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Abstract: A high-building multi-directional pipe joint (HBMDPJ) was fabricated by wire and arc additive manufacturing using high-strength
low-alloy (HSLA) steel. The microstructure characteristics and transformation were observed and analyzed. The results show that the forming
part includes four regions. The solidification zone solidifies as typical columnar crystals from a molten pool. The complete austenitizing zone
forms from the solidification zone heated to a temperature greater than 1100°C, and the typical columnar crystals in this zone are difficult to
observe. The partial austenitizing zone forms from the completely austenite zone heated between Ac1 (austenite transition temperature) and
1100°C, which is mainly equiaxed grains. After several thermal cycles, the partial austenitizing zone transforms to the tempering zone, which
consistes  of  fully  equiaxed  grains.  From  the  solidification  zone  to  the  tempering  zone,  the  average  grain  size  decreases  from  75  to
20 μm. The mechanical properties of HBMDPJ satisfies the requirement for the intended application.

Keywords: wire and arc additive manufacturing; high strength low alloy steel; microstructure; inclusions; fine grain ferrite; mechanical prop-
erties

 

1. Introduction

High-building  multidirectional  pipe  joints  (HBMDPJs)
are a critical part in high building structures, and the mechan-
ical properties of HBMDPJs directly influence the safety of
high buildings [1]. A HBMDPJ is usually composed of sev-
eral  pipes from different  directions and bear  different  loads
from different  directions  [2].  At  least  six  intersecting  pipes
are required  to  form  a  HBMDPJ,  and  the  intersecting  sur-
faces are complex spatial surfaces that are difficult to fabric-
ate.  Currently,  the main method used to form HBMDPJs is
casting  [3–4].  However,  casting  defects,  such  as  shrinkage
and pores,  are  easily  introduced,  and it`s  difficult  to  ensure
the high performance of the casting part. At the same time, a
HBMDPJ is single product [5] whose structure varies at dif-
ferent positions in one high building; in such cases, the cast-
ing flow is long and the production cost is very high.

Wire and arc additive manufacturing (WAAM) is a nov-
el forming method which selects arc as a heat source to melt
metal  wire  and  deposits  metal  layer  by  layer  to  fabricate  a
metal structure [6]. WAAM enables the fabrication of com-
plex structures by transforming a three-dimensional structure
into a two-dimensional layer structure. It has the advantages

of a high forming efficiency, high material utilization, and the
ability  to  form  arbitrarily  complex  space  surface  structures
[7–9]. Therefore, WAAM is an effective method to fabricate
HBMDPJs.

The HBMDPJ is designed to withstand various static and
dynamic loads that require high stability with good strength
and toughness. The mechanical properties of a forming part
are directly influenced by its microstructure. In order to fab-
ricate  pipe  joints  with  excellent  mechanical  properties,  the
microstructure  and  phase  transformation  of  the  material
should be controlled. Compared with traditional manufactur-
ing  methods,  WAAM  is  a  reciprocating  heating  process  in
which the formed part undergoes several thermal cycles, res-
ulting in a special microstructure. Fachinotti et al. [10] estab-
lished finite-element  modeling  to  analyze  heat  transforma-
tion in  shape-metal  deposition.  During  the  deposition  pro-
cess, the forming part is subjected repeatedly to high heating
and cooling rates, which results in unique morphologies and
microstructures.  Ge et  al.  [11] studied the effect  of  thermal
history  on  the  microstructure  and  mechanical  properties  of
2Cr13 steel prepared by WAAM. They found that the cool-
ing rate first decreases quickly and then remains stable in lay-
ers  15  to  25  during  deposition  and  that  the  amount  of 
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martensite increases gradually from layer 5 to 15. Asala et al.
[12]  analyzed  the  microstructure  development  of  718Plus
during WAAM in detail. They found that the peak temperat-
ure of thermal cycling varies by position. Other regions un-
der the top layer experience heat treatment from the post-de-
position layer, which causes some of the eutectic particles to
dissolve into the γ-matrix and influence the mechanical prop-
erties of the resultant steel. Chen et al. [13] investigated the
microstructure and mechanical properties of austenite stain-
less steel 316L fabricated by WAAM. They found that, with
increasing number of layers, the peak temperature decreases
from the γ-phase zone temperature to 600°C. Under different
peak temperatures, the δ phase gradually dissolves into the γ
phase and σ phase and the microstructure changes from a re-
ticular morphology to a fine vermicular morphology. The mi-
crohardness of the forming part increases from top to bottom.
Wang et al. [14] researched the effect of location on the mi-
crostructure and  mechanical  properties  of  Inconel  625  pre-
pared by WAAM. They demonstrated that the previous layer
undergoes several different thermal cycles, which influences
the segregation behavior of Nb and Mo. The contents of Nb
and Mo directly affect the Laves-phase content, which causes
the microhardness and tensile strength to vary at different po-
sitions.

