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Abstract

The current work explored additive friction stir deposition of AZ31B magnesium alloy with the aid of MELD® technology. AZ31B
magnesium bar stock was fed through a hollow friction stir tool rotating at constant velocity of 400 rpm and translating at linear velocity
varied from 4.2 to 6.3 mm/s. A single wall consisting of five layers with each layer of 140 x 40 x 1 mm? dimensions was deposited under
each processing condition. Microstructure, phase, and crystallographic texture evolutions as a function of additive friction stir deposition
parameters were studied with the aid of scanning electron microscopy including electron back scatter diffraction and X-ray diffraction. Both
feed material and additively produced samples consisted of the «-Mg phase. The additively produced samples exhibited a refined grain
structure compared to the feed material. The feed material appeared to have a weak basal texture, while the additively produced samples
experienced a strengthening of this basal texture. The additively produced samples showed a marginally higher hardness compared to the
feed material. The current work provided a pathway for solid state additive manufacturing of Mg suitable for structural applications such as

automotive components and consumable biomedical implants.
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1. Introduction

Magnesium (Mg) alloys are one of the lightest structural
metallic materials with densities ~36% lower than the alu-
minum alloys [1-3]. The low density is also associated with
their high specific strength and stiffness [4-6]. Mg alloys ex-
hibit other attractive properties such as good electromagnetic
shielding capability [7] and excellent biocompatibility due to
non toxicity and modulus similar to the human bone [8,9].
Therefore, Mg alloys are suitable materials for application
in various industries including aerospace, automotive, and
biomedical. Apart from the efforts related to Mg alloy
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development, researchers have extensively explored advanced
processing techniques for Mg alloys to enhance their forma-
bility, surface performance, and bulk properties [4,10,11].
These efforts have been extended into the newly emerging
field of additive manufacturing (AM) of Mg alloys [12-14].
AM strategies for Mg alloys, which are still in their infancy,
have focused on laser beam-based AM (LBAM) [15-17],
wire arc AM (WAAM) [18,19], and friction stir AM (FSAM)
[20-22]. The first two techniques are based on fusion of the
feed material which is either powder or wire, whereas, the
later is a solid state method. Out of these AM strategies,
the FSAM based techniques provide unique advantages such
as avoidance of powder which is especially crucial due to
pyrophoric nature of Mg powder [23], ability to process
commercially available feed material forms such as bars
and chips [24], ease of fabrication of composite materials
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Nomenclature

Trool shear stress imparted by the tool (MPa)
P civator pressure from actuator (N/mm?)

w tool rotation speed (RPM)

Viinear tool linear velocity (mm/s)

Vieed deposition material feed rate (mm/s)
ool tool residence time (s)

teed feed material deposition time (s)

Wi oot tool wall thickness (mm)

Router tool outer radius (mm)

Rinner tool inner radius (mm)

Hfeea feed heat factor (W)

H, tool heat factor (W)

O eed input feed energy (J/mm?)

Oro0l input tool energy (J/mm?)

Orotal total input energy (J/mmz)

Ateed feed cross-section area (mm?)

Aol tool cross-section area (mm?)

k thermal conductivity (W/m/K)

Tourface temperature of deposition surface (°C)

Tihermocouple temperature sensed by thermocouple (°C)

AX distance between thermocouple bead and
the location on the surface of deposited
layer vertically above the thermocouple bead
(mm)

Toverage average surface temperature (°C)
tdeposition total deposition time (s)
€rotation strain rate due tool rotation (/s)

strain rate due tool linear motion (/s)
total strain rate (/s)

€translation

€rotal

h layer thickness (mm)

[ length travelled by feed material underneath
the tool within the residence time (mm)

Z Zener-Hollomon parameter (10'% x s~!)

D yecrysi recrystallized grain size (jum)

Dgfsa predicted grain size (jum)

Likiny experimentally measured peak intensity for
a (hkil) reflection (arb units)

Toniny intensity of the corresponding (hkil) reflec-
tion provided in ICDD JCPDS standard file
for HCP «-magnesium (arb units)

n grain growth exponent

ko grain growth equation constant

E activation energy for Mg self lattice diffu-
sion (kJ/mol)

R universal gas constant (J/K/mol)

[21,22], and possibility of producing fully dense large scale
components [25].

There are two main variants of FSAM: i) sheet-based
FSAM where sheets of a material are joined or “added” to-
gether with the aid of a friction stir processing (FSP) tool
and ii) AM fabrication via additive friction stir deposition
(AFSD) where a hollow FSP tool is employed through which
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feed material is fed for subsequent deposition in solid state
due to thermomechanical action between the tool and the feed
material. AFSD has evolved recently with development of
AM machines such as MELD®. AFSD further adds to the
advantages of FSAM by enabling fabrication of large struc-
tures with relatively higher geometrical complexities [25-27].
AFSD has been explored for AM of conventional non-ferrous
[28-31] and ferrous [32] alloys. One of the earliest papers
demonstrated successful AFSD of aluminum 2024 alloy much
before advent of MELD® technology [33]. However, there is
a sparsity of research in open literature related to the AFSD
of Mg alloys. To date, there is only one open document on
AFSD of WE43 Mg alloy which is a master’s degree thesis
[34]. Although, the work presented by Calvert in this thesis
provided a proof of concept for AFSD of Mg alloy, it lacked
in correlation of the experimental findings to various process
attributes. Understanding of the process attributes and their
effects on the evolution of microstructure in the material is
vital.

