Guner A. T., et al.: Thermal Effect of Quench Rate on Mechanical ...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 4B, pp. 3199-3208 3199

THERMAL EFFECT OF QUENCH RATE
ON MECHANICAL PROPERTIES OF
SIMA 7075-T6

by
Ali Tekin GUNER®, Derya DISPINAR®, and Engin TAN®’

a Faculty of Technology, Department of Biomedical Engineering, Pamukkale University,
Denizli, Turkiye
b Foseco, R&D Center, Non Ferrous Metal Treatment, Enschede, The Netherlands
¢ Department of Metallurgical and Materials Engineering, Faculty of Technology,
Pamukkale University, Denizli, Turkiye
Original scientific paper
https://doi.org/10.2298/TSCI2304199G

In this study, thermal effects of quench rate on mechanical properties of 7075-T6
alloy fabricated by strain induced melt activation (SIMA) process were investi-
gated. The T6 heat treatments were applied in various parameters after SIMA:
solutionizing at 490 °C for 15-30-45-60-120 minutes, quenching at 60-100 °C,
and aging at 120 °C for 12-24-48 hours. Optical and SEM analyses were per-
formed for characterization, hardness, and tensile tests for mechanical evalua-
tion. Analysis of variance tests was carried out to indicate the validity of the in-
teractions quenching temperatures and tensile properties. Secondary phases were
dissolved homogeneously after solutionizing but at higher quenching tempera-
tures and re-precipitated, particularly at grain boundaries. Strength values de-
creased with increasing quenching temperature. Analysis of variance tests sug-
gest that cryogenic quenching can further increase the tensile properties. Oxide
bifilms, porosities, low surface quality, and continuous brittle secondary phases
surrounding spheroidal particles reduce the mechanical properties.
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Introduction

Since the beginning of the 1970's, several semisolid forming processes such as thix-
ocasting, thixoforging, thixomolding, rheocasting, and rheomolding have been developed
[1, 2]. Today, semisolid forming has become a commonly used manufacturing technology for
the production of aluminum and magnesium alloy parts that combines the advantages of con-
ventional manufacturing methods such as forging in solid state and casting in liquid state
[3-5]. The SIMA process is among the most established methods to achieve a homogeneous
spheroidal grain structure required for semisolid forming [6-8]. The process is based on ob-
taining spheroidal grain structure by applying hot and cold deformation after casting then re-
heating to the semisolid temperature.

The 7075 alloy is used in areas requiring mechanical strength, lightweight and cor-
rosion resistance in the aviation and automotive industries [9, 10]. Its wide solidification
range of about 160 °C makes this alloy a good candidate for semisolid forming processes [5].

* Corresponding author, e-mail: etan@pau.edu.tr
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The 7075 alloy must undergo age hardening treatment to achieve maximum strength after
semisolid forming processes. However, different manufacturing techniques result in specific
microstructures requiring different heat treatment parameters. Likewise, in SIMA process,
large compositional differences occur between the spheroidal grains and grain boundaries and
the resulting microstructure is very different from the as-extruded or as-cast microstructures.
The effect of this unique microstructure on the selection of the precipitation hardening param-
eters for semisolid formed aluminum alloys remains unclear. To the knowledge of the authors,
there is only few studies reported in the literature about T6 treatment of aluminum alloys
manufactured by semisolid forming processes. In the study of Tan et al. [11] T6 heat treat-
ment of SIMA 7075 alloy was carried out by solutionizing at 480 °C for 30 minutes, quench-
ing in water of 20 °C and 80 °C and aging at 120 °C for 7 hours. Better mechanical properties
(448.4 MPa tensile strength and 12.7% elongation) were reported when quenching was done
at 80 °C. In the study of Mahathaninwong et al. [12] solutionizing at 450 °C and 480 °C for
1to 12 hours and quenching in water at 25 °C and finally aging at various temperatures be-
tween 120 °C and 185 °C were applied to rheocast 7075 alloy. Optimum T6 treatment param-
eters for the rheocast 7075 alloy were reported as solutionizing at 450 °C for 4 hours and ag-
ing at 120 °C for 72 hours resulting 486 MPa tensile strength and 2% elongation.

