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Abstract

This paper presents a comprehensive study of the tensile performance, heat treatment, fracture, decrease of residual stress,
second-phase particle and microstructures of a 316L stainless steel fabricated by directed laser deposition (DLD) and thermal
milling (starting milling temperature at 250 = 50 °C), a typical hybrid additive and subtractive manufacturing process.
Experiments of different post-heat treatment temperatures and tensile tests at room temperature were performed. The residual
stress was eliminated with heat treatment at 400 °C for 2 h, and the average residual stress decreased 53.7% while the yield
strength and ultimate strength decreased slightly. The fracture surfaces of different heat treatment temperatures were observed.
The typical ductile fracture microstructures of dimples were seen in almost all specimens whenever the heat treatment temper-
ature was low or high. The evolution of dimples from formation to destruction by heat treatment was analyzed. The different
morphology and composition of the second-phase particles of different heat treatment temperatures were compared. The yield
strength 0f 427.5 MPa, the ultimate strength 0of 599.27 MPa, and the elongation of 36.48% showed the new hybrid manufacturing
technology could be used for further fabrication of components.

Keywords Hybrid manufacturing - Thermal milling - Heat treatment - Residual stress - Second-phase particles - Tensile strength

1 Introduction

Laser additive manufacturing is one of the new and attractive
fabricating technologies [1, 2]. Directed laser deposition
(DLD) is one of the most popular technologies [3]. Shorter
production cycles result from the application of these technol-
ogies, and more complex artifacts can be manufactured with-
out the need of expensive machining and tooling. However,
the poor surface quality [4, 5] leads to the emergence of hybrid
additive and subtractive manufacturing. In addition, the elim-
ination of residual stress makes heat treatment a hot topic.
With the development of residual stress measurement tech-
nology, residual stress analysis has gradually become a nec-
essary means to control and verify product quality in the
manufacturing of machinery. The residual stress analysis is
also an important method for security inspection for operating
equipment. Therefore, residual stress measurement
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technology is gaining increasing attention in industry, trans-
portation, military areas, and so on [6—8]. Usually, the residual
stress was introduced by rapid heating and cooling during the
laser additive manufacturing process, and the high stress zone
and low stress zone were interlaced [9]. In order to determine
the formation mechanism of residual stress during the DLD of
a 316L stainless steel, the Vickers microindentation methods
[10], tensile methods, and microstructures [11] were used.
Mercelis et al. [12] studied the residual stress of large compo-
nents produced from 316L stainless steel powder, and they
found that the residual stress could be relaxed by a uniform
shrinkage and a bending deformation. Pratihar et al. [6] mea-
sured the residual stress of the 316L stainless steel by a neu-
tron diffraction method. The characterization of residual
stresses of the 316L stainless steel was also studied by Luo
et al. [10]. Liu et al. [8] analyzed the distribution of residual
stress along the height and horizontal directions. An in-depth
measurement of residual stress in the 316L stainless steel was
performed by Yadroitsev et al. [13], and they believed that the
high thermal gradients resulted in the distribution of residual
stress. The surface residual stress measurement method and
nondestructive volumetric evaluation method were used to
understand the factors influencing residual stress of the 316L
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stainless steel [7]. Li et al. [14] compared the residual stresses
between DLD surface and hybrid manufacturing surface. He
found that the stress was small because of the oxide of the
DLD surface, and the stress increased after hybrid
manufacturing. Besides that, during the process of fabricating
circle, Heigel et al. [15] found the outer was primarily in
tension and the inner was in compression; however, the outer
after milling machining induced compressive stress.

