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Abstract
Depending on the nature of the loading during service, the level and nature of residual stress can contribute to the lower 
service-life of a component. In this study the internal level of the residual stress of a 6061 Al–Mg–Si alloy with different 
thermomechanical processes was evaluated by residual stress neutron diffraction (RSND). Commercial tempers such 
as T6 (peak aged) and O (annealed) were compared with the 6061 alloy after different steps of a thermomechanical 
processing used for the manufacturing of nuclear fuel plates, R3 and R9H60. The results showed that the lowest level 
of residual stress was found for the peak age, T6 condition. This was associated with the highest microhardness value 
(highest density of "β″ phase) and lowest grain size. The O temper was the only condition which showed compressive 
residual stress and the most coarsened precipitates. The nuclear thermomechanical processes, R3 and R9H60, resulted 
in increased level residual stress related to the T6 and showed a tensile nature in relation to its parent material (6061-O). 
Moreover, the RSND technique allows observing that the texture is also higher for the samples processed by the nuclear 
thermomechanical process due the hot rolling stage.
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1  Introduction

The 6061 aluminum alloy is widely used in the automotive, 
offshore, aircraft, construction and nuclear industries due 
to its good mechanical properties and corrosion resistance 
compared to other Al series alloys [1]. The good mechani-
cal properties of this alloy are related to precipitation hard-
ening resulting mainly from the "β″ (Mg5Si6) phase. This 
phase has a needle-like morphology, coherent with the 
matrix and aligned parallel to < 100 >α. It precipitates at 
temperatures in the range from 125 to 200 °C [2–11]. The 
6061-T6 temper is the peak-aged condition of this alloy. 
It involves a solution heat treatment step, followed by 
quenching and aging in the 175–180 °C range for 10–20 h 
[3, 12]. This alloy might be used when strengthening is 

a requirement. On the other hand, the O temper corre-
sponds to the annealed condition to obtain the lowest 
strength temper, being extremely ductile and suitable 
for forming process [1]. As it can be seen, different ther-
momecanical processes can be adopted in order to obtain 
suitable alloy properties depending on their application.

Thermomechanical processes are responsible for 
modifications in microstructure features of the Al alloys. 
According to previous work [13], heating and rolling pro-
cesses alter the microstrucure of the 6061 alloy and, conse-
quently, its corrosion resistance and strength. Despite the 
efforts to control manufacturing parameters to guarantee 
an optimal microstructure, all materials present some level 
of residual stress.
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The combination of the residual stress and the load-
ing in service can be detrimental to the component per-
formance. Thermomechanical processes such as heating, 
forming, and welding, contribute to non-uniform plastic 
deformations due to misfiting between different parts of 
a component and/or metallurgical phenomena occurring 
into the material structure (phase precipitation/dissolu-
tion, grain shape modifications, dislocation generation/
aniquilation, etc.,) [14, 15]. The combination of these 
effects in a multi-phase material might contribute to its 
sudden failure in service, once each phase has its own 
physical and mechanical properties [14, 15]. Therefore, 
it is important to know how different thermomechanical 
processes affect the level of residual stress in the material.

Residual stress is an extrinsic property of a material. 
Therefore, it cannot be directly measured. However, dif-
fraction techniques can evaluate the level of residual stress 
by measuring the level of deformation [14]. These tech-
niques are based on measuring the material interplanar 
spacing, for different orientations, according to the Bragg’s 
law, by an incident beam with a known wavelength. The 
neutral diffraction technique is an advantageous method 
once the beam penetrates an order of centimeters into 
the material, generating precise information from the bulk 
stress state [14, 16–19].

