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Abstract: 6016 aluminum alloys with different niobium contents were prepared by
smelting and casting. The alloys were rolled and heat treated, and the effect of niobium on
microstructures and properties of the alloys were studied. The results show that the as-cast
alloy consists of Mn-rich phases, Cu-rich phases, Mg-rich phases, Si-rich phases and small
blocks of Zn-rich phases, and Nb element is solidly dissolved in these phases and matrix.
After solution and pre-aging treatment, recrystallization occurs in the rolled alloy. The
grain size of the rolled alloy is obviously smaller than that of the as-cast alloy, and the
second phase precipitates dispersively. After solution treatment or solution treatment +
pre-aging treatment, the tensile strength and plasticity of the alloy are significantly
improved. With the increase of niobium content, the number and size of the second phase
increase. The alloy with 1%Nb in T4P condition has the better comprehensive mechanical
properties, and its elongation after fracture, tensile strength, yield strength, plastic strain
ratio and strain hardening index are as following respectively: 34.20%, 372.77MPa,
208.54MPa, 0.82, 0.32.

1. Introduction
With the development of science and technology, people’s ownership and demand for cars is
increasing day by day. It has brought serious challenges to the ecological environment. Therefore, the
study of automotive lightweight is an important means to achieve energy saving and emission
reduction [1-2]. In addition to the advantages of light weight, but also good molding, corrosion
resistance and other excellent characteristics, aluminum alloy is widely used in the transportation
industry. There is great room for improvement in the rate of automobile aluminum [3].

6016 aluminum alloy is a kind of heat treatment strengthening aluminum alloy. It application in
automobile still has some shortcomings in anti-sag and other aspects. Therefore, it is necessary to
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improve its comprehensive properties by microalloying and adjusting the heat treatment process [4].
Studies have shown that adding trace elements such as Sc, Cr and Zr in 6016 aluminum alloy can
refine the alloy grain, change the distribution of the second phase, promote its dispersion and uniform
precipitation, and improve the properties of the alloy [5-7]. Xiaowu Hu et al. [8]found that, in ADC12
aluminum alloy added rare earth Er, the distance between the secondary dendritic arms was shortened,
and the rough flak-like and acicular eutectic silicon was transformed into fibrous and slender branches,
and the tensile strength of the alloy was improved. Q. Zhao et al. [9] found that adding Zr and Er to 6
series aluminum alloys could shorten the aging time and improve the aging strengthening effect. Liu
Quan et al. [10] found that the addition of Nb to aluminum alloy can refine the Mn-rich phase, and
promote the formation of Al;sMn3;Sizneedle equivalent, and improve the mechanical properties of the
alloy at 300°C~350°C.

At present, there are few studies on Nb alloying 6016 aluminum alloy. In this paper, the effects of
adding different Nb content on the microstructure and mechanical properties of 6016 aluminum alloy
under different processing states were investigated. The experimental results will provide reference for
the actual production of 6016 aluminum alloy.

2. Experiment Procedure

The composition design of 6016 aluminum alloy is shown in Table 1. The raw materials are pure
aluminum (99.9%), Al-20Si, Al-50Cu, Al-10Mn, Al-10Mg, Al-20Cr, Al-20Zn, AI-50Nb, etc.
According to the preset experimental alloy composition, five groups samples with different Nb content
were melted by melting furnace at 750°Cand casted in a steel mold at 300°C. The as-cast alloy was
homogenized at 550°C for 10 hours and then rolled to obtain a plate of Imm thickness. The samples
were cut and subjected to heat treatment: 550°Cx10min, water quenched at room temperature. Some
of them were naturally aged to form T4 samples, while the others were pre-aged (170°Cx10min) and
were naturally aged to form T4P samples.

Table 1 Composition of 6016 aluminum alloy (mass fraction, %)

Samples | Si Cu Mn Mg Cr Zn Ti Nb Al

0# 1.10 | 0.40 | 0.13 | 047 | 0.03 | 0.20 | 0.02 0 Balance
1# 1.10 | 040 | 0.13 | 047 | 0.03 | 0.20 | 0.02 | 0.25 | Balance
2% 1.10 | 0.40 | 0.13 | 047 | 0.03 | 0.20 | 0.02 | 0.50 | Balance
3# 1.10 | 0.40 | 0.13 | 0.47 | 0.03 | 0.20 | 0.02 | 0.75 | Balance
4# 1.10 | 040 | 0.13 | 047 | 0.03 | 0.20 | 0.02 | 1.00 | Balance
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Fig.1 Size diagram of tensile specimen

