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ABSTRACT

THE DEFORMATION RATE SENSITIVITIES OF ADDITIVELY AND
CONVENTIONALLY FABRICATED 316L ALLOYS

The compression stress-strain behavior of a Scanning Laser Melt 316L (SLM-
316L) and an annealed and extruded commercial 316L (C-316L) were determined
between 1x107 s and 2500-3150 s™'. SLM-316L deformed by twinning and slip, while
C-316L by martensitic transformation and slip with no fracture until about 0.51 strain.
The higher yield strength of SLM-316L than C-316L was attributed to the higher
dislocation density of SLM-316L. The higher work hardening rate of C-316L alloy was
proved due to the higher resistance of martensite plate than twin boundary to the
dislocation motion. As the strain rate increased, both alloys showed increased flow
stresses. However, the rate sensitivities declined as the strain increased due to the
adiabatic heating at high strain rates. The Johnson and Cook flow stress material models
of both alloys were further determined for the adiabatic and isothermal conditions. The
martensite formation in C-316L specimens and twinning formation in SLM-316L alloys
decreased at high strain rates compared to quasi-static strain rates. The XRD spectra of
C-316L also confirmed the reduced martensite formation at high strain rates. The reduced
twin and martensite formation at high strain rates were attributed to the increased stacking
fault energy due to the adiabatic heating of the test specimens. The increase of stacking
fault energy at high strain rates promoted a higher fraction of the deformation by slip.
Lastly, the reloading tests revealed a strain-rate history effect in SLM-316L and no strain-
rate history effect in C-316L.
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OZET

EKLEMELI VE GELENEKSEL YONTEMLE URETILEN 316L
ALASIMLARININ DEFORMASYON HIZI HASSASIYETLERI

Secici Lazer Ergitme yontemi ile eklemeli olarak tiretilmis 316L. (SLM-316L) ve
ekstriide edilmis-tavlanmis ticari 316L (C-316L) alagimlarinin basma testi altindaki
gerilim-gerinim davranisi, statik (1x107 s') ve dinamik (2500-3150 s™) hizlar arasinda
belirlendi. SLM-316L, ikizlenme ve kayma yoluyla deforme olurken, C-316L martenzitik
doniisiimle deforme olmustur ve her iki alagim da yaklasik 0,51 gerinim degerine kadar
kirilma olmadan deforme olmuslardir. SLM-316L'nin C-316L'den daha yiiksek akma
dayanimi, SLM-316L'nin daha yliksek dislokasyon yogunluguna atfedilmistir. C-316L
alasiminin daha yiiksek peklesme (is sertlesmesi) hizi, martenzit plakalarinin,
dislokasyon hareketine karsi, ikiz sinirlarina kiyasla, daha yiiksek direng gostermesine
atfedilmistir. Gerinim hiz1 arttik¢a, her iki alagimin akis gerilmelerinde artis goriilmiistiir.
Ancak, yiiksek gerinim hizlarinda, gerinim arttik¢a artan adyabatik 1sinma nedeniyle
gerinim hiz1 hassasiyetleri diismiistlir. Her iki alasimin Johnson-Cook malzeme model
parametreleri, adyabatik ve izotermal kosullar i¢in ayrica belirlenmigstir. C-316L
numunelerindeki martenzit olusumu ve SLM-316L numunelerindeki ikiz olusumu statik
gerinim hizlarma kiyasla yiiksek gerinim hizlarinda azalmistir. C-316L'nin XRD
spektrumlar1 da yiliksek gerinim hizlarinda martenzit olusumunun azaldigini
dogrulamistir. Yiiksek gerinim hizlarinda azalan ikizlenme ve martenzit olusumu, test
numunelerinin adyabatik 1sinmasi nedeniyle artan istif bozuklugu enerjisine baglanmistir.
Yiiksek gerinim oranlarinda istif bozuklugu enerjisinin artmasi, kayma ile deformasyonu
tesvik etmistir. Son olarak, yeniden yiikleme testleri, SLM-316L'de bir gerinim hizi
gecmisi etkisi ortaya koyarken C-316L'de bu etkinin olmadigini ortaya ¢ikarmigtir.
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CHAPTER 1

