes. Analysis indicates that radiation hardening may originate mainly
from dislocation loops and partially from He bubbles.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

High energy helium (He) ion irradiation of metals generates a
large number of defects, including vacancies and interstitials, He
bubbles and dislocation loops [1–3]. Radiation typically degrades
the mechanical properties of metals, most notably an increase in
yield strength, and significant loss of ductility (embrittlement)
[4]. Radiation induced defects in metals are of great interest, be-
cause these defects determine the performance of irradiated mate-
rials in nuclear reactor environment. He bubbles and dislocation
loops are two major types of radiation induced defects. The solid
solubility of He in metals is very low [5]. Thus, at relatively low
concentrations of implanted He, it is easy to form He-vacancy clus-
ters, which act as the nucleus for He bubble formation [6]. Once
nucleated, in order to maintain a mechanical equilibrium between
their internal pressure and the sintering stress, 2c/r, where c is the
surface energy and r is the bubble radius, the bubbles grow by
absorbing He atoms and radiation induced vacancies [7]. High en-
ergy He ion bombardment of metals also produces recoil intersti-
tial metal atoms that collapse into prismatic dislocation loops.
Different types of defects have different obstacle strengths for glide
dislocations. In general, voids and large precipitates act like Oro-
wan barriers and have large barrier strengths; small bubbles, small
clusters and network dislocations have relatively small barrier
strengths. Lucas reviewed the mechanical properties of austenitic
stainless steels [8], and found that at low temperature (�373 K),
radiation hardening was dominated by Frank loops at low dose,
ll rights reserved.

: +1 979 845 3081.
and by the network dislocations at higher dose. At higher temper-
ature, �673 K, voids and bubbles begin to contribute to hardening,
especially at high dose. Other studies on irradiated 316LN stainless
steel show, at approximately 1 at.% He concentration, dislocations
and loops can be pinned by He bubbles in the lattice [9].

Recent studies have shown that interfaces in composite materi-
als can act as sinks for radiation induced defects, promote recom-
bination of unlike point defects, and result in enhanced radiation
tolerance as compared to conventional single-phase bulk metals
[10–12]. For instance, He ion irradiated Cu/Nb multilayer films
with a few nm layer thickness seem to suppress the burst of He
bubbles after annealing [10]. In this study, we chose Fe/W multi-
layers for radiation damage studies. Compared to Cu, Fe and W
have relatively high melting points, and more open crystal struc-
ture, bcc vs. fcc. Molecular dynamics simulations suggest that the
characteristics of interface could be a major factor in determining
the accumulation of radiation damage in composite materials
[13]. The lattice parameter difference between Fe and W is rather
large (�10%), and so the Fe/W interface is incoherent [14]. Such
incoherent interface could enhance the capability of defect storage.
The study will also allow a comparison of incoherent bcc/bcc Fe/W
interface with incoherent fcc/bcc Cu/Nb interface.
2. Experimental procedures

Fe/W multilayers were deposited by magnetron sputtering at
room temperature on SiO2 substrates. The vacuum chamber was
evacuated to a base pressure less than 5 � 10�8 torr prior to depo-
sition. The constituents within the multilayers have equal layer
thickness, varying from 1 to 200 nm. The total film thickness was
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Fig. 2. Cross-sectional TEM (XTEM) image of as-deposited Fe/W 50 nm nanolayer
shows clear and unmixed Fe and W layer interface with weak texture.
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about 2 lm. After deposition, films were implanted at room tem-
perature with 100 keV He+ ions to a fluence of 6 � 1016/cm2. The
beam current is around 6 microamps and the temperature of the
stage is around 50 �C during implantation. Transmission electron
microscopy (TEM) was performed on a JOEL 2010 microscope oper-
ated at 200 kV. Selected area diffraction (SAD) studies were per-
formed with an aperture of 100 nm in diameter. X-ray diffraction
(XRD) experiments were performed on Bruker D8-Focus Bragg-
Brentano X-ray diffractometer. The hardness and modulus of mul-
tilayers before and after irradiation were measured at room tem-
perature by a Fischerscope HM2000XYp instrument with Vickers
indenter at an indentation depth down to 250 nm. The instru-
mented nanoindentation experiment is depth controlled with a
typical load of 12–16 mN to achieve an indentation depth of
250 nm. A minimum of nine indents were performed at the same
depth on each specimen to get an average hardness value.