The metallographic specimens were treated with 5%HF. The microstructures were analyzed by
polarized light microscopy (OM; DM2500) and field emission scanning electron microscopy (SEM;
SU8020). Image-Pro Plus 6.0(IPP) Image software was used for data processing and measurement.
Multiple parallel samples of each type of as-cast sample were taken for grain statistics, and at least 200
grains of each type of heat-treated sample were taken for grain statistics to get the average grain size.
Hardness test was performed using a nano-micro indentation (NVM-100) durometer with a load of
0.1kg for 15 seconds. Multiple positions of each sample were measured and their average values were
taken. Meanwhile, according to GB/T 228.1-2010, 6016 aluminum alloy under different heat treatment
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state was processed into national standard tensile samples parallelling to the rolling direction (0°), and
the size of the tensile samples was shown in Fig.1. The stretching machine was the British Universal
Testing Machine (8801), and the tensile test was carried out at a speed of 2mm/min. Three standard
samples of each test were measured with a vernier caliper to calculate the elongation and take the
average value. In addition, the tensile fracture was analyzed by scanning electron microscopy (SEM).

3. Results and Discussion

3.1 Microstructures analysis

Fig. 2 shows the microstructures of as-cast 6016 aluminum alloy. It shows that there are a few holes,
the grain size is not uniform, the precipitated phase is mostly distributed in the grain and dispersed (the
black particles in Fig. 2). Fig. 2 (f) is the average grain size. It can be seen that the grain size of the
alloy with Nb is less than that of the 0# sample. When the niobium content increases from 0% to
0.75%, the grain refinement effect becomes more and more obvious, the grain shape is more regular
and the grain size is more uniform. In the process of casting and solidification, due to the limitation of
diffusion, Nb element is easy to segregate in solidification front, which leads to the subcooling of the
structure, reduces the eutectic temperature, and hinders the transformation of the alloy from the liquid
phase to the solid phase. Some researchers think that grain refinement effect results from the metal
compounds containing more rare earth Nb disperse in the grain boundary which slows down the
growth rate of the a-Al grain [11-12]. When Nb content (1%) increases, the grain size of 4# sample
increases, and some small grains appear, which increases the inhomogeneity of grain size. However,
the number of precipitates increases and they are located closer to the grain boundary (as shown in Fig.
2(e) t the black circle).

The number of alloys

Fig.2 Microstructures of as-cast samples
(a) 0# ; (b) 1#; (c) 2#; (d) 3#; (e) 4# ; (f) Average grain size of samples

Fig. 3 shows the microstructures of the T4P samples. After rolling, the microstructure of the alloy is
flat and fibrous. After solution treatment and pre-aging treatment, recrystallization occurs. As can be
seen from Fig.2 and Fig.3, the grain size of T4P sample is obviously smaller than that of as-cast alloy;
this result of fine-grain strengthening is consistent with that of increasing the plasticity of T4 and T4P
samples in the following tensile test.

As shown in Fig. 3(a)-(b), there are large precipitates in the alloy, and they are concentrated at the
grain boundary and have a pinning effect on the grain boundary, which inhibits the grain growth.
Therefore, the grain size of 0# and 1# sample is small. It can be seen clearly from Fig. 3(c), (d) and (e)
that the number and size of the dispersed phase in the T4P samples increase with the increase of Nb.
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The grain size of 4# sample is slightly smaller than that of 3# sample. This may result from the more
and larger size of precipitates in 4# sample, which nails the grain boundary and inhibits the grain
growth. The second phase strengthening and fine grain strengthening are significant, which correspond
to the results of the highest yield strength and tensile strength of T4P samples.

Fig. 4 shows the microstructures of the as-cast samples. Table 2 shows the results of energy
spectrum analysis for each region in Fig. 4. It can be seen that the alloy has a massive white-gray
Mn-rich phase (such as Fig.4 area A), an elliptical strip-like Cu-rich phase (area B), an irregular and
small magnesium-rich phase (area C) near the grain boundary, a discontinuous band-like Si-rich
structure (area D) and a small massive Zn-rich phase (area E). Nb is dissolved in these phases.
However, these rare earth phases have higher melting points and hardness, which can be used as
strengthenlng phases to 1mprove the mechanical propertles of m

Fig.3 Microstructures of T4P samples e b of lys
(a) O# ; (b) 1#; (c) 2#; (d) 3#; (e) 4# ; (f) Average grain size of samples
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Table 2 Results of energy spectrum analysis of characteristic points of each sample (mass fraction, %)