Despite the limited access to nuclear reactors, the use 
of neutron diffraction techniques to evaluate the level of 
residual stress in the 6061 Al–Mg–Si alloy processed by 
different thermomechanical treatments has been largely 
reported [20–23]. Camak et al. [24] used this technique to 
study the texture dominating the structure of ultrasonic 
additively-manufactured 6061 alloy. Texture analysis of the 
welded 6061-T6 alloy was performed by Woo et al. [25]. 
Bardel et al. [26] used the technique in order to quantify 
the level of residual elastic strain of an electron beam 
fusion welded 6061 alloy, and the results showed good 
agreement with a proposed modeling approach using 
two slightly different spraying techniques. This technique 
was also used to validate modeling thickness stress pro-
files of the 6061 alloy after a coating deposition method 
(cold spray technique) [27, 28]. Chen and Kovacevic [29] 
used neutron diffraction associated to finite element mod-
eling to perform thermo and thermomechanical analysis 

of a friction stir welded 6061-T6 alloy. Additionally, this 
technique can also be applied to phase determination, 
as reported by Dye et al. [19], who used the technique to 
investigate phase evolution in a welded mild steel. The 
technique has also found application in the measurements 
of thermal [18, 30] and severe thermomechanical effects 
[31] on the materials structure.

The 6061 alloy with different thermomechanical con-
ditions is used in nuclear research fuel reactors, either in 
the 6061-T6 condition (commercial one) or after differ-
ent sequences of heating and hot or cold rolling. Con-
sequently, different levels of residual stress are found in 
the nuclear components structure, and it can affect the 
component performance in service. Information about the 
internal residual state of the 6061 alloy applied in nuclear 
research reactors has not been reported. In this study, the 
internal residual stress of the 6061 alloy treated by differ-
ent thermomechanical processes was analyzed, and the 
results compared with that of the commercial T6 (peak-
aged) and O (annealing) conditions by the ND technique. 
The results were correlated with the microstructural modi-
fications related with each process.

2 � Experimental

2.1 � Material

The chemical composition of the 6061 alloy used in this 
study was obtained by inductively coupled plasma-opti-
cal emission spectrometry (ICP-OES) and it is as follows: 
Al 89.9 wt%, Cr 0.10 wt%, Cu 0.22%, Fe 0.20 wt%, Mg 0.90 
wt%, Mn 0.05 wt%, Si 0.13 wt% and Zn 0.02 wt%. Samples 
were obtained from different thermomechanical processes 
summarized in Table 1. 

2.2 � Microstructural characterization

6061 samples were metallographically prepared by 
sequentially grinding using SiC papers (#500, #800, #1200, 
#2500 and # 4000) followed by polishing with diamond 
suspensions of 3 μm and 1 μm. Etching to reveal the grains 
morphology and size was performed by immersion in 10% 

Table 1   The 6061 alloy 
samples processing 
description

* R = rolling; H = heating

Thermomechanical process Description

T6 Solubilization followed by artificial aging (commercial temper)
O Solubilization followed by annealing (commercial temper)
*R3 From O temper, hot rolled at 440 °C (15 min) in 3 passes
*R9H60 From R3 process, hot rolled at 440 °C (15 min) in 9 passes fol-

lowed by heating 440 °C for 60 min
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NaOH solution at 60 °C for 30 s, followed by immersion 
in 30% HNO3 solution for 30 s then immersion in 100 mL 
solution with 4 g of KMnO4 and 1 g of NaOH. Grain size was 
estimated using image analyzer software. Finally, hardness 
tests were carried out at the sample surface using a Bue-
hler’s macrohardness equipment, recording 30 random 
measurements with a load of 200 gf and a dwell time of 
10 s.

2.3 � Neutron diffraction characterization

Residual stress neutron diffraction (RSND) was carried out 
for the 6061 samples using the on the Instrument E3 of the 
research reactor BER II at the Helmholtz-Zentrum Berlin 
(HZB). The diffraction pattern was measured for the lattice 
planes {211} and {311} for Al. The initial gauge volume used 
was of 4 × 2 × 2 mm3 and then 10 × 2 × 2 mm3 to increase 
grains and in order to obtain good signal intensity. Once 
that microstructural changes were involved during the 
thermomechanical processing, it was assumed that the 
normal stress is 0 MPa to calculate the in-plane stress. In 
general, a centered scan from left to right should remove 
the symmetrical surface effect, when summing the peaks. 
However, a further identical scan was made with the 
sample rotated 180° in the beam in order to confirm the 
results. The transverse and axial strain pairs are then aver-
aged. The experiments were performed using neutron 
wavelength of 0.147 nm and. Figure 1 shows the samples 

configuration for the measurements. All specimens were 
centered and scanned in discrete steps of 1 mm.