Heat treatment was used to reduce the residual stress because
of the large temperature gradient during the DLD process
[16-18]. Post-DLD heat treatment could rectify inhomogeneity
in microstructure due to the nonuniform thermal history [19].
Yadollahi et al. [11] investigated the effect of heat treatment on
the mechanical and microstructure properties of the direct laser
deposition 316L stainless steel. Both Sundararajan et al. [20] and
Bandar et al. [21] carried out the experiments of different heat
treatment temperatures on 316L, and they found the heat treat-
ment reduced the porosity and improved the plasticity and cor-
rosion resistance. The heat treatment temperatures were 400 °C,
600 °C, 800 °C, 1000 °C, and 1150 °C, which were similar to the
[20, 21]. The temperature range included not only low-
temperature distressing heat treatment but also overheating at
1150 °C [11]. By choosing suitable heat treatment temperature,
the porosity could be reduced and the corrosion resistance could
be improved [20]. The maximum residual stress of 316 MPa was
reduced to 39 MPa after the post-heat treatment [22]. In addition
to the post-heat treatment, the preheating could also effectively
reduce the residual stress. Therefore, some scholars carried out
experiments with preheating. For example, some substrates were
preheated to 120 °C [22] and 80 °C [23]. However, the substrate
was preheated by Tang et al. [24] from 1000 to 1100 °C to avoid
both the micro-cracks and macro-cracks.

Research to date has focused on the residual stress and
post-heat treatment of the DLD process. Hybrid additives
and subtractive manufacturing technology have been used
to fabricate some components for testing [25, 26].
However, all the milling process were carried out after
the DLD part was cooled, which could not freely accom-
plish the alternation of DLD additive manufacturing and
milling subtractive manufacturing. In addition, shrinkage
deformation would appear during the cooling process after
DLD [27, 28] and lead to the positional deviation in the
next DLD machining. Therefore, milling was carried after
DLD immediately to reduce the deformation during the
cooling, and this work was the basis for processing of
complex closed impellers later. Based on hybrid additive
and subtractive manufacturing, this paper studied the effect
of heat treatment on residual stress and measured the dis-
tribution of residual stress of the substrate after DLD.
Then, the microstructure, fracture morphology, and fracture
mode of different heat treatment temperatures were ana-
lyzed. Finally, the yield strength, ultimate tensile strength,
and elongation were compared.
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2 Material and methods
2.1 316L stainless steel pre-alloyed powder

In this study, 316L stainless steel powder was used for hybrid
additive and subtractive manufacturing. The process parame-
ters have been optimized as follows: the laser power was 1000
W, the vertical floor height was 0.6 mm, the laser scan speed
was 480 mm/min, the powder feed rate was 11.28 g/min, and
the laser spot diameter is 2.4 mm. The production was per-
formed in a nitrogen gas flow.

Figure 1 shows the powder morphology under a scanning
electron microscope (SEM). The spherical particles have a
size distribution between 100 and 270 mesh. The nominal
chemical composition of the employed 316L stainless steel
powder was as follows: Fe—balance, C—0.025%, Si—
0.5%, Mn—1.2%, Cr—17%, Ni—13%, Mo—2.5%, S <
0.01%, P < 0.01% (wt%). The chemical composition of the
substrate was as follows: Fe—balance, C—0.37~0.45%, Si—
0.17~0.37%, Mn—~0.5~0.8%, Cr < 0.25%, Ni < 0.25%, Cu <
0.25%, S < 0.035%, P < 0.035% (wt%).

2.2 Preheat and post-heat treatment of hybrid
manufacturing specimens

Proper preheating can prevent cracks, reduce the residual
stress, and improve the metallurgical interaction between the
powder materials and substrate [12]. So, high laser power
(1800 W) and low powder feed (6.21 g/min) were used to
preheat the substrate along the edge of the components before
the real DLD process.

The hybrid additive and subtractive manufacturing 316L
stainless steel specimens were heated at the different temper-
atures of 400 °C, 600 °C, 800 °C, 1000 °C, and 1150 °C for
2 h [29], followed by air cooling.

Data: 15 Jan 2018
Time: 15:24:13

20 ym EHT = 10.00 kv
WD= 10.5 mm

Signal A = SE 2
Mag =200 X

Fig. 1 Characteristic morphology of 316L stainless steel by SEM
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Fig. 2 Geometric sketch of
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2.3 Microstructures and tensile property
characterization

The fracture microstructures of the as-built and heat-treated
hybrid additive and subtractive manufacturing specimens were
characterized using a field emission scanning electron micro-
scope with an acceleration voltage of 15 kV. Before microstruc-
ture characterization, the specimens were ground and polished.
Aquaregia (vol. 75% HCI, vol. 25% HNO;) was used to reveal
the general structure of the polished sample.

