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Aluminum alloy 5083, The development in the manufacturing of micro-truss structures has

demonstrated the effectiveness of brazing for assembling these
sandwiches, which opens new opportunities for cost-effective and high-
micro-truss, tensile, quality truss manufacturing. An evolving idea in micro-truss
manufacturing is the possibility of forming these structures in different
shapes with the aid of elevated temperature. This work investigates the
formability and elongation of aluminum alloy sheets typically used for
micro-truss manufacturing, namely AA5083 and AA3003. Tensile tests
were performed at a temperature in the range of 25-500 °C and strain rate
in the range of 2x107™ -107 s™'. The results showed that the clad layer in
AA3003 exhibited an insignificant effect on the formability and elongation
of AA3003. The formability of the two alloys was improved significantly
with values of m as high as 0.4 and 0.13 for AA5083 and AA3003 at 500
°C. While the elongation of both AA5083 and AA3003 was improved at a
higher temperature, the elongation of AA5083 was inversely related to
strain rate. It was concluded that the higher the temperature is the better
the formability and elongation of the two alloys but at the expense of work
hardening. This suggests a trade-off situation between formability and
strength.

aluminum alloy 3003,

formability
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1. INTRODUCTION

Transport applications frequently need metal structures that are stiff, strong, tough and light. The
choices that best achieve this are often the light alloys [1]. Cellular metal structures, that are either
stochastic (metal foams) [2, 3] or periodic (PCMs) [1, 4, 5] are highly attractive types of lightweight
metals that are becoming increasingly utilized in the industry [6]. Periodic cellular structures
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typically display better property profiles than stochastic cellular materials, at equivalent densities.
The last two decades have witnessed the proposal of PCMs for a wide range of engineering
applications such as in electric sensing and actuation [7, 8], aerospace [9], underwater shock loading
[10-12], heat transfer [13-16], energy absorption [6, 17], and aircraft wings manufacturing [18].
Micro-truss panel structures are one example. These structures are created using an interconnected
network of solid struts acting as columns and ties [19-21]. Cost-effective methods for micro-truss
production have also been developed, such as casting-based procedures [22], however, the product
suffers of structural defects that, for some applications, cause poor performance and early failure.
Another method for manufacturing micro-trusses is by brazing. This method has attracted increasing
attention due to its flexibility, lower cost, and high-strength joints produced after brazing. In this
method, the perforated metal sheets (usually aluminum) are assembled by brazing using a filler
(brazing alloy). During brazing, the structures are subjected to elevated temperatures to produce
high-quality brazed joints. This process will cause annealing which will result in a loss of some work
hardening of the material. However, when the metals are subjected to elevated temperature its
formability and elongation improved. This provides the possibility of manufacturing micro-trusses in
shapes and forms that are difficult to produce at ambient temperature without introducing undesirable
defects. Therefore, it is important to characterize the formability and elongation of these sheets and
joints brazed at conditions relevant to micro-truss manufacturing. This work presents the ductility
and elongation results of two aluminum alloys, namely AA5083 and AA3003, commonly used in
manufacturing micro-trusses. Important parameters related to the formability and elongation of these
alloys (i.e. strain hardening exponent, strength hardening coefficient, and strain rate sensitivity index)
were determined.

2. EXPERIMENTAL

1. Materials

Two aluminum alloys were used in this work. The first alloy is AA3003, which is representative
of the aluminum alloys that would be used to manufacture commercial micro-truss structures. The
AA3003 was supplied in sheets of 1.5 mm thickness with a cladding of AA3434 (Figure 1). Two
types of this alloy were examined, single-face clad (to be designated as an AA3003-1 side clad
throughout this work) and both-faces clad (to be designated as AA3003-2 side clad). The chemical
composition analysis was performed using a Spectro MAXx Analyzer. The chemical composition
analysis given in Table 1 shows the concentrations (in weight %) of six major elements. The
metallographic examination was performed on AA3003 to determine the thickness of the clad layer
and found to be in the range of 127-132 um. The second alloy is AA5083, which was supplied as 20
mm thick plates.