In view of the above discussion and limited literature on
FSAM of Mg, the current work demonstrated successful solid
state AM fabrication of AZ31B Mg alloy via AFSD. AZ31B
Mg is one of the most commonly used structural Mg al-
loys in automotive and biomedical industries [4,8]. Extensive
analysis of input AFSD parameters and corresponding logged
data consisting of tool torque, actuator force, and thermo-
couple temperature was conducted. Multi-scale observations
were performed on AFSD and feed material samples. The
samples were observed using laser optical profilometry for
surface characteristics. The microstructure, phase, and crystal-
lographic texture evolutions in these samples were examined.
Vickers hardness of the samples was measured in the cross-
section. This research formed as a part of a decade long effort
by the present group focusing on the advanced processing of
Mg alloys [2,8,21,22,35-42]. Tt provided a successful path-
way towards fabrication of Mg alloys using AFSD technique
and methodology for realizing processing-structure-property
relationships in AFSD produced materials.

2. Methods and materials
2.1. Additive friction stir deposition

Commercially available AZ31B Mg alloy (composition in
wt.%: Mg-3Al-1Zn-0.5Mn) bar stock with cross-section of
9.5 x 9.5 mm? and 460 mm length was utilized during AFSD.
The AFSD process was carried out using MELD® machine
(schematic shown in Fig. 1(a)). The bar stock was fed into an
actuator assembly of the machine through a hollow steel tool
of 38.1 mm outer diameter, 118 mm height, and a coaxial
square cavity of 9.5 x 9.5 mm? dimensions. AFSD experi-
ments were performed on the AZ31B Mg base plate. The tool
rotation speed (w) was kept constant at 400 rpm and the tool
linear velocity was varied in the range of 4.2 to 6.3 mm/s.
The tool was shifted upward 1 mm at the end of deposi-
tion of each layer followed by deposition of a new layer on
the top. Higher gap between the tool bottom surface and the
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Fig. 1. Schematic illustrations of (a) AFSD process using MELD® machine and (b) cross-section view of MELD® actuator-tool assembly and associated

process attributes.

Table 1
Process parameters utilized during AFSD of AZ31B Mg alloy .

Tool rotation speed, @ Tool linear velocity,

Deposition material feed

Tool residence time, ;. Feed material deposition

(RPM) Viinear (mm/s) rate, Vyeeq (mm/s) (s) time, Lreed (S)
400 4.2 2.1 9.0 2.5
400 5 2.5 7.6 2.1
400 6.3 32 6.0 1.7

base plate/deposited layer led to excessive flashing for AZ31B
Mg. The tool residence time was estimated with the aid of
following equation

2 X ROM[EI‘

Vlinear

tool = (1)
where t,,, is the tool residence time, R,,., is the tool outer
radius (Fig. 1(b)), and Vjj,eqr is the tool linear velocity. Simi-
larly, the feed material deposition time was estimated accord-
ing Eq. (2). In this case, the radius of an equivalent circle
having cross-sectional area same as the feed material was
considered (Fig. 1(b)).

2 x Rinner

Vlinear

Ifeed = (2)
where t7..4 is the feed material deposition time, Rju.r is the
tool inner radius/equivalent circular feed material radius.
The intention of current work was to examine the effect of
thermokinetics associated with various AFSD process parame-
ters on microstructure evolution in the deposited material. The
ratio between tool linear velocity (Vjiu..-) and deposition ma-
terial feed rate (Vy..s) was maintained nearly same (~0.5) for
each set of AFSD parameters to minimize generation of flash
that eventually resulted in deposition of AZ31B Mg material
with similar amount and thickness (~1 mm). The combina-
tion of process parameters (w, Viinear, and Vy..q) employed in
the current work as listed in Table 1 provided a processing
window for successful AFSD of AZ31B Mg with minimal
flash. Furthermore, process data sets related to variation in

tool torque and actuator force as a function of time were ob-
tained form the onboard machine sensor log files. In addition,
the temperature as a function of time was monitored during
AFSD by a type k thermocouple located 4 mm underneath the
base plate substrate (Fig. 1(a)). Omega multichannel digital
data acquisition module was utilized for recording the ther-
mocouple data. The temperature information was collected at
a temporal resolution of 1 s.

2.2. Material characterization

Visual observations for the surface quality of the AFSD
builds were conducted using laser confocal microscope (make
Keyence vko6). Subsequently, the AFSD builds were separated
from the base plate using wire electrical discharge machine
(EDM). The samples were sectioned in the plane perpendic-
ular to the tool travel direction (YZ plane in Fig. 1(a)) from
the central location of the builds with the aid of a preci-
sion oil cooled slow speed ceramic wheel cutter. Phase evo-
Iution within the AFSD samples and feed material was ex-
amined with the aid of a Rigaku Ultima X-ray diffractometer
equipped with Cu Ko radiation (wavelength: 0.1541 nm) op-
erated at 40 kV. The step size was maintained at 0.5°/min
and acquisition interval was 0.02°. The equipment set up and
operating conditions were maintained constant during all the
XRD runs and ensured containment of the X-ray beam within
the sample cross-section area. The obtained X-ray diffraction
(XRD) spectra were analyzed and indexed using Jade soft-
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ware consisting of International Center for Diffraction Data
(ICDD) files provided by Joint Committee of Powder Diffrac-
tion Standards (JCPDS).

Microstructure observations of the cross-sectional AFSD
samples and feed material were conducted using scanning
electron microscope (SEM) (FEI ESEM Quanta). Sample
preparation consisted of mechanical polishing using 800—
1200 grit SiC abrasive papers with ethanol as the lubricating
medium. The mechanically ground samples were carefully
washed with ethanol to remove any remnant SiC particles.
The samples were then successively polished on a Buehler
textmet cloth with diamond suspensions of 1 pm and 0.25 pm
respectively. Final polishing was carried out on a Buehler
chemomet cloth impregnated with colloidal silica suspension
of particle size of 0.06 wm. The final polished samples were
then gently lapped in ethanol on a clean Buehler texmet cloth
rotated at low speeds to obtain a clean mirror finished surface.
The prepared samples were then either subjected to etching in
acetic picral (5 mL acetic acid + 6 g picric acid + 10 mL wa-
ter in 100 mL ethanol) for ~ 3 s for SEM and optical imaging
or were immediately transferred to the SEM for electron back
scatter diffraction (EBSD) analysis. The EBSD scans were
conducted on a FEI Nova NanoSEM 230 equipment consist-
ing of a Hikari super EBSD detector operated at 20 kV. A
step size of 0.5 wm was employed during EBSD scans. Post
EBSD data analysis was carried out on TSL OIM 8.0 analysis
software to obtain inverse pole figure (IPF) maps and texture
plots. The SEM, optical, and EBSD images were analyzed us-
ing ImagelJ software to measure the grain sizes throughout the
cross-section of the AFSD samples. At least 400 grains were
measured in each sample to obtain a grain size distribution.

