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Abstract

The effect of solution heat treatment on the mechanical and microstructural properties of 316L stainless steel parts fabricated
through hybrid additive and subtractive process (HASP) is explored. These techniques synergistically combine additive
manufacturing directed energy deposition (DED) with subtractive manufacturing (SM) technique in a single machine, and they
provide an important opportunity to improve material utilization, part complexity and quality management in functional com-
ponents. Thin-wall specimens were manufactured by HASP to investigate the effect of the solution heat treatment at different
temperatures and different holding times on the microstructure and the resultant mechanical properties, such as the Vickers
micro-hardness and tensile property. The results show that the content of 4 and ¢ phases can be optimized via heat treatment.
While the solution treatment temperature and time increase, the content of the o and & phases in the 'y matrix can distinctly
decrease, which causes the strength to degrade but the ductility to increase. These results suggest that the microstructure and the
resulting mechanical properties of HASP-fabricated samples can be adjusted through the adjustment of solution heat treatment.

Keywords Solution heat treatment - Microstructure - Vickers micro-hardness - Tensile property - Hybrid additive and subtractive
process
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strong corrosion resistance, good high-temperature strength,
resistance to inter-granular corrosion, machinability and other
characteristics [1, 2]. In the twenty-first century, innovation is
essential to ensure competitive advantages and maintain the
sustainable development of the company in the era of the
knowledge economy and information age. Additive
manufacturing (AM) technique is a prevalent and important
representative of a manufacturing process that has matured
rapidly in the past few decades and has been gradually applied
to all walks of life: aerospace, automotive, medical, military,
mould manufacture and so on as an advanced material pro-
cessing skill. Contrary to the traditional subtractive
manufacturing (SM) technology, which is a “top-down” ma-
terial removal machining process, AM is a “bottom-up” pro-
cess that adds material to three-dimensional components from
a feedstock via line by line and then layer upon layer forming
and consolidation. A wide range of complex shapes and
higher utilization ratios of the material are produced via a
computer-controlled laser beam source [3—5]. AM methods
including directed energy deposition (DED) [3], laser melting
deposition (LMD) [4] and direct metal deposition (DMD) [5]
have been made. Common to all of these processes is that
metals, whether it is powder or wire, are directly melted using
a laser beam or electric arc [6]. Moreover, the “staircase ef-
fect” is one of the most important and basic characteristic of
all of the abovementioned, which gives rise to the layer-wise
approximation of component geometries, residual stresses and
the partial bonding of small particles, which lead to the prob-
lem of surface quality degradation [7]. Furthermore, the tem-
perature gradient and geometric shape of the molten pool have
a significant effect on the processes of metal additive
manufacturing. Temperature gradients and correlated surface
tension could draw attention to quick flow dynamic motions,
leading to the “dishing” or “humping” during the solidifica-
tion process [8]. Long thin molten pools can cause
spheroidization, thus decreasing the surface quality, uniformi-
ty of the material property and part density [9]. Mechanical
subtractive processes, such as milling, drilling and grinding,
have been widely applied to additive manufacturing process-
es, and they can obtain better precision and surface quality
characteristics as well as residual stresses are released. As a
result, the hybrid additive and subtractive process (HASP),
which combine additive and subtractive processes in a single
machine, have drawn a great deal of attention owing to their
ability to exploit the advantages of each single process while
minimizing their shortcomings [10, 11]. The combination of
additive and subtractive technologies has been put forward
and developed to fabricate the finished components, also in-
cluding the reuse and remanufacture of high-valve parts. Zhu
et al. [10] used the hybrid manufacturing (HM) method to
fabricate any type of component with a complicated structure
and studied the influence of the process parameters on the part
distortions that occurred in the AM process. The results

@ Springer

indicate that the length, height, and layer thickness of the part
have remarkable impact on the deformations of the parts. Liu
et al. [11] put forward a topology optimization method to
obtain parts with geometrical complexity and dimensional ac-
curacy by hybrid additive-subtractive manufacturing, which
has been successfully implemented by designing a few 3D
structures. The method is being extended to adopt an unstruc-
tured grid of high quality at present, and its formulation and
capability will be reported in the future.