TABLE I: Chemical compositions of the alloys used in the present study

Alloy Base Alloy - AA5083
Element Al Mg Mn Fe Si Cr
Concentration (wt%) 94.3 4.26 0.845 0.299 0.119 0.069
Alloy Base Alloy - AA3003
AA3003-1 Side Clad/face A
Element Al Si Fe Sh Cu Ga
Concentration (wt%) 91.2 8.50 0.187 0.046 0.014 0.013
AA3003-1 Side Clad/face B
Element Al Mn Cu Si Fe Ti
Concentration (wt%) 98.2 0.838 0.283 0.205 0.203 0.160
AA3003-2 Side Clad/face A
Element Al Si Fe Sh Hg Mg
Concentration (wt%) 91.6 8.10 0.193 0.051 0.012 0.006
AA3003-2 Side Clad/face B
Element Al Si Fe Sb Hg Ga
Concentration (Wt%) 91.4 8.31 0.190 0.05 0.012 0.005
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11. Dog-bone sample manufacturing

AA3003 strips

\ \ Double-side clad stnp
5 3 /

L= L P F oo

1.5mm I

Figure 1: Double-lap joint

For a successful brazing process, it is essential to determine the best brazing conditions. Lap-joint
specimens were manufactured from AA3003-1 and 2 sides clad. This type of joint provides the
possibility of optimizing important parameters without compromising real micro-truss structures. In
addition, lap joints are easy to handle and test and can provide reliable data that would be helpful for
brazing micro-truss structures. Figure 1 shows a schematic of a lap joint with the dimensions used in
this work. The determination of the best brazing condition was decided based on brazed joint
strength. Brazing temperatures were 595 °C, 600 °C, and 605 °C. Three specimens were brazed at
each temperature to determine the reproducibility. The furnace was brought to the desired brazing
condition prior to placing the sample in the furnace to ensure a reliable brazing condition.

The preparation of specimens for brazing included the following steps: The strips were ground
and polished using a grinding machine (Struers Rotopol-1) in order to obtain parallel and smooth
surfaces, then cleaned using a hot detergent solution to remove all grease, oil and dirt from the
surfaces of the metal, followed by washing with ethanol for 2 min and left to dry in air. The strips
were then coated with flux and submitted to braze in an argon gas atmosphere. After reaching the
desired brazing temperature, the specimens were removed, air-cooled, and cleaned using a metal
brush to remove any residue. The maximum brazing temperature was selected so as to be close to the
liquidus temperature of AA4343, reported as 612 °C [19], while significantly below the solidus
temperature of AA3003 that is about 643 °C [23]. Brazed double-lap joints were shaped to a dog-
bone configuration using a CNC machine (TRIAC-Fanuc ATC-GE Fanuc Series O-M) and
according to ASTM D3528, as shown in Figure 2, to examine the mechanical strength of the brazed
joint. Uniaxial tensile tests were performed on a 30kN Instron machine. Tensile tests were performed
at room temperature with a crosshead speed of 0.1 mm/s (equivalent to a strain rate of 3x107 s™).
The test was allowed to continue until the specimen failed. The failed specimens exhibited a similar
failure where the fracture occurred outside the brazed joint regardless of brazing condition or
cladding. An example is given in Figure 3. This behavior indicates that the plastic strain is distributed
entirely outside the brazed joint and no significant plastic yield was formed within the brazed joint.

2523 mm
o -
4.99 mm
/f'—.’;‘ﬁ\‘\

Figure 2: Dog-bone configuration of the tensile double-lap joint specimen.

Figure 3: Failed double-lap joints of the AA3003-2 side clad brazed at 595 °C; (a) side and (b) top
view.
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1I1. Experimental Set-Up

The test machine used to execute all experiments was the 30kN Instron. The machine is
connected to a data acquisition system to enable controlling the test conditions by computer, e.g.,
strain rate or overhead speed, strain, temperature, specimen dimensions, etc. The heating system used
in the elevated temperature experiments was a heating rig connected to a power control panel. The
choice of the heating rig in these experiments is based on the size of the interior space of the machine
where the rig was to be installed.

1V. Methods

Tensile tests were carried out according to ASTM ES specifications using the 30kN Instron
(Figure 4). At room temperature, the test was performed with an extensometer (non-contact model
2663-821). The progress of the test was monitored using a video camera to visually analyze the
behavior of the specimen during the test. This also enabled obtaining more precise strain level
measurements. The strain level was measured by contrasting the upper and lower limits of the gauge
length along with the specimen with white dots using a marking pen. At room temperature the test
was conducted on AAS5083, parent AA3003-1 and 2 sides clad, and the annealed AA3003-1 and 2
sides clad. The test was conducted at strain rates of 2x10™, 107, 107 and 10" s, whereas the
annealed specimen was tested at 10° s and 1072 s™. For tests at elevated temperatures, the test
temperature was varied from 100 to 500 °C. Three tensile strain rates were applied, namely; 2x10™,
107 and 102 s'. Strain rate jump tests were also carried out. The flow stress was reported
instantaneously before and after the jump in rates. The base strain rate was constant at 2x10™ s, The
strain rate was changed at plastic strains of ~ 3% and 15%, to a strain rate of 10~ s™', and at 9% and
21% for a strain rate of 10 s™. Prior to the test, the specimens were subjected to ~2 min preheating
to obtain a stable target temperature. Three tests were performed at each temperature to reduce the
scatter of data.