The lattice spacing variations were determined by 
measuring the shift of the scattering angle θhkl. The Bragg’s 
law is given by:

where � is the wavelength of the neutrons. The elastic 
strain, εhkl, can be calculated by:

Finally, the residual stress is given by:

The Young’s and Poisson’s ratio modulus values used 
were 69 GPa and 0.33, respectively.

3 � Results and discussion

Thermomechanical processes resulted in changes in grain 
morphology and size of the 6061 alloy, Fig. 2. In relation 
to the commercial tempers, T6 and O, the nuclear process-
ing corresponding to R3 and R9H60 were associated to 
grain coarsening and it can be related to the hot rolling 
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Fig. 1   Configuration of 
the samples during RSND 
measurements. a Schematic 
diagram of the sample meas-
urements orientation, b strain 
measurement in transverse 
orientation and c strain meas-
urement axial orientation
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process. The largest grain sizes were found related to the 
R9H60 condition and this is explained by the heating step 
for 60 min after the hot rolling stage.

Coarse phases were observed by Optical Microscopy, 
as illustrated in Fig. 3. It shows optical micrographs cor-
responding to the various tested conditions. The grain 
boundaries corresponding to T6 condition are easily 
revealed by etching, but it was difficult to observe the 
grain boundaries corresponding to the O, R3 and R9H60 
conditions, mainly due to etching pits. These pits are 
formed by the preferential attack of coarse precipitates 
which were etched out [32]. The largest etching pits were 
observed in the O temper condition, corresponding to the 
most coarsened precipitates among the tested ones.

Figure 4 shows the results of hardness measurements. 
A significant decrease in hardness was observed for the 
nuclear thermomechanical processing in relation to the 
commercial T6 temper. It is known that a high density of 
the fine needle-shaped “β’’ precipitate is responsible for 
strengthening of 6xxx aluminum alloys. The T6 temper is 
the peak-aged condition and, consequently, high hard-
ness was expected for this condition. On the other hand, 
annealing is a heat treatment applied before any forging 
process in order to favor uniform distortion and to pre-
vent the alloy of presenting defects and fracture with a 

common heating temperature about 570 °C, which is kept 
for 4–6 h [33].As the solvus temperature of the "β’’ phase is 
below 353 °C, this heat treatment favors the "β’’ dissolution 
and coarsening of the remaining phases, as indicated by 
Fig. 3. Thus, lower hardness values are expected for the 
commercial O temper in relation to the T6 one [21, 22].

Dynamic precipitation and recovery may occur during 
hot/warm deformation, where hot deformation processes 
are reported to increase the strength of Al alloys, while 
warm processes weakened the precipitation hardening 
effect [34]. As observed by the previously results, Figs. 2 
and 3, the deformation temperature also influences the 
grain structure. The dynamic recovery and recrystallization 
process are softening mechanisms, which occur depend-
ing on the deformation temperature [34]. The absence of 
a deformed grain structure after rolling (Figs. 2, 3) and the 
lower value of hardness for the nuclear thermomechani-
cal processes indicate the occurrence of restoration pro-
cesses. Since the precipitates will be softer at 440 °C, the 
temperature is close to the solubilization temperature, 
they are more easily cropped by dislocations during the 
deformation. Therefore, the barrier to dislocation motion 
is not efficient and the hardness of the alloy decrease [35]. 
Additionally, during the multi-pass rolling the samples 
were annealed for 15 min between each pass at 440 °C, 

Fig. 2   Optical micrographs of the 6061 alloy after different thermomechanical processes and their respective grain sizes
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and thus, the majority of the stored energy created during 
deformation is removed. Therefore, the lower total strains 
exhibited slower kinetics for recovery of the mechanical 
properties of the alloy. This behavior explains the lower 
hardness of the R3 condition [36]. However, for the R9H60, 
despite the interpass annealing step the accumulation of 
deformation is favored with the rolling passes.The material 
got resistance to deformation by the increment in the dis-
location density, which are not totally annihilated during 
the dynamic process. As dislocations are preferential sites 
for "β’’ precipitation, there was an increment in the hard-
ness value for this condition in relation to the R3.