Numerous researchers have investigated the microstruc-
ture  and  mechanical  properties  of  stainless  steel,  ATI  718,
and Inconel  625  fabricated  by  WAAM.  However,  few  re-
searchers  have  studied  the  microstructure  and  mechanical
properties of high-strength low alloy (HSLA) steel structural
parts fabricated by WAAM. Rodrigues et al. [15] studied the

effect of thermal cycling on the microstructure and mechan-
ical properties of HSLA steel, investigating the influence of
heat input on the grain size of the forming part. However, the
transformation mechanism and characteristics  of  the  HSLA
steel’s microstructure were not investigated.

Therefore, in the present paper, we measured the temper-
ature  field  and  thermal  cycle  during  WAAM,  analyzed  the
characteristics and transformation of the microstructure, and
tested the mechanical properties of the formed part. The ex-
perimental results provide basic data for fabricating high per-
formance, complex HSLA structures such as HBMDPJs.

2. Experimental

HSLA  wire  was  used  to  fabricate  a  HBMDPJ  by
WAAM, and the diameter of the wire was 1.2 mm; the chem-
ical  composition of the deposited part  is  shown in Table 1.
The equipment for WAAM was a KUKA KR30-3HA robot
and a Fronius CMT (cold metal transfer) arc welding power
source.  The process  was conducted under  an arc  current  of
130–140 A, arc voltage range of 18–20 V, and torch travel
speed of 7–8 mm/s. The shielding gas was CO2, and the flow
rate was 15–20 L/min. During deposition, the inner and outer
contours of pipes were formed first and then the center por-
tion  was  filled  by  equal-thickness  offsetting.  The  offsetting
distance was approximately 4–5 mm. A K-type (nickel chro-
mium–nickel silicon) thermocouple was welded onto the top
layer  of  the  deposited  metal,  and  the  thermal  cycle  curves
were gathered.
 

 
Table 1.    Chemical composition of depositing part wt%

C Mn Si Cr Ni Mo Zr S P Fe
0.08 1.40 0.78 0.30 0.70 0.50 0.009 0.001 0.001 Bal.

 

To analyze the distribution of temperature of the forming
part during deposition clearly, we simulated the temperature
field using the software ABAQUS. The heating source is de-
scribed using the double-ellipsoidal model [16] (Fig. 1), and
the heat  input  rate  density  pre-unit  volume is  calculated by
Eqs. (1)–(2).
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where qf and qr are the heat flux density of the front and the
rear; Q is the total heat input; ff and fr are the portion of heat
distributed in the front and rear semi-ellipsoid, where ff + fr =
2; af (or ar), bh, and ch are the semi-axes of the front (or rear)
semi-ellipsoid.
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Fig. 1.    Schematic diagram of double ellipsoid model. X is the
direction of  the arc movement, Y  is  the radial  direction of  the
pipe, Z is the vertical direction, and O is origin.
 

