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Abstract
Recently, the demand for lightweight multilayered parts in electronics and biomedical fields has been accelerated and shown 
great interest in understanding the combined effect of multilayered materials. However, these industries are still facing the 
challenge of developing dissimilar multilayered materials that can be suitable for biomedical applications. In this context, 
magnesium emerges as a promising biocompatible material used for several biomedical applications. However, the issues 
related to joining magnesium alloys with other similar materials still need to be solved. Moreover, friction stir additive 
manufacturing (FSAM) occupies a niche domain for developing or joining biocompatible materials such as magnesium alloys 
with low weight and high strength. Therefore, the present work highlights the development of a multipurpose three-layered 
multifunctional laminated composite plate of magnesium-based AZ31B–Zn–Al 1100 through the FSAM route. Micro-
structural and morphological examinations were carried out by light microscopy and FESEM equipped with EDS analysis 
and line mapping. Moreover, the grain refinement at the interfaces during the FSAM was also addressed using the electron 
backscattered diffraction (EBSD) study. Further, investigation on mechanical properties such as tensile test with fractography 
analysis and microhardness variation at the cross-section of the built-up section has been investigated. Furthermore, the cor-
rosion and tribological analysis was also performed, and a 3D profilometer was used to visualize the corroded and worn-out 
surfaces. The microstructural results revealed that the average grain size of 6.29 μm at interface AZ31B–Zn and 1.21 μm at 
interface Zn–Al 1100 occurred, improving the bonding strength and overall properties. The tensile strength has occurred as 
171.5 MPa at 15.5% elongation, whereas maximum microhardness is reported as 105 HV at the interface of AZ31B–Zn and 
84.6 HV at the interface of Zn–Al 1100. The corrosion rate was calculated as 0.00244 mm/day, and the average coefficients 
of friction (COF) for both the interfaces, such as AZ31B–Zn and Zn–Al 1100, are 0.309 and 0.212, respectively.

Keywords Friction stir additive manufacturing · Laminated composite · AZ31B · EBSD · Tensile strength · Corrosion test · 
Tribological performance

1 Introduction

The electronic and medical industries demanded sophisti-
cated and lightweight multilayered materials which can be 
suitable for a wide range of operating temperatures with 
improved performance. The prime requirement for these 
materials is properties like high strength-to-weight ratio, 
electrical and thermal conductivities, improved tribologi-
cal properties, and anticorrosion behavior. While dealing 
with biocompatible materials like magnesium alloys, whose 
modulus of elasticity and density align with the human bone, 
have major demand to make bio-implants and artificial 
socket joints [1], some studies show that due to the wear of 
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the implant, incompatible ions are released into the human’s 
physiological environment, causing adverse reactions [2]. 
Therefore, magnesium-based laminated composites have 
gained more focus due to their excellent mechanical and tri-
bological properties [3, 4]. However, due to poor formabil-
ity and less symmetrical hexagonal structure, magnesium 
alloys’ processing (plastic deformation) is complex [5]. In 
the revolutionary appraisal of Industry 4.0, additive manu-
facturing (AM) is rapidly becoming a famous method used 
to develop physical components of magnesium-based com-
ponents. Still, it has challenges associated with the defects 
and degradation of mechanical properties [6]. The different 
methods of AM, like 3D screen printing [7], direct energy 
deposition [8], powder bed fusion [9], metal jetting [10], and 
sheet metal lamination, are most famous for processing the 
magnesium and other metallic materials and alloys due to 
its excellency in producing complex parts in minimum time 
and negligible material wastage [11].

Friction stir additive manufacturing (FSAM) is a kind of 
sheet metal lamination method of the solid-state additive 
manufacturing method, which utilizes the mechanism of 
friction stir welding (FSW) [12–14]. FSW was first applied 
by The Welding Institute (TWI) in 1991 to weld the metallic 
layers by means of frictional heat and applied pressure [15]. 
The process comprises a cylindrical rotating tool of hard 
material having a specially designed tool pin with sufficient 
shoulder diameter subjected to an axial applied pressure on 
it, as shown in Fig. 1(a). The tool pin is inserted into the 
top of the base plate, which is tightly fixed into a fixture. 
The tool is allowed to move in the traverse direction with a 
rational speed along a predefined path which induces fric-
tional heat. Due to the effect of frictional heat, the material 
undergoes severe plastic deformation above the recrystalliza-
tion temperature and joins or processes the adjacent sides of 
the weld plates. Since FSW is a solid-state processing with 
negligible gas emissions, the technology is further modified 
as FSAM, which can build up the layer-by-layer 3D physical 
component of similar or dissimilar material, as shown in 
Fig. 1(b and c) [15, 16]. Therefore, the combination of dif-
ferent metallic layers can also be produced by FSAM with 
altered properties. Compared to friction stir lap welding 
(FSLW), FSAM is designed to process the complete over-
lapped area of thin plates with a specially designed array or 
sequence of the path of FSW experiments by making a series 
of stir zone (SZ) (Fig. 1(b and c)) [17, 18]. Hence, FSAM 
has also been termed as a tailored version of the FSLW [19].