Figures 5, 6 and 7 show the results of neutron diffrac-
tion (ND) analysis for the 6061 alloy exposed to the vari-
ous thermomechanical processes. The diffracted peak 

shift is related to the macrostresses (Type I stresses) and 
microstresses (Type II stresses) in a material, whereas the 
peak broadening is related to the microstresses (Type III 
stresses) [14, 15, 37]. The Type I is associated with exter-
nal loads or regions of the material with different levels 
of deformation, for instance, deformations due thermo-
mechanical process as rolling favors the appearance of 
residual stresses of a different nature (compressive/ten-
sile) from the center to the sample surface. The Type II is 
associated with elastic and thermal properties of grains 
with different orientations and/or different phases and 
phase transformation. In this case, as previously reported, 
the nuclear thermomechanical processes favor the 

Fig. 3   Micrographs of the 
6061 alloy after different 
thermomechanical processes 
at higher magnification than 
those showed in Fig. 2. a T6 
temper = peak age, b O tem-
per = annealing, c R3 = 3 passes 
of hot rolling and d R9H60 = 9 
passes of hot rolling and heat-
ing for 60 min

Fig. 4   Hardness measurements obtained for the 6061 alloy submit-
ted to different thermomechanical processes

Fig. 5   Full width half maximum (FWHM) values for in-plane (LD and 
TD average) and normal directions of the 6061 Al–Mg–Si alloy sub-
mitted to various thermomechanical processes
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modifications in the microstructure of the 6061 Al–Mg–Si 
alloy [13, 38], influencing the level of residual stress as 
observed in this work. Finally, the Type III is associated with 
stresses as a consequence of coherency at interfaces and 
dislocation stress fields. Figure 5 shows the values of full 
width at half maximum (FWHM) related to each thermo-
mechanical process.  

The narrowest peaks were related to the T6 thermo-
mechanical process. Based on this result a correlation 
between microhardness and the FWHM can be proposed. 

The highest strengthening T6 condition was associated 
to the lowest FWHM value. This result indicated that "β″ 
phase dissolution and phase coarsening associated with 
O, R3 and R9H60 processes increased the level of residual 
type III microstress. Additionally, the residual macrostrain 
and type II microstrain is related to the diffracted peak 
center (2θ) location and, according to Bragg’s law to the 
lattice space modification (Eq. 1). Figure 6 presents the 
relationship between the different thermomechanical 
processes and the residual strain according to Eq. 2.

The thermomechanical processes produce lattice dis-
tortion in the microstructure, and the lattice distortion 
induces the residual strain. Lattice deformation is induced 
by defects, such as vacancies and dislocations. Therefore, 
the differences in the level of residual strain are caused by 
microstructure modifications related to each thermome-
chanical process, in which precipitates density, morphol-
ogy and size, as well as dislocations density should play 
significant role. The different signs of the in-plane and nor-
mal strains are expected in order to maintain the internal 
balance and the material integrity. Additionally, accord-
ing to the results, the peak-age (T6) condition showed 
the lowest values of lattice strain in both, in-plane and 
normal directions. In this thermomechanical condition, 
the strengthening nano-sized phases are thin and evenly 
distributed into the alloy structure. On the other hand, 
the annealing and nuclear thermomechanical processes 
favor this phase dissolution and coarsening, as shown 
by the hardness results. The high temperatures reached 
during these processes favor coarsening, increasing the 

Fig. 6   Residual strain of the (311) in the normal and in-plane orientations dependence of the thermomechanical process for the 6061 Al–
Mg–Si

Fig. 7   (311) in-plane residual stress level related to the thermome-
chanical processes of the 6061 Al–Mg–Si alloy used in this study
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d-lattice value and, consequently, affecting the residual 
strain. This behavior has also been reported by Cakmak 
et al. [24]. Based on the residual strain measurements and 
the physical constants of the material, it was possible to 
calculate the level of residual stress (Eq. 2) for each ther-
momechanical condition.