During the deposition,  the size of forming part  is  much
larger than that of the arc. Heat exchange occurs through two
main  mechanisms:  heat  convection  and  heat  radiation  [17].
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The corresponding thermal boundary conditions are:

λ
∂T
∂n
= h (T −T0) (3)

λ
∂T
∂n
= εσ

(
T 4−T 4

0

)
(4)

where n is the boundary normal vector, λ is the thermal con-
ductivity of  the material  (W·m−1·K−1), h is  the heat  transfer
coefficient  (W·m−2·K−1), T and T0 are  temperature  of  the
forming part and the surrounding environment (K), respect-
ively, ε is the surface emissivity of forming part, and σ is the
Stefan–Boltzmann constant (5.67 × 10−8 W·m·K−4). The oth-
er  thermophysical  parameters  were  calculated  using  the
JMatPro software. To verify the results of the simulation, a
thermal  infrared  (IR)  camera  was  used  to  capture  the  real-
time temperature of the forming part during deposition. The
temperature range was set to 200–2000°C, and the frame rate
was 15 Hz.

Metallographic specimens were cut  from the depositing
part  using  an  electric  discharge  wire,  followed  by  standard
mechanical  polishing  and  etching  with  nitric  acid  alcohol
solution (4 mL HNO3 and 96 mL C2H6O). The microstruc-
ture was observed by optical microscopy (OM) and scanning
electron  microscopy  (SEM).  A  Tecnai  G2  F30  field-emis-
sion  transmission  electron  microscope  was  used  to  observe
and analyze the microstructure and metallographic structure.

To observe the austenitization process in situ, high-tem-
perature laser scanning confocal microcopy (HTLSCM) was
conducted.  The disc  samples  with 7  mm in diameter  and 3
mm  in  thickness  were  cut  from  the  depositing  metal.  Two

samples  were  heated  at  a  rate  of  16.7°C·s−1 to  1350°C and
maintained  for  5  s.  The  corroded  samples,  which  is  etched
with  nitric  acid  alcohol  solution  (4  mL  HNO3 and  96  mL
C2H6O),  and  the  uncorroded  samples  were  used  to  observe
the transformation  and  grain  growth  of  austenite,  respect-
ively.

The specimens for mechanical tests were removed from
the deposited part, and the direction was horizontal (arc gun
movement direction) and vertical (perpendicular to the direc-
tion of arc gun movement). The equipment included an AG-
IC 100 kN tensile testing machine and a ZBC3302-A Charpy
impact machine, and the tensile and impact testing standards
were ASTM E8M and ASTM E32, respectively. After mech-
anical  testing,  the  fracture  morphologies  of  the  specimens
were observed by SEM.

3. Results and discussion
3.1. Temperature field and thermal cycle

3.1.1. Temperature field
Fig. 2(a) shows the actual temperature distribution of the

forming part during the deposition measured by the IR cam-
era, and Fig. 2(b) shows the simulation results by software.
According to the isotherms and temperature values of corres-
ponding positions in these two figures, the temperature pro-
file obtained by thermal simulation is consistent with the ac-
tual temperature  distribution  during  the  deposition.  There-
fore, the numerical simulation results could be used to ana-
lyze the temperature distribution during the deposition.
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Fig. 2.    In situ temperature field by measurement and simulation, corresponding to the lateral direction: (a) measurement result by
infrared thermography; (b) simulation result.
 

As  shown  in Fig.  2,  during  deposition,  the  maximum
depth of the molten pool (>1500°C) is 2.0 mm, where liquid
metal solidifies and crystallizes to form a solidified structure
in what is known as the solidification zone. The other region
below  the  molten  pool  is  the  heat-affected  zone  (HAZ),
where the  temperature  is  greater  than  Ac1(austenite  trans-
ition temperature). The depth range of the HAZ ranges from
2.0 to 3.5 mm, as shown in Fig. 2(b). According to iron and
carbon phase diagram, the microstructure of HSLA steel un-
dergoes  different  transformations  at  different  temperatures.
Therefore, the HAZ can be divided into three regions.

