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A B S T R A C T   

Tungsten samples have been irradiated with 3 MeV protons with dose rates of ×1 10 04 to ×5 10 05 dpa/s to 
doses of 0.01–0.67 dpa at 360 K in a pilot experiment. Micro- and macro-indentation were used to measure 
irradiation hardening in the samples. An initial irradiation hardening of 1.23  ±  0.09 GPa and 1.88  ±  0.83 GPa 
was measured by micro and macro indentation. The irradiation hardening was observed to saturate at 0.03 dpa 
damage. Dislocation loops were identified using TEM suggesting an increasing loop size with dose.   

1. Introduction 

As the plans for the demonstration fusion reactor mature [1,2], 
material technology is seen to be a key player [3]. High heat fluxes 
between 10 and 20 MW/m2 along with transient thermal loads [4,5], 
considerable neutron damage at rates of 3 −4 dpa/year [6] and steady 
impacting plasma loads pose a triple threat to the plasma facing ma-
terial (first wall). Tungsten (W) is a forerunner for the first wall given its 
high melting point (3695 K), high thermal conductivity and reltively 
low sputtering [7,8]. Infact novel solutions with W, such as W-fiber 
components, mixed W-Cr-Ti alloys and functionally graded layers of W 
and Cu are being proposed as solutions for handling the triple threat of 
plasma, neutron and heat loads [9]. Recently a large emphasis has been 
on collecting data to understand the irradiation damage and on post 
irradiation engineering properties using fission reactors [10] and heavy 
ion irradiations [11,12]. 

The unavailability of fusion neutron sources such as IFMIF [13] for 
material qualification post neutron damage has led to long irradiation 
campaigns at fission reactors. However in view of the long cycle times 
and higher than fusion transmutation component, accelerators have led 
the way to understand and quantify effects of neutron damage in ma-
terials [14]. Accelerator irradiation are often performed using heavy 
ions such as ‘Au+’ or self ions such as ‘W+’ ions on ‘W’ [15–17]. The 
heavy ions have low penetration depths and create damage close to the 
surface, within the 2 μm where implantation and surface damage effects 
can be observed. 

Another approach towards emulating neutron damage using 

accelerator irradiation is to use low energy light ions such as 3 MeV 
protons [18,19]. The penetration depth of protons is much higher than 
heavy ions and an attempt to study macroscopic changes can be un-
dertaken. The comparison of proton irradiations to heavy ions and 
neutrons is well documented [20] and while low energy protons pro-
duce scattered dislocation cascades, they have been used to simulate 
reasonable dose rate conditions to mimic neutron irradiation effects  
[19]. Low energy proton irradiation shares the benefit with heavy ion 
irradiation of avoiding activation of the sample, allowing analysis using 
non-active laboratory facilities. Higher energy protons using 16 &
30 MeV protons from a cyclotron was detailed in our previous pub-
lication [21], which produces similar to fusion a displacement and 
transmutational component and has a lower cycle time than fission 
reactors. However, similar to fission, the samples are radioactive and 
require hot cells with additional radiation safety requirements. 

A recent transmission electron microscopy(TEM) study in tungsten 
using proton energies of 40 keV(in situ) and 3 MeV(ex-situ) at 623 K 
determined the damage structures resulting from the proton irradiation 
at doses of 0.1–0.7 dpa [18]. The in situ observation results showed that 
a/2 < 111 > dislocation loops had formed and that loop size increased 
with dose but loop density was observed to decrease up to 0.7 dpa. 
However, different dislocation structures were found after ex-situ ir-
radiated samples. This suggests that the free surfaces present or low ion 
energies used during the in situ TEM irradiation may be affecting the 
microstructure development. 

Through the years of fusion research, small scale testing techniques 
has been constantly discussed and evolved [22–24]. Instrumented 
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indentation is an extension of micro–hardness, wherein an indent is 
made on the material using spherical or pyramidal indenter. Applied 
force and displacement are measured during the indentation from 
which micro–hardness and elastic modulus are determined. This pilot 
study outlays the first irradiation and indentation of ‘W’ samples using 
the 3 MeV tandem accelerator and compares them to the self ion irra-
diations. The greater penetration depth of protons relative to self-ions 
allowed post irradiation indentation to be performed using both micro- 
and macro-indentation. The pilot experiment combines mechanical and 
retention investigations which are published separately [25]. These 
experiments form the basis for further high temperature investigations 
into using protons to induce irradiation damage. 

