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Al6061 microstructural and mechanical properties modification under ion beam irradiation 

was investigated using X-ray diffraction (XRD), micro- and nano-indentation techniques. The 

samples were irradiated with different ions species at different energies and doses. The 

irradiations were performed at 5UDH-2 Pelletron Tandem accelerator Islamabad, Pakistan and 

GANIL accelerator, Caen, France.  XRD patterns show a drastic effect of ion beam irradiation 

on the peaks intensity. All peaks disappear after irradiation except the peak (200) and new 

phase/precipitates emerged at high doses. It is found that the grain size, micro-strain and peaks 

shift increase/or decrease depending on the ion species and dose.  The micro-hardness 

increases a little bit after irradiation indicating Al6061 hardening by ion beam irradiation. The 

result of this study demonstrated that the structure and microstructure of Al6061 are 

significantly changed by heavy ion irradiation. This will affect certainly the Al6061 

mechanical properties and, therefore, reduces its lifetime under reactor neutron operation 

conditions. 
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1. Introduction  

  Aluminum based alloys have found the greatest use in 

nuclear industry, as a cladding and structural materials for 

nuclear reactor fuel assembly due to their favorable 

mechanical properties at low temperature (research reactor 

temperature operation) and its low neutron absorption 

cross-section (0.23 barns) [1, 2]. Al 6061-T6 particularly 

presents successful stability of its properties under 

irradiation compared to other alloys. Furthermore, more 

than 50% of operating research reactors are over 45 years 

old, and more than 30% are over 50 years old. Thus, aging 

management for the core structural components becomes 

one of the key issues. However, given the needs for 

radioisotopes, few countries have increased the power of 

their reactors and extended their lifetime. Thus, a 

structured database is required to understand the material 

behavior in core components of research reactors for their 

continued safe operation and lifetime extension [3]. The 

prediction of its mechanical properties during service 

becomes important for safety and security of the nuclear 

installation. 

Most studies revealed fast and thermal neutrons irradiation 

induced Si precipitates which causes aluminum alloy 

swelling, cavities formation and sample hardening. For 

instance K. Farrell and R. King [4] revealed the formation 

of about 7wt% Si from the transmutation reaction, voids 

causing a swelling less than 1% and an increase in the 

ultimate tensile strength (UTS) of about 60% in Al 6061-

T6 irradiated at 50°C at a fast neutrons (E>0.1 MeV) of 

1.810
23

 n.cm
-2

 and thermal neutrons (0.025 eV) of 310
23

 

n.cm
-2

. More detailed studies of radiation damage in 

https://www.semanticscholar.org/author/K.-Farrell/47112707
https://www.semanticscholar.org/author/R.-King/143977975
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aluminum alloys have been carried out using ion beam 

irradiation to understand the evolution of microstructure 

and hardness and their possible correlation. Indeed, ion 

beam is one way used actually in several laboratories to 

emulate neutron radiation damage due mainly to high   

displacement damage rate and very low radioactivity. It has 

been reported that the, β’’ (Mg5Si6) precipitates are 

completely dissolved, the new phase has grown and a high 

density of clusters rich in Mg, Si, Cu and Cr is observed in 

Al6061-T6 irradiated by 2 MeV W
+3

 and 4 MeV Au
+2

 ions 

at a dose of 165 dpa [5]. This precipitates dissolution is 

attributed to the irradiation-enhanced diffusion and the new 

phases to the irradiation induced segregation. Likewise, D. 

Ueyama et al. [6] study revealed that Al-Mg-Si alloys 

irradiated by Al, Fe, I and Au ions of 5.4, 7.3, 10 and 16 

MeV respectively increase the hardness and reach a 

saturation value at high fluence (>10
15

 ions.cm
-2

). The 

authors conclude that the change in Vickers hardness is 

well correlated with the deposited energy density through 

the elastic collision. Besides numerous studies, the 

mechanism of radiation damage and the correlation 

between defect formation and change in mechanical 

properties are still poorly understood. In this work, the 

modification of structural and mechanical properties under 

several ions species of different energies and doses were 

investigated using X-ray diffraction (XRD), nano-

indentation and micro-indentation techniques. 

