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Hardening on the Hardness of AI-Mg-Si Alloy

Pruthvi Serrao’, Chiranth B. P., Neil Vaz, Aaron Fernandis, Pavan Rao, Shambulingesh, Vikas

Department of Mechanical Engineering, St Joseph Engineering College, Mangaluru, India (Affiliated to VTU)

Abstract The effect of Equal Channel Angular Pressing (ECAP) and Solutionizing - Artificial aging (T6) dual treatment
on the hardness behaviour of Aluminium 6082 alloy was investigated. The alloy was solutionized and aged for different
combinations of temperature and time and then ECAP was carried out at different temperatures (100, 150 and 200°C). The
variation of hardness was measured using a standard Rockwell Hardness tester. It was observed that a T6 treatment
comprising a solutionizing treatment at 520°C for 2 hours followed by artificial aging at 160°C for 6 hours yielded the best
results in terms of measured hardness. And further, ECAP at 100°C following the optimum T6 treatment resulted in hardness
enhancement of up to 56.2% as compared to its base hardness (untreated). Also, it was observed that the effectiveness of
ECAP increases with decreasing temperature but the processing becomes difficult as it requires more energy for deformation.

The results were also validated using statistical analysis.
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1. Introduction

Aluminium and its alloys are considered as the most
promising light weight structural materials owing to its
excellent properties. It has been generally used in
manufacturing of automobile and aircraft components as the
high end applications; it is also used for household
appliances, containers, and electronic devices, etc. The
perks of excellent strength to weight ratio, corrosion
resistance, and thermal conductivity are amongst the many
advantages of aluminium as it is ascending to be the most
reliable material for the future.

Pure aluminium is generally soft and finds lesser
application as a structural material and hence it is alloyed
with other elements such as magnesium, silicon, manganese
chromium, etc. Aluminium alloy 6082 grade is a Al-Mg-Si
alloy and is a popular grade of aluminium amongst the 6000
series as it offers the highest strength in that series. It is a
medium strength alloy with excellent corrosion resistance,
machinability, formability and weldability; it is generally
used for structural and transport applications. Also, it
responds well to heat treatment and is an age hardenable
alloy. However, unlike the rest of aluminium alloys, alloy
6082 is not suitable for high temperature applications and
also, a maximum hardness of only up to 90 BHN can be
achieved upon T6 temper treatment [1].
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Recent studies showed that, properties of aluminium can
be tailored by heat treatment and grain refinement [2, 3].
Equal Channel Angular Pressing (ECAP) is one of the
effective methods commonly used to produce ultra-fine
grain structure without remarkable geometrical change of
bulk materials. Materials processed with ECAP become
superior to that of conventional coarse-grained materials
[4, 5]. Consequently, a T6 temper is also known to
influence the hardness of 6082 alloy, wherein a two-step
solutionizing and a later artificial aging is carried out for
suitable time and temperature; the intermetallic-phase
particles precipitated in the process are hinder the
dislocation motion and thus strengthen them.

A combined ECAP and age hardening heat treatment is
known to enhance the hardness of age hardenable
aluminium alloys considerably; the effect of finer grains
coupled with the precipitation during aging together acts as
barriers for dislocation motions, thus enhancing the strength
and hardness. J Gubicza et al. [6] have suggested that the
dislocations produced during ECAP being the active
nucleation sites will promote the precipitation process. The
aim of this work is to investigate the effect of ageing and
subsequent ECAP of aluminium 6082 alloy on the hardness.

2. Experimental Work

The test specimen were procured as 10 mm diameter bars
which were then cut to a length of 50 mm, long enough to be
pressed in an ECAP die.
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2.1. Test Material

The material used for the present work is AA6082. It is a
general purpose aluminium alloy comprising magnesium
and silicon as major alloying additives. They have good
machinability and weldability; and can be precipitation
hardened. The chemical composition of the test specimen is
as shown in Table 1.