2. Experiment 

This study used 3 MeV protons to investigate irradiation hardening 
of tungsten. The penetration depth for 3 MeV protons was calculated to 
be 27 μm in tungsten samples as shown in Fig. 1. The calculations show 
that the Bragg peak which lies between 22 and 26 μm is preceded by an 
region of semi-constant damage levels of approximately 15 μm (shown 
in green in Fig. 1. In this semi-constant damage region of 15 μm, the 
vacancies per ion created by the proton can be approximated as a linear 
increase with depth × +(2 10 /µ m 0.0277)3 . This linear increase is also 
seen in the cumulative vacancies rise with depth in sub Fig. 1(b), 
subsequent to which an increase in slope and deviation from the linear 
behaviour is observed. The range of semi-constant damage was the 
maximum depth of all irradiation investigations within this work. The 
damage dose was calculated for 15 μm, as this is the maximum depth 
probed by macro-indentation. The depth of 15 μm would penetrate 
anywhere between 1 and 3 grains. The damage calculations for irra-
diation dose were performed using the quick calculation setup on SRIM- 
2008 [26] with a displacement threshold of 90 eV [27] in accordance 

with the technique prescribed by Stoller et al. [28]. However in view of 
restricting the damage to 15 μm, the integral target vacancies were 
considered and substituted in Eq. 1 as displacements per ion(DPI). 

= ×DPA D
R S

DPI
(1) 

Considering the total ion dose D, bombarded onto a spot size S, on a 
sample with atomic material density , Eq. 1, would provide the net dpa 
damage dose for 15 μm of irradiated area. 

Irradiations were performed using the tandem accelerator located 
on campus at Forschungszentrum Jülich. The tandem is capable of ac-
celerating protons to 3.4 MeV(1.7 MV × 2), however the proton en-
ergies were limited to 3.0 MeV, below the threshold energy of (p,xn) 
reactions. JENDL/HE-2007 [29] extrapolates the cross-section to 
100 μbarn for the (p,n) reaction on 186W at 3 MeV proton energy and 
these are similar for 184W. This is sufficiently low so as to avoid sig-
nificant activation but at higher proton energies a build-up of nuclides 
would lead to radioactive inventory and potential release issues. 

The irradiation chamber was specially designed for micro spots and 
contains a nano manipulator sample holder with a 10 nm resolution. It 
is also capable of performing nuclear reaction analysis and Rutherford 
backscattering analysis. The samples are loaded onto the manipulator 
in a sample holder and brought into the view of protons by controlled 
step motion. The focussing magnets prior to the irradiation chamber 
consist of a tunable triple quadrupole magnet system which allows 
focus spots having dimensions between 150 x 150 µm to 2 x 2 mm, from 
a normal beam diameter of 10 mm. A secondary electron suppression 
biased pico ampere-meter measured the proton dose onto the sample 
and the entire irradiation can be viewed from a tele-centric observation 
camera. A K type thermocouple measures the temperature at the back 
of the sample during irradiation. 

The samples were cut using the electro discharge machining method 
from a bar stock of 99.95% chemically pure, sintered and double forged 

Fig. 1. Proton range and vacancy distribution in W.  
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W made by Plansee Group. The sample measures 10 × 10 mm in cross- 
section and is 5 mm thick. The surface was polished to a mirror finish 
with a surface roughness (Ra) of 90 nm prior to irradiation. 

The samples were irradiated with beam spots between 180 and 
400 μm diameter. The beam spot sizes were checked pre and post ir-
radiation using scintillators and registered a deviation less than 4 pixels 
or 20 μm in either X or Y direction. Seven irradiations were carried out 
on the first 5 mm thick sample(W_lowQ). Each spot was separated from 
the others by a horizontal and vertical distance of 2 mm. Large blisters 
could be seen with the naked eye on the polished surface corresponding 
to the irradiation spots. Hence, a second sample (W_highQ) was irra-
diated with higher starting currents to achieve the same dose without 
blisters. The irradiation spot list with irradiation parameters is detailed 
in Table 1. 