The tensile strengths before and after the heat treatments
were characterized by a high-precision electronic universal
testing machine with a constant strain rate of 2 mm/min. The
tensile specimen is illustrated in Fig. 2. When the hybrid
manufacturing process was finished, the thin plate with good
surface quality could be obtained. Then, the tensile specimen
would appear by wire electrical-discharge machining. The
whole process was shown in Fig. 3.

The hybrid additive and subtractive machining tool is
shown in Fig. 4. It can achieve both DLD and milling
switching freely. The position accuracy is 8§ pm/800 mm,

Powder

Tensile specimen

—dll —

Fig. 3 Processing of tensile specimen by hybrid manufacturing

and the repeatable position accuracy is 5 um/800 mm.
Because of the high process precision, components with high
dimensional accuracy can be manufactured. Most importantly,
the DLD parts can be milled immediately at a high tempera-
ture. By measuring with a laser thermometer, we find that the
starting milling temperature is 250 °C + 50 °C. Therefore, the
tensile specimens obtained by DLD and thermal milling can
be studied.

2.4 Measurement of residual stress

The residual stress of the specimens and substrate were mea-
sured by the X-ray diffractometer, which is shown in Fig. 5. The
residual stress tester X-350Ac was manufactured by Handan
Stress Technologies Co., Ltd., China. The tester meets the stan-
dard EN-15305-2008 and the American Standard ASTM E915-
2010 standards. Correction with reduced iron powder was re-
quired before testing. If the residual stress result was within plus
or minus 14 MPa, it was correct. The test result was — 9 MPa, so
the results showed that it satisfied the stress testing standards,
and the device is accurate and reliable [14].

Milling
tool

Hybrid
manufacturing
part

Thin plate
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Fig. 4 Hybrid additive and
subtractive manufacturing tool

The rolling fixed v method was used to measure the resid-
ual stress. The scanning start angle in the 26 plane is 154°, the
scanning ending angle is 143°, and the scanning step is 0.1°.
And the method to determine peak position is the cross-
correlation method, with the diffraction crystal plane (311),
the high voltage of the X-ray tube at 25 kV, the high current
of the X-ray tube at 5 mA, and the counting time of 0.5 s.

The diagram of the roll diffraction method is shown in Fig.
6. 1) and n are located in two planes perpendicular to each other.

Test bench

Fig. 5 Residual stress tester by X-ray diffractometry
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The normal direction of the surface, the normal direction of the
diffractive crystal plane, and the direction of the stress to be
measured are coplanar. The incident ray, the diffracted ray, and
the normal direction of the diffractive crystal plane are in an-
other plane. Based on the measuring principle, the normal di-
rection must be located in the XOZ plane in order to measure
the residual stress in the OX direction. Both the incident ray
(TO) and the diffracted ray (OC) were at an angle of ) with ON.
To measure the residual stress at different angles of 1/, the plane

Control line

High voltage line

iron powder
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Fig. 6 Geometric schematic of the rolling diffraction method

of TOC should be rotated around the axis of OY. Therefore, the
X-ray tube and the counting tube roll simultaneously. The stress
calculation formula is shown as:

(1)

where K of the austenitic stainless steel is 36.26.

Goniometer
circle

— X-ray tube
™~

Focal circle

Component

(a) ¥=0°
Fig. 7 a, b The focus conditions of 1) = 0° and v # 0°

Counting tube

If the ¢ = 0° and v = 45°, it is the fixed 1) method, and the
stress formula is shown as:

op = 2K, A20 (2)

According to the design principle of the X-ray polycrystal-
line diffractometer, the crystal surface was always parallel to
the sample surface. Therefore, the normal (n) of the sample
surface was parallel to the normal (N) of the diffraction crystal
plane. If the ¢ = 0°, the normal of the sample surface was
rotated to the angle of 1) when the positions of X-ray tube
and counting tube were unchanged (Fig. 7a). However, if the
counting tube was not on the focal circle, the counting tube
must move the distance of D to detect the diffracted ray. The
relationship could be expressed as:

cos[¢ + (90°-0)]

R =R-D=R 5
- (90°-)

(3)

where R’ is the distance from the counter tube to the surface
of'the specimen after moving. The residual stress tester used in
this experiment has the stress attachment, which can meet the
above requirements and calculate the residual stress values.