2. Materials and Methods 

The samples investigated in this study are from two 

different provenances noted Al6061 (P1) and Al6061(P2). 

The chemical composition of the main elements is 0.4 wt% 

Si, 0.8 wt% Mg, 0.15 wt% Cu, 0.04 wt% Cr and 98.61wt% 

Al. Small pieces with size of about 10 mm x 10 mm, were 

cut from the same plate by a diamond saw. The surface of 

the samples was mechanically polished using SiC paper 

(grits 200–1500), then cleaned in acetone and ethanol, and 

finally washed in water. The samples Al6061(P1) were 

irradiated with Ar ion of 165 keV, while Al6061(P2) were 

irradiated with Cu ion of 700 keV and 20 MeV and, Au ion 

of 3 MeV and 20 MeV. Ar
2+

 irradiation was performed at 

room temperature at GANIL accelerator, Caen, France. Cu 

and Au irradiations were performed at National Center of 

Physics, Islamabad, Pakistan using 5UDH-2 Pelletron 

Tandem accelerator. The irradiations were carried out at 

room temperature in a vacuum chamber at 3 10
-7

 torr and 

irradiation current varied from 50 nm to 90 nA. In both 

irradiation experiments a small part of each sample was 

masked by aluminum foil to be served as a reference part. 

The detailed irradiation parameters are reported in table 1 

where the electronic stopping power Se, nuclear stopping 

power Sn and projected ion range Rp were calculated using 

SRIM (Stopping and Range of Ions in Matter) 2003 code 

[7]. The number of displacements per atom (dpa) was 

calculated using eq. 1 [8]. 

 

 

A

d
dpa

N.d.

A.N.
n






                                               

(1)  

where  is the ion fluence, Nd is the number of 

displacements per ion, A is the molecular mass of the target 

material,  is the density, d is the penetration depth, NA is 

Avogadro’s number. The displacement damage (Nd/d) was 

calculated using SRIM 2003 code with ‘‘quick damage 

calculation’’ mode and using displacement energy 

threshold of 25 eV for Al. The dpa values corresponding to 

each fluence obtained at the maximum of the dpa 

distribution are reported in Table 1. 

After irradiation the structure modifications are observed 

using XRD, X’ PERT PRO MPD in the Bragg–Brentano 

geometry: The X-ray source was a copper tube (CuKa = 

1.540,598 A°) and a PIXcel 1D detector was used for X-

ray detection. The 2h scan range was 20° - 80 ° with a step 

size of 0.026°. The mechanical tests were performed using 

micro-durometer INNOVATEST FALCON 400. The 

measurements were performed using Vickers indenter with 

loads of 0.1 N (10 g) and load time of 10 s.The 

modification on nano-mechanical property was studied 

using nanoindentation test. The measurements were carried 

out using a continuous stiffness measurement (CSM) mode 

with a Berkovich diamond indenter at room temperature. A 

maximum load of 3.5 mN and a loading time of 10 s were 

applied for each sample. In order to obtain accurate 

statistical data, different indents were performed on each 

sample with 0.15 mm spacing between each indent. The 

nano-hardness (H) and Young’s modulus (E) values were 

determined using the Oliver-Pharr method [9]. 

Table 1: Irradiation parameters. 