The ion beam analysis and nano manipulator restricted the tem-
perature of the sample holder to a maximum of 333 K. Thus the only 
source of heating within the pilot experiment was limited to beam 
heating. Settings for higher temperatures are in progress. Calculations 
to estimate the temperature during irradiation was carried out using 
Ansys19.1. A starting heat flux of 2.1 W (700 nA current × 3 MeV) was 
projected onto a spot size of 300 μm × 300 μm on the 5 mm thick 
sample, with an initial temperature of 295 K. The temperature at the 
heat sink (back face of the sample) was limited to a maximum of 333 K 
from actual temperature measurements during the experiments. 
Radiative cooling was considered to be negligible at these temperatures 
and was removed from the calculations. A steady state calculation in 
Ansys resulted in the solution as shown in Fig. 2. The cut hemispherical 
beam spot overview shows that the thermal heat loading of 3 MeV 
protons as a source induced a steady state irradiation temperature of 
360 K, which falls to within ±  3 K of background temperature at dis-
tance of 1.0 mm from the spot centre. 

Lastly, three irradiations were carried out on a recrystallised tung-
sten sample for TEM measurements. TEM analysis was performed using 
Tecnai G2 F20 field emission microscope [30] at an acceleration vol-
tage of 200 kV. The TEM was equipped with a double-tilt sample holder 
for precise sample orientation in order to visualise proton irradiation 
defects. TEM lamellas were prepared using a lift-out technique em-
ploying field emission scanning electron microscope(FE-SEM)[Zeiss 
Crossbeam540] equipped with a focussed ion beam FIB. The size of the 
lamella was 7 × 6 μm and final thickness of about 80 nm. The thinning 
of the lamella was performed in a 3 step process employing 30 kV ion 
beam with 700 nA, 100 nA and 20 nA current and a holder over tilt 
of ±  0.7°. 

3. Results 

3.1. Blister formation 

Blisters were observed after irradiation on sample W_lowQ. These 
blisters were large enough to be seen with the naked eye and corre-
sponded to the beam spot size from the irradiations. Optical profilo-
metry using a scanning confocal microscope (Micromeasure 2 from Stil 
SA) was performed on the sample. This technique uses white light and 
avoids contact with the sample surface. The blisters were clearly seen 
using this technique. Optical profilometry image of the sample with a 
high resolution blister profile is shown in Fig. 3a. The change in colour 
(green spots) in Fig. 3a represents a height difference on the surface of 
the sample which corresponds to the irradiated spots. An altitude line 
scan of the first three spots is shown in Fig. 3b. The altitude scan por-
trays a direct co-relation between dose and blister height for spot 1, 
spot 2 and spot 3, although this relation doesn’t hold for all spots. The 
maximum blister height measured was 27 μm at 0.8 dpa. From the 
gauss like shape of the altitude measurements in Z-X and Z-Y dimen-
sions, the blister seems to resemble the double gauss irradiation beam 
profile. A High resolution intensity and altitude scan for blister spot 1 is 
seen in Fig. 4. The 3 dimensional recreation of the blister shows cracks 
which seem to originate from the centre of the blister. A crack network 
is seen on the surface of the blister in Fig. 4a. 

These blisters rendered W_lowQ unsuitable for micro indentation, 
with attempted measurements giving abnormal modulus and hardness 
results. However, it was found that the formation of blisters could be 
suppressed by increasing the initial beam current. This enabled hard-
ness testing of W_highQ (see Section 3.3). The blisters in W_lowQ appear 
to have been caused by a large cavity opening up at a depth close to that 
of the expected Bragg peak as shown in Fig. 8a. The formation of this 
cavity was suppressed by the higher initial beam current in W_highQ 
(Fig. 8b). 

3.2. Transmission electron microscopy 

Transmission electron microscopy(TEM) was performed on irra-
diated spot lift-outs made from FIB cuts. The lift-outs were cleaned 
using a 30 kV Ga focused ion beam (FIB) until they appeared trans-
parent under a 10 kV electron beam and then cleaned using a 5 kV Ga 
FIB beam. Fig. 5 shows a series of TEM images for increasing dose of 
irradiation. The damage induced while using FIB for cutting and 
cleaning of the lamella is seen on the first left image(0 dpa). At 0.1 dpa 
some dislocations were observed distinct from the background ’black- 
dot’ FIB image. These loops are better seen in the following picture 
corresponding to 0.5 dpa damage and continued to increase up to 1 
dpa. The loops are uniformly distributed and tend to increase in dia-
meter. No voids are seen in the images through the use of under and 

Table 1 
Irradiation parameters for each spot detailing the total accumulated charge, 
spot size, average proton current and calculated dpa.        

