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A B S T R A C T   

Heat input is one of the most important process parameters during additive manufacturing (AM). It is of great 
significance to understand the effect of heat input on the microstructure and nanomechanical properties, as well 
as the underlying mechanisms. Wire-arc additive manufactured (WAAM-ed) Al 4047 alloys under different heat 
inputs were produced and studied in this work. The as-manufactured Al alloys showed hypoeutectic micro
structure that consisted of primary Al (α-Al) dendrite and ultrafine Al–Si eutectic. The effect of heat input on 
hardness and strain rate sensitivity (SRS) were investigated through nanoindentation. The nanohardness 
decreased with the increasing heat input, in accordance with the trend of yield strength and microhardness in the 
previous studies, in which the mechanism was usually explained by the grain growth model and Hall-Petch 
relationship. This work suggests a distinct mechanism regarding the effect of heat input on nanohardness, 
which is the enhanced solid solution strengthening produced by lower heat input. In addition, the heat input had 
little effect on the SRS and activation volume. It is hoped that this study leads to new insights into the under
standing of the relation between heat input and nanomechanical properties, and further benefits to improve the 
targeted mechanical properties and engineering applications of the AM-ed materials.   

1. Introduction 

Given the sound weldability, superior strength-to-weight ratio, and 
excellent corrosion resistance, aluminum-silicon (Al–Si) alloy is an 
important engineering material [1,2]. Additive manufacturing (AM) has 
been an emerging technique for fabricating Al–Si alloys, owing to its 
immense design freedom and rapid fabrication speed [3–5]. Cold metal 
transfer (CMT) under wire and arc additive manufacturing (WAAM) is a 
method that reduces the process heat input and provides a high depo
sition rate, and thus its application in manufacturing Al–Si alloys has 
gained great attention [6,7]. 

During the manufacturing process in AM, several processing pa
rameters such as travel speed, heat input, interpass temperature, etc., 
have been found to have great influences on the performance of the AM- 

ed compounds [8–10]. In other words, the variable processing param
eters can account for the tunable and flexible performance in AM. 
Therefore, it is crucial to comprehend the effect of processing parame
ters on the microstructure and mechanical properties of AM-ed mate
rials, namely, the intrinsic relationship of 
processing-microstructure-property. Linear heat input, which is pro
portional to voltage and current and inversely proportional to travel 
speed, is usually used as one of the most important thermal-relative 
processing parameters in AM [11]. Accordingly, the focus of the pre
sent work is on the effect of linear heat input on mechanical properties. 

In recent years, a few studies have been devoted to investigating the 
effect of heat input on the microstructure and mechanical properties of 
AM-ed alloys [8,12–14]. Su et al. reported that the decrease of heat input 
slowed down the grain growth rate of the AM-ed Al–Mg alloys, and thus 

* Corresponding author. 
** Corresponding author. 
*** Corresponding author. 

E-mail addresses: di.wan@ntnu.no (D. Wan), ding.peng@ntnu.no (D. Peng), jianying.he@ntnu.no (J. He).  

Contents lists available at ScienceDirect 

Materials Science & Engineering A 

journal homepage: www.elsevier.com/locate/msea 

https://doi.org/10.1016/j.msea.2022.144288 
Received 3 June 2022; Received in revised form 23 September 2022; Accepted 3 November 2022   

mailto:di.wan@ntnu.no
mailto:ding.peng@ntnu.no
mailto:jianying.he@ntnu.no
www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2022.144288
https://doi.org/10.1016/j.msea.2022.144288
https://doi.org/10.1016/j.msea.2022.144288
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2022.144288&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Materials Science & Engineering A 860 (2022) 144288

2

the improvement of micro-hardness was attributed to the smaller grain 
size [12]. Wang et al. demonstrated a quantitative connection among 
linear heat input, grain size, and yield strength in AM by investigating 
the impact of linear heat input on the microstructure and the mechanical 
properties [8]. As for the underlying mechanism regarding the effect of 
heat input, the majority of prior research explained it by associating the 
enhancement in strength at lower heat input with the grain growth 
model and the Hall-Petch relationship [15,16]. Nevertheless, there is 
limited work that has put the research focus on the nanomechanical 
behaviors of different phases in the AM-ed Al alloys and exploring the 
corresponding mechanisms, and a detailed investigation on this issue is 
highly required. 

