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Superplastic deformation has a significant industrial application value due to the large elongation, 
which allows manufacturing parts with complex geometries but happens at elevated temperatures 
and low strain rates. Therefore, it requires alloys with fine grain size but whose grains tend to grow 
at processing temperatures. Second-phase particles can promote grain boundary pinning to keep a 
fine grain size structure during superplastic forming. In 5083 aluminum alloy, Al6Mn particles make 
grain boundary pinning. There are two types of 5083 aluminum alloy: conventional with manganese 
range from 0.4 to 1.0 wt.% and superplastic with manganese between 0.64 and 0.86. It was observed 
in bibliographic research that the 5083 superplastic has a higher chemical concentration of manganese 
than the conventional one. However, no references were found covering manganese concentration 
in grain size stability. This work shows grain size evolution at a constant temperature of 5083 alloys 
with different manganese concentrations. This work indicates that the manganese substantially impacts 
grain boundary pinning when the chemical composition is between 0 and 0.6 wt.%. No significant 
effects were observed for Mn concentrations higher than 0.6%”.
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1. Introduction
The mobilization of the governments to achieve the 

CO2 emission reduction targets determined in international 
conferences such as COP26 has pressed corporations of all 
sectors to adopt definitions and strategies concerning the ESG 
Agenda. It is often reflected in the search for more efficient 
processes and less polluting raw materials for the industrial 
environment. In this context, the automotive industry sees 
the substitution of steel for aluminum alloys in automotive 
vehicle fairings manufacturing as an alternative.

Aluminum alloys show advantages over steel in reducing 
CO2 emission because of their lower specific weight, 
better aerodynamics, and the economy in the assembly 
of automobiles. The last two factors are related to the 
feasibility of producing parts with complex geometry that 
improve aerodynamics and still save time and energy in 
assembly, reducing the need for welding and riveting1,2. 
The advantages are even more significant for aluminum 
alloys with a superplastic character.

Superplasticity is the capacity of certain materials 
to exhibit high elongation before failure, allowing the 
manufacture of parts with complex geometry with a reduced 
number of steps or intermediate heat treatment processes3. 
Typical superplastic elongations are higher than 300%, but 
some metal alloys can overcome 5,000%4.

The phenomenon of superplasticity typically occurs 
by deformation via grain boundary sliding rather than via 
dislocation slip. Since grain boundary sliding is a surface 
phenomenon, it requires fine or ultrafine grain size5,6. However, 
the phenomenon demands high working temperatures and 

low strain rates, which are known to induce grain growth 
due to the prolonged times in elevated temperatures3-7. 
So, grain growth kinetics is an essential subject in the 
superplasticity area8-10.

To solve this trade-off, chemical elements in alloy 
manufacturing keep the grain size small even at high 
temperatures for a prolonged time. These elements can form 
stable particles, commonly originating during solidification, 
that may act as grain boundary pinning7-11. By that, the grain 
growth rate is reduced to stabilize the grain size even in a 
prolonged time of tens of hours.

The 5083 SP aluminum alloy, well established in the 
industry, has superplastic characteristics stretching around 
350%. Since its first application in 1986, thousands of 
components have been produced, and there are several sheet 
manufacturers of this alloy, mainly in the USA, Europe, and 
Japan12. The primary particle that pins the grain boundary 
in this alloy is Al6Mn13,14. Therefore, manganese is a critical 
component for the exhibition of the superplastic phenomenon 
in that case.

ASTM regulates that manganese concentration in the 
conventional 5083 aluminum alloy varies between 0.4 and 
1.0 wt.%15. On the other hand, a bibliographic survey showed 
that the 5083 superplastic aluminum alloy has a narrower 
range for the Mn concentration, between 0.64 and 0.86 wt.%16. 
However, no reports explaining the different Mn concentrations 
for the 5083 SP and conventional 5083 aluminum alloys 
were found in the consulted literature. Therefore, this work 
aims to evaluate the influence of Mn concentration on the 
grain growth behavior of 5083 aluminum alloy to answer 
that literature gap.*e-mail: antunes@ita.br
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2. Experimental Section
Five AA 5083 alloys with different Mn concentrations 

were produced from primary aluminum and the following 
master alloys: Al with 35.0 wt.% of Mg, Al with 17.4 wt.% 
of Mn, and Al with 12.0 wt.% of Si. At first, the primary 
aluminum was melted and held at 750 ºC using a resistance 
metal melting furnace, and 15 ppm of Be was added to 
avoid magnesium oxidation. Then, the master alloys were 
added and kept for 15 min. After it, the melting baths were 
degassed using Hexachloroethane, and then they were poured 
into a water-cooled copper crucible with 127 x 54 x 13 mm. 
The nominal compositions are presented in Table 1.