Vickers microhardnesses of the AFSD and the feed mate-
rials were measured using a Buehler Wilson tester. A normal
load of 25 gf was applied for a dwell time of 10 s. Ten in-
dentations were made across the cross-section of each sample
to obtain average hardness value and corresponding standard
deviation in accordance with the ASTM E384 standard [43].
The intention of this preliminary work was to probe global
and average properties of the deposits.

3. Results and discussion

As a first step of the analysis, to realize the collective
effect of tool-feed material-base plate/deposited layer interac-
tions during the AFSD fabrication, the process attributes were
monitored by the onboard sensors. These attributes helped
in estimating the heat components associated with the tool
and the deposition feed material which contributed to plas-
ticization and deposition of AZ31B Mg. Moreover, the heat
components were further converted into the average areal en-
ergy input and correlated with the microstructure evolution as
elaborated in the following subsections.

3.1. Recorded process attributes

The values of tool torque and feed actuator force collected
by the onboard machine sensors were extracted and expressed
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as a function of time for various AFSD conditions (Fig. 2).
There was a built up in tool torque during plasticization phase
until the deposition began (Fig. 2(a)). During the multi layer
deposition process, the average tool torque decreased. The
AFSD process carried out with highest tool linear velocity
of 6.3 mm/s exhibited highest overall tool torque compared
to the other two tool linear velocities of 5.0 and 4.2 mm/s
(Fig. 2(a)). The actuator force for AFSD conditions corre-
sponding to 5.0 and 6.3 mm/s tool linear velocities expe-
rienced an increase at the beginning of the AFSD process
followed by a decrease (Fig. 2(b)). On the other hand, the ac-
tuator force for AFSD condition corresponding to tool linear
velocity of 4.2 mm/s took relatively longer time to increase
and thereafter remained at higher values compared to the other
two higher tool linear velocities (Fig. 2(b)). For this partic-
ular condition, it was observed during the AFSD experiment
that a relatively high amount material removal through flash
formation occurred compared to the other process conditions.
Therefore, higher actuator force was imparted by the machine
to maintain the feed rate of 2.1 mm/s while filling the gaps
formed due to flash ejection in the previously deposited ma-
terial. As a result, an uptake in actuator force was observed
after ~80 s into the AFSD process carried out with the tool
linear velocity of 4.2 mm/s. Both the tool torque and actuator
force are reflective of the deformation behavior of the AZ31B
Mg while undergoing AFSD process. The activation of mul-
tiple competing slip systems at various times during such a
high temperature severe plastic deformation is likely to influ-
ence the required tool torque and actuator force to carry out
the successful shearing and deposition of the material during
the AFSD process.

In addition to the tool torque and the actuator force, the
temperature recorded by type k thermocouple was expressed
as a function of time (Fig. 3(a)-(c)). In all the cases, there
appeared to be a rise in the maximum and the minimum tem-
peratures experienced by the thermocouple when first two
layers were deposited (maximum temperature ranges 378—
410 °C and 387406 °C and minimum temperature ranges
202-224 °C and 206-228 °C for tool linear velocity range of
4.2-6.3 mm/s) followed by a slight decease in the maximum
temperate and slight increase in the minimum temperature
for the subsequent layers (maximum temperature ranges 401—
363 °C and 402-390 °C and minimum temperature ranges
227-228 °C and 241-266 °C for tool linear velocity range of
4.2-6.3 mm/s). During deposition of the first layer, the feed
material was rotated against the base plate at room temper-
ature. There was a built up of heat due to plasticization of
the feed material and surface/sub-surface region of the base
plate at the interface between the feed material and the base
plate as well as the friction between tool/feed material against
the base plate at the room temperature. On the other hand,
during the deposition of the subsequent layers, the previously
deposited layer or layers that remained at elevated tempera-
ture served as a build surface. This led to a rise in maximum
and minimum temperatures observed from layer 1 to layer
2 even though the distance between thermocouple and the
location of material deposition increased with added layers



JID: JMAA
S.S. Joshi, S.M. Patil, S. Mazumder et al.

[m5+;May 3, 2022;14:22]

Journal of Magnesium and Alloys xxx (xxxx) xxx

(a)

200

4.2 mm/s

- T 5.0mm/s
TTT63mmis

1754 1t
150

12541

Tool Torque (Nm)

100-{

751

50 T T :
50 100

Time (s)

Actuator Force (N)

15000
......... a2 mmis
- = - 5.0mm/s
12500 - —-=- 6.3mm/s
10000
7500 T
5000 :
i i
2500 !
0 50 100 150 200
Time (s)

Fig. 2. Variation in (a) tool torque and (b) actuator force during AFSD as a function of time for various tool linear velocities.

Table 2
Various physical process attributes generated during the AFSD process.