(a) (b)
0.4 - 0.4
il ——AAS5082
—-AA3003-2side clad
0.3 03 —4—AA3003
= 0.2 =02
0.1 1 —d— AA3003-1 sideclad 01 4
—l— AA3003-2 sideclad
—— A AB0ES
0 T T T T 0 T T . T :
0.0001 0.001 0.01 0.1 0 100 200 300 400 500
Strainrate (s) Temperature (*C}

Figure 4: The dependency of strain hardening exponent on; (a) strain rate at 25 °C, and (b)
temperature at strain rate 2x10™ s,

V. Analysis

The values of strain hardening exponent (71) and strength hardening coefficient (K) are
determined for the two alloys by fitting a power law given in equation (1) to the uniform strain region
of the true stress-strain curves [24]:

o= (Ke") (D

1399



Engineering and Technology Journal Vol. 38, Part A, (2020), No. 09, Pages 1396-1405

Where o is the stress (Mpa) and ¢ is the strain. The strain rate sensitivity index (m) is calculated
using equation (3) derived from equation (2) [25].

o=C.g" (2)
__Alin(o)
M=o ©)

Where ¢ is strain rate.

3. RESULTS

1. Strain hardening exponent (n) and strength hardening coefficient (K)

Strain hardening exponent (z7) and strength hardening coefficient are determined by Eq. (1).
Figure 4a exhibits the dependency of n as a function of strain rate at room temperature for both
alloys, whereas Figure 4b shows the dependency of n on the temperature at a strain rate of 2x10™ s™.
It can be seen in the figure that n values of AA3003 vary in a linear fashion from 0.26 to 0.28 when
the strain rate is increased from 2x107* s™ to 10 s™'. In the case of AA5083, the trend is different, n
changed nonlinearly from 0.32 to 0.19 when the strain rate increased from 2x10™ to 107" s™. It is
apparent that AAS5083 shows higher n values than AA3003 at ambient temperatures. For
temperatures greater than 200 °C the two alloys display similar values for n, as shown in Figure 4b.
The trend of n values of AA3003 is found to be consistent with that obtained by Abedrabbo et al.
[26] who reported a value of 0.22 at 25 °C and a strain rate of 0.008 s, while a later study by
Ahmadi et al. [27] reported an AA3003-2 side clad value of 0.17 for a hardened AA3003 at a cross-
head speed of 0.017 mm/s (the current strain rates of 2x10™ and 10™" s™" correspond to the cross-head
speed of 0.005 and 2.5 mm/s, respectively). The value of K in Eq. (1) is plotted in Figure 5. A steep
decline in K with increasing temperature is seen with convergence between the two alloys evident at
400 °C.

700 1

== AA5083
600 - —8— AAI003-2 side clad

0 100 200 300 400 500
Temperature (°C)

Figure 5: The dependency of strength hardening coefficient on the temperature at a strain rate of
2x10* 57,

11. Strain Rate Sensitivity Index (m)

The strain rate sensitivity index (m) is plotted in Figure 6. The values of m were obtained using
the jump-test method and comparison of curves obtained at different strain rates. Assuming a power-
law stress-strain-strain rate Eq. (3) where C is a constant. m was determined from the slope of the
log-log plots using Eq. (2) at various strain rates between 2x10™ and 10™" s™ for a fixed strain level of
5% (after Benallie et al. [28] and Grytten et al. [29]). The values are shown in Figure 6 display a
reasonable agreement between the two techniques. The values are also compare reasonably well with
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the literature, as shown in the Figure. However, it can be seen in Figure 7 that m values of AA5083
are higher than those of AA3003 at temperatures higher than 300 °C.

(a) (b)
0.15 1
0519
= 0124
0.3 1 0091
B E
5 4 0.06 1 =B Method |
s == ethod Il
0.1 —8—Method I 0.03 1 =i [26]
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100 200 300 o 2 100 200 20 400 500
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Figure 6: Strain rate sensitivity calculated according to rate jump (2x10-4 to 10-2 s-1) — method I;

and from € -¢ data for different € (2x10-4 to 10-2 s-1) — method II; (a) AA5083, and (b)
AA3003.
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Figure 7: A comparison of m for AA5083 and AA3003-2 side clad.