Standard Mg alloy implants release hydrogen gas 
which fails the implant by detaching the body cell from 
the bone [20–22]. The FSAM can easily overcome these 
issues by adding biocompatible layers of magnesium 
alloys with other similar materials like aluminum, zinc, 
etc., which enhances the desired properties of magne-
sium alloy but does not come directly in contact with the 

human body parts [21]. Further, the severe plastic defor-
mation capability of FSAM also breaks the less hexagonal 
structure into refined equiaxed grains with a large number 
of grain boundaries which is one of the challenging tasks 
with other similar manufacturing techniques due to the 
low formability of magnesium alloys [22, 23]. Several 
authors have tried to overcome the issues related to mate-
rial, such as Palanivel et al. [24] developed four layered 
composites with WE43 by FSAM method, each of 1.7 
mm with a total height of 5.6 mm. Lap welding with the 

Fig. 1  a Schematic arrangement of friction stir additive manufactur-
ing, b two-layer joining, and c three-layer joining
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layer-by-layer technique for developing the part was used. 
In the processed part, defects like hooking, cavity, and 
cracks due to differences in the microstructural feature 
were found. The results suggested maintaining sufficient 
frictional heat to overcome these defects. Ho et al. [25, 
26] developed a stacked composite of AZ31B magne-
sium and hydroxyapatite through the FSAM method. The 
developed composite overcomes the challenging issues 
of corrosion. Also, the apatite formation and body cell 
adhesion over the Mg alloy surface improved. The out-
comes also advocated the improved corrosion behavior 
of AZ31B through in-vitro tests. Similar to the FSAM 
process, additive friction stir deposition (AFSD) is also 
famous for the deposition of different materials over a 
plate substrate and for repairing or overcoming the defects 
that arise during the FSP operation. FSAM has tracing 
importance in the field of biomaterials, which is also sug-
gested by Staiger MP et al. [21]. This method also ful-
fills the requirements of biodegradable materials with low 
weight and high strength. Martin, L.P., et al. [27] repair 
the Al6061-T6 machined groove surface by depositing 
the additive layer, which overcomes the surface defects 
like cracks and voids. They observed that the AFSD can 
improve the surface efficiently, which leads to improved 
mechanical properties like tensile strength.

Based on the archival of the literature, it is found that 
FSAM can also be suitable for layer-by-layer joining of 
dissimilar materials if suitable process parameters can be 
selected. In this paper, an attempt is made to develop a 
3D laminated composite of dissimilar materials for mul-
tipurpose industrial and medical applications. Confirm-
ing the advantages of FSAM and its capability to process 
biocompatible materials like magnesium, the present 
investigation deals with the magnesium-based laminated 
3D composite plate of AZ31B–Zn–Al 1100 developed by 
layer-by-layer joining through FSAM. The study shows 
the effect of process parameters on developing a three-
layer laminated composite and discusses the defects 
associated with a different range of process parameters. 
The microstructural and morphological characteristics of 
interfacial layers between the adjacent layers are validated 
through light microscopy and FESEM images with EDS 
elemental analysis and line mapping images. EBSD (elec-
tron backscattered diffraction) analysis is also conducted 
to discuss the crystallographic planes and grain structures 
at both interfaces. Further, to evaluate the mechanical 
properties, the tensile test with fractographic FESEM 
images and microhardness throughout the cross-section 
of the built-up section is discussed in detail. Corrosion 
and tribological studies are also conducted and discussed 
with their findings through the 3D surface profile of cor-
roded layers and wear tracks, respectively.