Deposition Shear stress Feed material
Tool linear material feed imparted by pressure, Feed heat Tool heat Input tool Input feed Total input
velocity, rate, Vyeeq tool, ;o0 Pfeca factor, Hyeeq  factor, H;pp energy, Qoo energy, Qreeq  €nergy, Qroral
Viinear (mm/s) (mm/s) (N/mm?) (N/mm?) (W) (W) (J/mm?) (J/mm?) (J/mm?)
42 2.1 11.7 81.2 290 6990 107.4 8.6 116
5 2.5 12.0 73.8 263 7148 91.8 6.2 98
6.3 32 12.7 72.6 259 7572 77.6 44 82

(Fig. 3). Although the maximum thermocouple temperatures
continued to slightly decrease after third layer onward due
to the increasing distance between the thermocouple and the
location of the deposited layers, the minimum temperatures
continued to increase slightly due to the heat build up in the
deposited volume (Fig. 3).

The recorded process data sets of tool torque, actuator
force, and thermocouple temperature during each AFSD run
were considered to estimate the average areal energy input
and surface temperature during deposition of each layer.

3.1.1. Effect of process attributes on energy inputs

The forces experienced by the tool and feed material
while in simultaneous rotation-translation motion lead to
the friction between tool/feed material-base plate. In order
to estimate the average input energy during AFSD pro-
cess, the average values of tool torque (132-143 Nm for
corresponding tool linear velocity range of 4.2-6.3 mm/s)
and actuator force (7871-6590 N for corresponding depo-
sition material feed rate of 2.2-3.2 mm/s) were extracted
from the recorded data (Fig. 2) for the entire deposition
cycle under various AFSD conditions. The average val-
ues of tool torque were converted into corresponding force
based on the tool radius (Tool force = Tool torque /R, er)-
The force data from tool was converted into the shear
stress (t) (Shear stress = W) imparted by the tool
onto spreading material underneath the tool surface. Fur-
ther, the actuator force was translated into pressure (P) com-
ponent based on the area of the tool and equivalent cir-
cular area for the feed material respectively (Fig. 1 and
Table 2). These shear and pressure components were then

translated into heat factors from the tool and feed as expressed
in Egs. (3) and (4) respectively [44,45]

2

i 3
Hipo = watool (R

inner

3 —
outer

) 3)
2

4 3 )
ered = T/‘prfeed (Rinner —3R;

inner*

h) @)
where H;oo and Hp..q are the heat factors (W) from the tool
and the feed respectively (Table 2), w is the rotational speed
of the tool (hertz) , 7., is the shear stress imparted by the tool
on the feed material spreading underneath, p is coefficient of
friction between AZ31B Mg and the tool steel, the value of
which has been reported as 0.6 [46], Py..q is the pressure on
the feed rod from the actuator (Table 2), and h as explained
earlier is the feed material layer thickness of ~1 mm being
deposited outside the hollow tool. The values of computed
heat factors from the tool and the feed material are listed in
Table 2. The heat factors associated with the tool were ~25
times higher than the heat factors associated with the feed and
decreased as a function of tool linear velocity (Table 2). The
heat factor for feed material decreased as a function of tool
linear velocity (Table 2). The tool heat factors were mainly
dependent on the torque experienced by the tool during the
AFSD. The tool torque increased as a function of the tool
linear velocity leading to a corresponding increase in the tool
heat factor as a function of tool linear velocity (Fig. 2(a) and
Table 2). Similar findings related to relation of torque with
tool linear velocity were noted in the literature [47,48]. The
heat factors associated with the feed material were driven by
the normal actuator force experienced by the material under-
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Fig. 3. Set of plots showing thermocouple based temperature measurement
as a function of time at the center of the AFSD track 4 mm below the
AZ31B Mg base plate for total input energy conditions corresponding to (a)
82 J/mm?, (b) 98 J/mm?2, and (c) 116 J/mm?2. The variations in predicted
surface temperatures using the Fourier’s law for each AFSD condition are
also plotted.

going AFSD. The average actuator force decreased as a func-
tion of tool linear velocity, therefore, reducing the heat factor
associated with the feed material (Fig. 2(b) and Table 2).
The heat input then was converted in to energy input per
unit area for the feed material and the tool as expressed in
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Eqgs. (5) and (6)

H; o1 1000
Qroot = —o—= (5)
Ataal

H feed .z feed

Qfeed = (6)

A feed

where Qo and Qpy.q are the energy inputs per unit area
(J/mm?) for the tool and the feed respectively and A is the
area of the heat source. Finally, the total input energy during
AFSD process was calculated according to Eq. (7)

Qtotal = Qfeed + Qtool (7)

The values of energy inputs from the tool and the feed ma-
terial along with their summation as total energy input are
listed in Table 2 and plotted as a function of linear tool ve-
locity (Vjinear) and feed material rate (Vy.eq) in Fig. 4. These
values decreased with an increase in the linear tool velocity
and deposition material feed rate. Major contribution to the
total energy input was from the tool. The energy inputs as-
sociated with the tool (Q;e,) and the feed material (Qfceq)
were directly proportional to the residence/deposition time
and inversely proportional to the respective areas of the heat
sources (Egs. (5) and (6)). The residence/deposition time as-
sociated with the tool (f) and the feed (ts..s) decreased
with an increase in the tool linear velocity, thus, reducing
the total input energy (Qjnpu) as a function of tool linear ve-
locity (Viinear) (Table 1). Furthermore, the effective tool area
was ~7 times larger compared to the feed material. There-
fore,although the energy input imparted by the tool corre-
spondingly scaled down, it remained ~15 times higher than
the energy input from the feed. Due to the combination of var-
ious physical attributes discussed here, the estimations as per
Eq. (7) indicated a decrease in the total input energy (Qyorar)
(J/mm?) as a function of tool linear velocity (Fig. 4).