Nanoindentation is an effective and suitable approach that operates 
in the nano or sub-micron depth to capture the nanomechanical prop
erties, which can effectively avoid the influences from grain/phase 
boundaries [17]. Therefore, nanoindentation is a powerful tool to 
investigate the local mechanical behaviors in AM-ed materials. Among 
others, strain rate sensitivity (SRS) is an important time-dependent 
plastic deformation characteristic and is critical to the comprehension 
of the thermally activated plastic deformation in metallic materials. In 
recent studies, the deformation behavior of AM-ed Al alloy has been 
reported to be strain rate sensitive [18]. Furthermore, the Al alloy can be 
subjected to a large range of strain rates in several applications such as 
the automobile and aerospace industry. Accordingly, there is an essen
tial need to investigate the alloy’s responses to the variable strain rate, 
which can be quantified by SRS. Therefore, besides the investigation of 
hardness, the effects of heat input on SRS and activation volume of 
AM-ed Al alloys are investigated for the first time. 

In the present work, by examining three different WAAM-ed samples, 
the effect of heat input on the nanomechanical properties of Al 4047 
alloy was investigated through nanoindentation. Nanohardness and 
strain rate sensitivity (SRS) of primary Al and Al–Si eutectic in Al 4047 
alloy were studied to reveal the plastic deformation behaviors. 
Furthermore, the underlying mechanism regarding the influence of heat 
input on the plastic properties of this alloy, namely the process-property 
relation, was explored and discussed from the nanoscale perspective. 

2. Experimental materials and methods 

2.1. Sample preparation 

The investigated Al 4047 alloys (containing 12 wt% Si) were fabri
cated by the CMT-WAAM. The sketch map of the deposition wall is 
shown in Fig. 1(a), containing 16 layers in total. The average height of 
each layer is about 3.0–3.5 mm, and the length of the wall is 130 mm. 
There are in total three samples under various linear heat inputs by 
adjusting the current and voltage while the same settings of other pro
cessing parameters, as summarized in Table 1. The heat input was 
calculated by the following equation [19]: 

HI=
η × I × U

TS
(1)  

where I is the current, U is the voltage, η is the efficiency (assumed to be 
0.8), and TS is the travel speed. 

As illustrated in Fig. 1, the samples were cut from the central section 
of the WAAM-ed component into approximately 2 × 2 × thickness (cm3) 
blocks. Despite that the mechanical properties in different locations 
might be different due to the complex thermal history, the same location 
in the center of the wall was selected to perform experiments to avoid 
the impact of mechanical inhomogeneity in AM. The surfaces x-z section 
were ground by SiC papers up to grit 4000#, followed by diamond 
polishing with 3 μm particle size. The surfaces were finalized by elec
tropolishing with H2SO4-methanol electrolyte at 12 V for 30 s [20]. 

2.2. Material assessment methods 

Scanning electron microscopy (SEM) was used to examine the 
microstructure of the samples. The SEM (FEI, APREO) was employed 
with a solid-state backscattered electron (BSE) detector and a 20 kV 
accelerating voltage. The chemical compositions were investigated by 
energy-dispersive X-ray spectroscopy (EDS) mapping. To minimize the 
potential influence of the inhomogeneity, at least 20 spectra showing the 
contents of elementary compositions were captured. Electron back
scattered diffraction (EBSD), where a NORDIF system integrated into a 
field emission scanning electron microscope (FESEM, Zeiss Ultra 55 
Limited Edition), was used to examine the grain sizes and grain 
morphology. The working distance was controlled at about 25 mm with 
a tilt angle of 70◦ between the sample surface and the incident beam. 
The accelerating voltage was 20 kV at high current mode, and the 
aperture was 300 μm. Scanning areas of 1.8 × 1.8 mm2 with 2.5 μm step 
size were chosen on a random region in the center of the sample sur
faces. Microindents were created close to the scanned areas by a Vickers 
microhardness tester for the positioning purpose in subsequent nano
indentation testing. 