However, the unique conditions generate some specific
problems, such as the precipitated intergranular phases that
are rich in Cr in the heat affected zone (HAZ) and hot cracking
that exists in the DED process under the context of HASP
owing to the rapid solidification and then quick cooling [12].
At high temperatures, austenite is the equilibrium phase; nev-
ertheless, the equilibrium phases include delta-ferrite (9), sig-
ma (o) and carbides such as M23C6 under ambient tempera-
ture on the basis of the Fe-Cr-Ni pseudo-binary diagram [13].
It has also been shown that the amount of d-ferrite in austenitic
stainless steel can improve cracking susceptibility and de-
crease segregation; moreover, it is generally believed that
the d-phase can be used as a strengthener for high strength,
and it is widely used in welded and cast steel as well [14].
However, the hard and brittle sigma phase with a tetragonal
crystal structure appears in austenitic stainless steel if the tem-
perature is kept at 400 to 900 °C, which can decrease the
mechanical properties, such as fracture toughness and ductil-
ity [15]. Prior studies have shown that the ¢ phase and car-
bides would have an adverse effect on the performance of
stainless steel [16]. Therefore, to acquire the required mechan-
ical property, it is essential to change the microscopic structure
in the 316L SS components within the HASP. In general, heat
treatment is one of the commonly used processes to soften
stainless steel, eliminate unnecessary phases and residual
stress in stainless steel and improve microstructure and me-
chanical properties [17]. The heat treatment temperature is
between 950 and 1150 °C, and then water quenching (WQ)
can be conducted to effectively make the carbides and o phase
dissolve in the steel [18]. The heat treatment temperature and
time ought to be carefully designed for fear of dispensable
gain growth [19]. To the authors’ knowledge, not so much
has been described systematically on the microstructure and
mechanical properties of HASP-fabricated 316L samples
when subjected to heat treatment.

In the present work, the AISI 316L SS powder as a starting
material was employed to fabricate metal components. The
influence of solution heat treatment at different temperatures
and different holding times on the microstructural feature,
including the phase transformation behaviours and mechani-
cal properties, such as tensile properties and Vickers micro--
hardness of 316L SS parts, was detailed discussed. The
study may provide the theoretical foundation for the
HASP to increase efficiency, reduce costs and lead times
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and reliably fabricate 316L SS components with opti-
mized microstructure and mechanical properties.

2 Material and experimental methods
2.1 Material

In this work, gas atomization AISI 316L SS powder with
spherical shape and diameters ranging from 10 to 130 um
was chosen as the starting material. A scanning electron mi-
croscopy (SEM) image of AISI 316L SS powder and the
corresponding particle size distribution are shown in Fig. 1.
The detailed chemical composition (wt. %) of the 316L SS
powder is listed in Table 1. The powder has a great deal of
small particles that may interfere with fluidity owing to high
inter-particle friction. However, to a great extent, the fine par-
ticles can increase the specific superficial area of the compos-
ite, resulting in high energy absorptivity of the laser beam
[20]. The powder was dried at a temperature of 373 K in
drying furnaces for the elimination of the moisture and oxygen
remaining in the powder in the DED forming process, which
also occurs under the context of HASP [20].

2.2 Hybrid additive and subtractive process

The experimental study was produced by the five-axis HASP
machine (SVW80C-3D), which is shown in Fig. 2a. The ma-
chine has two processing programs: the laser head of additive
manufacturing directed energy deposition (DED), as shown in
Fig. 2b, and surface finishing technology by a CNC milling
head, as shown in Fig. 2c. In the HASP, laser deposition is
utilized to deposit layer by layer. A great deal of material
waste, which is commonly seen in the traditional SM process,
is avoided in the AM process. Furthermore, the powder can be
successfully reused without significantly losing its property.
However, during the DED process, the surface of the depos-
ited layer is uneven with a thin oxide scale and stair steps,
which have a cumulative effect on the requirement of preci-
sion for the part in the Z-axis direction [21]. To overcome this
shortcoming, when a layer is deposited, the top surface is
processed by CNC milling to achieve a smooth surface of
determinate thickness for further deposition. This procedure
is repeated until the required component is completed. At last,
the inner and outer surface contours are processed by milling
process to eliminate the stair steps on the surface and obtain a

Table 1 Chemical compositions (wt. %) of the 316L SS powders

Component C Si  Mn Cr Ni Mo Fe S/P

wt. % 002 05 12 170 130 25 Bal <001

fine surface state of the metal part. Fig. 2 d and e show exam-
ples of the CNC milling process and additive deposition pro-
cess, respectively.