3.1.2. Estimation of surface temperatures during AFSD
process

With the aid if the heat factors computed from Eqgs. (3) and
(4) along with the temperature data recorded by the thermo-
couple during the AFSD process (Fig. 3), the evolution of
surface temperature due to combined interaction of tool and
feed material with the deposited layer was predicted based on
Fourier’s law of heat conduction as expressed in the following
equation

®)

X —-T
Htool + ered — _kA|: Sur face Thermgcouplgi|

AX

where k is the temperature dependent thermal conductivity
provided in the literature [49], A is the total area of con-
tact of the tool (A;,) and the feed material (Af..q) with the
deposit/base plate, Ts,,rqce 15 the temperature to be predicted,
T7 hermocouple 18 the temperature recorded by thermocouple, and
AX is the distance between thermocouple bead and the loca-
tion on the surface of deposited layer vertically above the ther-
mocouple bead. The surface temperature at the locations ver-
tically above the thermocouple bead similar to the first layer
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Fig. 4. Calculated average energy input associated with the tool and feed material, and corresponding total energy input as function of process parameters

during AFSD of AZ31B Mg.

Table 3
Predicted physical parameters and grain sizes for AFSD process .

Zener— Final predicted  Final predicted
Total energy Average surface Total deposition Hollomon Recrystallized grain size, grain size,
input, Qroral temperature, time, Zgeposition  Total strain rate, parameter, Z grain size, Dyjysq for Dgjysa for
(J/mmz) Tavemge (Co) (S) E.toral (Sil) (1013 Xsil) Drecryxt (lkm) n=25 (Mm) n=29 (U«m)
82 390.7 130 512.16 2.1 2.0 6.0 31.1
98 388.9 155 512.13 2.3 1.9 6.3 323
116 370.5 185 512.11 4.6 1.6 5.1 27

was estimated for each layer for a given AFSD condition and
plotted in Fig. 3. During these temperature calculations, as an
assumption, the radiative heat losses from the surface region
during the deposition process were not considered. The tem-
poral evolution of estimated temperature followed the same
trend as that of temporal variation of temperature recorded
by the thermocouple (Fig. 3). The estimated surface temper-
ature increased from layer 1 to layer 2 and then appeared to
reach a stable value for each AFSD condition. Furthermore,
the surface peak temperatures were higher by ~30 to 100 °C
compared to the peak temperatures sensed by the thermocou-
ple and estimated average surface temperature ranged from
370.5 to 390.7 °C (Table 3). The predicted surface tempera-
tures were relatively lower for AFSD sample corresponding to

116 J/mm? compared to the other two lower input energy con-
ditions. As mentioned earlier, this particular AFSD condition
experienced relatively highest amount of material ejection via
flash formation among the process conditions employed in the
current work. Therefore, the heat input for this particular con-
dition was partially dissipated through material deformation
via flash rather than the layer deposition.

With this examination of various process attributes, es-
timated total energy input, and predicted surface tempera-
ture during the AFSD process, the AFSD fabricated AZ31B
Mg samples were evaluated for the structure-property evo-
lution. As the initial step, the AFSD AZ31B Mg sam-
ples were visually observed and surface characteristics were
recorded.
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Fig. 5. Optical overviews of AFSD AZ31B Mg samples and corresponding laser optical surface profilometry images revealing the areal surface roughness
values and spacing between the ripple marks. (2) Qyyqs = 82 J/mm?, (b) Qyrr = 98 J/mm?, and (¢) Qi = 116 J/mm?.

3.2. Surface characteristics

As a first level of analysis, the deposited samples were
subjected to visual examination under the laser confocal mi-
croscope (Fig. 5(a)—(c)). The sample thicknesses were mea-
sured as 4.2, 4.15, and 4.3 corresponding to the total energy
input of 82, 98, and 116 J/mm? respectively. During AFSD,
the first layer was deposited on the base plate while the previ-
ously deposited layer served as the base for subsequent layer.
Although, majority of the high actuator force (Fig. 2(b)) was
expended in deformation and subsequent deposition of the
feed material on the base plate/previous layer, it is likely
that the previous layer was also partially deformed in sur-
face/subsurface region due to the inherent nature of the pro-
cess (transfer of part of the axial force through deformed feed
material). However, if not impossible, it was experimentally
difficult to probe in-situ manner the extent and spatial distri-
bution of such partial deformation of a previous layer while
serving as a base for the subsequent layer deposition. During
such surface/sub-surface deformation of the material being
deposited and the prior layer/base plate, portion of the mate-
rial was ejected through the mode of flash formation around

the edges of deposit. Thus, although the stand-off distance
between the tool and the base plate was maintained at 1 mm
and tool was shifted upwards by 1 mm at the end of each
layer followed by deposition of a new layer, the deposited
layer had thickness reduced by ~150 pm.

The surfaces of all samples possessed concentric ripple
marks that were generated due to simultaneous rotational and
translation motion of the tool. These ripple marks were spaced
at distance of 940 + 14 pum for 82 J/mm?, 750 £+ 14 um
for 98 J/mm?, and 320 & 40 pm for 116 J/mm? resulting
in average surface roughness (S,) of 9.858 pwm, 13.740 pm,
and 19.591 pm respectively (Fig. 5). The ripple formation is
attributed to the mechanism of plasticized material transfer
from the feed stock that is attached to the rotating tool due
to the shear force experienced at the interface by the relative
motion of the base plate/layer. Generation of frictional heat
and heat concentration at the contact between the tool and
the base plate/deposited layer during AFSD caused reduction
in flow stress of the feed material thereby resulting in severe
plastic deformation in the form of ripples.