As shown in Fig. 2, the temperature ranges from 1100 to
1500°C in the depth range from 2.0 to 2.5 mm. The micro-
structure of this zone is formed form the solidification zone.
The HTLSCM was used to simulate the thermal cycle to ob-
serve  the  microstructure  transformation  during  the  heating,
and the results is shown in Figs. 3(e)–3(i). As shown in Figs.
3(f) and 3(g), when the temperature reaches 1050°C, the pro-
portion of austenite is just 90%; only when the temperature
reaches  1100°C,  the  proportion  of  austenite  is  greater  than
98%. It’s can be seen that only when the temperature is high-
er than 1100°C, the microstructure will transform to austen-
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ite completely. Therefore, this region is called the complete
austenitizing zone.

The temperature ranges from Ac1 to 1100°C in the depth
range from 2.5  to  3.5  mm. In  this  region,  the  solidification

undergoes two thermal cycles;  however,  the temperature of
second heating is insufficient to promote complete austenit-
ization,  and  the  proportion  of  austenite  is  only  ~50%  (Fig.
3(h)). This region is called the partial austenitizing zone.
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Fig. 3.    (a–d) The microstructure distribution of the forming part and (e–i) the microstructure transformation of the solidification
zone after the different number of thermal cycles observed by HTLSCM : (e) before thermal cycle, corresponding to the (a); (f, g)
after one thermal cycle, corresponding to the (b); (h) after two cycles, corresponding to the (c); (i) after three cycles, corresponding to
the (d).
 

At  depths  below  3.5  mm,  the  temperature  is  less  than
Ac1. In this region, the solidification undergoes three thermal
cycles  but  the  phase  transformation does  not  occur  and the
microstructure  is  characterized  by  equiaxed  crystals  (Fig.
3(i)). This region is called the tempering zone.

Therefore, the HSLA structure formed by WAAM could
be divided into four regions (Fig. 3): the solidification zone,
complete  austenitizing  zone,  partial  austenitizing  zone,  and
the tempering zone (Figs. 3(a)–3(d)). The microstructure and
crystal  structure  in  each  region  exhibit  distinctly  different
characteristics.
3.1.2. Thermal cycles

Fig.  4(a) shows  a  schematic  of  the  thermal  cycles,  and
point  A  is  the  measurement  point. Fig.  4(b) is  the  thermal
cycle curves of point A after deposition of five layers. After
the base layer is deposited, point A is formed via liquid-met-
al solidification in the solidification zone. During deposition
of subsequent layers, point A experiences thermal cycles with

distinct peak temperatures. When the first layer is deposited,
the peak temperature of point A is 1250°C, which is between
1100 and  1500°C.  The  solidification  zone  undergoes  com-
plete austenitization, and point A transfers from the solidific-
ation zone to the complete austenitizing zone. During depos-
ition  of  the  second  layer,  the  peak  temperature  is  890°C,
which  is  between  Ac1  and  1100°C.  The  microstructure
shows incomplete austenitization [18], and only pearlite (P)
transforms to austenite. Point A transfers from the complete
austenitizing  zone  to  the  partial  austenitizing  zone.  During
deposition of the third and subsequent layers, the peak tem-
perature is less than 650°C, which is less than Ac1. The sub-
sequent deposition  is  equivalent  to  a  tempering  heat  treat-
ment, and the microstructure becomes homogenized. Point A
transfers from the partial austenitizing zone to the tempering
zone. In conclusion,  point  A experiences continuous solidi-
fication, complete austenitizing, partial austenitizing, and fi-
nally becomes a tempering zone, as shown in Fig. 4(a). 
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Fig. 4.    (a) Schematic of thermal cycles and (b) thermal cycle curve of point A in (a).
 