In order to study solution heat treatment on the mechanical
and microstructural properties of 316L cube-shaped samples
(length of 140 mm, width of 2 mm and height of 40 mm)
manufactured by HASP, according to the previous experimen-
tal experience, the parameters of the DED process were as
follows: the powder feed rate was 1 g/min, the laser power
(P) was 1000 W, the scan speed (V) was 360 mm/min and the
layer thickness (h) was set at 0.5 mm. Subsequently, for the
sake of surface quality improvement of the DED process, dry
milling technology as an SM process was carried out for the
finishing machining of the component. The dry milling pro-
cessing parameters mainly include the following: the feed per
tooth (f,) was set to 0.25 mm, the milling linear speed (v;) was
120 m/min, the amount of axis feed (a,) was 0.5 mm, and the
amount of radial feed (a.) was set to 0.2 mm. The scanning
strategy was rotating by 90° to the previous layer. The detailed
processing parameters of the hybrid additive and subtractive
process were described in our previous work [22, 23]. The
substrate of 40# steel with dimensions of 160 mm X 160 mm
x 20 mm was set and levelled on the building platform. Prior to
the fabrication process, the plate was milled successively to
remove an extremely thin oxide layer on the surface of the work
piece. The process and schematic of HASP-manufactured
stainless steels with dimensions of 140 mm % 2 mm x 40 mm
are shown in Fig. 3 a and b, respectively.

2.3 Characterization of microstructures and
mechanical properties

After HASP, the specimens with dimensions of 5 mm x 5 mm
x 5 mm were cut from the substrate by wire electrical
discharge machining to microstructural analysis. The mi-
crostructure of the HASP before and after applying solu-
tion heat treatment to the 316L samples was investigated
by a laser scanning confocal microscope (LSCM). A sche-
matic of the microstructure analysis specimens taken from
areas is illustrated in Fig. 3b. The metallographic samples
along the building direction of as-deposited specimens,
known as the cross section of HASP-manufactured com-
ponents, underwent cutting, grounding and polishing with
classical experimental procedures, and the freshly
polished sections were etched with a solution (4 g
CuS04, 20 ml HCI and 20 ml distilled water) prior to
microstructure characterization.

The room temperature tensile tests of the 316L samples
before and after the solution treatment were conducted on a
WDW-100E electronic universal material testing machine
(made by Panasonic, Japan) with a maximum load of 100
kN and cross-head separation rate of 5 mm/s. The tensile test
samples with the specified dimensions were cut by wire
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Fig. 1 SEM image showing a the 316L SS powder shape and b the particle

electrical discharge machining from each thin-wall sample in
each substrate. Fig. 4 shows the dimensions schematic of
HASP-produced tensile specimens according to GB/
T228.1-2010. In addition, there were three samples tested per
direction of each solution heat treatment and as-produced con-
dition separately. Finally, the morphology of the tensile fracture
surfaces was investigated by a super depth of field emission
scanning electron microscope (SEM) at magnifications of 50x
and 5000x. To study the homogeneity of solution heat treat-
ment on the HASP-produced samples, Vickers micro-hardness
measurements were executed by a 430SVD Vickers
micro-hardness testing machine (made by Wilson Hardness,
USA) on the polished surface with a load and loading time of
1000 gF and 10 s, respectively. At least 10 micro-hardness
measurements were taken for each sample. Last but not least,
the values of each micro-hardness point were calculated on the
basis of the mean values of three indentations in the same
region of three samples for each group.
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2.4 Heat treatment of HASP-produced 316L
specimens

The HASP-produced 316L specimens experienced dif-
ferent temperatures and times of solution heat treatment
to study the evolution microstructure and mechanical
properties.

1. Five groups of set 1 specimens to investigate the effect of
the solution heat treatment temperature on the mechanical
properties and microstructure. The first group was not
heat treated and kept for comparison; those of other
groups were solution heat treated at 950 °C, 1000 °C,
1050 °C and 1150 °C and underwent a 3-min heating
duration; the next step was water quenching (WQ). The
holding time of solution heat treatment of 316L stainless
steel can be obtained according to the following empirical
formula (1):

Fig. 2 a HASP machine (SVW80C-3D), with b CNC milling head, ¢ DED head, d example of the CNC milling process, e example of the additive

deposition process
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Fig. 3 HASP: a the final HASP-manufactured 316L samples and b the schematic illustration of the HASP-manufactured samples

T=15-h (1)

where T is the holding time (measured in minutes) of solution
heat treatment and h is the thickness of the samples.