During AFSD process, the tool was positioned at the con-
stant distance (~1 mm) from the substrate (base plate and/or
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previously deposited layer). Hence, it was reasonable to as-
sume that the average layer thickness and average mass de-
posited remained same throughout the process. Furthermore,
the area of hollow tool through which the feed material
was delivered in contact with the substrate and its rotational
velocity was constant. In light of this, the flow stress re-
mained directly proportional to the linear velocity and the
residence/contact time of the tool. In present work, linear ve-
locity was varied from 4.2 mm/s to 6.3 mm/s thereby varying
the residence time from 9.0 to 6.0 s. Such dependence of
the flow stress driven deformation on the tool linear velocity
manifested into evolution of characteristic surface ripples with
variable spacial distance between them and average surface
roughness (Fig. 5). Minor physical defects (porosities) were
observed on the surface of the AFSD samples correspond-
ing to the lowest linear velocity of 4.2 mm/s (116 J/mm?).
Such defects plausibly arose due to higher total energy input
which likely led to localized joining of the feed material to the
tool and its eventual removal as flash instead of shearing and
deposition [50].

3.3. Microstructure, phase, and crystallographic texture
evolution

Preliminary examination of phases present in the feed ma-
terial and phase evolution within the AFSD samples by XRD
suggested presence of «-Mg HCP phase in both the cases
(Fig. 6). Interestingly, the intensity of (1011) pyramidal peak
dropped significantly for AFSD samples compared to the
feed material (Fig. 6). Correspondingly there was an increase
in the peak intensity of the primary (1010) and secondary
(1120) prismatic planes for the AFSD samples compared to
the feed material (Fig. 6). Considering that the experimen-
tal as well as sampling conditions were maintained constant
during each XRD run and the XRD spectra were plotted at
same X and Y axis scales, possibly the change in peak inten-
sities could be attributed to changes in the fraction of specific
crystallographic planes lying parallel to the ¥ —Z sample
plane.

To quantify the intensity variation corresponding to var-
ious crystallographic reflections in AFSD samples and the
feed material, intensity ratios were computed according to
Eq. (9) [51,52]

) ) Tiry [ 1 L nkiny -
Intensity Ratio = ———| — —_— 9
y ; pe E )

0(hkil) Toniiry
where Ij; is an experimentally measured peak intensity for
a (hkil) reflection, I,y is a intensity of the corresponding
(hkil) reflection provided in ICDD JCPDS standard file for
HCP o magnesium (file number 00-004-0770), and n’ is the
number of reflections (in present case 10) considered for cal-
culation from a given spectrum.

Intensity ratios for all the peaks were computed as
per Eq. (9) and select intensity ratios for (1010),,,,;%,”6,
(lOil)pymmidal, (lléo)prismatic‘s and (2021)pymmidal reflections
were expressed as a function of total input energy (Qrorar)s
tool linear velocity (Vjineqr), and deposition material feed rate
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(Vfeea) (Fig. 7). The intensity ratios of the feed material in-
dicated a random distribution of crystallographic planes. For
the AFSD samples, the intensity ratios for prismatic planes
increased initially by nearly two and half folds for the low-
est total input energy condition of 82 J/mm? when compared
to the feed material (Fig. 7). With further increase in input
energy, the AFSD samples showed a marginal reduction in
intensity ratios of the prismatic planes. On the contrary, the
intensity ratios for the pyramidal reflections corresponding to
AFSD samples experienced an initial steep decrease followed
by a marginal increase as a function of total input energy
(Fig. 7). These observations suggested that AFSD samples
had a pronounced increase in the density of prismatic planes
lying parallel to the YZ plane (Fig. 1). The reasons behind
such a distinct increase in the fraction of prismatic planes in
the YZ plane of the AFSD samples can be attributed to the
development of a basal {0001} texture which has been more
conclusively established in the SEM-EBSD analysis presented
subsequently in this paper. With this preliminary idea about
the phase evolution and variation in intensity ratios of crystal-
lographic reflections with respect to the process parameters in
the AFSD AZ31B Mg, the microstructures of these samples
were observed.

SEM observations on feed material and AFSD AZ31B
Mg samples suggested presence of equiaxed grains of «-Mg
(Fig. 8). The feed stock appeared to have a wide grain size
distribution with an average grain size of 13.5 wm, with some
of the larger grains in the regime of 50-60 pum (Fig. 8(a)).
The grain size shifted to a finer distribution for AFSD sam-
ples as compared to the feed material (Fig. 8(b)-(d)). For
the lowest total input energy (Q;nq) samples corresponding
to 82 J/mm?, the grain size distribution appeared to spread
over very narrow range of finer grains (< 5 pm) with an
average grain size of 5.0 pm (Fig. 8(b)). With an increase
in the total input energy to 98 J/mm? (average grain size of
5.2 wm) and 116 J/mm? (average grain size of 6.0 wm), the
proportion of fine grains (< 5 wm) reduced even further along
with the existence of lower proportion of larger grains (5—
35 pm) (Fig. 8(c) and (d)). These observations suggested that
the feed material likely underwent dynamic recrystallization
during AFSD. Moreover, the recrystallized grains plausibly
commenced the growth process due to the thermal exposure
experienced as a result of reheating within the same layer and
during deposition of additional layers.

The grain size evolution described above during AFSD
process is a resultant of thermomechanical nature of the pro-
cess. Such thermomechanical effect can be correlated to the
strain rate associated with the AFSD process that in turn
is affected due to combined rotation and translation motion
of the tool and feed material. The feed material thickness
outside of the hollow cavity experienced simultaneous soft-
ening/deformation and spreading due to frictional heat and
forces generated during AFSD. Based on the simultaneous
occurrence of these complex physical phenomena and consid-
ering that only the tool linear velocity was varied during the
experiments keeping all other process parameters as constant,
the total strain rate was approximately expressed according to
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Fig. 6. XRD spectra in YZ plane for the feed material and AFSD AZ31B Mg samples.

the following equation.