3. Results

3.1. Microstructural evolution of irradiated Fe/W multilayers

Distinct Fe (110) and W (110) peaks are observed in XRD pat-
terns of Fe/W 50 nm and Fe/W 5 nm multilayers as shown in Fig. 1.
Fe/W 5 nm multilayer appears to have stronger Fe (110) and W
(110) texture than multilayers with greater individual layer thick-
ness. In most cases, after ion irradiation, the peak intensity of Fe
and W (110) drops accompanied with a peak shift to lower angle.

Cross-sectional TEM (XTEM) images reveal radiation induced
defects. Fig. 2 shows the microstructure of as-deposited Fe/W
50 nm multilayer film. Both constituents have polycrystalline
structure with grains sizes of similar magnitude to that of individ-
ual layer thickness, confirmed by inserted SAD pattern. The multi-
layer films have weak Fe and W {110} fiber texture perpendicular
to the layer interface. The interface between Fe and W is chemi-
cally abrupt.

Fig. 3(a–c) shows underfocused bright-field TEM images of ion
irradiated Fe/W 50 nm specimens. Fig. 3(a) is taken close to the
surface of the film. Very few He bubbles are observed in this region.
Fig. 3(b) is taken from the region in which the He concentration is
predicted to be the highest by SRIM simulation (as shown by depth
dependent He concentration profile in Fig. 4). A very high He bub-
ble density is observed in this region. The diameter of the He bub-
bles in Fe is �1.5 nm, slightly greater than that in W. Furthermore
the diameter of He bubbles seems to be larger when the bubbles
are located along layer interface compared to those inside the lay-
ers. ‘Black dots’ observed from TEM micrographs in the underfocus
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Fig. 1. X-ray diffraction patterns of (a) Fe/W 50 nm multilayers, and (b) Fe/W 5 nm mu
intensity and a shift of peak position to lower angles.
conditions could be point defect clusters and Frank dislocation
loops. At �600 nm underneath the film surface, Fe and W layers
and Fe/W interfaces are essentially intact with no signs of He bub-
bles, as shown in Fig. 3(c).

SRIM [15] calculation of He ion irradiation has been performed
on Fe/W multilayers with a nominal layer thickness of 50 nm. Fig. 4
shows the variation of He concentration versus implantation
depth, together with the variation of lattice spacing of Fe (110)
and W (110), which has been examined from XTEM studies. The
simulation predicts that peak He concentration occurs at approxi-
mately 300 nm underneath the film surface, with a peak displace-
ment per atom (DPA) of �6. Measurements of Fe (110) and W
(110) interplanar spacing from (SAD) patterns were performed
with an aperture size of 100 nm in diameter. It can be seen that in-
ter-atomic spacing of Fe (110) increases rapidly and quickly
reaches a plateau at 300 nm, and remains largely distorted up to
500 nm in depth. Whereas lattice distortion in W (110) seems to
take off at a bit deeper level and reaches a peak value at
�500 nm. Lattice expansion maxima of approximately 3% were
observed in the peak damage region. Lattice expansions, 1–2%,
are also observed (not shown here) from Fe and W (200) and
(211) diffractions.
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Fig. 3. XTEM image of Fe/W 50 nm nanolayers after ion irradiation. (a) In surface region, moderate amount of He bubbles was observed in Fe and W. (b) In a region of 300 nm
underneath film surface, He bubble concentration increases dramatically, and He bubbles align along grain boundary and layer interfaces. (c) In the region of 600 nm
underneath film surface, away from radiation damage zone, multilayer films are essentially intact with clear Fe/W interfaces.
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Fig. 4. SRIM calculations that simulate the variation of He concentration versus
radiation depth for He ions, 100 keV/6 � 1016/cm2, same as the experimental
condition. Variations of lattice spacing for Fe (110) and W (110) examined by
detailed XTEM studies are also shown.
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Similar XTEM studies were carried out on ion irradiated Fe/W
1 nm multilayer film. Up to approximately 75 nm below the sur-
face, as shown in Fig. 5(a), a discrete layer structure is not resolved
and He bubbles were not detected. Fig. 5(b) shows the microstruc-
ture of films, approximately 340 nm below the surface, a region
predicted to be heavily damaged based on SRIM simulations. A
large number of He bubbles were observed in Fig. 5(b), without
clear resolution of layer interfaces. The average He bubble size is
�1–2 nm in diameter. Fig. 5(c), taken at about 420 nm underneath
the film surface, shows a reduction of He bubble concentration. The
retention of layer structure at the bottom of the region indicates
diminishing radiation damage. Radiation damage continues to de-
crease in deeper regions. At a depth of �1200 nm underneath the
film surface, the microstructure is essentially identical to that of
the as-deposited specimens, i.e., the layer structure is clearly dis-
tinguishable without signs of radiation damage, as illustrated in
Fig. 5(d).