The response of elongation to strain rate for AA5083 and AA3003 at 25 °C is shown in Figures 8
and 9, respectively. Total elongation to failure (TE) and uniform elongation (UE) of AAS5083
decreased from 18.5% and 16.2% at 2x10™ s™ to 7.4% and 6.7% at 10™" s, respectively. By contrast,
the TE and UE of AA3003 are relatively insensitive to the strain rate at room temperature. The
AA3003 values are also higher than those for AA5083. The elongation of these alloys is highly
dependent on temperature. Figures 10 and 11 illustrate the elongation response of AA5083 and
AA3003, respectively, at a strain rate 2x10™ s and temperature in the range of 25-500 °C. It is
noticeable that UE decreases at temperatures higher than 100 °C, and diminishes at temperatures
higher than 300 °C. It must be highlighted that UE is the useful elongation for micro-truss forming as
it ensures a uniform forming of assembled parts in the truss while the structure is deformed to the
desired shape.

II1. Elongation
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Figure 8: Effect of strain rate on the elongation of AA5083 at 25 °C.
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Figure 9: Effect of strain rate on the elongation of AA3003 at 25°C.
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Figure 10: Elongation of AA5083 as a function of temperature at the strain rate of 2x10-4 s-1.
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4. DISCUSSION

The current findings show that the clad layer has an insignificant effect on the elongation of
AA3003. This implies that the current alloys (AA3003 -1 and 2 sides clad) can be used without
compromise in the elongation due to the clad layer. Unlike AA3003 where n values were insensitive
to strain rate, AA5083 exhibited n values that are sensitive to strain rate. Accordingly, the deformed
nature of AAS083 can be between plastic and elastic tuned by the strain rate, and as a result the value
of n. Strain rate sensitivity (/m7) for all specimens in this work was also obtained over extended ranges
of temperature and strain rate, compared to previous works [26,30]. For instance, at 25 °C the tests
were performed at a strain rate range of 10 to 10 s™', whereas at temperatures >100 oC the tests
were performed at a strain rate range of 10 to 10-> s™'. These conditions are wider than those applied
in Lloyd’s work [30] who performed tests at a temperature range of 20-400 oC and strain rate of
1.6x10™* s™'. Furthermore, in the work of Abedrabbo et al. [26], tensile tests were performed at a
temperature range of 25-260 oC and the strain rate of 8x10~ s”. Clearly, the current conditions are
more comprehensive than those applied in previous work. The difference in m values of AA5083 and
AA3003 at temperatures higher than 300 °C, shown in Figure 7, is attributed to the difference in
alloying elements, e.g. Mg and Fe [30,31], in the two alloys as shown in Table 1. In general, higher
m promotes more uniform buckling of struts, which decreases stress flow localization, which is a
desirable feature in the forming processes of trusses. The elongation of AA5083 (Figure 8) was
limited compared to that of AA3003 (Figure 9). The limitation can be rationalized by the effect of
alloy’s chemical composition. Luo et al. [31] showed that increasing Fe from 0.03% to 0.23% in
AA5083 reduced the ductility significantly. Accordingly, it appears reasonable that the current alloy
with a Fe content of 0.3% exhibits a reduced ductility. Other studies [32, 33, and 34] showed that
high elongations can be obtained with AA5083 by reducing Fe and Si content in the alloy. It is also
apparent in Figure 9 that both AA3003-1 and 2 sides clad did not differ significantly in their
elongation response to the strain rate change, which is in favor of the previous conclusion on the
insignificant effect of the clad layer on alloy’s properties. The UE of AA5083 and AA3003, shown in
Figures 10 and 11, drops with temperature, reflecting a drop-in work hardening due to increased
recovery. By 300 °C, the UE is negligible. The absence of work hardening at higher temperatures is
likely to be significant for pyramidal truss structures, in which plastic buckling is important.

5. CONCLUSIONS

The formability and elongation properties of AA5083 and AA3003-1 and 2 sides clad were
determined as a function of temperature in the range of 25-500 °C and strain rate in the range of
2x10*-107 s™'. The main conclusions are:

1. Clad layer of AA3003 did not have any significant effect on the n, X, m and elongation.
Accordingly, either AA3003-1 or AA3003-2 side clad can be used.

2. Uniform elongation also dropped away at 300 °C for both AA5083 and AA3003,
reflecting a loss of work hardening capacity.

3. For AA5083, the elongation was sensitive to the strain rate. The higher the strain rate is
the lower the achievable elongation. While AA3003 exhibited an elongation that is
insensitive to strain rate.

4. At temperatures higher than 100 °C, the higher the temperature is the higher the strain-
hardening exponent (n7) for both alloys.

5. Strain rate sensitivity index (m) is more sensitive to a temperature higher than 200 °C,
the higher the temperature is the higher the m value. This suggests enhanced formability.
AAS5083 exhibited higher formability than AA3003.

Despite the fact that increasing the temperature has a useful effect on the formability and
elongation of AA5083 and AA3003, the work hardening of the alloys is highly compromised at
elevated temperatures. Thus, a trade-off situation is to be considered during the manufacturing of
such structures.
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