A JEOL JEM ARM200F double aberration-corrected ColdFEG trans
mission electron microscope operating at 200 kV was used to charac
terize the microstructure of the nanoparticles found in the materials. 
While the bright-field scanning transmission electron microscopy (BF- 
STEM) image was acquired using a JEOL BF-STEM detector, the BF-TEM 
images and the selected area diffraction (SAD) patterns were taken using 
Ultrascan CCD camera. A Centurio Large angle SDD-EDS equipped on 

Fig. 1. (a) Sketch map of a typical WAAM deposition wall, showing the location of the cut samples used for microstructure and nanomechanical investigations; (b) 
sketch map of the cut sample, enlarged from the yellow box in (a), the triangle represents the position of the indentations. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Processing parameters of the Al 4047 samples.   

Sample 1 Sample 2 Sample 3 

Current (A) 95 115 127 
Voltage (V) 10.5 10.5 11.3 
Wire feed speed (m/min) 5.1 5.8 6.5 
Input energy (kJ) 17.6 23 27 
Travel speed (mm/s) 9 9 9 
Welding time (s) 14.7 14.7 14.7 
Waiting time (s) 150 150 150 
Average interpass temperature (◦C) 100 100 100 
Heat input (J/mm) 89 107 128  
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the ARM was used for STEM-EDS mapping. The TEM lamella sample was 
prepared by using the focused ion beam (FIB) FEI Helios G4 UXe 
DualBeam microscope. 

The nanoindentation tests were carried out on the polished surfaces 
(x-z plane) by using Hysitron Tribo-indenter TI 950 with a Berkovich 
indenter tip in both standard and multi-range mode. All the measure
ments were in the same layer (the 8th layer, as shown in Fig. 1(b)) and 
the inner-layer region among the three samples. The hardness mea
surements were performed under the load-control mode with the 
maximum loads of 3 mN and 200 mN, the linear loading and unloading 
time of 5 s, and the holding time of 2 s at peak loads. The used calcu
lation method for hardness was the recognized Oliver and Pharr (O–P) 
methods [21,22]. Constant strain rate (CSR) method, with four different 
strain rates (0.01 s− 1, 0.03 s− 1, 0.1 s− 1, 0.3 s− 1), was used to extract the 
strain rate sensitivity exponent (m). At least 20 indentations were con
ducted under each condition. For the testing under a maximum load of 3 
mN, indentation spacing of 4 μm was utilized to eliminate the possible 
effects of the overlapping stress fields and plastic deformation zones, and 
all of the indents fell into the interior of the phase to avoid the influence 
of the phase boundary. 

3. Results 

3.1. Microstructure analysis 

Al–Si alloys are based on a simple binary eutectic system where the 
eutectic reaction takes place at 577.6 ◦C and 12.6 wt% silicon [2,23]. 
According to the Si content, Al–Si alloys can be divided into hypo
eutectic (<11 wt% Si), eutectic (11–13 wt% Si) and hypereutectic (>13 
wt% Si) [23]. 

In order to study the microstructure and grain size distribution in the 
three samples, EBSD and SEM investigations are carried out. Fig. 2(a)(b) 
(c) present the EBSD Inverse pole figure (IPF) -Z orientation maps 
showing the printed microstructure is mainly composed of long 
columnar dendrite structure with ultrafine secondary dendrite arms and 

interdendritic eutectics. More detailed structures of the secondary 
dendrite arms and Al–Si eutectics are shown in the backscatter electron 
(BSE) images in Fig. 2(d)(e)(f) and Fig. 3. The quantitative information 
on the grain size is estimated and summarized in Table S1, demon
strating that all the three alloys have average planar grain sizes above 
150 μm. Such a large grain size indicates that the dimension of nano
indentation tests is much smaller than the grain size, thus, the nano
mechanical properties obtained in the interior of grains and eutectic 
structure will not be influenced by the grain size and dendrite arm 
spacing (DAS). As can be seen in Fig. 2, the different heat inputs provide 
nearly similar microstructure and grain morphology, implying that heat 
input has little influence on the microstructure. 