2  Experimental procedure

In the present investigation, three commercially available 
and commonly used dissimilar materials, namely, AZ31B 
magnesium alloy (melting point: 605 °C), zinc (99.9% 
pure zinc, melting point: 415 °C), and aluminum Al 1100 
(99.0% pure aluminum, melting point: 650 °C), are consid-
ered to develop the laminated composite 3D plate through 
layer-by-layer FSAM. AZ31B plate (size 100 mm × 100 
mm × 5 mm) is used as a base of the 3D composite plate 
covered by Zn plate (size 100 mm × 100 mm × 3 mm) 
and Al 1100 (size 100 mm × 100 mm × 2 mm). It is to be 
noted that Zn has a low melting temperature compared to 
AZ31B and Al 1100; therefore, Zn is used as an intermedi-
ate binder between the magnesium and aluminum plate. A 
semiautomatic Ace Macromatic Group (AMS) CNC mill-
ing machine is used to perform the FSAM process with 
an in-house design fixture, as shown in Fig. 2(a). In order 
to perform the FSAM operation, a square probe tool of 4 
mm of each dimension with an 18 mm shoulder diameter 
is used in this study (Fig. 2 (d)). The tool was rotated at a 
constant rotational speed of 3000 rpm, feed rate of 25 mm/
min with 0° tilt angle, and dwelling time of 20 s. Moreo-
ver, the process parameter selection is based on the pilot 
run and the author’s previously published work related 
to the statistical data on the experiments. These process 
parameters are optimized sets of input variables required 
to justify all three selected materials. The FSAM of two-
layer joining (AZ31B–Zn) and third-layer joining (Zn–Al 
1100) is shown in Fig. 2 (b and c) with their temperature 
profile shown in Fig. 2 (e and f) through a digital thermal 
camera to monitor the temperature variation throughout 
the process continually. The final laminated 3D compos-
ite plate and its cross-section view are shown in Fig. 2 (g 
and h).

The microstructural and mechanical properties of the 
developed composite plate are evaluated. The specimen 
for the microstructural study is prepared as per ASTM-
E3 standard, followed by polishing with diamond paste 
and cleaning through ultrasonic cleanser to remove oxide 
layers. The sample was further electropolished at 16 V 
for 20 s in the solution of isopropanol (80%) and perchlo-
ric acid (20%) to conduct the grain refinement study at 
the interface and within the stir zone through electron 
backscattered diffraction (EBSD). The light microscopy 
was performed by an inverted optical microscope (Leica-
DMI3000M). Further, FESEM with EDS elemental 
validation was studied through Carl Zeiss-SIGMA at an 
acceleration voltage of 15 kV with an acquisition time of 
60.4 s to investigate the microstructural features at both 
material interfaces. To conduct tensile testing, the speci-
men was taken from the stir zone of the built-up section 
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according to the ASTM-E8 standard. The unprocessed 
(base material) AZ31B, Zn, and Al 1100 specimens 
are also prepared separately to test and compare tensile 
strength results with percent elongation. The tensile test 
was conducted through a biaxial planner tensile testing 
machine (make: Instron at IIT-ISM Dhanbad, India) at a 
1 mm/min strain rate. As a result, the stress-strain curve, 
neck formation, and fractured specimen are discussed in 
detail to validate the results. The fractography of the frac-
tured specimen through FSESEM images is investigated 
to support the understanding of the tensile behavior of 
the laminated 3D composite. Further, the microhardness 
variation throughout the cross-section of the built-up sec-
tion of the 3D composite plate was investigated through 
Vickers’s hardness testing machine (model: ECONOMET 
VH-1MD, make: Chennai Metco, India) at a load of 100 g 
for 10 s. The microhardness test was conducted from the 
bottom of AZ31B (0 point) to the top of the Al 1100 (10 
mm) with 20 readings of 0.5 mm step size. Furthermore, 
the corrosion analysis of the FSAM sample was performed 

through the weight loss method. The sample was mechani-
cally polished and ultrasonically cleaned in the acetone 
and DI bathtub to remove the oxide layers. The prepared 
sample was placed in the 0.9 NaCl salt solution for 7 days. 
Before starting and at the end of the corrosion study, the 
initial and final weights were measured. Further, the cor-
rosion rate was calculated using Eq. (1) [28].