INTRODUCTION

The austenitic AISI 316L steel is one of the most widely used alloys '. It is a
ductile metal with a high corrosion resistance and a good fatigue resistance; it has a good
weldability and it is also bio-compatible with the human body 2. The AISI 316L alloy
resists high temperature; hence, it is considered also as a high temperature alloy. All these
properties make AISI 316L one of the most preferred alloys in the biomedical, marine,
chemical, nuclear, aerospace and automotive industries. Commercial 316L (C-316L) is
manufactured by using the conventional methods including casting, extrusion, rolling and
forging. These methods may further require pre- and post-production processes in the
applications that require complex design, mechanical properties and chemical
composition. Alternative ways of processing metallic alloys based on the demands of
reducing impurities and human factors, rapid prototyping, reducing production costs, and
producing complex designs in a single step have emerged and consequently, alternative
ways were sought in the production line.

Additive manufacturing (AM) emerged in the 1980s > . It was called rapid
prototyping at the beginning °. A general definition for AM may be a manufacturing
process that produces three-dimensional parts by adding two-dimensional layers on the
top of each other. It is a method that has the capabilities of producing almost all kinds of
materials including polymers, ceramics and metals and their composites. It has met the
demands of the industry and started to change the production line radically °. Different
AM methods have been developed so far ®. Among them, the Selective Laser Melting
(SLM) is the fastest growing one and capable of producing more than one part at once.
Moreover, it is the most widely investigated AM method for processing metallic parts
both by the academia and industry ©.

Studies have reported that SLM processed AISI 316L (SLM-316L) exhibit quite
different mechanical properties and deformation behavior from C-316L 7 ®. Until now,
the studies have focused on the mechanical properties and deformation behavior of SLM-
316L at quasi-static strain rates, examples of which can be found in the refs *'2. There

13,14

have been however few studies in the literature focusing on the strain rate dependent



deformation and flow stress behavior of SLM-316L. The strain rate regime investigated
in these studies are also narrower and the effect of strain rate on the deformation behavior
has not been fully investigated yet. This thesis is therefore performed in order to clarify
and understand the strain rate dependent compressive deformation and the rate sensitive
flow stress behavior of an SLM-316L alloy in a wider strain rate regime, spanning from
quasi-static to high strain rates. The deformation and rate sensitive behavior of SLM-
316L were further compared with those of a C-316L alloy. For these, cylindrical
compression test specimens of both alloys were prepared and tested at both quasi-static
and high strain rates. The compression tested SLM-316L and C-316L specimens until
about prescribed final strains were then examined microscopically by using SEM, optical
microscopy, EBDS and XRD in order to clarify the dominant deformation modes and
phase transformation at different strain rate regimes. The Johnson and Cook (JC) flow
stress constitutive relations of both alloys were determined based on the quasi-static and
high strain rate compression tests. Hardness tests were performed on the deformed
specimens to determine any strain rate strengthening effect. The strain rate history effects
in both alloys were finally investigated by reloading the quasi-statically and dynamically

tested specimens to a lower or a higher strain rate.



CHAPTER 2

LITERATURE REVIEW

2.1. AISI 316L Stainless Steel

The AISI 316L steel is a member of AISI 300-grade austenitic stainless-steel
family (see Figure 2.1). The nominal composition of AISI 316L is tabulated in Table 2.1
and the major alloying elements are 16-20% chromium, 10-14% nickel and 2-3%
molybdenum. The AISI 316L steel has a similar composition with AISI 304, except
molybdenum. Molybdenum reinforcement contributes to the pitting corrosion resistance
11516 Tt has also a lower carbon content (0.03%) than AISI 316L. The lower carbon
content reduces the sensitization and increases the formability and machinability. The
presence of a high percentage of chromium induces a high oxidation and corrosion
resistance and nickel stabilizes the austenitic phase. Chromium forms an oxide layer on
the surface that protects the underneath alloy from the corrosive environment. As the AISI
316L steel is biocompatible with the human body, it is widely used in the food industry,
biomedical tools and prosthesis . The machinability, formability, weldability and high
temperature performance make it also useful in the nuclear, aviation and automotive

industries 7.