The representative SEM and TEM characterization results of Sample 
1 are presented in Fig. 3, showing the morphology and elemental 
mapping. The samples investigated in the current work show a typical 
hypoeutectic microstructure that consists of the primary Al (α-Al) and 
Al–Si eutectic. Therefore, the microstructure of Al–Si alloys can be 
influenced by not only the chemical composition of the alloys but also 
the solidification rate [4]. As can be seen in Fig. 3(a), the dendrites are 
the α-Al phase, and the region between the dendrites is the Ai-Si 
eutectic. Fig. 3(b) exhibits a higher magnification image, enlarged 
from the yellow box in Fig. 3(a), showing the eutectic Si morphology is 
fibrous. Fig. 3(c) presents the bright-field TEM image that indicates the 
size of the eutectic silicon is around 200 nm. Such an ultrafine eutectic 
structure is ascribed to the rapid cooling rate during the AM process 
[24]. The detailed TEM experiments for investigating nanoscale Si-rich 
particles found in the Al–Si eutectic region are shown in Fig. S1. Fig. 3 
(d)(e)(f) display the energy-dispersive X-ray spectroscopy (EDS) map
ping results, demonstrating the distribution of Al and Si elements. The 
EDS results in the other samples are presented in Fig. S2. 

3.2. Hardness measured by nanoindentation 

The representative Load-Depth curves under maximum load of 3 mN 
and 200 mN are exhibited in Fig. 4(a) and (b) respectively. Firstly, the 

Fig. 2. ND-IPF (IPF-Z) map in (a) Sample 1, (b) Sample 2, (c) Sample 3; SEM image in (d) Sample 1, (e) Sample 2, (f) Sample 3.  
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indents under 3 mN are performed on the individual phases in an effort 
to obtain the local mechanical properties of the α-Al and the Al–Si 
eutectic, as shown in the SEM images in Fig. 4(a). The displacements of 
the α-Al phase are larger than that of the Al–Si eutectic, which indicates 
that the α-Al is softer than the eutectic. Furthermore, as shown in Fig. 4 
(b), the indents under 200 mN are large enough to cover a region con
taining both primary α-Al phase and Al–Si eutectic, which is regarded as 
representative of the integral property of the Al alloy. At least 30 indents 
were performed on each sample, in order to minimize the influence of 
the different volume fractions of α-Al and the Al–Si eutectic. 

The effect of heat input on the hardness is investigated both locally 
and globally. As can be seen in Fig. 5 and Table 2, the hardness values of 
both α-Al and the eutectic decrease with increasing heat input. 
Comparing the results of these two components, the hardness of the 
eutectic is higher than that of the α-Al, owing to the existence of high- 
density submicron-sized Si particles which have a strong dispersion 
strengthening effect in the eutectic. For the global value of the Al alloy, 
as presented in Fig. 5, the hardness decreases with increasing heat input 
as well, which verifies the impact of heat input on the hardness. 

It is interesting to note that the trends shown in this work are 
consistent with the tendency of the heat input effect on microhardness in 
the previous studies [8,12]. However, the corresponding mechanism 
was explained at the microscale in previous studies. It was suggested 
that larger heat input results in a smaller cooling rate, which is beneficial 
for grain growth and leads to larger grain size [15]. According to the 
Hall-Petch relationship, the lower yield strength and hardness arise from 
the larger grain size [16]. However, the dimension of the performed 
nanoindentation is far less than the grain size, therefore, the underlying 
mechanisms interpreted at the microscale are not applicable in this 
work. The unusual mechanism depicting the effect of heat input exists at 
the nanoscale, which will be discussed in the next section. 