∆W represents the change in weight (mg), ρ denotes the 
sample density (g/cm3), A is the exposed surface area  (cm2), 
and T is the total test duration (hour),

3D surface profiles of the prepared sample were taken 
before and after the corrosion test by a 3D optical profilom-
eter (model: New View 9000, make: Zygo, USA) to discuss 
the corrosion effect on different layers. Moreover, laminated 
composite prepared by friction stir additive manufactur-
ing comprising Al–Zn–Mg alloy has different tribological 

(1)Corrosion rate (CR) = 87.6 ×
(ΔW)

(�AT)
mm∕year

Fig. 2  Friction stir additive manufacturing process of AZ31B–Zn–Al 1100 laminated 3D composite plate
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behavior. Therefore, to understand the tribological perfor-
mance of the composite, dry tribological wear analysis was 
performed at a reciprocating ball-on-plate universal tribom-
eter (Model: MFT 5000, Make: Rtec, USA). The dry slid-
ing friction and wear test was performed at the interface of 
Al–Zn and Zn–Mg and compared with base materials such 
as Al, Zn, and Mg, respectively. A stainless steel 316 ball 
of 6 mm diameter was used as a counter body part during 
the test. The friction and wear test was performed at a 10 N 
load with a sliding frequency of 5 Hz for a duration of 300 
s. The test was done at a room temperature of 25 ± 1 °C and 
relative humidity (RH) was set to 45 ± 2 RH. The friction 
and wear test was repeated thrice, and the average values 
were taken for further analysis. At last, the tribological per-
formance of the laminated composite was evaluated in terms 
of coefficient of friction (COF), variation in COF vs. time, 
wear depth, and wear width. After the friction and wear test, 

the samples were ultrasonically cleaned in acetone and dried 
in the open air. Furthermore, to understand the wear mode, 
profiles of wear tracks were captured using the non-contact 
3D optical profilometer (model: New View 9000, make: 
Zygo, USA). The 3D surface profiles and wear depth and 
width values of worn-out samples were obtained and further 
analyzed to understand the wear mechanism.

3  Result and discussion

The findings first discuss the effect of process parameters on 
the development of the three-layered laminated composite. 
During the laminated process of AZ31B–Zn–Al1100, a set 
of process parameters are required, which can be suitable 
for each layer lamination. Several pilot experiments were 
conducted to select the optimized set of process parameters. 

Fig. 3  Effect of process parameters and defects arises during the experimentation
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Rotational speed and feed rate were taken in the range of 
1500 to 5000 rpm with a feed rate of 20 to 25 mm/min 
while keeping a  0o tilt angle. Figure 3 shows the various 
pilot operations with the effect of process parameters and 
defects arises during the experimentation. From Fig. 3, it 
can be noticed that at low speeds (1500, 2000, and 2500 
rpm), the formation of tunneling, lack of diffusion, and tool 
pin penetration were high. It is because, at low rpm, the 
processing heat is insufficient, which hinders material flow 
and extrusion, leading to poor diffusion (poor plastic defor-
mation) and forming tunnels and surface galling. Further, 
increasing the RPM (4000, 4500, and 5000) or decreasing 
the feed rate (20 mm/min) leads to excessive flash over the 
processed surface. Other researchers also observed similar 
findings in the past [29, 30]. The excessive heat generation 
can melt the intermediate Zn layer, and its molten will flow 
out from the corners during the second run while joining 
AZ31B. The high frictional heat supports smooth opera-
tion. However, it greatly reduces the overall thickness of the 
composite plate under the action of axial force and excessive 
plastic deformation [31]. The edge distortion can also be 
occurred due to excessive plastic deformation of low-melting 
material like zinc.

Figure 4 shows the macroscopic cross-sectional view of 
the physically developed AZ31B–Zn–Al 1100 laminated 
composite specimen. The macro-image of the specimen 
shows the sound joining of the three different plates one 
upon another. Further, to visualize the zoom view, micro-
scopic images were taken from 5 sites of the samples, three 
from the joining materials and two from the interfacial sites 
formed while joining these three materials. The Mg–Zn 
interface clearly shows the uniform intermixing of both the 
materials at the interface leading to stronger intermetallic 
bonds. Also, the same feature was observed with the Al–Zn 
interface, where a clear boundary showed the different 
material structures. However, the Mg–Zn interface mixing 
was enhanced due to repetitive loading and propagation of 
induced heat at the interface twice during the fabrication of 
the whole specimen.