Ion/Energy 

MeV 

Se 

keV/µm 

Sn 

keV/µm 

Rp 

µm 

Fluence 

Ion/cm2 

Dose 

dpa 

Ar/ 0.165 0.63 0.45 0.144 21014 

51014 

101014 

201014 

301014 

0.2 

0.5 

1.1 

2.2 

3.3 

Cu/0.7 0.64 0.62 0.500 11015 

51015 

1.4 

7.2 

Cu/20 5.6 0.064 0.200 11015 

51015 

1.0 

4.8 

Au/3 2.5 2.4 0.600 11015 

51015 

4.7 

23.0 

Au/20 3.9 0.9 4.200 11015 

51015 

2.8 
14.2 
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3. Results and Discussion 

3.1. Structural modification 

Fig 1 shows the XRD patterns recorded for samples 

irradiated by 165 keV Ar ion, 20 MeV Cu ion, 3MeV Au 

ion and 20 MeV Au ion compared to the unirradiated 

sample. Both investigated samples exhibit a strong texture 

along (111), (200), (220), (311) and (222) diffraction peak 

corresponding to cubic structure of the samples according 

to PDF reference code 00-004-0787, athough they have 

different preferred orientation. After irradiation one can see 

a variation of the peak intensity indicating restructuration 

due to the defect formation. 

 

 

    

    
Fig1. XRD patterns of Al6061 irradiated by 165 keV Ar ion, 3 

MeV and 20 MeV Au ion and, 20 MeV Cu ion at different doses 
compared to the unirradiated sample. 

 

This is well illustrated in Fig.2 where the evolution of the 

I(200)/I(111) peak ratio were presented versus dose. 

 
Fig 2. The evolution of the I(200)/I(111) peak ratio versus dose 

observed in Al6061 irradiated by 165 keV Ar ion, 3 MeV and 20 

MeV Au ion and, 20 MeV Cu ion. 
 

As can be seen, the I(200)/I(111) values decreases up to a 

critical dose of about 1 dpa and then increases 

monotonously with the dose in accordance with Abdel-

Rahman et el. [10] results. The authors observed similar 

behavior as a function of deformation. A critical 

deformation value of 10.47% was reported. Moreover, at 

high doses, all peaks disappear except the peak (200). This 

indicates lattice distortion anisotropy, probably due to the 

displacement threshold energy variation along each plane 

direction.  Exactly similar observation was made recently 

by San Chae et al [11] in pure Al irradiated by 18 MeV He
+
 

ion up to a fluence of 110
16

 ions.cm
-2

. They attributed the 

peak intensity trend to the defects generated in the form of 

exfoliational sputtering and re-deposition.  Furthermore, 

the increase of the (200) peak intensity above 1 dpa is 

interpreted as an increase in the crystalline degree. 

However, it is interesting to note that the crystallite size, 

the micro-strain and the peaks shift towards lower angle 

associated with each orientation depends on the ion species 

and energy as was noticed in Ueyama et al. research [6]. So 

to check the defect formation mechanism, the I(200)/I(111) 

peak ratio normalize to the ion path obtained at the same 

dose of 4dpa was presented as a function of the nuclear 

stopping power (Sn) (see Fig. 3). 

 
Fig 3. Normalized I(200)/I(111) peak ratio measured at about 4 

dpa as a function of the nuclear topping power. 
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It is clear from the figure that perfect correlations exist 

between the peak ratio and the nuclear stopping power 

range lower than 1 keV/nm. Above this value the peak 

ratio reach saturation. Thus the displacive radiation damage 

is the main mechanism responsible of the defect formation 

in Aluminum alloys. The restructuration is then due to the 

point defect (PD) (vacancies and interstitials) generated by 

ion beam irradiation. With increasing dose PD 

concentration increases and annihilates in the extended 

sinks (grain size) which justify the saturation effect. At 

high doses, vacancies and interstitials in excess can form a 

complex with the solute element and drag it towards the 

PD sinks, which leads to solute enrichment mechanism 

known as radiation-induced segregation (RIS). The latter 

process may be explain the new peaks emerging at about 

2=40.6° and 43.15 above a given dose depending on the 

ion species and energy. It is attributed to the new phase 

formation due to the segregation effect in accordance with 

earlier findings [5].  Indeed, it is well established that 

radiation-induced segregation is the main mechanism for 

solute enrichment or depletion on microstructural defects 

see ref [10] and references therein. 