2. To study the influence of holding time of solution heat
treatment on the mechanical properties, three groups of set
2 samples, including two groups, were solution heat treat-
ed for two different solution treatment holding times of
3 min and 30 min at 1150 °C, followed by WQ separately,
and the other group was maintained in the
as-manufactured state for comparison. Furthermore, heat
treatment at 1150 °C for 30 min and then WQ were con-
ducted to gain a completely austenitic microstructure.

3 Results and discussion
3.1 Microstructure features

The micrograph in Fig. 5 presents the effect of different solu-
tion heat treatment temperatures and dwell times on the mi-
crostructure in the same region of HASP-fabricated thin walls.
And the heat treatment temperature vs time diagram and the
samples’ numbers are shown in Fig. 6 to better illustration the

N/
2 15
i 20
96. 46

Fig. 4 Mechanical properties schematic: the dimensions of tensile
samples

microstructure features. Fig. 5 a presents the microstructural
image of the HASP before applying solution heat treatment
parts, while Fig. 5 b—f show the influence of the solution heat
treatment on the surface microstructures of the HASP 316L
specimens. It is important to observe some variation in the
content of both the o and 6 phase in the y matrix of each
microstructural constituent in the HASP-manufactured mate-
rials. In those micrographs, the lighter-etching stringers are o
phase, and the d-ferrite is the dark-etching stringers. A proper
heat treatment can be chosen to adjust the o and 0 phase
content. An austenitic microstructure with a face centred cubic
(FCC) structure can be acquired under a balanceable state on
the basis of the chemical constituent of 316L stainless steel,
and small amounts of less prevalent, finely dispersed o-ferrite
with a body centred cubic (BCC) structure were uniformly
formed at the boundary of austenite grains owing to the exis-
tence of chemical elements (i.e. Mo, Cr and Si), and a rapid
solidification rate can effectively promote the formation of the
d-ferrite. Moreover, there are no carbide precipitates in the
austenitic steel as a result of a lower carbon content, which
only makes up 0.02% of the 316L powder, as listed in Table 1
[24]. The HASP 316L samples before the heat treatment pro-
cess have large amounts of strip morphology & phase and the
o phase form in the strip, which results from high thermal
gradients causing expansion owing to the rapid solidification
rate in a very short time and the partial remelting of previously
deposited layers followed by multiple thermal cycles occur-
ring during each subsequent deposition in the DED process
under the context of HASP, as shown in Fig. Sa.

The response to heat treatment is a more uniform micro-
structure in most of the area of the heat-treated samples com-
pared to the as-manufactured part. The strip structure is re-
duced until it becomes zero, suggesting that a complete mi-
crostructural transformation has occurred. As shown in Fig. 5
b and c, with the increase of temperature, an extremely
fine-grained vermicular morphology of the o and & phases is
displayed within the y matrix. As shown in Fig. 5, when the
temperature is 1050 °C for 3 min, the o phase is replaced little
by little within the y matrix, but the & phase with precious few
alter of the primitive 6 phase; however, the spheroidization
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Fig.5 Microstructures of HASP: a HASP without heat treatment; b 950 °C/3 min, WQ; ¢ 1000 °C/3 min, WQ; d 1050 °C/3 min, WQ; e 1150 °C/3 min,

WQ:; £ 1150 °C/30 min, WQ

Fig. 6 Heat treatment process for
HASP 316L samples: (a) HASP
without heat treatment; (b) 950 °
C/3 min, WQ; (¢) 1000 °C/3 min,
WQ; (d) 1050 °C/3 min; (e) 1150
°C/3 min, WQ; (f) 1150 °C/30
min, WQ.
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treatment of all that remained of the & phase and the amount of
o and 0 phases decreases compared to that in Fig. Sband c. A
dwell time of 3 min for the heat treatment temperature at 1150
°C led to the o phase completely dissolving within the y
matrix and a portion of the 6 phase within the 'y matrix, and
the particle morphology significantly decreased, as shown in
Fig. Se. With a heat treatment of 30 min or more at 1150 °C,
there is a large difference in the phase content compared to the
samples treated at 1150 °C for 3 min, which reduced the o-
and 6-phase content to virtually zero—indicating that the con-
tent of the o and 6 phases fully dissolved within the y matrix
progressively increased over time at that temperature until,
after approximately 30 min, it transformed into the full aus-
tenitic microstructure, as shown in Fig. 5f. Therefore, as
shown, changing the heat treatment temperature and dwell
time can effectively change the content of the o and & phases.
It can be observed that the fully austenitic microstructure is
very widespread, thus verifying that the adopted solution heat
treatment dramatically reduces the content of the o-ferrite
phase. Moreover, it is noted that the content of delta ferrite
has a significant effect on the mechanical properties of mate-
rials [24]; a detailed discussion of this situation is presented in
the next section.