The optimum SIMA process parameters to achieve the near spherical grain structure
required for semisolid forming was determined in the previous study by the authors [13]. The
aim of this study is to evaluate the effects of quench rate on mechanical and microstructure
properties of 7075-T6 alloy fabricated by SIMA process.

Material and method
In this paper, 7075 aluminum alloy fabricated by extrusion followed by cold defor-

mation, with the chemical composition in tab. 1 was used.

Table 1. Chemical analysis of the 7075 alloy [%0]

Al Zn Mg Cu Fe Si Cr Mn Ni Zr Pb Ti Sn

903 | 508 | 197 | 121 | 05| 026 | 0.23 | 0.21 | 0.04 | 0.04 | 0.02 | 0.02 | 0.018

The samples were heated up to the semisolid temperature (isothermal holding at
630 °C for 25 minutes) and water quenched at 20 °C. After SIMA process, samples were solu-
tionized at 490 °C for 15-30-45-60-120 minutes and quenched in water at 60-100 °C. After
determination of optimum solutionizing parameters, aging heat treatments at 120 °C for
12-24-48 hours were carried out.

Specimens were prepared by sectioning in appropriate size and grinding with 400,
1000, and 2400 grit SiC sandpapers and polishing with a 3 pm sized diamond paste in accord-
ance with ASTM E3-11 (2017). Keller’s solution (5 mL HNOz, 3 mL HCI, 2 mL HF, and
100 mL H,0) was used to investigate the microstructural evolution of the alloy.

Cylindrical tensile test samples were prepared from aged specimens into according to
ASTM E8/E8M-16a by machining. The 15 tensile tests were carried out for each quench tem-
perature. The SEM analyses were carried out on the fractured surface of the tensile test samples.
Brinell hardness tests were carried out in accordance with ASTM E10-17 after each heat treat-
ment and five measurements were taken for each sample to obtain an average hardness.

The ANOVA analysis was carried out to evaluate the relationship between quench-
ing temperature and tensile properties.
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Results and discussion

Homogeneous spheroidal grain structure suitable for semisolid forming consisting of
solid a-Al grains and liquid phase around them is obtained by isothermal heat treatment at
630 °C for 25 minutes. Atkinson et al. [4] had shown that below 560 °C, the microstructure
remains predominantly unrecrystallised due to grain boundary pinning and it takes longer
times for partial remelting. Above this temperature, within 10 minutes, the aging precipitates
starts to melt thereby unpinning the boundaries which results in equiaxed recrystallized
(spherical) microstructures.

Large compositional differences can be seen between the spheroidal grains and grain
boundaries containing higher amounts of alloying elements. Binesh and Aghaie-Khafri [7] re-
ported that with 55% deformed samples, 15-25 minutes at 610 °C was good enough to
achieve spherical grains. A detailed investigation of microstructural evolution of 7075 alloy
during SIMA process can be found in the previous study by the authors [13]. After SIMA
process, five samples were solutionized at 490 °C for 15-30-45-60-120 minutes and quenched
in water at 20 °C. From the micrographs of the samples, it can be seen that the secondary
phases existing in the grain boundaries dissolve after 45 minutes at 490 °C, fig. 1.

. -
100 pm: 1100 pm|

Figure 1. Micrographs of the samples solutionized at 490 °C for: (a) 15 minutes, (b) 30 minutes,
(c) 45 minutes, (d) 60 minutes, and (e) 120 minutes

After determination of the optimum solutionizing duration, aging at 120 °C for
12-24-48 hours was carried out with nine samples, tab. 2. At first, spheroidizing by isothermal
holding at 630 °C for 25 minutes at was applied to the samples. Then samples were separated
into three groups and the solutionizing heat treatments were carried out with optimum param-
eters (490 °C, 45 minutes). The first group was quenched in water at 60 °C and the second
group at 100 °C without allowing the samples to cool. Three samples from each group was
aged at 120 °C for 12 hours, 24 hours, and 48 hours, respectively.

The evolution of hardness of the samples quenched at different temperatures and
aged at 120 °C are shown in fig. 2. Since the maximum hardness values were obtained with
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all three quenching temperatures at 48 hours, it was chosen as the optimum aging time at
120 °C. It is important to note that as the soaking time was increased, coarsening could occur.
Jiang et al. [6] reported that RAP microstructure gives higher coarsening than SIMA.