Figure 5 (a) shows the FESEM images and EDS spectrum 
of the AZ31B–Zn–Al 1100 laminated composite interfaces. 
The variation in the contrast of the microscopic interface 
image revealed the presence of one material in another, 
leading to the non-homogeneous distribution of the grains. 
However, some impurities were observed throughout the 
cross-section in the FESEM image of the 3-layer specimen 
site. FESEM images also show the apparent mixing of the 
materials at the interfacial zones. Figure 5 (b, c) shows the 
elemental line mapping of EDS analysis, which reveals the 
presence of the joining materials at both the formed inter-
faces. In interface-1 (Fig. 5b), Mg and Zn were present in 
41% and 24.88% by weight, respectively, depicting the pres-
ence of Zn in the Mg material. Also, at interface-2 (Fig. 5c), 

Al and Zn were present in 46.76% and 23.36% by weight, 
respectively. Zn works as a binding material between Mg 
and Al layers, enhancing the overall property of the addi-
tively manufactured composite.

FSAM has the ability of improved bonding strength due 
to the exquisiteness of its grain refinement and microstruc-
tural modification technique at the interface of similar or 
dissimilar materials. To support the notion, an EBSD test 
has been conducted on both interfaces at the SZ area (see 
Fig. 6a and b). The reason behind the selection of the EBSD 
zone at SZ is to discuss the minimum and average grain 
size, structure, and orientation of grains during intermixing 
of Al–Zn and Zn–Mg alloys. The pole figures at different 
crystallographic planes show the refined grains’ orientation 
in the interfacial site between the two material layers. At 

Fig. 4  Physical specimen and light microscopy images of layers of 
AZ31B–Zn–Al 1100 laminated composite
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interface-1, the nature of orientation of grains toward the 
normal direction at <111> crystallographic plane is a little 
higher than in other directions. However, it can be concluded 
that the Mg–Zn grains do not orient in any specific direc-
tion during mixing via friction stir processing. However, at 
interface-2, the significant orientation of the grains toward 
the rolling direction is observed at <001> crystallographic 
plane. Under elevated temperatures, the grains undergo con-
tinuous, discontinuous, and geometric dynamic recrystal-
lization during the plastic deformation. This phenomenon 
occurred during the FSAM and led to the formation of high-
angle grain boundaries at the interfacial sites. Also, the high 
temperature associated with plastic deformation enhances 
the material’s dynamic recrystallization and grain refinement 
during the process [19, 32, 33].

The average grain diameter size obtained at interface-1 
was calculated to be 6.29 μm. Also, the microstructural grain 
distribution image represents the presence of both Mg and 
Zn grains at the interface. Refinement of the grains leads to 
enhanced properties of the fabricated composite specimen 
rather than individual material. The presence of HAGBs was 

calculated to be 71.8%, compared to 19.2% LAGBs repre-
senting the formation of special boundaries such as twins. 
Also, the grain fraction shows a specific range of lower 
misorientation boundaries is highest for LAGBs. For inter-
face-2, the average grain size was 1.21 μm, much smaller 
than interface-1. The larger grain sizes can be due to the geo-
metrical coalescence of grains in a specific situation where 
two or more grains merge to form a more prominent grain 
under the thermal effect during FSAM. With the increased 
number of cycles, the probability of obtaining a more promi-
nent grain at the lower layers increases, which may be one of 
the reasons for the increased grain size diameter at interface 
2. HAGBs calculated at interface-2 was 64.6%, a typical 
fraction for grains undergoing the FSAM process. Similar 
to interface-1, a significant fraction of grains with a specific 
range of lower misorientation angles is 21.5%.

Figure  7 (a) shows the ASTM E8 standard tensile 
specimen, neck formation, and fractured view during 
the testing, and Fig. 7 (b) shows the engineering stress-
strain curve of built-up AZ31B–Zn–Al 1100 layers and 
pure material specimens. Each base material is also tested 

Fig. 5  a FESEM images and EDS spectrum of interface layers of AZ31B–Zn–Al 1100 laminated composite b Line mapping of AZ31B–Zn 
interface-1 c Line mapping of Zn–Al1100 interface-2
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separately to evaluate its individual tensile properties 
for comparison purposes. It is revealed from the result 
obtained that the individual tensile strengths of Al 1100, 
Zn, and AZ31B are 93 MPa, 260.7 MPa, and 249.5 MPa, 
respectively. The percentage elongation corresponding to 
the same parent materials is 1.9%, 9%, and 10.4%, respec-
tively. The tensile strength of the built-up specimen of 
AZ31B–Zn–Al 1100 layer is reported as 171.5 MPa at 
15.5% elongation. It is to be noted that all three layers have 
different values of tensile strength and percentage elonga-
tion. Both interfaces undergo severe plastic deformation 
while joining these three layers through the friction stir 
processing, leading to the dynamic recrystallization and 
grain recovery phenomenon [34, 35].