3 Results and discussion

3.1 Residual stress reduction by post-heat treatment
at 400 °C

Residual stress often occurs in the process of hot manufactur-
ing of metal materials and their products. And it has a serious
impact on the strength, dimensional stability, and service life
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2201 R denser the test points. The 66 residual stress test points were
200 ot '"\ /'\ / .\ \.\-/'\.5/ \.Hﬁ,'.- o divided, with the two points on the side of the component. By
180 . \/ \ s " ] fitting the measured results in MATLAB, the residual stress

& 160 ] /l “‘ " u distribution map Was obtained, as shown 1n Fig. 9.

s ] | g The large residual stress occurred mainly near the laser

o 1407 .' \ " scanning area, which reached approximately 300 MPa. The

‘g 120 + " . " stress was reduced with the increasing of the distance between

g 100 the test point and the laser scanning area, and the stress was

5 0] ™ .' the smallest around the corner. The temperature of the laser

1 / \ L scanning area was very high, and the temperature gradient was
601 o - huge. The deformation caused by the temperature was diffi-
40 cult to transfer to the adjacent areas, so there would be large
204 residual stress. In contrast, small stress was observed in the

0 J ; 3 B : 6 7 edge region of the substrate because the temperature was low-

processing time / min

Fig. 8 In situ measurement temperature of the substrate

of the product [9]. The stresses distribute not only in the com-
ponents but also in the substrate. The in situ measurement
temperature of the substrate is shown in Fig. 8.

Figure 8 shows that with the increasing of the processing
time, the substrate temperature increases rapidly, then stabilizes
at approximately 200 °C. The substrate temperature was bal-
anced when the heat input by the laser was almost equal to the
heat emitted to the whole environment. The residual stress mea-
surement was carried out when the substrate was cooled. There
were 8 channels on the side of the DLD component, and there
were 8 test points per channel. The closer to the component, the

er than in the edge region of the substrate than in the middle
area. Another reason for the observation of the small stress
was that the deformation could reduce the residual stress. In
addition, the residual stress fluctuation was small along the
longitudinal direction, and the values at the end were about
100 MPa. The stress value changed greatly in the width direc-
tion, and the smallest stress was almost 15 MPa.

Although heat treatment could significantly reduce the re-
sidual stress of DLD and milling, excessive temperature
would cause serious surface oxidation, which not only affect-
ed the residual stress test but also reduced the area of actual
load bearing. Therefore, we just compared the residual stress-
es between the “as-built” hybrid manufactured specimen and
400 °C heat treatment of the hybrid manufactured specimen
(as shown in Fig. 10). There were 15 test points distributed in
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Fig. 9 Residual stress distribution map of the substrate after DLD
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Fig. 10 a, b Residual stress
comparison of as-built and heat
treatment at 400 °C

the working area of the tensile specimen (Fig. 10a), which
would reflect the stress of the entire tensile zone. Figure 10
b was the residual stress value before and after heat treatment.
The red curve is the residual stress without heat treatment, and
the black curve was the residual stress after heat treatment at
400 °C for 2 h and air cooling, and the blue box was the
fracture position during the tensile test.

Heat treatment at 400 °C for 2 h would reduce the residual
stress of the tensile specimen significantly. The residual stress
varied obviously, because the inhomogeneity of the material,
inclusions and pores would lead to the milling chatter. After
heat treatment, the surface residual stress of the tensile speci-
men was relatively uniform. The average test residual stress
before heat treatment was 769.27 MPa, and it was
356.29 MPa after heat treatment, which indicates that the
stress was reduced by 53.7%.