Table 2. Heat treatments applied to aging samples

Spheroidizing Solutionizing [minutes] Quenching in water [°C] Aging at 120 °C [hours]
12
60 24
630 °C, 490 °C, 48
25 minutes 45 minutes
12
100 24
48
170 - 1 1 123
2 : =
I 160 3
g
5 150
T
140 Figure 2. Hardness measurements after quenching
and aging [13]; 1 — quenching at 20 °C,
1301 2 — quenching at 60 °C, and 3 — quenching at 100 °C
120 -|
110
100 l

0 12 24 48
Aging time at 120 °C [hours]

Mahathaninwong et al. [12] found that optimum solution treatment for semisolid
7075 alloy was 450 °C for four hours in which the eutectic phase was completely dissolved
and no overheated Mg>Si particles were formed. The highest hardness was achieved 120 °C
for 72 hours. However, in this work, it was found that the heat treatment cycle required much
lower durations. After determination of optimum aging time at 120 °C, tensile test specimens
were subjected to spheroidizing (630 °C, 25 minutes), solutionizing (490 °C, 45 minutes), wa-
ter quenching at 60 and 100 °C and precipitation (120 °C, 48 hours), tab. 3.

Table 3. Heat treatments applied to aging samples

Spheroidizing Solutionizing Quenching in water [°C] Aging
630 °C, 25 minutes 490 °C, 45 minutes 60 120 °C, 48 hours

The main purpose of the quenching experiments performed at different temperatures
was to examine the effect of the internal stresses generated after quenching on the mechanical
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properties of the material. It was observed that the quenching temperature after the solutioniz-
ing stage of the T6 heat treatment significantly affected the mechanical properties. This effect
was observed mainly in yield strength and elongation after fracture values while there was no
significant difference in hardness values. As a result of the tensile tests, the yield strength val-
ues obtained at different quenching temperatures are given in fig. 3.
It was observed that the yield strengths

of the samples were increased from 225 MPa 700
to an average of 533 MPa after heat treatment. 600
The difference more than two folds is remark- |
able. In the previous study of the authors [13],
while the maximum yield strength was reached
at 20 °C quenching temperature with 546 MPa,
in this study, maximum vyield strength was ob- 200
tained at 60 °C quenching temperature. Yield 100
strength changes to 576 and 461 MPa with in-
creasing quenching temperature to 60 and
100 °C, respectively. Mahathaninwong et al.
[12] had reached 371 MPa with solutionizing
at 450 °C for 4 hours, but the samples were
quenched in room temperature.

Based on the data obtained from tensile tests, ANOVA analysis, tab. 4, was carried
out and the relationship between quenching temperature and yield strength was obtained:

y =-1.3408x + 614.23R2 = 1 1)

where y is the yield strength and x — the quenching temperature. It can be understood from eq.
(1) that as the quenching temperature is increased, yield strength will decrease.

This relationship, which is seen in the yield strength, is similar in the ultimate tensile
strength. The average tensile strength of the samples increased from 381 MPa to 616 MPa af-
ter T6 treatment with 20 °C quenching temperatures [13], 627 and 545 MPa with 60 and
100 °C, respectively, fig. 4.

500
400
300

Yield strength [MPa]

0 "without HT* _ 20* 80 1
Quenching temperature [°C]

Figure 3. Yield strength values obtained at
different quenching temperatures [13]

Table 4. The ANOVA test results comparing the relationship between yield strength
and quenching temperature

df SS MS F Significance F
Regression 1.00 77033.24 | 77033.24 | 48.40 0.00
Residual 39.00 62077.91 | 1591.74
Total 40.00 139111.15
Coefficients St:pr%a;rd t-Stat | P-value | Lower 95% Lérépozr Iggv(\)/;: gspgoe/;
Intercept 614.23 13.64 45.05 0.00 586.65 641.81 | 586.65 | 641.81
20.00 -1.34 0.19 —6.96 0.00 -1.73 -0.95 | -1.73 | -0.95
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800 The reason for the decrease in strength is