Area Al Si Cu Mn Mg Mn Cr Fe Nb Ni
A 76.08 0.55 - 22.30 0.26 - - 0.51 - -
B 97.77 - 1.14 0.16 0.66 - - 0.18 - -
C 98.17 - - - 0.93 0.08 - - 0.82 -
D 5493 | 41.26 1.53 0.42 1.41 - - - 0.45 -
E 66.11 | 10.03 0.31 - 1.34 0.18 20.76 0.41 0.47 0.40

3.2 Hardness analysis

The hardness values of the as-cast and T4P samples were tested as shown in Fig. 5. It is found that the
hardness of T4P sample is much higher than that of the as-cast sample. With the increase of Nb
content, the hardness of T4P samples decreases.

As shown in Fig.5, the trend of hardness change of the as-cast samples is basically the same as that
of the T4P samples, and the trend is : increase—decrease—increase. The hardness value (85.76HV) of
the 4# as-cast sample (1%Nb) is the highest. The reason may be that the microstructures of small
grains are distributed in the large grains as the front analyse. There is another reason: as the alloying
elements dissolve in the matrix, the lattice distortion of the matrix is intensified, and the dislocation
movement is hindered, so that the alloy is strengthened and the hardness is increased [15].

Compared to the corresponding as-cast sample, the hardness improvement value (23.71HV) of the
4# T4P sample is less than the others. It may be because the alloy elements precipitate out as the
second phase after solution and pre-aging treatment. For example, according to the metallographic
structure of 4# sample in Fig. 3 (e), it can be seen that the second phase precipitated is larger in size
and quantity, and the lattice distortion of the matrix is relieved. It is speculated that the strengthening
effect of the second phases in this alloy is weaker, which makes the hardness increase less. The
hardness improvement value (52.45HV) of 1# T4P sample is larger, which is 68.5% higher than that of
the as-cast .
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Fig.5 Hardness values of each group of samples

3.3 Tensile property analysis

Tensile tests were carried out at room temperature for the rolled, T4 and T4P samples. The
strain-hardening index n reflects the ability of the material to resist plastic deformation, and represents
the ability of the material to make uniform deformation by hardening before the necking occurs. It is a
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performance index to characterize the strain-hardening behavior of metal materials. The strain
hardening index n is a function of true stress and true strain as formula (1) [16]. Taking the logarithms
of both sides of equation (1) and drawing a straight line diagram, the slope of this line is the strain
hardening exponent. The calculation formula of true stress S is shown as formula (2), and the
calculation of true strain e is shown as formula (3).

S =Ken" (1)
S=F/A=F/[(A x 1o/ + €)) (2)
e=¢/(lp+¢) (3)

The plastic strain ratio r is the ratio of the true strain in the width direction and the true strain in the
thickness direction in the specimen gauge distance when the specimen is uniaxially stretched to
produce the uniform plastic deformation. It is the most important parameter to evaluate the deep
drawing property of metal sheet. It reflects the ability of a metal sheet to resist thinning or thickening
when the material is subjected to tension or pressure. The plastic strain ratio can be calculated
according to formulas (4), (5) and (6).

r=¢b/ea 4)
eb = In(b;/by) (5)
ea =1In(a,/ay) (6)

bo and ay are the original width and thickness of the specimen, b; and a; are the dimensions of the
specimen after drawing.

Fig.6 shows the tensile stress-strain curves of 6016 aluminum alloy samples. Table 3 shows the
results of tensile test, work hardening coefficient (n) and plastic strain ratio (r) of the samples.
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Fig.6 Tensile stress-strain curves of 6016 aluminum alloy samples
(a) Rolled; (b) T4; (c) T4P; (d) Comparison of tensile curves of rolled, T4 and T4P 4# samples
From Fig.6 and Table3, the highest yield strength, tensile strength and ductility of the rolled
samples are 258.90 MPa (3# sample), 424.01 MPa (0# sample) and 6.84% (2# sample) respectively.
For all T4 samples, the yield strength, tensile strength and elongation of 4# T4 sample are the highest,
and the comprehensive mechanical properties are better. In addition, with the increase of Nb content,
the plastic strain ratio of the alloys tends to decrease. But the 4# sample has the highest strain
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hardening index (0.35), which indicates that it has high resistance to continuous plastic deformation
and is not easy to produce necking and fracture [17]. For the T4P samples, first, n decreases , then
increases with the increase of Nb content. The n values of the 0# and 4# samples is the highest, but the
yield strength (208.54 MPa) and tensile strength (372.77 MPa) of 4# sample are the highest. The r
value of the 1# sample is the highest, which shows that its uniform deformation ability and plasticity
are better, and its elongation after breaking can reach 35.12%.