Table 2.1. The nominal composition of the AISI 316L steel.
(Source: Peckner et al., 1977)

Composition (%) C Mn Cr Ni Mo Fe

316L 0.03 (max) 2 16-18 10-14 2-3 Balanced
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Figure 2.1. Composition diagram linkages in the AISI stainless-steel family.

(Source: Davis et al., 2000)

2.2. Additive Manufacturing

The first idea and experimental work on AM were in the 1980s. In these years,
the final product prototypes were started to be constructed before the mass production in
order to reduce the costs of molds. Hence it was referred to as rapid prototyping ** which
is known as AM today. Additive manufacturing methods are distinctly different from
conventional methods. In the conventional methods, the final product is manufactured by
removing the parts from the previously cast or extruded raw materials, known as
subtractive method, while in AM the product is manufactured by sequential melting
micron or even nano-sized powder layers '®. In this way, the raw material consumption is
significantly reduced and the complex structures that cannot be manufactured by
conventional methods can be produced. As the complex structures can be produced

almost exactly as it was designed, so unlike the conventional method, AM products



require either lesser number of or no pre- and post-processes; hence it provides nearly a
single-step production '°. AM reduces greenhouse gas emissions; therefore, it is a more
environmentally friendly production method 2°.

Additive manufacturing of metals and alloys is noted to be an emerging
technology and has problems that have to be overcome in order to widen its application
areas 2°. The cooling rates in AM are extremely very high, ranging from 103 to 10% K/s ”.
Heterogeneously distributed residual stresses, porosity, delamination, changes in the
microstructure, anisotropy in the mechanical properties and the formation of different
micro-defects are frequently detected in AM methods '’

The categorization of additive manufacturing in the ASTM F42 committee is
shown in Figure 2.2 %8, Some of the commonly used methods for metals are as follows;
Binder Jetting (BJ), Powder Bed Fusion (PBF), and Powder Fed or Directed Energy
Deposition (DED). The most commonly used PBF methods include SLM, Electron Beam
Melting (EBM), Direct Laser Deposition and Laser Powder Fed (LPF). EBM falls under
the class of powder-bed and electron-based fusion according to the ASTM F42 committee
23,28

In EBM, an electron discharge beam fuses the metal particles in the powder bed
by melting them. Since electrons are used, the atmosphere is under vacuum. Although the
vacuum atmosphere is needed to prevent oxidation, it has been reported that elements
such as molybdenum can segregate during production 2°. In the BJ method, the final part
is produced layer by layer by selectively injecting a liquid binder into metal powders. The
produced green part is then sintered in a high-temperature furnace to burn the polymer
binder and sinter the metal powders. It is reported that it is difficult with the BJ method
to reach the desired densities in the final material '8. The LPF method is laser-based and
falls within the scope of the ASTM F42 committee standard's DED. In the LPF method,
the laser 1s fed directly with the blown powder during the process.

The SLM is a powder bed AM method. It uses laser beam to melt the powders.
Different names such as Direct Laser Melting and Laser Beam Powder Bed Fusion are
also used for the SLM. Laser Beam Powder Bed Fusion is a recent and most widely
accepted name for these processes. The schematic of SLM method is shown in Figure
2.3(a). In the SLM method, as a thin layered powder laid on a platform (heated to 80°) is
selectively melted by scanning in two dimensions with a computer aid by a laser beam 2>
The thickness of powder layer is usually 20—100 um. Then the powder is laid again and

this process is repeated until the final product is formed ?. In the SLM production method,



there are numerous parameters that affect the final sample, some of which are shown in
figure 2.3(b). The spacing between two consecutive laser beams is called hatch spacing
or hatch distance. It is measured by a distance from the center of one beam to the center
of the next beam. The scan speed of a laser system depends on how fast the laser beam
moves on the powder bed. The melting of powder with a laser scan forms a melt pool and
the boundaries between individual melt pools is called the melt pool boundary (Figure

