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ABSTRACT Aluminium sheet alloys were tensile tested at strain rates 107, 20 and 100 s™'. The
4lloys were five variants of soft annealed AA1200A with various alloying elements (Fe, Si, Mn, Cu,
7n and Mg), all from a recycled metal base. When subjected to high strain rate, the materials
yielded at lower flow stress, but further increase in strains resulted in flow stresses that were higher
(han those obtained at low strain rates. This improved work hardening led to a considerably higher
jevel of elongation. Alloying variants with Zn and/ or Mg in solid solution accelerated the high

rain rate effects.
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1. INTRODUCTION

At industrial forming of aluminium sheet products, the strain rates are normally in the 0.1-100 s
range [1]. Information about mechanical properties of the materials is however most often acquired
by conventional tensile testing at strain rates between 0.0001 and 0.1 s”'. Most aluminium alloys are
relatively unaffected by strain rate changes at room temperature and low strain rates, but at the
.irain rates dominating in forming operations, a profound effect on strength and ductility has been
demonstrated [2].

[t is clear from previous work that the effect of strain rate is both alloy and temper dependent
[2.3,4]. Few attempts have however been made to relate the observed behaviour to the
microstructure and how various alloying elements effect the strength and ductility at different strain
rates.

In this study, a fully annealed AA1200A sheet and four additional variants of the alloy with
various levels of elements (Fe, Si, Mn, Cu, Zn and Mg) are used. These elements usually not part of
the standard alloying composition or kept at low levels can be present in the recycled metal base
and can considerably alter its properties. The variants have been tested at three different strain rates,
. . a conventional strain rate of 10 s and the higher strain rates 20 and 100 s™'. The object has
been to reveal both how increased strain rate effects the properties of the materials in general, and
cventually how the different elements effect the behaviour.

EXPERIMENTAL
.1 Materials and processing

The chemical composition of the five different alloys is given in Table 1. The sheets were
produced according to an industry-like thermo-mechanical laboratory process. After DC-casting the
materials were cut and machined to plates of 15 mm thickness and 100 mm width. The materials
were heated at ~100°C/h to a homogenising/ preheating temperature of 540°C with 6 hours holding
time. The subsequent hot rolling reduced the plate thickness to 4 mm. The plates were cooled from
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hot rolling temperature to room temperature in 22 hours to simulate an industrial coiling sequey,
The sheets were then cold rolled to a final sheet thickness of 1 mm £ 0.07 mm and annealed oy
100°C/h to 350°C with 3 hours holding time to ensure a fully recrystallised structure.

Table 1. Composition of the alloys in wt%.

Alloy Si Fe Mn Cu Zn Mg Others Al
AA1200A 0,16 048 0,10 0,03 0,05 0,11 <0.05 Balance
1200+Fe+Si 0,47 1,94 0,10 0,03 0,04 0,09 o "
1200+Fe+Si+Mn 0,48 1,85 0,48 0,03 0,04 0,10 ” e
1200+Fe+Si+Mn+Cu+Zn 0,48 1,77 0,51 0,20 0,22 0,11 i .
1200+Fe+Si+Mn+Cu+Zn+Mg 0,50 1,84 0,48 0,20 0,22 0,30 ” ”

2.2 Microstructural Characterisation

Optical metallography was utilised to characterise the microstructures. The linear intercept
method was used to determine the grain size of the anodised specimens. A Jeol JSM-810 scanniy,»
electron microscope, with a LINK ISIS energy-dispersive X-ray analyser (EDS), was utilised (o
characterise primary particles. Transmission electron microscope (TEM) foils were prepared anq
thinned by jet polishing and subsequently analysed in a JEOL 200CX microscope.

Electrical conductivity measurements, to determine the level of elements in solid solution, y,e
performed using a SIGMATEST D.

2.3 Mechanical Testing

A Zwick K250 static testing machine was used for test at crosshead speed of 2 mm/min. Tengj]e
specimens with a 38 mm gauge length and a 6.35 mm width (DIN 50114) were machined in the
longitudinal direction. This crosshead speed and sample geometry gave an initial strain rate of
approximately 107 s, Displacement and elongation were obtained from an extensometer attach.d
to the specimen.

A Schenck Hydropuls VHS100/10 was used for ram speeds of respectively 1 m/s and S m/s.
Tensile specimens with a 50 mm gauge length and a 22 mm width (modified ASTM E8) were
machined in longitudinal direction for testing. This geometry and speed gave an initial strain rage of
approximately 20 s™ and 100 5™, respectively. The load was measured using a piezoelectric crysal.
Load and displacement data were transferred via an ADAM transient recorder to a computer.
Because of oscillations in the signal, both the main oscillation and the material response were fied
to minimise the effect of the oscillations, and a curve-fitting program was utilised to reduce the
unwanted disturbances. The material response was represented using a Voce equation
(0= 0p+ (0w - ap)(exp(-€'/e.)))[5], were ay is the initial flow stress, 0w the saturation stress, ¢, ,
work hardening parameter and b a coefficient. b was used to give a good fit to the overall shape of
the flow curve, and Considere’s relation [6] was used as a constraint to ensure that the curvature of
the flow stress at the uniform strain was correct. Total elongation was measured manually and
uniform elongation, €, was determined by measuring the elongation manually both in width, ¢, and
thickness direction, g, over the test sample, using the relation & = -(&, + &).