Furthermore,  these  four  regions  exist  simultaneously  in
the sublayers under the depositing layer, where they experi-
ence different  thermal  cycles,  resulting  in  distinct  micro-
structure  characteristics  and  phase  transformations.  These
differences  in  microstructure  and  phase  transformation  will
strongly affect the mechanical properties of the forming part
fabricated by WAAM.

3.2. Microstructure of depositing part

3.2.1. Solidification zone
Micrographs  of  the  microstructure  in  the  solidification

zone are shown in Fig. 5. The crystals forming the solidifica-
tion  zone  are  columnar  crystals  with  a  certain  orientation.
The average width of the columnar crystals is approximately
75 μm. The molten pool of WAAM is very small (Fig. 2(b)),
and  the  cooling  speed  is  extremely  high.  According  to  the
thermal cycle in Fig.  4,  during deposition of the first  layer,
the  cooling  rate  reaches  120–150°C/s.  A  large  number  of
grains nucleate and rapidly grow, and the columnar crystals
generate preferentially along the direction of highest cooling

rate in the solidification zone.
The microstructure  of  the  solidification  zone  is  com-

posed  of  pro-eutectoid  ferrite  (PF),  ferrite  side  plate  (FSP),
and acicular ferrite (AF), as shown in Fig. 5(a). The PF loc-
ates at the boundary of austenite, and the FSP forms vertical
to the grain boundary. Much AF is present in the microstruc-
ture of the forming part, as shown in Fig. 5(b). AF is an ideal
microstructure  for  improving the  toughness  of  HSLA steel.
In  the  solidification  zone,  the  presence  of  numerous  AF
grains would improve its strength and toughness, thereby en-
suring good mechanical properties of the solidification zone.

Fig.  6 shows the SEM and TEM micrographs of  inclu-
sions in the solidification zone.  As evident  in Fig.  6(a),  the
AF forms on the surface of inclusions, which are composed
of elements Zr, Al, Mn, Si, S, and O, indicating that the main
components  of  the  compounds  were  ZrO2·Al2O3·MnO·
SiO2·MnS, as shown in Fig. 6(b). The core of the inclusions
is composed of ZrO2, and the other oxides precipitated on the
surface. Pu et al. [19] and Guo et al. [20] have reported simil-
ar  results.  This  precipitation  behavior  is  attributed  to  the

 

(a)

PF

FSP

AF

(b)

PF

AF

FSP

50 μm 5 μm

Fig. 5.    Micrograph of solidification zone: (a) OM image; (b) SEM image.
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forming part being alloyed by Zr, which is a strong deoxidiz-
ing element and first reacts with oxygen to form ZrO2 during
cooling. The ZrO2 particles provide nucleation cores for oth-
er  oxides.  The  composite  inclusions  ZrO2·Al2O3·MnO·
SiO2·MnS in the solidification zone promote the nucleation
of AF, as shown in Fig. 7.  Therefore, the microstructure of
the solidification zone contains PF, FSP, and a large amount
of AF.
 

3.2.2. Complete austenitizing zone
Micrographs of  the  microstructure  in  the  complete  aus-

tenitizing zone are shown in Fig. 8. These images show that
the  columnar  crystals  become  unclear  and  that  some
equiaxed  grains  appear  in  the  complete  austenitizing  zone.
The  average  grain  size  is  approximately  70  μm,  which  is
smaller than the grain size in the solidification zone. During
the first thermal cycle, the solidification zone changes to the
complete austenitizing zone and the microstructure would be
complete austenitization.

Fig. 9 shows in situ observations of the growth of austen-
ite  grains  during  heating  from  1100  to  1250°C.  Compared
with the grains in zone 1 and zone 2 in Fig. 9, when the tem-
perature increased from 1100 to 1250°C, no distinct coarsen-
ing  of  prior  austenite  grains  was  observed  because  large
numbers of inclusions locate in the austenite grain boundar-
ies and the pinning effect of composite inclusions hinders the
growth of austenite grains, as shown in Fig. 10.