Table 1. Chemical composition of AA6082 test specimen

Elements Mg Si Fe Cr Al

0.82 1.13 0.32 0.17

weight % balance

2.2. Heat Treatment

The test samples were first subjected to a T6 temper
treatment which involved a solutionizing treatment at
temperature of 520°C for duration of 2 hours in a muffle
furnace upon which it is quenched in water maintained at RT;
it is then followed by artificial aging for the different
possibilities of temperature and time in order to identify the
optimum aging parameters. A total of 36 samples were first
machined to specifications, cleaned and solutionized, of
which 12 samples were artificially aged at 120°C with a set
of four samples aged for a duration of 2, 4 and 6 hours each
and then air cooled. Further, the remaining 2 sets of 12
samples each were aged at 150°C and 180°C in a similar
manner. A sample each from different possibilities of
temperature and time of heat treatment is retained for
hardness measurement whereas the remaining samples were
subjected to subsequent ECAP.

2.3. Equal Channel Angular Pressing

A single pass ECAP of the T6 temper - 6082 alloy samples
was performed for three different temperatures (RT, 100
and 150°C). The die used for ECAP is made from OHNS
(Oil Hardened Non-sticking Steel) with a split-type of
arrangement to facilitate easy removal of the sample after
pressing. Two 10mm diameter symmetric channel were
ground on the split-die which were intersecting at an angle of
120° with a curvature angle of 30°; the channel was polished
to have a mirror finish to perform the pressing with ease. Oil
quenched fasteners were used to hold the die together while
pressing the specimen through its channel. In the process, a
heating unit clamped to the die heats the specimen to the
desired temperature measured with the help of a
thermocouple inserted into the die and then the specimen is
pressed through the die channel using a plunger in a 60 ton
capacity Universal Testing Machine (UTM) at different
temperatures. The set up for ECAP of the test samples is as
shown in Figure 1. The heating of the specimen facilitates
easy processing; however, the effectiveness of ECAP is
known to reduce with increasing temperature due to possible
recovery and grain growth. Molybdenum disulphide grease
(Moly grease) is used as a lubricant during processing to
avoid friction and enable easy sliding of the specimen. After
pressing the sample along with the die is let to cool down to
RT before it can be unclamped for the pressing of next
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specimen. The samples are held for hardness measurement
upon ECAP.

Figure 1. ECAP carried out in a UTM with heating unit

3. Results & Discussions

The solutionized, aged and ECAPed samples were tested
for variation in the hardness. Hardness of the specimens were
measured using a Vickers hardness tester, an indentation
based tester equipped with a diamond indenter; a mean of
three hardness readings were recorded. The hardness of the
as received sample was measured as 71.1 HV and the
influence of the aging and ECAP on hardness is presented
and discussed below.

3.1. Effect of T-6 Temper on Hardness

A T-6 temper is a well-known hardening treatment given
to AA6082 alloy owing to its excellent response to aging by
formation of intermetallic phase particles. Several research
works have been carried out on studying the effect of aging
of aluminium alloys on its mechanical properties.
Dadbakhsh et al. [7] have studied the effect of aging on the
hardness behaviour of 6082 aluminium alloy and have
reported a peak hardness for an aging carried out between
the temperature ranges of 160 to 180°C for duration of 3 to
6 hours. In the present work at the primary stage an
optimization of aging treatment was carried out for the
given samples and it was found that an aging treatment
conducted at 160°C for 6 hours was found best suited.
However, from the hardness trend as seen in the Figure 2, an
increment of aging time would have further enhanced the
hardness at 160°C.

The aging at 120°C had no effect on hardenability;
whereas, at 180°C peak hardness close to the base hardness
was obtained when aged for 4 hours which decreased upon
further increase in aging time.

3.2. Effect of Pre-aging and ECAP on Hardness

The aged samples were subsequently processed by ECAP
technique and the variation in hardness was noted. It was
observed that the hardness was substantially increasing upon
further processing by ECAP however it is very much
dependent on the temperature at which pressing was carried
out. It is evident in the literatures regarding the effect of
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ECAP on hardness with maximum strengthening being
achieved under room temperature processing as compared to
the higher processing temperatures; however, with lower
temperatures processing becomes very difficult as it would
require more energy.

A single pass ECAP at 100°C after aging displayed a
constant trend of hardness increment (Figure 3) with the
aging time from 2 hours to 6 hours; an increase from base
hardness of 71.1 HV to as high as 112 HV was recorded. The
aging time were fixed to be 2 to 6 hours from the
observations made through the literatures; however, in the
present case a slight increment in hardness may be observed
upon extended aging time but not in excess of 10 to 12 hours.
The subsequent ECAP at 100°C of samples aged at 160°C
yielded the optimum hardness of 112 HV followed by 99.4
HV and 91.8 HV at 120°C and 180°C respectively, where all
samples were aged to 6 hours.