Spot No Total charge 
(µC) 

Beam spot (µm) Average current 
(nA) 

dpa Sample  

1 1070 200 × 220 280 0.2  
2 4270 200 × 220 500 0.8  
3 2135 200 × 220 600 0.4 W_lowQ 
4 1070 200 × 220 600 0.2  
5 5451 440 × 440 600 0.2  
6 9885 440 × 440 500 0.36  
7 5950 400 × 310 550 0.35   

1 980 240 × 310 570 0.1  
2 100 240 × 310 530 0.01  
3 300 240 × 310 547 0.03 W_highQ 
4 1970 240 × 310 573 0.2  
5 2950 180 × 180 556 0.67  
6 1539 180 × 180 444 0.35  
7 5250 300 × 250 600 0.51   

1 7600 300 × 300 640 1.0  
2 3800 300 × 300 470 0.5 Recry_W 
3 760 300 × 300 500 0.1  

Fig. 2. Steady state heat flux simulation on Ansys19.1 showing an irradiation 
temperature of 360 K at the beam spot for sample W_low Q. The heat load from 
3 MeV protons is seen to decay within ±  3 K of background temperature in 
1 mm distance from the centre. 
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over focus method. Given the clarity of the images from 0.5 and 1 dpa 
samples, this was considered to rule out the formation of voids > 5 nm 
under these irradiation conditions. 

Loop density and size investigations were performed. Images having 
on average sizes of 130 × 207 nm were analysed for doses of 0.1, 0.5 
and 1 dpa. The images were analysed using ImageJ software [31]. Each 
image was first inverted and then analysed for maxima (loop density 
counts) using the grey scale reduction technique described in [32]. A 
loop density of ×2.2 1023 m−3, ×1.5 1023 m−3 and ×1.8 1023 m−3 was 
counted for 0.1, 0.5 and 1.0 dpa respectively. The background noise, 
particularly for 0.1 dpa image results in large uncertainity. However, 
the loop density did not seem to drastically increase between 0.5 and 
1.0 dpa which could point to saturation below 0.5 dpa. This is a con-
tradiction to the self ion irradiated results of 150 keV energy [32], 
where a steady increase of loop density with dose was observed, but is 
consistent with the self ion 2 MeV energy irradiation results from 
Armstrong et al. [33], where ”little difference” was found in loop 

density for 0.4 dpa and 1.2 dpa dose. It is also consistent with in situ 
proton irradiation of tungsten [18] where a decrease in loop density 
with increasing dose up to 0.3 dpa was observed and no change in loop 

Fig. 3. Optical profilometry picture of irradiated sample W_lowQ.  

Fig. 4. High resolution intensity and altitude scan of W_lowQ Spot 1 blister.  

Fig. 5. Progressive dose level based TEM images for proton irradiated tungsten. 
An increase in loop diameter is noticed. 
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density was found between 0.3 and 0.7 dpa. 
Histograms with loop diameter sizes between 0 and 18 nm binned at 

2 nm intervals for unirradiated, 0.5 and 1.0 dpa are shown in Fig. 6. The 
last bin includes all diameters > 16 nm. The images were analysed 
using particle finder option in ImageJ after converting it to binary as 
described in [32]. The loop diameter shown represents the major dia-
meter resulting from the best fit ellipse method. The unirradiated 
images showed higher FIB damage than 0.5 and 1.0 dpa. With in-
creasing dose the number density of small sized loops decreases, while 
the loop density for large sized loop increases. There was a steady rise 
in density of loops > 10 nm with dose. This correlates well with the 
earlier TEM images in Fig. 5, where with increasing dose larger loops 
are seen to appear. Although we did not measure the Burgers vectors of 
these loops, from previous literature [18] [12], it is highly likely that 
the vast majority of these loops are < 111 > -type, since < 100 > -type 
loops are unstable in size [12]. 