(10)

€total = €rotation t €transiation

where €,5uion a0d € ransiarion are the strain rates associated
with rotational and linear motion of tool respectively and €;,4;
is the summation of rotational and translation strain rates. The
strain rate associated with the rotational motion of the tool is

expressed according to the Eq. (11) [53-56]

2 Rt ool %

Y an

€rotation =

Whereas, the strain associated due to transnational motion of
the tool is expressed as

. _ Vlinear
€translation = I

12)
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Fig. 7. Evolution of intensity ratios corresponding to select prismatic and pyramidal atomic plane reflections as a function process parameters during AFSD

of AZ31B M.

where 1 is the length traveled by the feed material underneath
the tool while being deformed/sheared within the residence
time for a given tool linear velocity. In present case, upper
bound of such a characteristic 1 was considered equal to the
tool diameter. The values of total predicted strain rates (€;44;)
are presented in Table 3. It appeared that, the change in linear
velocity made minor differences in the total strain rate for the
range of linear velocities of the present work. Furthermore,
within the range of linear velocities (Viipeqr) (4.2—6.3 mm/s)
employed in the present work, the predicted total strain rate
(€rora1) appeared to vary marginally (Table 3). However, the
manifestation of influence of the AFSD process variables (lin-
ear velocity and total input energy) on deformation charac-
teristics, as described earlier, is evident in the surface mor-
phologies (roughness and ripple marks). On the contrary, the
strain rate is likely to influence dynamic recrystallization and
thermal assisted grain growth. These effects are discussed be-
low.

The Zener—Hollomon parameter which couples strain rate
and temperature effects towards deformation characteristics

was extracted from the strain as follows using the overall
average surface temperature for each condition [1,53,57-60].

E
—} 13)
RTSurface Average
where Z is the Zener—Hollomon parameter, E is the activation
energy for Mg self lattice diffusion (135 kJ/mol) [61,62], R
is the universal gas constant (8.314 J/K/mol). The estimated
values of Z are listed in Table 3. The Z parameter was utilized
to predict the recrystallized grain size which evolves during
a single pass deposit of AFSD without any influence of the
reheating effects using the following equation [53]

INDyecryy =9 —0.27InZ

Z= etz;talexp|:

(14)

where D¢y 1S the recrystallized grain size within the AFSD
deposit in wm. The computed values of D, were in the
range of 1.6 to 2.0 wm for the input energy range of 82 to
116 J/mm? (Table 3). These predictions suggested that the
combination of temperature and the strain rate led to recrys-
tallization of the severely deformed feed material leading to
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Fig. 8. SEM micrographs and grains size distribution plots corresponding to (a) feed material and AFSD AZ31B Mg samples deposited with (b) Q;prq1 =

82 J/mm?, (¢) Qrpar = 98 Jmm?, and (d) Qserqr = 116 J/mm?.

a fine grain size in freshly deposited AZ31B Mg. However,
the microscopy observation suggested that the grain size dis-
tribution in the AFSD samples was relatively wider with ma-
jority of the grains in the range of 0-10 pm along with few

grains as large as 30-35 pm at the far end of the distribution
(Fig. 8 (b)—(d)). This indicated that the recrystallized grains
experienced growth due to in-layer reheating effects as well
as reheating due to subsequently added layers. The following

12
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equation was employed to predict such grain growth [63]
—E ]

—_— |1

RTSurface Average

where Dupsp is the final grain size in multi layered AFSD
deposits, n is the grain growth exponent, ky is a constant =
2.75 x 1073 [61,63], t is the total time of deposition extracted
from the thermocouple data (Fig. 3 and Table 3). Generally,
the value of n is obtained for isothermal grain growth studies
by monitoring the grain size as a function of time. However,
AFSD is a dynamic process wherein temperatures are varying
as a function of time throughout the thickness of the samples
being deposited. As a result, the values of predicted grain size
were monitored for various n values. It was observed that
n = 2.5-2.9 provided the values between ~5-30 pm range
(Table 3). These values were reasonably closer to the actu-
ally observed grain size distributions in the microstructures of
the AFSD samples (Fig. 8 (b)—(d)). Such observations sug-
gested that, due to the dynamic nature of the AFSD process,
multiple grain growth exponents may have operated through-
out the cross-section of the AFSD samples being fabricated.
These estimates of grain sizes coupled with microscopy ob-
servations suggested that in a multi-layered/multi-pass ther-
momechanical process such as AFSD, the reheating can lead
to commencement of the grain growth in the deposited re-
crystallized material. In addition, it was likely that some of
the grains experienced preferential growth. Such a preferential
grain growth could be attributed to the microscopic crystallo-
graphic texture evolution [64]. In light of this, EBSD analysis
was performed on the samples as described in the following
paragraphs.

To further probe into the microstructure and crystallo-
graphic texture evolution at micro level, EBSD scans were
conducted on the AFSD samples in the YZ plane transverse
to the deposition direction [20] and were compared with the
EBSD data from the feed material (Fig. 9(a)—(d)). As ob-
served during SEM examination (Fig. 8), the grain size was
smaller for the AFSD samples processed with lower energy
densities of 82 and 98 J/mm? compared to the feed material
(IPF maps in Fig. 9(b) and (c)). With an increase in the total
energy input to 116 J/mm? during AFSD, there was a shift in
the grain size towards the coarser side (IPF map in Fig. 9(d)).