Figure 8 shows the microhardness variation through-
out the cross-section along the built-up direction. The 
microhardness values of the base materials AZ31B, Zn, 
and Al 1100 are obtained as 84 HV, 66 HV, and 38 HV, 
respectively. In comparison, the microhardness variation is 
observed while these layers are additively joined. The Vick-
ers hardness of 105 HV is obtained at the first interface of 
AZ31B–Zn and 84.6 HV at the second interface of Zn–Al 
1100. The micro-hardness graph shows the abrupt change 
in the microhardness values in the stir zone area of the first 
and second interfaces. A decreasing trend in microhardness 
values was reported in the thermomechanical affected zone 
(TMAZ), heat affected zone (HAZ), and base material (BM), 
which is in line with the previous study [36, 37]. Overall, 

Fig. 5  (continued)
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the microhardness value improved in comparison with 
their base material values. The improved tensile properties 
and microhardness are attributed to the grain refinement, 
microstructural modification, and increased number of grain 
boundaries in the stir zone.

When the first two layers, AZ31B and Zn, join together 
with the help of frictional heating and severe plastic defor-
mation, it may be possible that defects such as tunnels, blow 

holes, cavities, and micro-pores can be formed at the inter-
face of the two layers. However, during the third layer pro-
cessing of Al 1100 over the Zn layer through the frictional 
heat, the process has the advantage of joining the second 
interface and having sufficient heat to modify and overcome 
the defects that arise during the first processing [38]. It is 
because the plastic deformation of the Zn plate is higher 
than AZ31B alloy due to the low melting temperature of Zn. 

Fig. 6  a. EBSD and grain 
refinement study at the interface 
of AZ31B–Zn interface-1 b 
EBSD and grain refinement 
study at the interface of Al 
1100–Zn interface-2
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Therefore, heat is transferred throughout the Zn layer up to 
the first interface while joining the second interface. At the 
high friction heat (approx. 90% of the melting temperature 
of Zn), the fluidity of Zn is sufficient to fill the previously 
occurred defects like cavities, tunnels, and micro-holes and 
reduces the possible defects significantly at the interfaces. 
Similar findings were reported by other authors also [27, 39]. 
This is also the reason behind the increased microhardness 
of the Zn layer compared to its BM value. Therefore, Zn 
plays a vital role in healing material to improve the bonding 
between AZ31B and Al 1100. With the grain refinement 
technique of FSP and reduced defects due to the Zn layer at 
interface regions, the strengthening mechanism improves, 
which is associated with the strong bonding between the 
AZ31B–Zn–Al 1100 additive layers. However, beyond the 
interface layers toward the top and bottom sides of the speci-
men, the specimen experiences the tensile strength of base 
material which is relatively lower than the interface layer 
because of the non-processed zone. Therefore, the initial 
crack formation will start from the top or bottom side across 
the cross-section. The neck formation during the tensile test-
ing shows that the composite layers are strongly bonded to 
each other and depend on the bonding strength of the com-
posite layer [40]. The cross-section of each layer is reduced 
at the same location with the same crack propagation. The 
fractured view shows the standard fracture morphology of 
the tensile specimen. Each layer is broken through the same 
crack propagation. Figure 9 shows the FESEM images of the 
fractured specimen during tensile testing. The images were 
taken in the individual region of each matrix alloy and at the 
interface regions. The overall morphological examination 
shows ductile failure behavior. The fractured images of the 
interface region show the ploughing action. The morpho-
logical aspects at both sides of the interface regions are dif-
ferent in nature, which can be observed from the images. The 
fractured surface shows ductile striations and tear ridges. 
However, flat shear mixed with brittle fracture can also be 
seen in fewer regions. The fractured specimen is also associ-
ated with the dimple nature of failure at the interface region. 
It is attributed to the fact that at the interface region of two 
distinct materials, the friction stir processing creates severe 
plastic deformation and breaks the matrix material’s larger 
grains into smaller grains. These equiaxed oriented grains 
and refined grains from the advancing to the retreating side 
are also confirmed by the EBSD analysis shown in Fig. 6 
(a, b). These equiaxed refined grain structures improve 
the bonding strength at the interface. During fracture, the 
force acts against the bonding strength and easily fractures 
the weak zone of the interface. This leads to severe ductile 
striation and creates dimples on the fractured surface. The 
other observations, such as tear ridges, micro-pores, large 
pores, micro-cracks, and shear bonds of both long and short 
lengths, can be seen in the FESEM images of the different 