3.3. Hardness testing – micro vs macro indentation 

As the range of investigation in 3 MeV proton irradiated tungsten is 
15 μm, both micro and macro indentation were performed on the ir-
radiation spots for sample W_highQ at room temperature. Micro in-
dentation was performed using a diamond Berkokvich indenter tip on a 
Agilent G200 Nanoindenter. The micro indentation was carried out 
using the continues stiffness measurement(CSM) technique [34] at a 
strain rate of 0.05 s−1 to a depth of 2 μm. The required inputs for micro 
indentation are listed under Table 2. All indents were arranged in a 
5 × 5 array on the beam spot. The spacing between any two indents 
was 20 μm which follows the ISO norm for 10x the maximum indent 
depth in order to avoid mutual influence. Initial calibration of the 

diamond tip was done on a fused silica sample which was used to set the 
machine frame stiffness. Each indent produced a force displacement 
and a hardness displacement curve. Indentation hardness was derived 
for each spot by averaging the values from CSM between 500–1500 nm 
depth. This was done in order to avoid surface effects like polishing 
influencing the results. The error was considered as the standard error 
in the hardness from 25 indents on each spot. 

Macro-indentation was carried out on the same spots using a Zwiki 
ZHU0.2 on the sample W_highQ, to achieve a direct comparison. A 
pyramidal diamond tip Vickers indenter was used and each indent was 
100 x 100 μm on average. The order of magnitude greater depth en-
sured that the damage induced by prior micro-indentation would not 
influence the result. Machine compliance measurements for stiffness 
correction were undertaken using a series of indents from 1 to 16 N on a 
316L steel sample. Mono cyclic loading up at 0.133 N/s to a maximum 
of 15 N was performed with a holding time of 10 s at max load. Load 
displacement curves were recorded during the indentation and further 
analysed according to the standard DIN EN ISO14577 [35]. A Le-
venberg–Marquardt (least square) fit [36] was applied to 95–50% of the 
unloading load displacement curve. Major input parameters and fit data 
used to calculate indentation hardness are given in Table 3. 

The comparison of indentation hardness values obtained from the 
two methods on the same irradiation spots is shown in Fig. 7. Both 
indentation methods show a similar characteristic of early onset of 
hardness increase and quick saturation. A jump of 0.8 GPa in hardness 
is seen for the first step of 0.01 dpa. A further increase of 0.5 GPa in 
case of micro-indentation and 1 GPa in the case of macro indentation 
occurs between 0.01 and 0.03 dpa. This was found to be the saturation 
dose beyond which no further substantial increase in hardness was 
observed. 7 GPa was the saturation value for indentation hardness. 25 

Fig. 6. Loops size density histograms for un-irradiated(blue), 0.5(grey) and 1.0(orange) dpa 3 MeV proton irradiated tungsten. The density of loops is grouped into 
intervals of 2 nm for which the bars represent the number of loops(x1023) per m3 within that interval. The last bin includes all diameters larger than 16 nm. 

Table 2 
Inputs for micro indentation of irradiated samples.    

Input Value  

Maximum depth 2000 μm 
Frequency target 45 Hz 
Strain rate 0.05 s−1 

Harmonic displacement target 2 nm 

Table 3 
Inputs for macro-indentation of irradiated samples    

Input Value  

Speed of load application 0.133 N/s 
Holding time at max load 10 s 
Load removal speed 2 N/s 
Portion of curve fit 95–50% 
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micro-indents and one macro indent was carried out for each spot. A 
maximum error of 10% was calculated from the fluctuations of results 
from indents on an un-irradiated region of the sample. 

4. Discussion 

The large blisters prevented indentation studies on proton damaged 
sample W_lowQ (see Section 3.1). Similar blisters have been observed in 
a recent study [37], where they propose that high penetration depths 
which prevent the escape of hydrogen from the surface are responsible 
for the blister formations at lower fluxes. Further research into the 
dependence of blisters on dose and flux has been conducted by Segev 
et al. [38] and has found a threshold dose at ×3 1017 protons/cm2 for 
polycrystalline W. This threshold dose for blister formation was un-
derstood to be independent of irradiation temperature in the case of 
polycrystalline W samples. 

However using a higher starting beam current was seen to suppress 
blistering in this work. Also, considering the similarity between the 
beam profile and blister pattern, we are of the opinion that blister 
growth is irradiation dependent. In particular, the blisters start to grow 
rapidly on cold samples (295 K) upon commencement of the irradia-
tion, with the height increase slowing as the irradiation progresses. 
Thus, by starting with a high beam current which was gradually low-
ered to achieve the desired current and dose, blister formation and 
growth were suppressed. A very high current at the start offsets the cold 
sample temperature and prevents the rapid ingrowth of the blister at 
the start of the irradiation. This has worked successfully on sample 
W_highQ, where blistering wasn’t noticed for the irradiation spots even 
at doses of ×2.5 1019 protons/cm2. 