Similar trend was observed for the samples aged at 160°C
upon subjecting to ECAP at 150°C as shown in Figure 4;
a max hardness of 110 HV was recorded for an aging of
6 hours. Whereas, the samples aged at other extreme
temperatures followed a decline in hardness with the aging
time. Nevertheless, the hardness was fairly higher than the
base hardness. Also, it was noted that the aging at 180°C for
2 hours featured fairly better hardness than the samples aged
at 160°C.

ECAP at 200°C was not favourable for hardness
enhancement as only a marginal increment or constant drop
in hardness was observed with increasing aging time for the
selected temperature range of aging treatment. Peak hardness
was reported for 4 hours aged samples at 160 and 180°C.

On an overall observation, even though best hardness
results were obtained for ECAP at 100°C, the effect of aging
were prominent for ECAP at 150°C as a marginally close
hardness values were obtained for the entire aging range
from 2 to 6 hours.

In order to support the direct findings from the hardness
plots and to assess the contribution of the individual
parameters towards enhancing hardness along with their
interactions a detailed statistical analysis was carried out.
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Figure 2. Effect of aging on the hardness of 6082 aluminium alloy
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Figure 3. Effect of aging followed by ECAP at 100 °C on the hardness of
6082 aluminium alloy
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Figure 4. Effect of aging followed by ECAP at 150°C on the hardness of
6082 aluminium alloy
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Figure 5. Effect of aging followed by ECAP at 200°C on the hardness of
6082 aluminium alloy

3.3. Statistical Analysis of Hardness

With the measured hardness as (Table 3) response, a
statistical analysis was conducted using Minitab 15 software
for a full factorial design. The factors considered and their
levels are as shown in Table 2. The Main effect plots,
Interaction plots were obtained and ANOVA results are used
to support the findings.
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An interaction plot was constructed as shown in Figure 6, and the main effects plot (Figure 7) it can be suggested that
to understand the relationship between factors and the an aging temperature and time of 160°C and 6 hours
hardness (response); it can be clearly seen that the interaction  respectively, with an ECAP temperature of 150°C can be
effects are significant. Thus, considering the interaction plot  selected in order to obtain optimum hardness.