3.3. Strain rate sensitivity and activation volume 

Nanoindentation SRS provides a distinct way to capture the intrinsic 
SRS of a single phase/crystal without the effect of grain size. The 
representative load-displacement curves at varying indentation strain 
rates with the applied maximum load of 3 mN and 200 mN are presented 

Fig. 3. Representative microstructures of Al 4047 alloy in Sample 1 showing the morphology of primary Al (α-Al) phase and Al–Si eutectic: (a) SEM image; (b) SEM 
image, enlarged from the yellow box in (a); (c) Bright-field TEM image of Al–Si eutectic region showing the presentation of Si particles embedded in the Al matrix; (d) 
(e) (f) EDS mapping results, showing the distribution of Al and Si elements. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Fig. 4. Representative Load-Displacement curves in Sample 1 of (a) primary Al and eutectic under 3 mN load, and (b) Al alloy under 200 mN. The insets in (a) and 
(b) are SEM images of indents on the individual structure and integral structure (α-Al dendrite + Al–Si eutectic). 
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in Fig. 6(a) and (b) respectively. As it can be seen, the displacement 
decreases with increasing strain rate in each case. Substantial pop-in 
events can be found in the loading curves of the α-Al phase, resulting 
in the serration increment of displacement, whereas the loading curves 
of the eutectic do not have obvious pop-in events. It is known that the 
pop-in events correlate with discrete nucleation of dislocations beneath 
the indenter [25], Si particles existing in the eutectic structure (see Fig. 3 
(c)) may prevent the dislocation nucleation, which may be responsible 
for the absence of pop-in events in the eutectic. 

SRS is a parameter that manifests the dependence of flow stress (σ) 
on the strain rate (ε̇) at constant strain and temperature, which is an 
important indicator of the plastic deformation behavior of metallic 
materials. In uniaxial tension testing, the value of the SRS exponent 
(muni) can be determined by the following equation [26]: 

muni =

(
dln(σ)
dln(ε̇)

)

T,ε
(2) 

Similarly, the indentation-based SRS exponent can be calculated as 
defined by Mayo and Nix [27]: 

m=
dln(H)

dln(ε̇) (3) 

Mayo and Nix approximated that the hardness (H) is independent of 
the instantaneous indentation depth (h), and thus the indentation strain 
rate can be estimated as [27,28]: 

ε̇= ḣ
h
=

1
2

(
Ṗ
P
−

Ḣ
H

)

≈
1
2

(
Ṗ
P

)

(4)  

where ḣ is the rate of displacement, Ṗ is the loading rate, and P is the 
instantaneous load. 

Fig. 7 shows the log-log plots of the hardness versus strain rate and 
the estimated values of m for the samples. All of the SRS values are 
positive, which implies that no dynamic strain aging happens during the 
deformation [18,29]. The effects of the three heat inputs on the SRS are 
demonstrated in Fig. 7 and Table 3.. The m value has a slight increase 
with increasing heat input in the α-Al phase, and a slight decrease with 
increasing heat input is found in the eutectic structure. Nevertheless, 
this increase and decrease can be considered small or negligible, due to 
the relatively large deviations of the hardness values in different strain 
rates. Furthermore, the m value for the Al alloy does not change with the 
heat input. Accordingly, the m values are independent of the heat input, 
that is to say, the heat input has little effect on the SRS. On the other side, 
the values of m for the eutectic structure are found to be much larger 
than those of the α-Al phase, and the values of the Al alloy are inside the 
range of the two individual phases. 

The apparent activation volume (V), as one interrelated property 
with SRS, represents the decreasing rate of activation enthalpy with 
hardness at a certain temperature [30] and can be calculated by: 

V = 3
̅̅̅
3

√
kT

∂ln (ε̇)
∂(H)

=
3

̅̅̅
3

√
kT

mH
(5)  

where k is the Boltzmann constant, and T is the absolute temperature in 
Kelvin. The values of V for the samples are estimated by Eq. (5) and 
normalized to the cube of Burgers vector (b = 0.286 nm for Al [31]), as 
summarized in Table 3. Here, the activation volume is associated with 
the area swept by the dislocations, since dislocations play a dominant 
role in the plasticity of crystalline materials [32]. The smaller activation 
volume indicates the easier dislocation nucleation [33]. 