3. RESULTS
3.1 Microstructure

Optical microscopy of the alloys revealed the equiaxed grain sizes shown in table 2. The grain
size appeared to decrease substantially with the addition of a near eutectic Fe to the base alloy. In
the scanning electron microscope, primary precipitated particles containing Fe, Si, and Mn were
observed, and their composition indicated the o-Al(Mn,Fe)Si phase. The size of these particles was
in the 1-10 pm range, most of them between 1-2 um. The density of primary particles was much
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smaller in the base alloy, due to the lower level of Fe. The development of a fine grain structure by
adding Fe is in accordance to previous knowledge. The effect is connected to Particle Stimulated
Nucleation, where the coarse Fe-rich particles acts as nucleation sites for recrystallisation, and is
utilised commercially in for example AA8006 and AA8011 alloys.

TEM analyses revealed that Mn, in addition to be part of the primary o-Al(Mn,Fe)Si particles,
were present in the microstructure as dispersoids. In the Cu-rich alloys, Cu could be identified in
small particles close to or on the primary particles. Mg and Zn in particles were not observed, in
accordance to their high solubility in aluminium.

Table 2. Grain size and electrical conductivity.

Alloy Grain size [pm] Electrical conductivity [MS/m]
AA1200A 18+1 32.1540.02
1200+Fe+Si 111 31.48+0.02
1200+Fe+Si+Mn 1141 30.1340.02
1200+Fe+Si+Mn+Cu+Zn 1241 29.19£0.03
1200+Fe+Si+Mn+Cu+Zn+Mg 10£1 28.13+0.01

In Table 2 the electrical conductivity of the alloys is listed as well. The conductivity decreases with
increasing alloying. By comparing the change in electrical conductivity, the conductivity-reducing
effect of solid solution can be used to indicate the level of elements in solid solution [7]. This is
however, not the main topic of the present work.

3.2 Mechanical testing

The mechanical properties of the tested
alloys at low strain rate are given in Figure .
3oth yield stress and uniform stress increase
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Figure 1. Mechanical testing at é =10"s",

the three different strain rates is shown in Figure 2-5. True Stress-True Strain curves for
AA1200A+Fe+Si+Mn are shown in Figure 2. They reveal strong strain rate dependence, and is
representative for all the tested alloys. At low strains the level of flow stress is highest for the

materials tested at low strain rate. As the strain increases this effect is reversed and the materials
tested at high strain rates reach the highest stress level. Also, the uniform elongation increases with
increasing strain rate.
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The true ultimate tensile strength level at different strain rates is shown in Figure 3. The stregg
level is relatively unchanged from 10 to 20 s™!, except from a slight positive effect for the three
strongest alloys. From 20 to 100 s, the stress level is increasing for all the alloys. True uniform
strain shown in Figure 4 and total elongation shown in Figure 5 are both increasing between 1073
and 20 s™. An exception is 1200+ Fe+Si, which displays relatively unchanged strain behaviour iy,
this range. At strain rates between 20 and 100 s”!, an increasing elongation with strain rate is
observed.

180 - 200 .
o
160  12004Fe+Si4Mn . s 180} k/l/:ﬁ i
190 = 160} v o
«© c e °
o 120 2 o
E a 140 ./
100
o . 2 120} g =
@ 80 —e=10 8§ it
= o
: 100
2 60 H/ 3 —8— 1200
=) S gol—* 1200+Fe+Si
— 40 E —a— 1200+Fe+Si+Mn
20 Z 6o} —v— 1200+Fe+Si+Mn+Cu+Zn
o —e— 1200+Fe+Si+Mn+Cu+Zn+Mg
0 1 L 1 J 2 40 Lol il il i
: 0.2 0.3 04 =  fE-4 1E3 001 01 1 10 10,
True Strain Strain Rate [s'']
Figure 2. True stress-true strain curves for Figure 3. Effect of strain rate on ultimate
1200+Fe+Si+Mn at ¢ =10, 20, 100 s™". tensile strength.
0,32} ./, kol
0,28} v 451 /
£ 024 //,V/ = !
g = = g5l a—
n 0720_ '//—’_’ g .———
E 2 30t
- ©
0,16 i
2 I c 25
5 o 20f
> D12l 1200 o [ —*— 1200
2 0,08} %~ 1200+Fe4Si £ 15[ —e— 1200+Fe+Si
£ —4— 1200+Fe+Si+Mn = 10} —A— 1200+Fe+Si+Mn
0,04 —Y— 1200+Fe+Si+Mn+Cu+Zn —v— 1200+Fe+Si+Mn+Cu+Zn
—4— 1200+Fe+Si+Mn+Cu+Zn+Mg —4— 1200+Fe+Si+Mn+Cu+Zn+Mg
0,00 b ——id o vvinnl sl i sl o) ST R PETTIT BRI BT | N .
1E-4  1E-3 0,01 01 1 10 100 1E-4 1E-3 001 0,1 1 10 100
Strain Rate [s''] Strain Rate [s™]