The ingots were machined to remove superficial defects 
and improve the rolling quality. Then, they were submitted 
to homogenization heat treatment at 500 ºC for 8 h. Ingots 
were hot sheet rolled at 420 ºC to 13,75 mm in thickness 
and cold-rolled at room temperature to 2.5 mm, resulting in 
81.8% of work hardening. Next, the sheets were annealed 
at 350ºC for 30 minutes, and they were cut into samples 
of 1 cm × 1 cm and submitted at 450 ºC for 0 (untreated), 
1, and 4 h to investigate grain growth. The 1-hour time frame 
was selected as it represents the time taken for the sheet to 
reach thermal equilibrium with the furnace, while the 4-hour 
time frame was chosen as it usually takes that time to shape a 
superplastic sheet, including the 1 hour previously mentioned. 
Finally, the samples were heat-treated at 130 ºC for 15 h to 
decorate grain boundaries with the Mg2Si etchable phase.

After the usual metallographic preparation, the samples 
were etched in an aqueous acid solution containing 10 vol.% 
phosphoric acid at 50 ºC per 15 min. Finally, the samples were 
observed in an optical microscope. Following the standard 
ASTM E112-13(2021), the Lineal Intercept Procedure was 
applied to 5 images at each condition to obtain the grain sizes.

Samples were analyzed by X-ray diffractometry, using a 
PANalytical Empyrean, with Cu target (Kα radiation 1.5418 Å). 
Crystallite sizes were measured using the Scherrer Equation 
without a standard. Thus, the values of crystallite size are 
semiquantitative.

Statistical analysis was based on a 2k factorial design with 
k = 2 factors with replication (2.22 = 8 experiments). Table 2 
presents the experimental design used in the study, consisting 
of two parameters that were varied between low and high 
levels. The parameters were manganese concentration and grain 
growth time, and they were denoted by -1 and 1, respectively. 
The experimental design included eight experiments, with 
each experiment representing a different combination of the 
low and high levels of the two parameters.

The dataset in the Table 2 was organized by analysis. For 
analysis 1, the points (1, 0), (1, 0.4), (4, 0), and (4, 0.4) were used, 
where the first digit indicates the grain growth time in hours, 
while the second digit represents the manganese concentration 
in weight percentage (wt.%). For analysis 2, the points (1, 0.4), 
(1, 0.6), (4, 0.4), and (4, 0.6) were used. For analysis 3, the points 
(1, 0.6), (1, 0.8), (4, 0.6), and (4, 0.9) were used. Finally, for 
analysis 4, the points (1, 0.8), (1, 1.0), (4, 0.8), and (4, 1.0) were 
used. This approach allowed for a more detailed analysis of the 
data and a better understanding of the relationship between the 
variables. Linear regression models were used to establish the 
relationship between grain size and manganese concentration 
and grain growth time at 450ºC for each analysis.

3. Results and Discussion
Figure 1 shows some examples of optical microscopy 

images obtained from AA 5083 samples at different manganese 
concentrations and grain growth times. These images were used 
for the analysis of grain size, which was used to develop linear 
regression models to establish the relationship between grain 
size, manganese concentration, and grain growth time at 450ºC.

Table 3 shows the grain size as a function of the manganese 
concentration of AA 5083 after annealing and before grain 
growth treatment. It can be observed that the manganese 
is efficient in diminishing de initial grain size. However, 
the main focus of this work is to evaluate the grain growth 
resistance (i.e., grain boundary pinning) at 450ºC.