Fig. 7  a ASTM E8 standard tensile specimen, neck formation, frac-
tured view during the testing, and b engineering stress-strain curve of 
built-up AZ31B–Zn–Al 1100 laminated composite and pure material 
specimens

Fig. 8  Microhardness test results of AZ31B–Zn–Al 1100 laminated 
composite and pure material specimens
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regions. This shows that the tensile force is equally distrib-
uted to all three matrix materials and their interfaces due to 
the strong bonding and improved strengthening mechanism 
during FSP.

The corrosion rate (CR) of the developed specimen 
of AZ31B–Zn–Al 1100 laminated composite was stud-
ied through the weight loss method. The initial and final 
weights were measured using the weighing balance (make: 
MS205DU, Mettler Toledo). The density of the prepared 
FSAM sample was calculated through the weighing balance 
setup, which works on Archimedes’s principle. The exposed 
surface area was 1.87  cm2, which is shown in Fig. 2(h), and 
the test duration was 7 days. Further, the corrosion rate was 

calculated and found as 0.891 mm/year or 0.00244 mm/
day. The test result shows that the obtained CR is less than 
the previously reported studies and is also in line with the 
microstructural outcomes. Further, the 3D surface profiles 
of the prepared sample were taken before and after the test 
and presented in Fig. 10 (a–e). Figure 10 (a–c) shows the 3D 
profiles of the AZ31B (Fig. 10a), Zn (Fig. 10b), and Al1100 
(Fig. 10c) laminated composites before the corrosion test.

During the corrosion test, the metal deteriorates in a salt 
solution which works as a corrosive environment for the 
sample. The material reacts with the salt solution and cor-
rodes the outermost layer. However, the presence of passive 
oxide layers, fine microstructures, and material density plays 

Fig. 9  Fractographic analysis of 
the tensile fractured specimen



542 The International Journal of Advanced Manufacturing Technology (2023) 128:531–546

1 3

a vital role in preventing pitting in the corrosive environ-
ment [28]. In AZ31B–Zn–Al 1100 laminated composite 
specimen, the density of AZ31B is the lowest, followed by 
Al 1100 and Zn, respectively, which dictates that AZ31B 
has more probability to get corrodes in the salt solution. 
Moreover, Fig. 10(d) and (e) depicts the 3D profiles of the 
AZ31B–Zn and Zn–Al 1100 interface profiles. From the 
results, it can be seen that AZ31B and Al 1100 parts show 
more corrosion as compared to the Zn. The results dictate 
that AZ31B has more pitting as compared to Al 1100. Fur-
ther, no such noticeable pitting was formed over the Zn layer, 
which works as a protecting layer between the AZ31B and 
Al 1100. The 3D profiles also dictate the change in the sur-
face roughness values at both interfaces. The AZ31B–Zn 
interface shows higher Sa (3.533 μm) and Sq (7.372 μm) 
values compared to the Zn–Al 1100 (Sa: 2.148 μm, Sq: 5.242 
μm) interface, which supports the results of the pitting phe-
nomena of AZ31B–Zn–Al 1100 laminated composite.

Friction, which happens when matting parts scour against 
one another during operation, is widely examined in parts 
like the power trains in automobiles. Friction causes heat 

and wears in these regions. Most mechanical system failures 
are brought on by heat generation and wear brought on by 
friction, resulting in large financial losses [28]. Figure 11 
shows the tribological test results to examine parts and the 
material properties to minimize such losses. It shows the 
variation of the coefficient of friction against the test time for 
the interfaces (AZ31B–Zn and Zn–Al 1100) and base mate-
rials (AZ31B, Zn, and Al 1100). During the test, when the 
counter ball comes into contact with the specimen, the coef-
ficient of friction increases linearly for a short period, which 
can be explained by the stick-slip phenomenon. Further wear 
takes place, and the friction coefficient reaches a maximum 
value, and then it becomes stable. The average value of the 
coefficient of friction of the laminated composite sample was 
observed to be 0.4127, 0.2187, and 0.5237 for Al, Mg, and 
Zn, respectively, which is lower than that of their base metal. 
In contrast, the average COF at the interface of Mg–Zn is 
0.212, which is less than that of individual Mg and Zn COF 
values. Similarly, the COF value at the interface of Al–Zn 
is 0.3098, which is less than that of individual Al and Zn. 
From the above result, it can be concluded that there was 