Figure 4. Effect of strain rate on uniform strain. Figure 5. Effect of strain rate on total elongatjon.

The work hardening behaviour of the alloys at different strain ranges and strain rates is plotted in
Figure 6. The work hardening is characterised by the factor (&/0)*(do/de) which is often called the
instantaneous “n”-value, i.e. a variable n in the Holloman equation ¢ = Ke". General observations
independent of alloying display at low strain rate a relatively constant work hardening over the
strain range. At 20 s™' the work hardening is considerably higher at low strains compared to at high
strains and the overall level of work hardening is higher than at lower strain rate. At 100 s the
work hardening is higher at low strains than at high strain, but this difference is not as pronounced



Aluminum Alloys, Vol. 2 965

s at 20 s!. The work hardening at low strain levels is lower at 100 s compared to 20 s’!, but when
reaching ultimate stress, the fastest strain rate provide the most effective work hardening.

At low strain rates, the work hardening is decreasing with increasing alloy content. At € =20 s
and 100 s, the Cu/Zn and Mg rich alloys display the same work hardening at the two strain rates,
whereas the other alloys show a work hardening behaviour towards uniform strain considerable
lower at 20 s than 100 s™.
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Figure 6. Instantaneous work hardening, ((¢/c)*(do/de)), as a function of strain at € = 107, 20 and
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4. DISCUSSION

There are some general trends concerning flow stress development regardless of composition.
One is that the flow stress at low strains is lower when tested at high strain rate compared to low
strain rate tests. The other is that the flow stresses increases more rapidly at high strain rates and
ends up at a higher level. This behaviour is reflected in the work hardening behaviour: the level of
work hardening is much higher at high strain rates. In addition it is revealed (Figure 6) that the
largest improvement in work hardening is at low strains.

The lower flow stress at low strains and high strain rates implies that dislocations move more
casily at low strains but accumulates more rapidly in the microstructure and that the microstructure
can store more dislocations. Presumably the dislocation density is higher or the subcells smaller at
high strain rates. Work hardening is related to the interaction between mobile dislocation and the
microstructure. Since generation and annihilation of mobile dislocation is a thermal process, the
change from isothermal conditions at low strain rates toward more adiabatic conditions at higher
strain rate will affect the mobility and storing of dislocations. An examination of the dislocation
structure in TEM is necessary to get a better understanding of these effects.
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The flow stress/ work hardening behaviour is consistent with the improvement in ductility. The
high level of work hardening at high strain rate gives favourable strain distributions and higher
resistance to strain localisation. This explains the increased elongation at higher strain rates.

The effect of alloying elements on the physical behaviour at increasing strain rate is not Ob\’imw
because of the limited selection of alloys. Some observations are although of interest. The two
alloys with addmons of Mg dnd/ or Cu/Zn in solid solution, shows common work hardening
behaviour at 20 s™' and 100 s (Figure 6), whereas the two alloys which are mainly particulate (the
120()+Fe+St dnd the 1200+ Fe+Si+Mn) display a lower work hardening toward uniform strain ,
20 s than 100 5™ The same grouping can be made with respect to uniform strain (Figure 4), wi,. ich
increases from 107 to 20 s™' for the solid solution-rich alloys, but are unchanged for the
1200+ Fe+Si and the 1200+ Fe+Si+Mn. There is reason to believe that elements in solid solutioy in
addition to a blend of particle sizes accelerate the high strain rate effects.

5. CONCLUSIONS

When increasing the strain rate in selected aluminium alloys from 107 to 20-100 57", the testo
materials display the following features:

*  Yielding occurs at lower flow stress. Further increase in strain results in higher levels of floy,
stress.

* The corresponding improvement in work hardening leads to a considerably higher level of
elongation.

* Alloys containing more elements in solid solution experience the high strain rate effects at
lower strain rates.

*  From a recycling point of view it is encouraging to see that the improvements in properties ;¢
most pronounced for the most complex alloys.

*  The high level of work hardening at low strains and high strain rates should improve
formability of complex parts.
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