From experiments with plasma [39–41], we understand that the 
diffusion plays a dominant role towards hydrogen/proton retention in 
tungsten. In fact from experiments, hydrogen/protons are known to 
travel several μm with low energy plasma exposures [40,41]. Protons in 
tungsten have relatively high diffusion coefficient [42] 
( = ×D 4.1 10F

07 m2/s) scaling exponentially with temperature and 
thus, in effect a high diffusion length. At the low initial temperature 
(295 K), it is likely that the protons diffuse into damage-induced cav-
ities near to the Bragg peak and these cavities grow to form a large 
bubble as seen in the FIB cut in Fig. 8. The large bubble pushes material 
upwards and is responsible for the blistering along with the cracks. 
With high starting currents, as in W_highQ, the temperature rise in the 
Bragg peak is much quicker, resulting in the protons diffusing away 
from the Bragg peak further into the bulk and preventing cavity for-
mation. This conclusion is backed up by the appearance of a large 
cavity near the Bragg peak in W_lowQ and no such cavity being present 
in W_highQ (Fig. 8). A contradiction to the reported work of Segev et al.  
[37] could be due to the differences in irradiation surface to volume 
ratio between the experiments. With a highly focussed beam of 
400 × 400 μm as in the case of our experiments, diffusion into the bulk, 
in the lateral direction would be considerably higher as compared to a 
beam spot of 5 × 5 mm, where the local void filling is more likely. 
Although there is the possibility that the blister exists however is too 
small to be seen. Further experiments using samples heated to a steady 
stage temperature by a stage heater rather than beam heating could be 
carried out to confirm this result. 

The cracks formed on top of the blister surface for sample W_lowQ 
were investigated using scanning electron microscopy(SEM) techni-
ques. Shown in Fig. 9 is a blister on irradiation spot 2 and 3, sample 

Fig. 7. Hardness measurement comparisons between micro and macro indentation methods.  

Fig. 8. FIB cut on sample W_lowQ which shows a large void just past the Bragg peak, which isn’t seen in sample W_highQ.  
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W_lowQ. The large cracks are seen to be up to 2 μm thick running along 
the irradiated area. Focussed ion beam cuts on the cracks reveal a crack 
network into the sample exceeding 5 μm. A black coating was noticed 
on the sample surface and found to be proton assisted carbon deposi-
tion. The carbon deposition persists in spite of vacuum conditions of 

×1 10 07 mbar in the irradiation chamber. Using nuclear reaction 
analysis, the carbon & oxygen layer was found to have a thickness of 
5 nm and hence, will not induce any macroscopic changes in the 
sample. 

Hardness measurement could only be carried out on the unblistered 
sample (W_highQ). As expected micro-indentation shows a higher 
hardness in the unirradiated sample than macro-indentation. This is 
due to the size effect descrbed by Nix and Gao [43]. At higher doses this 
difference appears to disappear, which could indicate a change in size 
effect with increasing irradiation hardening, however due to the large 
uncertainty in the macro indentation results, where only one indent per 
spot was possible, no strong conclusions can be drawn. Irradiation 
hardening was observed to saturate using both techniques at 0.03 dpa. 
This contrasts with TEM results where loop size continues to grow with 
increasing dose, while loop density remains approximately constant. 
Previous work performed by Hu et al. [44] has considered dislocation 
loops as weak obstacles as opposed to voids and precipitates which are 
strong obstacles to dislocation plane motion and could explain the sa-
turation in irradiation hardening. From TEM observations as shown in  
Fig. 5, we note the presence of only dislocation loops. The formation of 
dislocation loops starts early and leads to a jump in hardness. With 
saturation towards the number density of loops a saturation in hardness 
is seen. Dislocation loop number density seems to play a much higher 
role as compared to dislocation size for hardness. As no voids or pre-
cipitates are noticed, no further increase in irradiation hardening is 
observed. Although, an Orowan based hardening model would suggest 
that the irradiation hardening caused by dislocation loops depends 
strongly on loop size. Further work is required to understand why that 
is not observed here. 