The estimated activation volume values for all the structures of the 
samples are summarized in Table 3. The values of activation volume 
under different heat inputs vary slightly, which can also be considered 
that there is little influence on the activation volume. Furthermore, the 

Fig. 5. Effect of heat input on the hardness of individual structures and Al alloy 
(α-Al dendrite + Al–Si eutectic). 

Table 2 
The hardness of different microstructural phases with respect to various process 
parameters.  

Heat input (J/mm) Sample 1 Sample 2 Sample 3 

89 107 128 

Hardness(GPa) Primary Al 0.82 ± 0.036 0.73 ± 0.054 0.65 ± 0.013 
Al–Si eutectic 1.06 ± 0.044 1.02 ± 0.094 0.95 ± 0.095 
Al alloy 0.83 ± 0.057 0.78 ± 0.034 0.74 ± 0.061  

Fig. 6. Representative load-depth curves in Sample 1 with various strain rates under (a) 3 mN, and (b) 200 mN.  
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activation volumes in the Al–Si eutectic are much smaller than those in 
the α-Al phase. The higher SRS and smaller activation volume can be 
regarded to delay the development of stress concentrations during 
plastic deformation [33]. The activation volume of the Al–Si eutectic is 
around 30 b3, and it is around 100 b3 in the α-Al phase. For the Al alloy, 
the activation volume is around 55 b3, which is in the range of the values 
in these two phases. It is noteworthy that SRS and activation volume 
have been reported to show a clear indentation depth dependence [34, 
35]. In the current study, the main objective is to compare the SRS under 
different heat inputs and different phases, and the indentation depth 
keeps similar for different samples. Typically, for the face-centered cubic 
(FCC) coarse-grained metallic materials, the deformation mechanism is 
dislocation intersections cutting through forest dislocation with a large 
activation volume (~100–1000 b3) [36,37]. If the internal length scales 
for dislocation interactions become smaller, e.g. the grain size becomes 
smaller, the mechanism can be the grain boundary-mediated dislocation 
process and the activation volume is in the order of atomic volume 
(~1–10 b3) [32,38,39]. Consequently, the type of forest–dislocation 
interaction mechanism can dominate in the α-Al phase. Due to the ex
istence of a large fraction of Al/Si interfaces in the Al–Si eutectic 

structure, the dislocation interaction at the phase boundary can be the 
dominant mechanism. A detailed discussion regarding the different 
deformation mechanisms in these two phases will be given in the next 
section. 

4. Discussion 

4.1. Effect of heat input on the nanohardness 

It is known that the mechanical properties of Al–Si alloys are closely 
associated with the size, morphology, and distribution of the eutectic Si 
phase [40]. Several research efforts have been devoted to the modifi
cation of the Si morphology and refinement of the eutectic Si particle 
[41–45]. The modification of the eutectic structure can be realized by 
elemental additions, rapid cooling, and heat treatment [43,46,47]. As 
stated in the results, the rapid cooling in AM process results in the ul
trafine eutectic silicon particles (~200 nm), and the difference in the 
heat input can lead to different cooling rates during AM. However, as 
shown in Fig. S3, the size and morphology of eutectic Si in the three 
samples are found to be similar. It should be noted that the nanohard
ness obtained in the interior of phases will not be influenced by the DAS 
and the volume of interdendritic Al–Si eutectic and eutectic Si phases, 
therefore, there are other underlying mechanisms regarding the effect of 
heat input on nanohardness. 

In the primary Al and eutectic Al phase, Si element exist in solid 
solution, in which solid solution strengthening can be expected. The 
rapid solidification and high cooling rate during AM process can lead to 
the solute trapping effect, where the solute concentration is higher than 
the equilibrium value (solute supersaturation) [40,48]. The higher 
growth rate of Al dendrites and Al–Si eutectic caused by the higher 
cooling rate under lower heat input enhances solute trapping of Si ele
ments in the Al phase, and further increases the level of solute super
saturation of Si [49,50]. The silicon contents in the α-Al phase of the 
three samples were investigated through EDS mapping, and at least 20 
spectra showing the contents of elementary compositions were captured 

Fig. 7. Logarithmic plots of hardness versus strain rate for determining the values of strain rate sensitivity exponent (m). The effects of heat input on m were shown in 
the cases of (a) primary Al, (b) eutectic Al–Si, and (c) Al alloy (α-Al dendrite + Al–Si eutectic); (d) the comparison of the SRS values in each condition. 