The plastic strain ratio and elongation after fracture of 1# sample are slightly higher than that of 4#
sample, but the yield strength and tensile strength of the 4# sample are obviously higher than that of
the 1# sample. Considering the comprehensive strength and plasticity, the comprehensive properties of
4# sample are better.

As can be seen from Fig.6 (d), after solution treatment or solution treatment + pre-aging treatment,
the tensile strength and plasticity of the alloy increase significantly. The tensile strength values of T4
and T4P samples obviously increase resulting from fine grains after recrystallization and precipitation
of dispersion strengthened phase after aging because grain boundary and the second phases hinder
dislocation movement. In addition, the smaller the grain size is, and the more the dislocation slip sites
is, the higher the dislocation slip ability is and the higher the alloy plasticity is.

Table 3 Mechanical property of the samples

Samples s‘?r{;fllgclh Tensile strength | Elongation | Work hardening s trIe)lliiSilctio
(MPa) (MPa) (%) coefficient (n) s
0# 216.41 424.01 6.80 0.51 0.68
1# 206.09 330.01 5.88 0.43 0.76
rolled | 2# 232.79 343.15 6.84 0.45 0.77
3# 258.90 386.43 5.58 0.48 0.73
4# 237.01 303.88 6.72 0.46 0.74
0# 193.51 357.22 31.24 0.34 0.72
1# 156.04 297.54 31.04 0.32 0.73
T4 2# 190.79 348.59 32.36 0.33 0.80
3# 154.51 292.95 29.80 0.30 0.76
4# 208.77 369.71 33.68 0.35 0.68
0# 202.37 362.11 33.60 0.32 0.69
1# 169.13 304.72 35.12 0.31 0.75
T4P 2# 187.01 331.98 34.08 0.30 0.69
3# 149.07 284.23 33.64 0.29 0.61
4# 208.54 372.77 34.20 0.32 0.73

Fig.7 shows the tensile fractures of the T4P samples. A large number of dimples can be seen in
Fig.7, which helps to judge that the tensile fracture of T4P sample belongs to ductile fracture. 1#
sample has smaller dimples, more dimples and deeper dimples. 4# sample has larger dimples and
fewer dimples, and most dimples are shallow. The size of the dimple determines the degree of ductile
fracture. The more uniform and deeper the dimples are, the better the ductility of the alloy is [18]. For
samples with small dimples, the microcracks selectively expand after loading until the crack source is
generated. When the crack expands to the grain boundary, the grain boundary will prevent the crack
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growth [19]. Therefore, the ductility of 1# sample is slightly higher, and the elongation at break is
higher. In general, the results of fracture morphology are consistent with the change of fracture mode
and ductility of different specimens.

SEPR & N

o) > § K &3

Fig.7 Tensile fractures of T4P samples at room temperature
(a) 1#; (b) 4#

4. Conclusion

6016 aluminum alloys with different Nb content were prepared by melting, rolling and solution
treatment to obtain the rolled, T4, T4P samples. The microstructures and mechanical properties of
rolled, T4 and T4P samples were analyzed, and the conclusion is as the following :

(1) there are massive white-gray Mn-rich phases, elliptical strip-like Cu-rich phases, irregular small
massive Mg-rich phases near grain boundaries, discontinuous strip-like Si-rich structures at grain
boundaries and small massive Zn-rich phases in as-cast alloys, Nb is dissolved in these phases and in
the Matrix.

(2) T4P samples underwent solution, pre-aging treatment, recrystallization, grain size refinement,
and the second phase dispersion precipitation. With the increase of Nb content, the number and size of
the dispersion phase increase.

(3) The trend of hardness change of the T4P samples is consistent with that of the as-cast samples.
With the increase of Nb content, the hardness increases first, then decreases and last increases.

(4) After solution treatment or solution treatment + pre-aging treatment, the tensile strength and
plasticity of the alloy are significantly improved. The alloy with 1%Nb in T4P condition has the better
comprehensive mechanical properties, and its elongation after fracture, tensile strength, yield strength,
plastic strain ratio and strain hardening index are as following respectively: 34.20%, 372.77MPa,
208.54MPa, 0.82, 0.32.
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