Recent fission irradiation studies conducted at HFIR have noted that 
no strong co-relation between irradiation hardness and irradiation 
temperature was noticed for tungsten samples [44,45]. However, given 
the low irradiation temperatures in this study, a comparison is at-
tempted between macro indentation results from this work, HFIR re-
sults at 363 K irradiation temperature [45,44] and self ion irradiation 
measurements [33] at 573 K which is plotted in Fig. 10. Fission irra-
diation hardness measurements are based on the Vickers hardness 
testing method while the self ion irradiation results were obtained using 
a Berkovich indenter and continues stiffness method. 

Fission neutron irradiations on W induce a combination of dis-
locations and voids at temperatures < 1073 K for damage dose under 1 
dpa [46]. Thus a hardening is observed for a low dose of 0.004 dpa 

damage [45]. In fact Hu et al. attributed the initial hardening to in-
itiation and saturation of dislocation loops and voids [44]. Upon further 
irradiation, a void lattice is known to develop and which thereafter 
changes to a mixture of voids and W-Re precipitates [47] [46]. W-Re 
precipitates are formed through transmutation and are neutron spec-
trum dependent [48]. They are observed to grow with dose and result in 
increasing the irradiation hardening beyond 1 dpa [44,45]. Such a jump 
in irradiation hardening is also seen in Fig. 10. Self ion irradiations 
were observed to introduce only dislocation loops in W. They displayed 
a similar hardening behaviour as the 3 MeV proton irradiated samples. 
Armstrong et al. reported an increase of 0.8 GPa for irradiation to 0.4 
dpa that then saturates [33]. This correlates well with the saturation in 
loop density observed by the authors. In this work we also observe a 
saturation of irradiation hardness with steady dislocation loop density. 
Devoid of any further barrier for dislocation slip, no hardening is no-
ticed. 

Further work is required to demonstrate how self-ion or proton ir-
radiation can be used to mimic this precipitation behaviour in order to 
produce realistic irradiation hardening levels. Armstrong et al. mea-
sured the hardness post 2 MeV self ion irradiation with He ion irra-
diation and observed large hardness increase, however no bubbles were 
observed in the TEM [49]. Armstrong et al. also noted the rise of irra-
diation hardening in W-5Re alloy at 33 dpa, 2 MeV self ion damage 
from clustering of Re atoms [33]. Xu et al. irradiated W-2Re and W- 
1Re-1Os alloys with 2 MeV self ions and also observed clustering [17]. 
However, the needle like precipitation and accompanying hardness 
changes seen from fission irradiations [50] evades ion irradiations. 
Recently Harrison et al. showed the production of needle like pre-
cipitates using 350 keV Ne ion irradiation in W-26Re alloy at 773 and 
1073 K [51]. Another potential area of interest is utilising high energy 
protons (> 10 MeV) to induce transmutation as per dpa rates expected 
in a fusion environment [21]. 

5. Summary 

Irradiation damage in tungsten was tested in a pilot experiment 
using 3 MeV protons and the irradiation hardening quantified using 
micro- and macro-indentation. Concentrated beam spots of sizes below 
1 mm were used to achieve dose rates between ×1 10 04 and ×5 10 05

dpa/s. The dose rates are comparable to the self ion damage rates of 
×8 10 04 dpa/s [33] and has allowed for irradiation damage levels of 

up to 0.7 dpa. Protons have a larger penetration depth as compared to 
heavy ions and penetrate to 27 μm depth in W, generating defects on a 
macroscopic scale. Large blisters were observed on the irradiation 
spots, however, their formation was suppressed by utilising a high in-
itial beam current. 

Samples irradiated to 0.01–0.7 dpa dose were investigated using 

Fig. 9. SEM pictures of irradiated spot.  
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nano- and macro-indentation techniques. The irradiation hardening 
was observed to saturate at 1 GPa at 0.03 dpa. This was similar to the 
behaviour observed using self-ion irradiation [33] but contrasted 
strongly with fission neutron irradiations where hardening was ob-
served to increase beyond 1 dpa [45]. 

TEM observations were carried out for irradiation spots of 0.1, 0.5 
and 1 dpa dose to determine the microstructural changes induced by 
proton damage. Dislocation loops were detected at 0.1 dpa dose and 
grew in size with increasing dose. A dislocation loop density of 

×1.8 1023 loops/m3 for 1 dpa and 360 K was calculated against ×4 1022

loops/m3 at 1.2 dpa and 773 K [32] for self ions and ×3.3 1022 loops/ 
m3 for 1 dpa at 773 K from neutron irradiations [45]. 
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