3.2 Mechanical properties

Hardness is an indicator of great consequence for the mate-
rial’s capability to stand up to the plastic deformation. To
assess the effect of the different solution heat treatment pro-
cesses on the average micro-hardness of the HASP-fabricated
316L stainless steel samples, Vickers micro-hardness testing
was carried out on the cross sections of the samples, and their
corresponding experimental results for the average hardness
values are depicted in Fig. 7. Generally, the average hardness

250
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Fig.7 Vickers hardness graphs for HASP 316L samples: (a) HASP with-
out heat treatment; (b) 950 °C/3 min, WQ; (c) 1000 °C/3 min, WQ; (d)
1050 °C/3 min; (e) 1150 °C/3 min, WQ; (f) 1150 °C/30 min, WQ

values of the samples fabricated by HASP before applying
solution heat treatment are higher than those after applying
solution heat treatment because the o and & phases in the y
matrix can be seen visibly. The HASP-fabricated one before
applying solution heat treatment has the maximum
micro-hardness value, namely, 227 HV. Compared to the
HASP-fabricated without heat treatment, the solution heat
treatment temperature of 950 °C for 3 min resulted in a sig-
nificant decrease of hardness. In addition, when further in-
creasing the solution heat treatment temperature, the Vickers
hardness decreased continuously. The average hardness of the
HASP-fabricated 316L part underwent a continuous decrease
from approximately 185 to 172 HV with the rise of the applied
solution heat treatment temperature from 950 to 1000 °C in
the same solution time for 3 min. Further raising the solution
heat treatment temperature until the temperature reached 1050
°C, the Vickers hardness increased with an average value of
approximately 179 HV because of the effect of hot working
hardening, which caused the hardness to increase. When the
solution temperature is higher than 1050 °C, up to 1150 °C,
for 3 min, the Vickers hardness decreases a great deal. This is
due to the increase of the solution heat treatment temperature,
and the content of the o and & phases in the y matrix can
distinctly decrease, which causes the hardness to decrease.
Furthermore, the hardness of the solution treatment time for
3 min is significantly higher than that for 30 min, which shows
that the hardness of 316L SS decreases along with the rise of
solution treatment time at the same temperature. The observed
decrease in the hardness can be put down to the decrease of
d-phase content along with the increase of solution treatment
time. A summarization all of the above phenomena can be
explained as a superposition of these several types of strength-
ening and softening work together on the structure. As is
known to all, the fully austenitic stainless steel parts demon-
strate a greater possibility of hot-crack formation than those
containing a small number of delta ferrite. It is found that there
are still small amounts of delta ferrite, the austenite grain size
growth is resisted, impurities are uniformly distributed and the
total quantity of grain boundaries rises, which could delay
crack formation. The existence of & ferrite may arouse the
hardness increase compared with the fully austenitic-single
phase austenitic, as a result of the solid solution strengthening
of the Mo and Ni of the ferritic phase [25]. Furthermore, the
observed increase in the hardness can be put down to the
generation of severe crystal lattice distortions because of small
amounts of less-prevalent, finely dispersed &-ferrite with BCC
structure and austenitic microstructure with FCC structure;
moreover, uniform distribution has larger obstacles to dislo-
cation motion than the FCC structure. This explains why the
existence of ferrite resulted in the fact that the hardness of the
316L SS was much higher than that of single-phase austenitic
[25, 26].
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The tensile stress-strain curves gained from the room tem-
perature testing of 316L parts fabricated by HASP with dif-
ferent solution heat treatment processes were measured and
contrasted with those of 316L specimens gained from HASP
fabrication before applying solution heat treatment, as shown
in Fig. 8, and the corresponding results are listed in Table 2.
The tensile properties of HASP-fabricated 316L samples con-
sist of ultimate tensile strength (UTS), yield strength (YS) and
elongation to failure (ETF), and their comparison with tradi-
tional 316L by casting [22, 23] are listed in Table 2. The
results demonstrate that the HASP before applying solution
heat treatment sample displays the maximum UTS and YS of
596.6 MPa and 421.1 MPa, respectively, but has the lowest
ETF of 43.3%. The solution heat treatment has a considerable
effect on the mechanical properties of the HASP-produced
316L sample. The results showed that the UTS and YS show
a declining trend. Meanwhile, the ETF was increased along
with the increase of the solution temperature. When the spec-
imen undergoes solution heat treatment at 950 °C for 3 min,
there is a rather significant reduction in both UTS and YS
(560.2 MPa and 378.7 MPa, respectively), while there is a
great improvement in ETF of 49.7 % compared to the
HASP-fabricated one before applying solution heat treatment.
The heat treatment temperature rises from 950 to 1000 °C, the
UTS and YS decrease from 560.2 and 378.7 to 535.5 and
337.8 MPa, respectively, while the ETF increases from 49.7
to 51.2%. By continuing to raise the solution heat treatment
temperature to 1050 °C for 3 min, the UTS is decreased to
530.1 MPa, while the ETF and YS increase to 52.8% and
353.6 MPa, respectively. However, when the solution temper-
ature reaches 1150 °C for 3 min, the results show that the UTS
and YS decrease further (509.5 MPa and 308.1 MPa, respec-
tively), while the ETF marginally increases to a higher
value of 54.6% in comparison with the other solution
temperature. For the specimens that go through the same
solution heat treatment temperature, the UTS and YS are
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Fig. 8 Stress/strain curves of the HASP before and after being solution
heat treatment 316L tensile specimens
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Table 2 Room-temperature tensile properties of the HASP before and
after solution heat treatment of the 316L tensile specimens as well as
comparison with casting