The microstructure of the complete austenitizing zone in-
cludes PF, FSP, AF, and a small amount of fine grain ferrite
(FGF), as shown in Fig. 8. Compared with the solidification
zone, the PF and FSP contents decrease, whereas the propor-
tion of AF increases. Because of the refinement of prior aus-
tenite grains, the growth of PF and FSP is limited; they can-
not fully grow and transform into small-sized ferrite.
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Fig. 6.    SEM and TEM micrographs of inclusions in the solidification zone: (a) SEM image; (b) EDS spectrum of point sp1 in (a); (c)
TEM–EDS mapping images.
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Fig. 7.    TEM micrograph of inclusion-induced AF in solidific-
ation zone.
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In  addition,  during  the  first  thermal  cycle,  the  existing
composite inclusions form inside austenite again and induce
intragranular AF nucleation. The content of intragranular AF
increases. The increasing of AF causes the interlocking phe-
nomenon, which limits the growth of some AF and makes the
AF gradually transforms into FGF, as shown in Fig. 11. At
the same time, when the temperature decreases to 500°C, the
FGF forms in  the  austenite  grains  [21]. Therefore,  the  pro-
portion of AF and FGF in the complete austenitizing zone in-
creases.

3.2.3. Partial austenitizing zone
Fig.  12 shows micrographs  of  the  microstructure  in  the

partial austenitizing zone. The columnar crystals have disap-
peared, and equiaxed grains are mainly present. The average
size  is  approximately  40  μm.  Compared  with  the  complete
austenitizing zone, the partial austenitizing zone contains less
PF, FSP, and AF but more FGF.

In the  partial  austenitizing  zone,  the  composite  inclu-
sions composed of ZrO2·Al2O3·MnO·SiO2·MnS still limit the
growth of austenite grains and induce the nucleation of AF.
Therefore, the PF and FSP contents decrease compared with
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Fig. 8.    Micrographs of the microstructure in the complete austenitizing zone: (a) OM image; (b) SEM image.
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Fig. 9.    In situ observation photo of austenite grains by HTLSCM: (a) 1100°C; (b) 1250°C.
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Fig.  10.      TEM  micrograph  of  composite  inclusions  at  the
boundary in the complete austenitizing zone.

 

Inclusion

AF

FGF

0.5 μm

Fig. 11.    TEM micrograph of AF in the complete austenitizing
zone.
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those  in  the  complete  austenitizing  zone,  whereas  a  large
amount of AF forms in the prior austenite grains. These large
amounts of intragranular AF restrict  each other,  and cannot
grow up sufficiently. These intragranular AF will transform
to FGF, and the content of FGF will increase. The content of
FGF increases and one austenite grain transforms into sever-
al intragranular ferrite grains, which results in refinement of
the grain size. At the same time, the microstructure gradually
transforms  from  columnar  crystals  into  equiaxed  grains,  as
shown in Fig. 13.
3.2.4. Tempering zone

Fig.  14 shows micrographs  of  the  microstructure  in  the
tempering area. The structure is composed of fine equiaxed
grains with an average size of approximately 20 μm. The mi-
crostructure is  composed of  FGF and a small  amount of  P,
and the P forms on the grain boundary of the FGF, as shown
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Fig. 12.    Micrographs of the microstructure in the partial austenitizing zone: (a) OM image; (b) SEM image.
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Fig. 13.    TEM microstructure of FGF in the partial austenitiz-
ing zone.
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Fig. 14.    Micrographs of the microstructure in the tempering zone: (a) OM image; (b) SEM image; (c) SEM image of P; (d) TEM
image of FGF.
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in Fig. 14(c). Compared with the size of the equiaxed grains
and the  average  grain  size  in  the  partial  austenitizing  zone,
those in the tempering zone are smaller.