3.2. Mechanical properties

The hardness of as-deposited and ion irradiated Fe/W multi-
layer films are compared in Fig. 6(a) as a function of h�1/2, where
h is the thickness of individual layers. For as-deposited multilayers,
when h is 50 nm or greater, the hardness of multilayers scales
approximately linearly with h�1/2, following a Hall–Petch
relationship:

H ¼ H0 þ kh�
1
2; ð1Þ

where H is the hardness of the thin film, H0 is film hardness at infi-
nitely large layer thickness and k is the Hall–Petch slope, measuring
the relative hardening contribution from layer interfaces. A linear fit
to the experimental data is indicated by a solid line in the plot,
yields H0 = 4.7 GPa and k = 42.9 GPa nm0.5. As the individual layer
thickness decreases even further, the film hardness increases non-
linearly, and reaches a peak hardness of 35.4 GPa at h = 1 nm. Radi-
ation induces hardening in almost all multilayer films. When layer
thickness is larger than 20 nm, the Hall–Petch relationship is also
observed, as indicated by a dash line in the plot. The Hall–Petch
slope of irradiated multilayers is 35.4 GPa nm0.5, smaller than that
of as-deposited multilayer system. To compare the magnitude of
radiation hardening, DH, a plot of DH vs. 1/h1/2 is shown in
Fig. 6(b). Specifically, after He ion irradiation, the hardness of mul-
tilayers increases by 1.5–2 GPa when h P 5 nm. Radiation harden-
ing is less significant when h = 2.5 nm, and hardness barely
changes when h = 1 nm.



Fig. 5. XTEM images of Fe/W 1 nm multilayer film after He ion irradiation. (a) Microstructure in surface region, �75 nm underneath the film surface, has little He bubbles and
no clear sign of layer interfaces. (b) In heavily irradiated region, �340 nm below film surface, He bubble density reaches a peak value. Fe and W interface can not be detected.
(c) In a region of �420 nm underneath film surface, the density of He bubbles decreases, and at the bottom of this region, layer structure is distinguishable. (d) In an
essentially unirradiated region of �1200 nm below surface, the microstructure of multilayer is similar to that of the as-deposited films.
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Fig. 6. (a) Comparison of hardness as a function of h�1/2 plots for as-deposited and ion irradiated Fe/W multilayer films. The hardnesses of multilayers with layer thickness of
greater than 50 nm are fitted by using solid lines, indicating that the Hall–Petch dislocation pile-up model can describe strengthening in this regime. The hardnesses of as-
deposited and ion irradiated single layer Fe film are also shown as two dash lines. (b) The plot of hardness enhancement vs. individual layer thickness shows that hardnesses
increase by about 1.5 GPa for h P 5 nm specimens. When h is 6 2.5 nm, the hardness only increases slightly or barely changes.
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4. Discussion