We also analyzed the connection of residual stress distribu-
tion and the fracture location and found that all the fracture
positions were not in the middle of the tensile specimen. By
observing the residual stress values without heat treatment, we
found that the third to fifth test points were larger than the
others, which was consistent with the location of the fracture.
The same rule was found for the specimens with heat treat-
ment. So, it could be concluded that the fracture position of the
tensile specimens was near the place where the residual stress
was the largest.

Sometimes, the test residual stress was larger than the yield
strength of the 316L stainless steel for three reasons: during the
milling process, a large blade radius would increase the plastic
deformation and surface residual stress of the material but
would not affect the internal stress deeper than 140 pum [30].
A super-saturated solid solution would lead to the precipitation
hardening and increase the residual stress in the solution heat
treatment stage [31]. Deformation during the cooling process
would affect the stress because of the high temperature during
the laser additive manufacturing process [7, 32].

o
=

900 [~ asbuilt —=—400°C

800

700

600

500

400

Surface residual stress / MPa

300

Test points

3.2 Effect of different heat treatment temperatures

Based on the hybrid additive and subtractive manufactured
specimens, different heat treatment conditions were compared
including 400 °C, 600 °C, 800 °C, 1000 °C, and 1150 °C for
2 h with air cooling. Although the heat treatment temperatures
were different, there were dimples on the fracture surface ob-
served by the SEM (Fig. 11). And the dimples were the typical
microscopic characteristics of ductile fracture [11]. However,
different heat treatment temperatures would lead to the differ-
ent tensile properties. Therefore, we would observe the differ-
ent macroscopic and microscopic characteristics and analyze
the effect on tensile properties.

In order to understand the causes of the fracture, the low
magnification of the scanning electron microscope was used
to observe the fracture surface. The optical microscope cannot
obtain a good image of the uneven fracture because of the
small depth of the field. However, SEM could show better
image stereoscopic effects and a large depth of field through

Signal A = SE2

WD =15.1 mm Mag= 5.00KX

Date :19 Apr 2018
Time :10:08:44

Fig. 11 Dimples on the fracture surface with SEM (x 5000)
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secondary electron imaging technology. When the magnifica-
tion was nearly x 100, the fracture morphology obtained is
shown in Fig. 12.

Many different factors led to the fracture because inhomo-
geneity of powder feeding would cause problems such as
pores, inclusions, oxidation, and unmelting inside during the
DLD process. On the whole, obvious shrinkage can be seen in
all specimens when the heat treatment temperature is lower
than 1000 °C (Fig. 12a—d). Ductile fracture of the as-built
specimen was the most obvious because there were clear fi-
brous areas and radiation areas, and the fracture direction
could be observed through the stripes in the radiation area
(Fig. 12a). When the heat treatment temperature was 400 °C,

Fig. 12 a—f Fracture morphology
of different heat treatment
temperatures

Fibrous zone

EHT =15.00kV
WD =15.1 mm

Signal A= SE2
Mag= 70X

Date :19 Apr 2018 100 pm
Time :10:06:15

the internal defects appeared, and there were impurity parti-
cles at the edges, which acted as the source of the fracture (Fig.
12b). The fracture surface at 600 °C (Fig. 12¢) and 800 °C
(Fig. 12d) was a small angle, which meant the fracture surface
did not correspond to the plane of the maximum normal stress
nor correspond to the plane of the maximum shear stress.
Therefore, the anisotropy of the material was serious, horizon-
tal performance was poor, and there were plastic inclusions or
pores (Fig. 12d). For the 316L austenitic stainless steel, heat
treatment at 1000 °C was high enough to cause the obvious
fracture direction and large step defects (Fig. 12¢). If the heat
treatment temperature increased to 1150 °C, thermal cracks
near the surface would depress the tensile properties (Fig.