UTS/MPa YS/MPa ETF/%

HASP without heat treatment 596.6 421.1 433
950 °C/3 min, WQ 560.2 378.7 49.7
1000 °C/3 min, WQ 535.5 337.8 51.2
1050 °C/3 min, WQ 530.1 353.6 52.8
1150 °C/3 min, WQ 509.5 308.1 54.6
1150 °C/30 min, WQ 497.3 242.5 62.4
casting 552 262 55

steadily reduced from 509.5 to 497.3 MPa and from 308.1
to 242.5 MPa, respectively, and the ETF increases to the
maximum, which is from 54.6 up to 62.4%, indicating
superior ductility, as the solution holding time increases
from 3 to 30 min. In addition, another conclusion that can
be drawn from Table 2 is that the tensile strength of the
specimen fabricated by HASP with solution heat treat-
ment temperature at 1150 °C for 30 min is slightly lower
than that of traditional 316L by casting material.
Moreover, the ETF is 13.45% higher than that of tradi-
tional 316L by casting, showing a superior ductility.

The UTS and YS, as well as ETF, after solution heat treat-
ment are affected by a couple of factors consisting of the
number, size and morphology of the grain, content of the &
phase, initial hardening rate and recovery rate. As to the
strength of the HASP-fabricated 316L specimen before and
after applying solution heat treatment samples in this study,
three sections are to be addressed. First, by increasing the
solution heat treatment temperature and time to approximately
30 min, the content of the & phase gradually decreases until
finally disappearing, which transforms into the full austenitic
microstructure. Small amounts of d-ferrite with BCC structure
before applying solution heat treatment samples change to
austenitic microstructure with FCC structure after applying
heat treatment one. The dislocation motion must overcome
greater resistance of BCC lattice than that of FCC lattice,
which means the BCC structure with the higher yield strength.
The higher misorientation angle results in a higher dislocation
density in heat treatment samples, which may also be useful in
making the higher strain hardening rate. Second, the high
strength of the HASP-fabricated 316L samples can be con-
nected with the small grain size. Grain size had some impact
on the mechanical properties to achieve the rationalization by
the semi-empirical Hall-Petch (HP) formula [27, 28]. In gen-
eral, solution heat treatment of the 316L samples was found to
increase the grain size and the angle boundaries, and this is a
significant reason that reduces the yield strength of the heat
treatment samples. Third, the solution heat treatment de-
creases the residual stresses that come into being under the
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DED process during the HASP. Based on the above three
points, in favour of the improvement of the ductility of
the solution heat treatment 316L samples, this explains
why the existence of ferrite leads to the fact that the
strength was much higher than that of the single-phase
austenitic stainless steel.