S 700} thought to be the decrease in the cooling rate
£ 600+ due to the increased quenching temperature,
8 500 providing enough time for the secondary phases
© 4001 that are homogeneously dissolved in the mate-
5 300! rial while solutionizing, to precipitate into
£ 500! coarse particles. These coarse precipitates can
1P be seen especially at the grain boundaries of the
2l samples that are quenched at 100 °C, fig. 5.
Without HT*  20* 60 100 This is mainly due to formation of less
Quenching temperature [°C] . .
vacancy by increased quenching temperature.
Figure 4. Ultimate tensile strength Although residual stress decreases in this case,
values obtained at different quenching it appears that the size and distribution of sec-
temperatures [13] ondary phase plays more significant effect on

mechanical properties. The ANOVA test results
comparing the relationship between ultimate
tensile strength and quenching temperature
were given in tab. 5. according to:

y =—0.9057x + 650.48R2 = 1 @)

-4 At ° where y is the ultimate tensile strength and
Figure 5. Micrographs of the samples quenched X — the quenching temperature. Similar to find-
at: () 60 °C and (b) 100 °C ings of yield strength, as the quenching temper-

ature was increased from 60 °C to 100 °C, the
tensile strength decreases. However, it is interesting to note that the potential maximum ulti-
mate tensile strength value for the alloy appears to be around 650 MPa. This also suggests that
cryogenic quenching can further increase the tensile properties [14].

Table 5. The ANOVA test results comparing the relationship between ultimate tensile strength and
quenching temperature

df SS MS F Significance F
Regression 1.00 35150.83 35150.83 | 28.01 0.00
Residual 39.00 48948.46 1255.09
Total 40.00 84099.29
Coefficients Stgrr?)a:rd t-Stat P-value| Lower 95% lé%po/eor Iggv(\)/;(r) gL;J5p8§/(r,
Intercept 650.48 12.11 53.72 0.00 625.99 674.97 | 625.99 | 674.97
20.00 -0.91 0.17 -5.29 0.00 -1.25 -0.56 | -1.25 | -0.56

While the maximum elongation was observed in non-heat-treated samples, the elon-
gation values significantly decreased in the samples subjected to aging, fig. 6. It has been es-
timated that lower internal stresses will occur with quenching at higher temperatures. To sup-
port this view, the average elongation values of 15 samples were determined as 5.7% for
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[\
(5]

100 °C and 5.3% for 20 °C [13]. On the other
hand, Mahathaninwong et al. [12] had reached
as high as 12% elongation when samples were
quenched in room temperature, however, the
UTS was significantly low in their study.
According to the ANOVA analysis, tab.
6, eq. (3) suggests that the minimum elongation
at fracture value of this alloy is around 5.06% ﬂ i -
which has the tendency to increase with in- 8 _ , . |
creased quenching temperature. Without HT* 20 60 100

Quenching temperature [°C]

20

15

10+

Elongation at fracture [%]

v

y =0.0057x + 5.0658R? = 1 ®) Figure 6. Elongation values obtained at

where y is the elongation and x — the quenching different quenching temperatures [13]
temperature.

Table 6. The ANOVA test results comparing the relationship between elongation and quenching
temperature

df SS MS E Significance F
Regression 1.00 1.37 1.37 0.41 0.52
Residual 39.00 129.65 3.32
Total 40.00 131.02
Coefficients St:?rcéa;rd t-Stat | P-value | Lower 95% Lé%po/eor Iggv(\)/(c)e/: 55‘)8;2
Intercept 5.07 0.62 8.13 0.00 3.81 6.33 3.81 6.33
20.00 0.01 0.01 0.64 | 052 -0.01 0.02 | -0.01| 0.02

Based on the works of Caceres [15], Ti- g
ryakioglu and Campbell [16], quality index & g5
(QT) of the tensile properties were calculated. % 700 T

©

The results are summarized in fig. 7. It can be < &0

seen that as the quenching temperature is in- g s00

creased, QT value has a trend to decrease. It is © 400

important to note that the scatter also increases 300

with increase quenching temperature. 200
Similar to test results in fig. 7, according 100

to the ANOVA analysis, tab. 7, eq. (4) shows O Without HT* _ 20* 60 1

that the quality index of this alloy has the ten- Quenching temperature [*C]

dency to decrease with increased quenching rigyre 7. Quality index obtained at different

temperature and also a potential of highest 758 quenching temperatures [13]

quality index value. Based on Mahathaninwong

et al. [12] results, the quality index in that study

corresponds to 532.