EHT = 15.00kV
WD = 96mm

Signal A= SE2
Mag= 100X

Date :19 Apr 2018
Time :10:20.23

(a) as built

STE - Slanti

=<3

EHT =15.00kV
WD =204 mm

Signal A= SE2
Mag= 80X

ng fracture 5

Date 19 Apr 2018
Time :10:33:24

(b) 400°C for 2 h

Date :19 Apr 2018
Time :10:35:01

Signal A= SE2
Mag= 100X

100 pm EHT = 15.00kV
WD =156 mm

(¢) 600°C for 2 h

100 ym EHT = 15.00kV
WD =24.0mm

Signal A = SE2
Mag= 200X

Date :19 Apr 2018 100 pm =15.00kV
Time :10:42:58

(d) 800°C for 2 h

Signal A= SE2
Mag= 200X

Date :19 Apr 2018
Time :10:16:27

WD =253 mm

(e) 1000°C for 2 h
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Fig. 13 a—d Morphology of
dimples at different heat treatment
temperatures

s Small pores
(1) formation===

Signal A= SE2
Mag= 500KX

Date :19 Apr 2018
Time :10:40:21

Date :19 Apr 2018
Time :10:34:06

Mag= 500KX

(a) 600°C for 2h

‘Pimple
Abroken...

roae W
EHT = 1500 kv
WD =24.0mm

Signal A = SE2
Mag= 500KX

(b) 800°C for 2h

)

Signal A= SE2
Mag= 500KX

EHT = 1500 kv
WD =254 mm

Date :19 Apr 2018
Time :10:42:40

Date :19 Apr 2018
Time :10:17:52

(c) 1000°C for 2h

12f). The results were like the observations of Yadollahi et al.
[11]. In short, the fracture defects were not obvious when the
heat treatment was performed at a low temperature. However,
the higher the heat treatment temperature, the larger the size of
the defects, which would affect the tensile performance under
macro-conditions [20].

It was not sufficient to analyze the fracture through the
macroscopic analysis. The macroscopic fracture morphology
did not fully reveal the microscopic fracture mechanism and
other details. And it was needed to analyze the product to
determine the cause of the fracture. So, the microscopic frac-
ture was analyzed. The dimples of different heat treatment
temperatures are shown in Fig. 13.

Many factors would affect the size of the dimples, such as
shape of the second-phase particles, material plasticity, defor-
mation hardening index, stress, and temperature [31]. There
were regular dimples on the fracture surface of the as-built
specimen with heat treatment at 400 °C (Fig. 11). However,
the dimples varied with the heat treatment temperature accord-
ing to Fig. 13. Smaller and denser dimples gradually appeared
around the dimples at the heat treatment temperature of 600
°C (Fig. 13a). When the temperature reached 800 °C, these
smaller and denser dimples were connected in a strip (Fig.
13b). When the heat treatment temperature rose to 1000 °C
[21], smaller dimples disappeared, and some dimples had bro-
ken (Fig. 13c). During the tensile test, the broken dimples
were easy to form a fracture source, which might lead to the

(d) 1500°C for 2h

fracture and reduce the tensile properties of the specimens. If
1150 °C was used for the heat treatment, excessive heating
would lead to the disappearance of the original dimples.
Therefore, there were no microscopic characteristics of the
ductile fracture, the specimen began to transition from ductile
fracture to brittle fracture, and the tensile properties of the
specimen were further reduced (Fig. 13d).

By observing the fracture surface of the heat treatment at
1150 °C, we found that the surface was extremely loose, the

EHT =15.00 kV
WD =254 mm

Signal A = SE2
Mag= 500X

Time :10:18:20

Fig. 14 Morphology of intergranular ductile fracture with heat treatment
at 1150 °C
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grain was coarse, and there were small dimples on the grain
boundary separation surface (as shown in Fig. 14), which
formed the intergranular ductile fracture [21]. On one hand,
when the metal was hot-processed or heat-treated, intergranu-
lar fracture would appear under stress if the excessive heat
caused the partial or overall heating. On the other hand, if
the content of the oxygen in the steel exceeded the saturation
of ferrite (0.003%), the oxide and oxygen-rich layer formed
near the grain boundary would reduce the bonding force of
grain atoms and cause the intergranular fracture.