WAAM  is  characterized  by  rapid  heating  and  cooling.
During the rapid heating process, ferrite transforms into aus-
tenite, although some un-austenitized ferrite nuclei remain in
the  austenite  grains.  When  the  temperature  falls  below
500°C  [21],  the  ferrite  nuclei  promote  the  nucleation  and
growth of FGF in prior austenite grains. The presence of nu-
merous nuclei promotes FGF formation, and the grain size is
refined.

Furthermore, after  the  deposition  of  the  third  and  sub-
sequent  layers,  some  supercooled  austenite  still  remains  in
the tempering zone because of the rapid cooling. At the same

time, the  heat  accumulation  of  WAAM maintains  the  tem-
perature between 250 and 550°C for an extended period, as
shown  in Fig.  14(b).  When  the  temperature  remains  at
350–550°C for an extended period, the supercooled austenite
decomposes into P and ferrite [22]. Therefore, some P forms
in the tempering zone.

3.3. Mechanical properties

The  mechanical  properties  of  the  forming  part  were
tested and found to be comparable to those of the casting part.
The results are listed in Table 2. According to the measure-
ment results, the mechanical properties of depositing part are
not worse than those of the casting part with the same chem-
ical composition.

 
Table 2.    Mechanical properties of the forming part in different directions and casting part

Sample Direction Tensile strength, Rm / MPa Yield strength, Rp / MPa Elongation, δ / % Impact toughness, Ak / J (at 20°C)
Casting Average ≥500 ≥300 ≥22 ≥60

Depositing
Horizontal 580 420 27.5 112

Vertical 548 414 25.5 104
Average 564 417 26.5 108

 

The strength of HSLA steel depends on the average grain
size  of  the  forming  part  [23].  After  subsequent  thermal
cycles,  the  average  size  of  the  grains  was  refined.  The
average  size  of  the  tempering  zone  was  less  than  20  μm,
and the mechanical  properties of  the forming part  were ex-
cellent.

Fig. 15 shows high-magnification images of a tensile and
an impact toughness fractures of the forming part. The tensile
and impact  toughness  fracture  surfaces  both  consist  of  nu-
merous small dimples, which indicates that the fracture type
is ductile fracture. The impact toughness and tensile values of
HBMDPJs fabricated by WAAM are good.

 
 

(a) (b)

5 μm 5 μm

Fig. 15.    Fracture photos of the forming part: (a) tensile fracture; (b) impact toughness fracture.
 

4. Conclusions

In this study, a HBMDPJ was successfully fabricated by
WAAM. The characteristics of different parts were observed,
and the phase transformation was analyzed. At the same time,
the mechanical properties were tested. The following conclu-
sions were drawn.

(1)  HBMDPJs  can  be  fabricated  by  WAAM,  and  the
forming  part  includes  four  regions:  a  solidification  zone,
complete austenitizing zone, partial austenitizing zone, and a
tempering zone.

(2) Under several thermal cycles, each position of the part

formed by WAAM transitions from the solidification zone, to
the  complete  austenitizing  zone,  partial  austenitizing  zone,
and finally the tempering zone. The crystals transform from
typical  columnar  crystals  in  the  solidification  zone  to  fine
equiaxed grains in the tempering zone.

(3)  The  ZrO2·Al2O3·MnO·SiO2·MnS  in  the  HBMDPJ
plays a  critical  role  in  the  transformation  of  its  microstruc-
ture. The inclusions not only obstruct the growth of austenite
but also induce the nucleation of AF to refine the grain size
and promote the transformation of PF, FSP, and AF to FGF.

(4) The microstructure of the HBMDPJ consists of FGF
and  P,  and  the  average  grain  size  is  less  than  20  μm.  The
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tensile strength is 564 MPa, the yield strength is 417MPa, the
elongation  is  26.5%,  and  the  impact  toughness  is  108  J  at
20°C. The mechanical properties of the formed part are ex-
cellent.
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