Table 3 
Effect of heat input on SRS exponent (m) and activation volume (V).  

Heat input (J/mm) Sample 
1 

Sample 
2 

Sample 
3 

89 107 128 

Strain rate sensitivity 
exponent/m 

Primary Al 0.010 0.013 0.015 
Al–Si 
eutectic 

0.033 0.030 0.028 

Al alloy 0.022 0.022 0.021 
Activation volume/V Primary Al 111.3 b3 96.2 b3 93.6 b3 

Al–Si 
eutectic 

26.1 b3 29.8 b3 34.2 b3 

Al alloy 50.0 b3 53.2 b3 57.9 b3  
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in each condition. As shown in Table 4, the average silicon content in the 
α-Al phase decreases with the increasing heat input. Consequently, the 
higher hardness under lower heat input can be attributed to the 
increased supersaturation of Si in the α-Al and eutectic Al phases, 
namely, the enhanced solid solution strengthening. 

4.2. Strain rate sensitivity and activation volume 

The thermally-activated motion of dislocations, such as dislocation 
interaction, storage, and annihilation, plays a dominant role in the 
plastic deformation of crystalline metals [26,32]. For understanding the 
rate dependency of plastic deformation, Orowan’s equation, which re
lates the strain rate to the mobile dislocation density, was proposed and 
expressed as follows [26,51]: 

ε̇=Mρmbv (6)  

where M is the reciprocal of Schmidt factor, ρm is the mobile dislocation 
density, and v is the average velocity of the mobile dislocation. There
fore, the change in strain rate can result in a changing mobile dislocation 
density and dislocation velocity that are relevant to the dislocation 
storage or annihilation. 

Recent investigations have demonstrated that the enhanced SRS in 
ultrafine-grained metals or nanocrystalline materials is attributable to 
the thermally activated annihilation of dislocations along the grain 
boundaries [52,53]. A significant difference between the α-Al phase and 
the Al–Si eutectic structure is the existence of phase interfaces in the 
latter. The Al–Si interfaces can also act as the dislocation sources and 
sinks similar to grain boundaries [52,53], which allow easy climb and 
annihilation of dislocations along the interfaces. Due to the high fraction 
of interface volume in the Al–Si eutectic phase, dislocations are stored 
near the phase interfaces, in which the dislocation annihilation occurs 
during the climbing processes [54]. Therefore, compared to the α-Al 
phase, the greater change in mobile dislocation density caused by 
dislocation annihilation along the interfaces in the Al–Si eutectic is 
responsible for the higher SRS and lower activation volume. 

5. Conclusion 

In the current work, in order to examine the effect of heat input on 
the nanomechanical properties of the wire-arc additively manufactured 
(WAAM-ed) Al 4047 alloy, the nanoindentation technique was 
employed. Hardness and strain rate sensitivity (SRS) were investigated 
on different scales. The main conclusion can be summarized as follows:  

1. The hardness of both α-Al and eutectic phase decreases with the 
increasing heat input, which is in agreement with the trend of yield 
strength and microhardness in the previous studies.  

2. The underlying mechanism regarding the effect of heat input on 
nanohardness was revealed, that is, the enhanced solute strength
ening effect plays a dominant role. 

3. The heat input was found to have little effect on the SRS and acti
vation volume in both α-Al and Al–Si eutectic phases.  

4. Higher SRS and lower activation volume were found in the Al–Si 
eutectic, which is largely ascribed to the large fraction of Al–Si in
terfaces, in which the dislocation can easily climb and annihilate. 

With these novel insights, this work contributes to a profound un
derstanding of the effect of heat input on the mechanical properties from 
the nanoscale view. 
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