4.1. Microstructural evolutions

We will first examine radiation induced microstructure
changes. XRD studies show that peak intensity of Fe (110) and
W (110) decreases after He ion irradiation, and peak positions shift
to lower angle. Reduction of peak intensity is an indication of dis-
ordering of crystal lattices due to radiation induced point defects,
and peak broadening is often associated with microstrain due to
entrapment of interstitials. Decrease of peak angle is an indication
of enlargement of lattice spacing in a direction normal to inter-
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Fig. 7. Depth dependent He bubble density in irradiated Fe/W 1 nm and Fe/W
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50 nm multilayers simulated from SRIM code.
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faces. Radiation induced lattice expansion was also confirmed by
SAD patterns in TEM studies. Lattice expansion in Fe and W is likely
to be a result of interstitials, including He interstitials and Fe and
W self interstitials, and interstitial loops when loop diameter is
on the order of nanometer length scale. Also intermixing of Fe
and W due to radiation is likely to occur along layer interfaces,
as Fe and W are miscible. Intermixing could lead to the formation
of Fe–W solid solutions along interfaces and thus lead to distortion
of lattices. XTEM studies show that the average bubble diameter in
Fe is slightly larger than that in W. Based on the relationship:
p = 2c/r, where c is the surface energy, and r is the radius of He
bubble, the critical He concentration to nucleate He bubbles is pro-
portional to c, which typically scales proportionally with shear
modulus [6]. Hence the difference in He bubble diameter may orig-
inate from the difference in shear modulus and surface energy be-
tween Fe and W [16]. Furthermore we noticed that He bubbles
tend to have larger diameter with ellipsoidal shape along interface.
This phenomenon has been observed in other systems [17]. A lar-
ger diameter (radius) of He bubbles along interface indicates that
internal pressure and surrounding equilibrium pressure of He is
lower.

4.2. Possible hardening mechanisms

We will first interpret radiation hardening, �1.8 Gpa, in Fe/W
50 nm multilayers and then comment on size (layer thickness)
dependent radiation hardening.

Two major mechanisms have been proposed [18,19] to explain
radiation hardening: the dispersed barrier hardening, where radia-
tion induced defects (such as vacancy or interstitial clusters) act as
barriers to the movement of dislocations, and the source harden-
ing, the increase in stress required to start a dislocation moving
on its glide plane. Since the contribution of source hardening is rel-
atively small, we will focus on dispersed barrier hardening model,
which describes the flow stress required to sustain plastic
deformation. In the case of Fe/W multilayers, radiation induced
hardness variations are likely to originate from He bubbles, inter-
stitial loops, He interstitials, and the microstructural evolution of
layer interface (such as intermixing).

4.2.1. He bubbles
In order to estimate the hardness enhancement by He bubbles,

it is necessary to obtain He bubble density. Assuming the thickness
of TEM sample is around 100 nm, from XTEM images captured at
different depths, the density of He bubbles can be estimated and
results are shown in Fig. 7. The cubic and triangle dots in Fig. 7
stand for He bubble density in Fe/W 50 nm and Fe/W 1 nm multi-
layers, respectively, and the dash line and the dash–dot line are
used as visual guides. The evolution of bubble density with depth
is somewhat consistent with the SRIM prediction of He concentra-
tion vs. depth. The average He bubble concentration, N, is similar in
both cases, namely 1.1 � 1024/m3 and 0.9 � 1024/m3 in Fe/W
50 nm and Fe/W 1 nm multilayers, respectively.

We now attempt to estimate He bubble induced hardening in
Fe/W 50 nm multilayers. For weak obstacles, such as He bubbles
[7,8,20,21], a hardening relationship developed by Friedel–Kro-
upa–Hirsch (FKH) can be used to describe the dependence of radi-
ation hardening on He bubbles [22–24]:

Dr ¼ 1
8

MlbdN2=3
; ð2Þ

where M is Taylor factor, 3.05 for BCC metal, l is the shear modulus,
b is the Burgers vector. The increase in yield stress from FKH model
is calculated to be �0.13 GPa, corresponding to a hardness increase
of 0.4 GPa. Thus radiation hardening due to He bubbles is very small
comparing to experimental values.
4.2.2. Dislocation loops
Based on a dispersed barrier hardening model [25], the increase

in yield stress Dry is equated to the increase in applied stress re-
quired to move a dislocation through a field of obstacles:

Dry ¼ Malb=l ¼Malb
ffiffiffiffiffiffi

Nd
p

; ð3Þ

where a is the barrier strength, and l is the average spacing between
obstacles, and can be estimated as 1/

ffiffiffiffiffiffi

Nd
p

, where N and d is the
average loop density and loop diameter, respectively. Considering
the typical barrier strength of dislocation loops, a is taken as 0.45
[26,27]. An experimental determination of loop density is not yet
available due to the difficulty of imaging dislocation loops in nano-
crystalline metallic multilayers. Under the assumption that radia-
tion hardening is originated primarily from dislocation loops and
considering partial contribution from He bubbles, our analysis
yields a dislocation loop density of 2 � 1022 m�3 when the loop
diameter is �5 nm. Zinkle and Singh investigated the microstruc-
ture of neutron irradiated Fe, and found the defect cluster density
and cluster loop diameter increase with increasing dose [28]. When
the dose increased from 0.0001 to 0.79 dpa, the loop density in-
creased from 1 � 1021 to 6 � 1022 m�3 and the loop diameter in-
creased from 1 nm to 4 nm. In He ion irradiated Fe/W multilayers,
the peak damage is �6 dpa, and the estimated loop density is
comparable to that observed in neutron irradiated Fe.

4.2.3. He interstitials
Although some He atoms have been combined with vacancy to

form He bubbles in the multilayer films, there are still a large num-
ber of isolated He atoms or He clusters in the system. Atomic sim-
ulations [29] show that at low temperature, He interstitials in the
vicinity of a dislocation can easily migrate to the dislocation core,
and thus resist the glide of dislocations. The binding energy of
He to dislocation line is around 2 eV [29]. From Fig. 7, the average
He concentration is calculated to be around 1 � 1027 m�3, much
higher than He atoms reside within He bubbles. Previous studies
have shown that high concentration of He interstitials will lead
to hardening especially when He concentration approaches a crit-
ical value, �1 at.% [6,7,9], or a critical dose of >1 dpa. However
quantitative analysis of He interstitial induced hardening is diffi-
cult given the difficulty of determining He concentration within
lattices.

Given the estimation of small radiation hardening from He bub-
bles and the difficulty in measuring dislocation loop density, the
interpretation of radiation hardening mechanisms in Fe/W 50 nm
multilayers is complicated. Nonetheless, radiation hardening may
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originate mainly from dislocation loops and partially from He bub-
bles and interstitials.

Hardness of irradiated Fe/W 1 nm multilayers barely changes,
very different from radiation induced hardening in films with
h P 5 nm. XTEM studies show that in peak damage zone the lay-
ered structure cannot be resolved in through-focus images of Fe/
W 1 nm multilayer presumably due to radiation induced intermix-
ing. It is known that peak strength of as-deposited nanolayer films
are determined by interface barrier strength to the transmission of
single dislocations [30]. The loss of layer interface may degrade the
hardness of multilayers. Such an effect may counteract radiation
induced hardening. Finally a noticeable reduction of Hall–Petch
slope after radiation indicates a less dependence of hardening on
layer thickness as a result of abundance of radiation induced de-
fects in multilayers. Details will be discussed elsewhere.

5. Conclusions

The present studies reveal that after He ion irradiation to a flu-
ence of 6 � 1016/cm2, a large number of He bubbles were observed
in both Fe and W, and peak He bubble density occurs at a similar
location compared to the peak lattice distortion of Fe (110) and
W (110). Radiation induces hardening in multilayers when
h P 5 nm specimens. At such length scales, analyses indicate that
radiation induced hardening may originate mainly from disloca-
tion loops and only partially from He bubbles. Hardness barely
changes in irradiated Fe/W 1 nm specimens as a result of diminish-
ing discreteness of layer interfaces due to intermixing.
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