Table 2. Factors and their levels considered for full factorial design

Factors
Levels Aging temp Aging time ECAP temp
0 (hrs) &)
Level 1 120 2 100
Level 2 160 4 150
Level 3 180 6 200
Table 3. Measured hardness values of the processed samples
VICKER’S HARDNESS - HV
Sl. No. SAMPLE DISCRIPTION
1 2 3 Avg
1 Aging (120 °C, 2 Hrs) + ECAP (100 °C) 80.2 82.1 74.8 79
2 Aging (120 °C, 2 Hrs) + ECAP (150 °C) 82.6 88.3 85.1 85.3
3 Aging (120 °C, 2 Hrs) + ECAP (200 °C) 66.6 73.2 70.4 70.07
4 Aging (120 °C, 4 Hrs) + ECAP (100 °C) 77.4 85.1 80.2 80.9
5 Aging (120 °C, 4 Hrs) + ECAP (150 °C) 74.8 74 73.2 74
6 Aging (120 °C, 4 Hrs) + ECAP (200 °C) 65.6 61.6 61 62.7
7 Aging (120 °C, 6 Hrs) + ECAP (100 °C) 104 97.7 96.5 99.4
8 Aging (120 °C, 6 Hrs) + ECAP (150 °C) 83.1 80.2 86.2 83.2
9 Aging (120 °C, 6 Hrs) + ECAP (200 °C) 65.6 67 64.2 65.6
10 Aging (160 °C, 2 Hrs) + ECAP (100 °C) 81.6 74 76.6 77.4
11 Aging (160 °C, 2 Hrs) + ECAP (150 °C) 90.5 87.5 91.7 89.9
12 Aging (160 °C, 2 Hrs) + ECAP (200 °C) 85.1 80.2 77.4 80.9
13 Aging (160 °C, 4 Hrs) + ECAP (100 °C) 90.5 80.2 85.1 85.3
14 Aging (160 °C, 4 Hrs) + ECAP (150 °C) 92.8 90.5 97.7 93.7
15 Aging (160 °C, 4 Hrs) + ECAP (200 °C) 84.6 88.3 92.8 88.6
16 Aging (160 °C, 6 Hrs) + ECAP (100 °C) 118 112 106 112
17 Aging (160 °C, 6 Hrs) + ECAP (150 °C) 110 107 112 109.7
18 Aging (160 °C, 6 Hrs) + ECAP (200 °C) 84.1 81.6 85.7 83.8
19 Aging (180 °C, 2 Hrs) + ECAP (100 °C) 61.6 67.7 63.5 64.3
20 Aging (180 °C, 2 Hrs) + ECAP (150 °C) 97.7 106 92.8 98.8
21 Aging (180 °C, 2 Hrs) + ECAP (200 °C) 86.2 83.1 90.5 86.6
22 Aging (180 °C, 4 Hrs) + ECAP (100 °C) 75.7 82.1 71.5 77.4
23 Aging (180 °C, 4 Hrs) + ECAP (150 °C) 83.1 80.2 82.1 81.8
24 Aging (180 °C, 4 Hrs) + ECAP (200 °C) 92.8 91.7 88.3 90.9
25 Aging (180 °C, 6 Hrs) + ECAP (100 °C) 87.2 96.5 91.7 91.8
26 Aging (180 °C, 6 Hrs) + ECAP (150 °C) 85.1 77.4 81.2 81.2
27 Aging (180 °C, 6 Hrs) + ECAP (200 °C) 74.8 71.5 68.5 71.6
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Interaction Plot for Avg Hardness
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Figure 6. Interaction plot of factors considered for average hardness measurements
Main Effects Plot for Avg Hardness
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Figure 7. Main effect plot for the average hardness using data means

Also, the analysis of variance (ANOVA) was performed
in order to evaluate the statistical significance of the factors
and their interactions. The analysis was carried out with a
confidence level of 95% by considering p-values less than
0.05 towards significant contribution [8]. The percentage

contribution of the factors and their interactions is as shown
in Table 4 and it can be seen that a significant two-way
interaction (52%) was observed among the factors with
interaction between aging time and ECAP temperature
being significant towards hardness optimization.
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Table 4. Analysis of Variance for data mean, using Adjusted SS

Source DOF Adj SS p-value Contribution
Model 18 3742.4 0.002 94.94%
Linear 1689.5 0.002 42.86%
Aging Temp 834.9 0.001 21.18%
Aging Time 308.8 0.024 7.83%
ECAP Temp 2 545.7 0.005 13.84%
2-Way Interactions 12 2052.9 0.005 52.08%
Aging Temp*Aging Time 4 420.2 0.040 10.66%
Aging Temp*Aging Time 4 515.6 0.024 13.08%
Aging Time*ECAP Temp 4 1117.1 0.002 28.34%
Error 8 199.6 5.06%
Total 26 3942.0 100.00%
DOF: degrees of freedom; Adj SS: adjusted sum of squares;
4. Conclusions
It is observed that the combination of T6 heat treatment
and a subsequent ECAP can effectively increase the hardness REFERENCES

of AA6082 alloy. Following observations were made during
the study:

* A solutionizing treatment at 520°C for 2 hours followed
by artificial aging at 160°C for 6 hours yielded the best
hardness.

¢ ECAP carried out at 100°C of the samples aged at
160°C for 6 hours resulted in substantial hardness
enhancement form 71.1 HV to 112 HV (56.2%).

* Even though best hardness results were obtained for
ECAP at 100°C, the effect of aging were prominent for
ECAP at 150°C as a marginally close hardness values
were obtained for the entire aging range from 2 to 6
hours.

e Statistical analysis performed suggests the selection of
aging temperature and time of 160°C and 6 hours
respectively, with an ECAP temperature of 150°C in
order to obtain optimum hardness.

On a concluding remark, post-ECAP aging was not
carried out in the present work due to possible softening of
the material owing to annealing effects and with the sole
objective of hardness enhancement the present work was
limited to pre-aging and ECAP.
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