As a next step, to analyze the evolution of crystallographic
texture, the texture plots for (0001), (1010), and (1120) were
observed together with the HCP unit cell and standard 0001
pole figure [65] (Fig. 9(a)—(d)). The feed material wielded
presence of a weak basal texture indicated by the diffuse in-
tensity maxima at the north and south poles of the (0001)
texture plot shown in Fig. 9(a). With the thermomechani-
cal action of AFSD on the feed material, for the recrystal-
lized deposited feed material corresponding to lowest energy
density of 82 J/mm?, the basal planes aligned mainly per-
pendicular to the Z axis ((0001) texture plot in Fig. 9(b)).
Minor presence of basal planes perpendicular to the view-
ing X axis was observed. Furthermore, there was presence of
weak prismatic texture indicated by the (1010) and (1120)
texture plots (Fig. 9(b))). Similarly, the AFSD sample pro-

-D"
recryst
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cessed with total input energy of 98 J/mm? exhibited pre-
dominantly basal texture along with a slightly higher degree
of prismatic texture (texture plots in Fig. 9(c))). The sample
processed with highest total input energy of 116 J/mm? exhib-
ited the strongest basal texture amongst all the AFSD samples
with a high density of basal (0001) planes aligned perpendic-
ular to the Z axis ((0001) texture plot in Fig. 9(d)). These
findings were in agreement with the XRD spectra and the
extracted intensity ratios which suggested that the prismatic
planes were parallel to the X axis of the AFSD builds (Figs. 6
and 7).

In Mg based alloys, basal system ({0001} and (1120))
is the closed pack slip system with lowest critical resolved
shear stress (CRSS) [66]. The non basal slip systems, i.e.,
prismatic ({1010} and (1210)) and pyramidal ({1011} and
(1123) or {1122} and (1123)) have approximately 100 times
higher values of CRSS compared to the basal slip system
[66-72]. As a result, the basal slip system dominates dur-
ing deformation resulting in the basal texture evolution in the
deformed Mg based materials [73—75]. The present analysis
of EBSD and XRD also revealed predominantly basal tex-
ture within the AFSD samples (Figs. 6 and 7, and texture
plots in Fig. 9). The intensity of basal texture increased as a
function of total input energy. Furthermore, minor presence
of prismatic texture was observed for samples processed with
low total input energies (higher tool linear velocities). It has
been reported that the prismatic slip system experiences rel-
ative increase in activity during the deformation in following
conditions: i) presence of solute alloying elements leading to
ease of prismatic slip activation due to reduction in Peierls
stress [2,76,77]; ii) strain levels greater than 0.008 during
the deformation process [78,79]; and iii) higher temperatures
during the deformation process easing the thermal activation
of the prismatic slip system [80,81]. In the present case, the
AZ31B Mg alloy has aluminum and zinc in the solid solu-
tion of w-Mg. Moreover, typical strains during friction stir
based processes have been reported to be in the range of
—10 to 5 [53,82]. In addition, it is reported for FSP that the
strain increases with an increase in the tool linear velocity
[83]. Lastly, the peak temperatures reached during AFSD of
the material were 0.75 to 0.8 times that of the liquidus tem-
perature of 620 °C of AZ31B Mg [49] (Fig. 3). Therefore,
the AFSD samples processed with higher tool linear veloci-
ties corresponding to 5.0 and 6.3 mm/s (total input energies
of 82 and 98 J/mm?) would have experienced activation of
prismatic slip alongside the dominant basal slip resulting in
a dominant basal and weak prismatic texture (texture plots
in Fig. 9(b) and (c))). It is worth mentioning here that, cur-
rently in the present research group, an extensive study is
ongoing with the aid of high resolution EBSD and site spe-
cific transmission electron microscopy to examine the spatial
multi-scale evolution of microstructure and phase evolution
which will be reported in a separate manuscript. In addi-
tion, parallel efforts are ongoing within the present research
group to computationally predict the spatial-temporal evolu-
tion of residual stresses in the AFSD materials which drive
the resultant microstructure and will be reported in the fu-
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ture. The intentions of the present preliminary work were to  3.4. Hardness measurements

provide initial understanding of the AFSD process attributes

and their effects on the evolution of microstructure in the In order to realize the property response of the AFSD sam-
material. ples, the Vickers hardness measurements were conducted in
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the YZ plane of the AFSD samples. Multiple indents were
obtained throughout the cross-section at various locations of
the deposits to probe the global and average values of hard-
ness for each deposit. The hardness values were 56 + 1.5,
58 £ 1.7, and 57 &+ 3 Hv for the samples corresponding
to the total energy inputs of 82, 98, and 116 J/mm? respec-
tively. On the other hand, the feed material exhibited hardness
of 53 £ 2 Hv indicating that there was a marginal increase
in the hardness of AFSD samples attributed to the grain re-
finement observed for these samples (Figs. 8 and 9).

4. Conclusions

The present work explored solid state AM fabrication of
AZ31B Mg alloy using AFSD technique. AFSD sample de-
posited with highest total energy input of 116 J/mm? ex-
hibited a relatively rough surface (S, = 19.5 pm) compared
to samples deposited with lower energy densities of 98 and
82 J/mm? (R, values of 13.7 and 9.8 um respectively). All the
AFSD samples indicated presence of «-Mg phase. The mi-
crostructure of AFSD samples consisted of equiaxed grains.
The AFSD samples exhibited tighter grain size distributions
when compared to the feed material. Majority of the grains
were in the range of 0—10 pm for the AFSD samples with
few larger grains in the range of 30-35 pm at the far end of
the distribution. Based on Zener—Hollomon parameter related
calculations, it appeared that the AFSD produced a recrys-
tallized microstructure with fine grains in a freshly deposited
material which was then subjected to growth due to reheating
within the same layer and due to subsequently added layers.
The feed material had a weak basal crystallographic texture.
Application of AFSD on the feed material led to evolution
of predominantly basal texture with basal planes aligned per-
pendicular to the Z axis of the builds. Vickers hardness of the
AFSD samples was marginally higher (hardness = 56 & 1.5,
58 + 1.7, and 57 £ 3 Hv for samples corresponding to energy
densities of 82, 98, and 116 J/mm?) compared to the feed ma-
terial (hardness = 53 £ 2 Hv). The present work provided a
pathway for AM of AZ31B Mg alloy using novel solid state
AFSD technique. It also laid out the framework for utiliz-
ing process attributes to realize processing-structure-property
relationships in AFSD produced materials.
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