Samples of AA 5083 with different manganese concentrations 
were annealed and submitted to heat treatment at 450ºC 
per 1 and 4 h to study the grain growth behavior. Linear 
regressions were performed using de following equation: 
G = β0 + β1.Mn + β2.t + β12.Mn.t. Were G is the grain size, 
Mn is the chemical composition of manganese in weight percent 
and t is the grain growth time. Table 4 shows the estimated 
coefficients, the standard deviations, the t-values (estimate), 
the Shapiro-Wilk tests, and the adjusted R2 for the four 
manganese concentrations ranging from 0 to 0.4 (analysis 1), 
0.4 to 0.6 (analysis 2), 0.6 to 0.8 (3), and 0.8 to 1.0 (4).

Table 1. Nominal chemical compositions of AA 5083 with different 
manganese concentrations.

Sample Mn / wt.% Mg / wt.% Si / wt.%
1 0.0 4.6 0.3
2 0.4 4.6 0.3
3 0.6 4.6 0.3
4 0.8 4.6 03.
5 1.0 4.6 03.

Table 2. Experimental design consisting of two parameters varying 
between low and high levels, -1 and 1, respectively.

EXPERIMENT Mn Grain growth time
1 -1 -1
2 1 -1
3 -1 1
4 1 1
5 -1 -1
6 1 -1
7 -1 1
8 1 1

Table 3. Grain size as a function of manganese concentration of 
AA 5083 after annealing and before grain growth treatment.

Mn/ wt.% Grain size/ µm STD. ERROR
0 12.77 1.54

0.4 9.02 0.75
0.6 7.64 0.92
0.8 6.88 0.28
1.0 6.48 0.49
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For this study, p-values lower than 0.05 were considered 
statistically significant and are shown in bold. Normality 
can be observed in all analyses, as every p-value for the 
Shapiro-Wilk normality test is higher than 0.05, indicating 
that the null hypothesis (normality) can be assumed. 
In addition, the values of adjusted R2 are high, so the linear 
model is significant17.

The manganese concentration was the most influential 
parameter in analyses 1 and 2 (manganese ranging from 
0 to 0.6). However, its parameter is almost zero and is not 
statistically relevant in manganese ranging from 0.6 to 
1 (analyses 3 and 4). Nevertheless, it shows that the influence 
of manganese in pinning the grain growth diminishes with 
its concentration.

Figure 1. Optical microscopy images of AA 5083 samples at various manganese concentrations and grain growth times resulting from 
the experimental design presented in Table 2.

Table 4. Statistical analysis of the main effects and interactions for the four analyses. Statistically relevant values (p-value < 0.1) are 
bolded. Also shown are the estimated coefficients, the standard deviations, and the t-values (estimate). The Shapiro-Wilk tests are shown 
and used to determine de regressions’ adequation.

ANALYSE Β ESTIMATE STD. ERROR T-VALUE P-VALUE (ESTIMATE) ADJ. R2 P-VALUE (SHAPIRO-WILK)

1
0 to 0.4
wt.%Mn

β0 16.316 0.233 70.028 2.49e-07

0.98 0.8789
β1 -4.346 0.233 -18.653 4.86e-05
β2 1.075 0.233 4.616 0.00991
β12 -1.048 0.233 -4.497 0.01084

2
0.4 to 0.6
wt.%Mn

β0 10.783 0.096 112.489 3.75e-08

0.97 0.6084
β1 -1.187 0.096 -12.384 0.000244
β2 0.505 0.096 5.267 0.006225
β12 0.477 0.096 4.979 0.007602

3
0.6 to 0.8
wt.%Mn

β0 9.293 0.195 47.699 1.16e-06

0.80 0.7973
β1 -0.303 0.195 -1.555 0.19502
β2 1.041 0.195 5.342 0.00592
β12 0.059 0.195 0.301 0.77875