Microstructure of the 316L austenitic stainless steel varied
during the process of heating to the austenite range and
cooling. Many precipitate phases in the matrix would dissolve
during the initial high-temperature austenitization. Then, these
elements segregated toward the grain boundary during
cooling and precipitated on the grain boundaries. The mor-
phology of the second-phase particles of different heat treat-
ment temperatures is shown in Fig. 15.

Figure 15 shows that different heat treatment conditions
ultimately led to the different second-phase particle morphol-
ogy. There were many second-phase particles distributed at
the dimples with parts of as-built (Fig. 15a) and 400 °C for
2 h + AC (Fig. 15b). However, there were almost no second-
phase particles precipitation at 800 °C for 2 h + AC (Fig. 15¢).
The second-phase particles were flaky, not spherical, when the
PHT condition was 1150 °C for 2 h + AC (Fig. 15d). The
dimple was a representative microstructure of ductile frac-
tures, and excessive dimples may lead to microscopic cracks
and even affect the tensile properties.

Fig. 15 The second-phase

particle morphology. a As-built; b
400 °C for 2 h + AC; ¢ 800 °C for
2h+AC;d 1150 °C for2 h+ AC

Signal A = SE2
Mag= 10.00 KX

EHT = 1500 KV
WD =125mm

The precipitated second-phase particles played an impor-
tant role in the nucleation, and their size and distribution had a
great influence on the size of the dimple. The residual austen-
ite in the 316L stainless steel was ductile phase, which bound
strongly to the matrix and improved the ductility and tough-
ness. Besides that, when the crack in the matrix encountered
the ductile phase, the ductile phase was prone to initiate plastic
deformation rather than brittle fracture, and the plastic defor-
mation consumed a large amount of elastic energy simulta-
neously. Therefore, the tensile performance of the specimens
of the as-built and heat treatment at 400 °C were good. The
yield and ultimate strength would show in the next chapter.
The tensile strength with heat treatment at 1150 °C was bad,
which may be related to the irregular second-phase particles.
The plasticity of the flaky second-phase particles was lower
than the plasticity of the spherical particles. The nitride in the
austenite was sharp-angled. The large stresses and strain at the
sharp corners indicated that pores form easily and grow up to
reduce the plasticity and toughness [21]. EDS was used to
analyze the precipitated second-phase particles (Fig. 16).
The main change in elemental content was chromium or man-
ganese, while the other elements hardly changed. Not only
that, the degree of oxidation increased with the increase in
the heat treatment temperature. Therefore, the precipitated
second-phase particles were mainly oxides and nitrides that
were chromium-rich or manganese-rich.

In addition to observing the fracture surface by SEM, the
microstructures were analyzed by the optical microscope. The
samples were etched by a solution containing HCI (30 ml) and

7 o
. \ '/L‘f !
EHT = 15.00 KV Signal A = SE2
H WD =204 mm Mag= 10.00KX

Date :18 Apr 2018
Time 10:32:04

Signal A = SE2
Mag= 1000 KX

EHT =15.00 kV
WD =158mm

Date 118 Apr 2018
Time :10:13:13

Date 118 Apr 2018 =
Time :10:40:54
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Fig. 16 Element content analysis. a Chromium (Cr) and manganese (Mn) content of precipitated second-phase particles with different PHT conditions. b

Partial elements of second-phase particles by EDS

HNO; (10 ml) for 60 s. The partial microstructures are shown
in Fig. 17.

Figure 17 a shows that it was composed mainly of fine
equiaxial crystals when there was no heat treatment.
Because the temperature gradients in all directions of the in-
ternal workpiece were close to each other. After the low-
temperature heat treatment, different temperature gradient
caused lots of columnar crystal (Fig. 17b). The equiaxial crys-
tal grew after heat treatment, and the crystal orientation was
consistent with the fastest cooling direction of the workpiece

[33]. However, if the heat treatment temperature was too high,
the microstructure was a large block, which increased brittle-
ness and led to the decline of the tensile performance [34].