The 6061 alloy is produced by extrusion. According to 
Honarpisheh et al. [39] during the extrusion process, the 
residual stress is controlled by mechanical and thermal 
sources. Considering the extruded material as stacked lay-
ers, the outer layers will exert compression on those in the 
center, when passing from the die. Therefore, compressive 
stresses will occur in the center and tensile ones appear 
in the surface. However, after passing through the die, 
the material in the center will recover its initial condition, 
whereas the surrounding material will resist to the central 
material portion accommodation. Thus, under unloading 
conditions, residual tensile stresses will develop in the 
center and compressive residual stress will appear at the 
surface. Besides the mechanical effect, heating also affects 
the properties. During extrusion, the material reaches tem-
peratures around 400 °C, and during refrigeration, the sur-
face will cool faster than the center. This difference in tem-
perature contributes to tensile residual stress in the center 
and compressive one at the surface. After extrusion, the 
alloy is annealed (O temper) or artificially aged (T6). Dur-
ing the O temper, the alloy reaches a higher temperature 
but for shorter periods than the T6 temper. This procedure 
will generate different microstructures, which contributes 
to different levels of residual stress, as observed in Fig. 7.

According to the results, the T6 peak-age condition, 
which is related to the highest hardness and density of "β″ 
phase, besides the lowest grain sizes, showed the lowest 
levels of residual stress. On the other hand, the annealed 
O temper condition with coarsened precipitate, largest 

etching pits, and larger grain sizes in relation to T6 tem-
per, was the only condition showing compressive residual 
stress. Finally, thermomechanical processes R3 and R9H60 
were related to the highest levels of tensile residual stress, 
which can be related to the rolling process and thickness 
reduction. Besides, the differences between R3 and R9H60 
can be due to the additional heating step of the R9H60 
process, which promotes stress relaxation.

The RSND also allows the characterization of the texture 
of the nuclear thermomechanical process, Fig. 8.

The normalized integrated intensity was calculated by 
dividing the integrated intensity by the gauge height and 
monitor count. The hkl 311 texture is very different in the 
R3 and R9H60 which was attributed to the hot rolling step. 
In general, the hkl 311 normal direction is much stronger 
than the in-plane direction. The normal hkl 222 texture is 
very weak, whereas the in-plane hkl 222 is much stronger.

4 � Conclusions

The use of the neutron diffraction technique (ND) allowed 
a correlation between microstructure and the internal 
level of residual stress in the 6061 Al–Mg–Si alloy with dif-
ferent thermomechanical processes. The lowest level of 
residual stress was related to the peak-age commercial T6 
condition. This condition was characterized by the low-
est grain size and highest microhardness, which is related 
to the high content of "β″ phase for this condition. The 
modifications due the thermomechanical processes which 
were related to the "β″ phase dissolution (lower micro-
hardness values), precipitates coarsening and increased 
in grain sizes were associated to the increased level of 
residual stress. The nuclear thermomechanical processes, 
R3 and R9H60, favored the development of tensile residual 

Fig. 8   Normalized integrated 
intensity with respect to the 
gauge volume and monitor 
count. The samples were ana-
lyzed in the transverse (0) and 
also rotate and analyzed in the 
axial (90) orientation
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stress in the 6061 alloy structure and increased its texture, 
in relation to their parent material, commercial O temper 
(annealed) condition. The O temper was the only condition 
that presented compressive nature of residual stress, and 
this thermomechanical process was associated with the 
coarsest precipitates.
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