3.2. Mechanical property modification  

Fig. 4a presents the comparison between the micro-

hardness measured for unirradiated part and irradiated part 

for each ion species. The comparison reveals a small 

hardening after irradiation. The change in the micro-

hardness calculated using equation 2 is depicted in Fig. 4 b. 

H=(H-H0)/H0   (2) 

As can be seen, H reaches a saturation value of about 7% 

at 3 dpa attributed to the defect recombination process as 

explained above. 

 
Fig. 4. (a) Comparison between the micro-hardness measured in 

unirradiated part and irradiated part for each sample. (b) Micro-

hardness changes versus dose. The solid line is the fitting of the 

experimental data using Poisson’s law. 
 

The results of nano-indentation measurements are shown in 

Fig.5 for 165 keV Ar ion and summarized in Table 2 for 

Cu and Au ions respectively. 

 

 

Table 2: Comparison between the nano-hardness and Young’s 

modulus values measured for unirradiated part and irradiated part 

for samples with 20 MeV Cu ion and, 3 MeV and 20 MeV Au 

ion. 

Dose 

Dpa 

Young’s 

modulus 

GPA 

Nano-

hardness 

(GPA) 

Micro-

hardness 

(GPA) 

Cu/20 MeV  

Unirradiated part 

1dpa 

 

81.5± 0.9  

81.5±1.4          

 

1.58± 0.04 

1.62±0.04            

 

1.22±0.01 

1.29±0.02 

Cu/0.7 

Unirradiated part 

1.4 dpa 

 

82.3±2.5 

82.4±1.8 

 

1.65±0.08 

1.68±0.07 

 

1.17±0.04 

1.25±0.03 

Au/3 

Unirradiated part 

4.7 dpa 

 

81.7 ±1.4 

86.5±1.4 

 

1.67±0.05 

1.72±0.07 

 

1.21±0.06 

1.3±0.04 

Au/20 

Unirradiated part 

2.8 dpa 

 

83.8   ±2.1 

80±0.9 

 

1.58±0.03 

1.61 ±0.06 

 

1.22±0.04 

1.3±0.05 

 

One can see that nano-hardness and Young’s modulus 

increase a little bit in the case of 165 keV Ar and 3 MeV 

Au ions for which the probed length is similar to the ion 

path in Al6061. While both parameters remain unchanged 

in the case of the 20 MeV Cu ion and the 20 MeV Au ion 

as expected, since the probed length is limited to the 

shallow layer below 500 nm where the nuclear collision 

mechanism is negligible. As known, such mechanism is 

dominant at the end of the ion path. Table 2 report the 

comparison between the nano-hardness and Young’s 

modulus values measured for unirradiated part and 

irradiated part with 20 MeV Cu ion and, 3 MeV and 20 

MeV Au ion. 

 
 

Fig. 5. Comparison between the nano-hardness and Young’s 
modulus values measured for unirradiated part and irradiated part 

with 165 keV Ar ion. 

4. Conclusion 

Radiation damage induced in Al6061 by different ions 

species in the dose range up to 23 dpa was investigated 

using grazing X-ray diffraction, micro- and nano-

indentation techniques. XRD data reveal the extinction of 

all diffraction line after irradiation at high dose except the 

peak (200) which persists even at high dose. According to 
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our data, this is due to the new phases and precipitates 

formation. Good correlation is found between the 

I(200)/I(111) peak ratio and nuclear stopping power 

indicating that nuclear collision mechanism is responsible 

of defect formation in metallic alloys. These damage, 

mainly vacancy and interstitial clusters, affect the grain 

size, micro-strain and peaks shift which increase/or 

decrease depending on the ion species and dose.  It is found 

that the micro-hardness increases a little bit after irradiation 

indicating Al6061 hardening by ion beam irradiation. 

These results demonstrated that Al6061 structure and 

microstructure is considerably affected by swift heavy ion 

(equivalent fission fragments) irradiation which probably 

influences the mechanical properties. Therefore, taking into 

account the results of the present study, the lifetime of 

Al6061 under nuclear reactor operation conditions should 

be reviewed. 
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