Fig. 10  The 3D profiles of the a AZ31B, b Zn, and c Al1100 before the corrosion sample, and d AZ31B–Zn interface and e Zn–Al1100 inter-
face after the corrosion test
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intermixing of material at the interface, so the COF value 
is lying between two alloys at the interface. Maximum COF 
was encountered for Zn alloys and minimum at the interface 
of Zn–Mg. The improvement in tribological performance 
may be attributed to grain size refinement due to intense 
plastic deformation and dynamic recrystallization, which 
leads to an increment in hardness value and, thus, the coef-
ficient of friction decreases. The lower friction coefficient 
of the laminated composite sample may also be attributed 
to the decrement in adhesive and abrasive wear due to the 
higher hardness of the laminated composite part [41–45].

Furthermore, a non-contact-type 3D profilometer (model: 
Zygo, Ametek Newview-9000) was used to analyze the sur-
face topography of the wear tracks formed on the laminated 
composite specimen. Crater dimensions were measured at 
five different locations: base AZ31B, Zn, and Al 1100 and 
at the interface of AZ31B–Zn and Zn–Al 1100. Figure 12 
represents the 3D profile of the wear track and correspond-
ing cross-sectional profile for the AZ31B–Zn–Al 1100 
laminated composite. Fluctuation in the depth of the wear 
track at all locations can be observed due to the entrapment 
of the wear debris in the wear track [46]. Therefore, the 
average crater depth and width value have been calculated 
by taking five different slices for each location. The aver-
age cavity depths of wear track at Al 1100, Zn, AZ31B, 
Al 1100–Zn interface, and AZ31B–Zn interface were found 
to be 103.11 μm, 117.96 μm, 37.088 μm, 130.21 μm, and 
68.53 μm, respectively. Similarly, average wear widths were 
observed to be 1.12 mm, 1.21 mm, 0.67 mm, 1.22 mm, and 
0.964 mm, respectively, for such locations.

4  Conclusion

The laminated composite AZ31B–Zn–Al 1100 is built up 
efficiently through the friction stir additive manufactur-
ing (FSAM) technique. The microstructural features of 
the developed composite show the improvement in grain 
structure at both the interfaces of the dissimilar materials. 
The overall crystallographic structure is fine oriented from 
advancing to retreating side through equiaxed and refined 
grains with a large number of grain boundaries. The average 
grain size of 6.29 μm at the AZ31B–Zn interface and 1.21 
μm at the Zn–Al 1100 interface is confirmed by the EBSD 
results. Due to the grain refinement and microstructural 
modification technique of FSAM, the overall mechanical 
properties are improved. The laminated composite’s tensile 
strength is 171.5 MPa at 15.5% elongation. Microhardness 
is found in varying natures and an improved manner while 
measuring from the cross-section of the built-up compos-
ite. The maximum microhardness is reported as 105 HV at 
the interface of AZ31B–Zn and 84.6 HV at the interface of 
Zn–Al 1100. The overall results of the FSAM route suggest 
it applies to a process where the improved mechanical prop-
erties of the dissimilar layers are the key requirement. The 
corrosion study revealed a corrosion rate of 0.891 mm/year 
or 0.00244 mm/day. AZ31B and Al 1100 parts show more 
corrosion than the Zn. The average COF at the interface of 
Mg–Zn is 0.212, and at the interface of Al–Zn is 0.3098, 
which is less than that of individual Mg, Al, and Zn. The 
average cavity depths of wear track at Al 1100, Zn, AZ31B, 
Al 1100–Zn interface, and AZ31B-Zn interface were found 
to be 103.11 μm, 117.96 μm, 37.088 μm, 130.21 μm, and 
68.53 μm, respectively. As a future prospect, the proposed 
FSAM method can be an alternative to process magnesium 
efficiently and can provide the solution for many biomedical 
engineering.

Fig. 11  a COF with time at dif-
ferent locations and b average 
COF of AZ31B–Zn–Al 1100 
laminated composite and pure 
material specimens
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