4
0.8 to 1.0
wt.%Mn

β0 9.164 0.199 46.155 1.32e-06

0.82 0.6859
β1 0.174 0.199 0.876 0.43047
β2 1.168 0.199 5.885 0.00417

β12 0.069 0.199 0.349 0.74496
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Figure 2 shows the main parameter effects (a-b) and 
interactions (c-f) plots for the grain size variation. The 
extremities of each line indicate the average grain size when 
the parameter is at a given level. However, the effect is not 
necessarily statistically relevant, as shown in Table 4. In the 
Figure 2 a), x-axis is normalized with -1 and 1 representing 
the lower and higher levels of manganese concentration, 
respectively, for each analysis, as there are different 
concentrations of manganese in each line.It is shown that 
manganese has a substantial impact on grain boundary pinning 
when the chemical composition is between 0 and 0.6 wt.%, 
as the slope of the line is very steep. However, there are no 
significant effects when the manganese concentration is 
above 0.6 wt.%, as the lines become horizontal, as shown 
in orange and red. It can be seen in Figure 2 b) that grain 
size grows with time in every manganese range.

Figure 2 (c-f) shows the interaction effects, which can 
be interpreted as follows. When the lines are concurrent, the 
independent variables (manganese concentration and time) 
interact to create a specific combined effect for the dependent 
variable (grain size); when they are parallel, the independent 
variables do not exhibit a combined effect. Thus, the increasing 
manganese concentration affects the behavior of grain growth 
between 0 and 0.6 wt.% Mn. However, adding manganese 
above 0.6 wt.% does not improve the grain boundary pinning. 
Its behavior can be visualized in the grain size contour map 

as a function of manganese concentration and time, shown 
in Figure 3, obtained in the linear regression model.

The Zener pinning pressure that restricts grain growth 
depends on the size and fraction of second-phase particles. 
The higher the fraction and the smaller the particle size, 
the better this effect. It was expected that increasing the 
manganese concentration would increase the fraction and 
improve the grain boundary pinning. Still, the results show 
that adding manganese above 0.6 wt.% does not improve 
the grain boundary pinning. It was suspected that the second 
phase particle size increases with manganese concentration.

Figure 4 shows the x-ray diffraction pattern (XRD) of 
AA 5083 at different manganese concentrations. The peaks 
related to phases Al6Mn appear with the addition of manganese. 
The crystallite size and fraction as a function of manganese 
concentration are presented in Figure 5. It can be seen that the 
fraction of Al6Mn increases with manganese concentration, 
which is suitable for grain boundary pinning. However, the 
crystallite size increases with manganese concentration. 
It indicates that adding manganese above 0.6 wt.% does 
not improve the grain boundary pinning because the Al6Mn 
particle size increases. As the liquidus temperature rises 
with manganese concentration18, it is suspected that the 
increase in manganese concentration causes an increase in 
the coarse particles of Al6Mn precipitated in the melting pool. 
Then, increasing the melting pool temperature is suggested.

Figure 2. Main parameter effects (a-b) and interactions (c-f) , analysis 1 to 4, plots for the grain size variation with manganese concentration 
and grain growth time at 450 ºC of AA 5083. The extremities of each line indicate the average grain size when the parameter is at a given 
level. The effect is not necessarily statistically relevant, as shown in Table 4.
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4. Conclusions
In conclusion, this study investigated the influence of 

manganese concentration on microstructural refinement 
and grain boundary pinning of AA 5083 aluminum alloy. 
The results showed that adding manganese up to 0.6 wt.% 
decreases the initial grain size and improves the grain 
boundary pinning. However, adding manganese above 
0.6 wt.% does not improve the grain boundary pinning due 
to the increase in Al6Mn particle size. The linear regression 
models established the relationship between grain size, 
manganese concentration, and grain growth time at 450ºC. 

The statistical analysis of the main effects and interactions 
for the four manganese concentrations ranging from 
0 to 1.0 wt.% revealed that the manganese concentration 
was the most influential parameter. Moreover, the grain 
size contour map obtained from the linear regression model 
shows the effect of manganese concentration and time on 
grain size variation. Finally, XRD analysis showed that 
the addition of manganese increases the fraction of Al6Mn 
suitable for grain boundary pinning, but the increase in the 
particle size of Al6Mn particles diminishes the pinning 
effect. These findings are significant in understanding the 
effects of manganese concentration on grain refinement 
and optimizing the alloy’s superplastic properties. Future 
research should focus on analyzing the effects of manganese 
concentrations on strain-rate sensitivity coefficient (m), 
ductility, and cavitation in 5083 alloys.
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