3.3 Effect of different heat treatment temperatures
on tensile properties

Five different heat treatment conditions were compared (as-
built, 400 °C, 600 °C, 800 °C, 1000 °C, and 1150 °C for 2 h
with air cooling). The relationship among the yield strength,

AL ) TR Y -

Fig. 17 Microstructure of different PHT conditions. a As-built, b 400 °C for 2 h + AC, ¢ 1150 °C for2 h + AC
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700 7 ‘+ ultimate strength —=— yield strength\ Table 1 Yield strength and ultimate tensile strength at the failure of 316
L stainless steel
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= : AM + thermal milling 427 599
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Fig. 18 Comparison of yield strength and ultimate strength at different
PHT conditions

ultimate strength, and heat treatment temperature is shown in
Fig. 18. The relationship between the elongation and heat
treatment temperature is shown in Fig. 19.

Figure 18 shows that the yield strength and ultimate
strength of the specimens decreased with the increasing
of the heat treatment temperatures, and the ultimate
strength decreased faster than the tensile strength.
Because of the high temperature, irregularly shaped
second-phase particles would reduce the tensile properties.
In addition, broken dimples were more likely to occur,
which would indirectly affect the fracture properties and
even make the tensile specimens fracture faster (Fig. 13).
Both the yield strength and the ultimate strength with the
heat treatment at 400 °C did not decrease. And we found
that the dimples and the second-phase particles were al-
most the same by observing Fig. 15 a and b. The tensile

60
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.19 Comparison of elongation at different PHT conditions
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performances gradually decreased with the increase in the
heat treatment temperature, which was the same as the
results of Fig. 15.

Figure 19 shows that the higher the heat treatment temper-
ature, the greater the elongation if the heat treatment temper-
ature is below 1000 °C. Usually, the high heat treatment tem-
perature softened the material, increased the dimple depth,
improved the plasticity of the materials, and then increased
the elongation of the tensile specimens. However, excessive
heat would make the austenite grains grow up sharply, lead to
crystalline fracture, and decrease the elongation if the heat
treatment temperature was too high (Fig. 14).

The tensile test results and the literature values for the 316L
stainless steel are shown in Table 1 [29, 35-37]. The results from
this experiment were as good as the results from the other exper-
iments, which illustrates that the hybrid additive and subtractive
manufacturing technology was successful. The average yield
strength of as-built was 427.5 MPa, and the average ultimate
strength was 599.27 MPa. Although the tensile properties de-
creased slightly, the residual stress was obviously depressed (Fig.
10). Therefore, the new technology combining the DLD and
thermal milling could be used to manufacture some components
and simultaneously continue to perform well. Additionally, DLD
with thermal milling was comparable to the cooling milling. The
average yield strength with cooling milling was 458.9 MPa, and
the average ultimate strength was 621.3 MPa. The cooling mill-
ing was slightly better than the thermal milling [11]. However,
the DLD with thermal milling could avoid the shrinkage defor-
mation when the component was cooling. The aspect of the
specific effect of processing parameters on shrinkage deforma-
tion will be published in a follow-up study.

4 Conclusions

The present article reported on the microstructure, heat treat-
ment, tensile fracture, and properties of directed laser
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deposition processing and thermal milling the 316L stainless
steel. The main conclusions are summarized as follows.

1. Heat treatment at 400 °C for 2 h would effectively elim-
inate the residual stress (53.7%). The yield strength and
ultimate strength were hardly decreased, and the elonga-
tion was simultaneously increased from 36.48 to 40.2%.

2. The dimples and the second-phase particle were varied with
the heat treatment temperature. The tiny dimples underwent
formation to the junction and then broke with the increase in
the heat treatment temperature. If the heat treatment temper-
ature was too high, the microstructure would be too large,
crystalline fracture would occur, and the precipitated
second-phase particles were irregularly flaky, which would
obviously decrease the tensile performances.

3. The yield strength and ultimate strength decreased with
the increase in the heat treatment temperature. The ulti-
mate strength was reduced faster than the other. The elon-
gation would be improved when the heat treatment tem-
perature was below 1000 °C.
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