00

=-1.0321x + 758.27R2 =1 4)

where y is the quality index and x — the quenching temperature.
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Table 7. The ANOVA test results comparing the relationship between quality index
and quenching temperature

df SS MS F Significance F
Regression 1.00 45646.06 |45646.06| 8.22 0.01
Residual 39.00 216455.53 | 5550.14
Total 40.00 262101.59
Coefficients Stgpr(l?rd t-Stat | P-value | Lower 95% Lé%po/t(e)r Iég\g(% gspgoe/[r)
Intercept 758.27 25.46 29.78 0.00 706.77 809.77 | 706.77 | 809.77
20.00 -1.03 0.36 -2.87 0.01 -1.76 -0.30 | -1.76 | -0.30

The SEM analyses were performed on the fracture surfaces of tensile test specimens.
SEM images of two samples quenched at 60 °C and 100 °C with much lower than expected
tensile strength and elongation are shown in fig. 8. An intergranular fractured surface mor-
phology like hot tearing is seen in these samples. Spheroidal grains are clearly visible on the
fracture surface. It is thought that the molten secondary phase has formed a continuous brittle
area along the grain boundaries perpendicular to the axis of the sample and a crack, triggered
by a possible bifilm, causing the sample to break at a much lower than the average stress.

On the fractured surface, a ductile structure, which is mostly spongiform in appear-
ance, has been observed. There are some straight line-like porosities, which are seen in similar
studies [11, 17-21]. It is thought that the source of these faults is double oxide layers (bifilms)
that was incorporated into the material during the production of the alloy. The appearance of a
large number of heterogeneously distributed crack-like faults, shown in a sample with such
ductile behavior, demonstrates the presence of bifilms [22, 23].

Figure 9 shows SEM images of a sample quenched at 100 °C which was premature-
ly fractured. It is observed that due to the poor machining quality of the tensile specimen, a
notch effect had facilitated the fracture, fig. 9(a), and several bifilm-induced porosities are al-
so seen in this sample, fig. 9(b).

Figure 8. The SEM images of two samples Figure 9. The SEM images of a sample quenched
quenched at: (a) 60 °C and (b) 100 °C at 100 °C with low mechanical properties
with low mechanical properties

Conclusion

Semisolid processing is a manufacturing technique that can be used to fabricate
complex aluminum shapes at low cost with fewer steps, and high quality. Homogeneous
spherical grain structure should be obtained in order to perform semisolid forming processes
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of Al alloys. In this study, the desired spherical grain structure was obtained by SIMA process

and T6 heat treatment was applied to the 7075 alloy after SIMA process with different param-

eters to investigate the effects of quenching temperature, solutionizing and artificial aging
times on microstructural and mechanical properties.
In this work, it was found that:

e The secondary phases precipitated in SIMA 7075 alloy dissolve homogeneously when
kept at 490 °C after 45 minutes.

e The highest yield and ultimate tensile strength were obtained in samples quenched at
60 °C.

e At 100 °C quenching temperature, the dissolved secondary phases precipitated as coarse
particles, especially at grain boundaries.

e The average tensile strengths were 627 and 545 MPa for quenching in water at 60-100 °C
respectively. The average yield strengths were 576 and 461 MPa for quenching in water
at 60-100 °C respectively. At two different quenching temperatures, no significant change
in average elongation values were observed which was around 5.5%.

e The optimum aging time at 120 °C was determined to be 48 hours from the hardness
tests.

e Bifilms, porosities and low machining quality have a role in reducing the tensile strength
and elongation.

e Formation of continuous brittle secondary phases surrounding the solid spheroidal parti-
cles perpendicular to the axis of the sample may lead to intergranular fracture at a low
stress.

e Based on ANOVA tests, the correlation between mechanical properties, y, and quenching
temperature, X, was found to be:

— vyield strength: y = —-1.3408x + 614.23R2=1

— ultimate tensile strength: y = —0.9057x + 650.48R2 =1
— elongation at fracture: y = 0.0057x + 5.0658R2 = 1

— quality index: y = -1.0321x + 758.27R2 =1
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