The tensile fracture of the 316L stainless steel is intersected
with the principal stress at an angle of 45°, the fracture surface
has a fibrous shape and the colour is dark. That is consistent
with the macroscopic appearance of a ductile fracture, which
is obviously a ductile fracture. Fig. 9 shows the SEM from the
tensile fracture surfaces of the 316L samples before and after
applying the solution heat treatment (1050 °C/3 min), respec-
tively. The heat treatment (1050 °C/3 min) sample after ap-
plying the solution heat treatment has an even greater reduc-
tion in area than the HASP-fabricated sample before the solu-
tion heat treatment, as shown in Fig. 9 a and b. A large number
of classic dimple structures were observed in the high magni-
fication of the morphologies on the tensile fracture surfaces in
Fig. 9 c and d, which are indicative that the fracture behaviour
of HASP-fabricated samples without heat treatment and after
applying solution heat treatment to the 316L samples belongs
to ductile fracture characteristics. Compared with Fig. 6 ¢ and
d, the HASP-fabricated sample before applying the solution
heat treatment has a small dimple size and inhomogeneous
distribution of the dimples, while the solution heat treated
one is uniform, the dimples are relatively rare and the size is
relatively large. The fracture morphology analysis shows that
there are a number of deep dimples of large size in the micro-
structure of the heat treatment sample, which proved that the
resistance of crack propagation is comparatively large.
Therefore, the toughness is better than that of the sample

without the solution heat treatment. In addition, unmelted
powder particles could be seen along the fracture surface of
the heat treatment HASP-fabricated specimen in Fig. 9d,
which may come down to the lack of fusion in the DED
process under the context of HASP. This shows that unmelted
powders are, up to a point, not affected by the homogenizing
heat treatment selected.

4 Conclusions

The effects of the solution heat treatment on the microstruc-
tural characterization and the resulting mechanical properties
of AISI 316L SS specimens produced by using hybrid addi-
tive and subtractive processes (HASP) have been studied. The
following main conclusions and findings can be obtained from
this study:

1. When the heat treatment is less than 1050 °C, different
amounts of the o and & phases exist in the y matrix, and
with the rise of the solution heat treatment temperature,
the content of the o phase and the spheroidization of the
remaining O phase progressively decrease. The & phase
decreases and the o phase completely dissolves as the heat
treatment temperature increases up to 1150 °C for 3 min.
Prolonging the holding time at 1150 °C to 30 min leads to
grain coarsening, with the 6 and o phases fully dissolved
into the 'y matrix.

2. The decrease of the o and & phases causes the decrease of
the ultimate tensile strength (UTS) and yield strength
(YS) but the increase of the elongation to failure (ETF)
of 316L samples. The tensile properties of HASP before

Fig. 9 Tensile fracture surfaces of HASP samples in a HASP before
applying solution heat treatment and b after being solution heat
treatment conditions. Higher magnification of dimples on fracture

surfaces of ¢ HASP before applying solution heat treatment and d after
applying solution heat treatment samples
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and after applying solution heat treatment to the 316L
samples all exceed industrial demand. With the solution
temperature and time increases, the size of the grain raises,
but their number decreases, which will lead to lower the
Vickers hardness. Compared with HASP before applying
solution heat treatment to the specimens, more ductility
was exhibited for HASP after applying heat treatment to
the samples.

3. The best solution treatment for 316L SS specimens with a
thickness of 2 mm is as follows: set the temperature to
1050 °C for 3 min and then water quench (WQ). The
internal structure of the sample is uniform; the mechanical
properties are obviously improved, including the
hardness, which increases to 179 HV; the tensile
strength and yield strength are 530.1 MPa and 353.6
MPa, respectively; and the elongation to failure is as
high as 52.8%.

4. These findings could provide the foundation for optimiz-
ing the solution heat treatment to fabricate 316L compo-
nents using HASP processing technologies to achieve ma-
terials with specific microstructure and mechanical prop-
erties for all sorts of applications.
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