2.3(b)).
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Figure 2.2. Categories of additive manufacturing according to ASTM F42 committee.
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process parameters. (Source: Fayazfar et al., 2018)

If manufacturing parameters are determined properly, a higher specimen density

can be achieved in the SLM compared to other AM methods, and multiple parts can be



produced quickly at once 6. However, the flaws of AM methods such as formation
porosity probability, anisotropy, differences of microstructure and interconnected
unpredictable manufacturing parameters can also apply to the SLM method. Four types
of pores were reported in the SLM processed alloys as depicted in Figures 2.4(a-d). These
are the lack of fusion-induced pores, gas-induced pores, residual stresses process-induced
pores and key holes 2%, The lack of fusion pores occurs when the selected laser power
is not sufficient to melt the powders (Figure 2.4(a)). Gas-induced pores are formed by the
compression of the protective gas or the trapping gases during melting (Figure 2.4(b)). A
high residual stress also results in pore formations at the melt pool boundaries (Figure
2.4(c)). When a high processing energy is used, irregularly shaped pores called keyholes

are formed as shown in Figure 2.4(d) 3% 3!,

!i“ pool

boundaries

—— 10 pm

Figure 2.4. Pore types; a) lack of fusion induced pore b) gas induced pore c) residual
stress induced pores and d) keyhole pore. (Source: Pham et al., 2017 and
Liverani et al., 2017)

In most AM methods, residual stresses are naturally formed because of

heterogonous cooling rates involved during processing. These residual stresses can cause



warping of the parts to be produced. Support structures are generally required in order to
reduce the extent of residual stresses; hence, the part warpage. The presence of residual
stresses may require post-processing such as heat treatment for stress relief.

The surface quality and final form of the final parts are also important and
affected by the powder size. The finer metal powders produce sharp and clean final parts,
but fine powders are more difficult to spread and lay 2°. Protective gases such as nitrogen
and argon are used to form a protective atmosphere for the powders.

The effects of SLM manufacturing parameters on the material properties of metal
parts, especially stainless steels, have been extensively studied. The production
parameters affecting the microstructure of the alloys produced with SLM are as follows;
laser power, layer scanning rate (or velocity) and type, hatch spacing, type of protective
gas and powder type, powder size and alloy purity > '!-23. All these parameters determine
the quality of the final SLM-produced alloy. In a study conducted in 2016, the effect of
laser power (129, 144, 159 and 189 W) and laser scanning rate (1400, 1540 and 1680 mm
s') on the mechanical properties of 316L stainless steel parts were investigated °. During
production, the hatch spacing of 50 um and layer thickness of 30 um were kept constant.
Two scanning strategies, the one-way method and cross-hatching technique, were used.
The tensile strength of the specimens decreased with increasing scanning rate. An
increase in laser power produced larger melt pools and lower amount of pores, both of
which increased the density of the parts produced and hence the tensile strength increased.
However, when the energy density increased more than a certain value, it was stated that
the porosity increased due to the evaporation of metal from the melt pools.

The energy density E (J/mm?®) in the SLM is given as °

E=— 2.1)

where P is the laser power (W), v is the scanning rate (mm/s), / is the hatch spacing (mm),
and ¢ is the layer thickness (mm). The energy density, based on Eqn. 2.1, increases with
increasing laser power, but decreases with increasing scanning rate, hatch spacing and
layer thickness.

In another study, AISI 316L components produced with SLM using different laser
power, scanning rate, hatch spacing and fabrication orientation were characterized in

terms of achievable density, tensile strength and fatigue life !'. Among the process



parameters investigated, laser power was shown to have the strongest effect on the
density. Relatively highest densities were achieved at the highest laser powers and at the
lowest scanning rates. The building orientation and hatch spacing did not cause any
significant effect on the final density. The mechanical behavior of the SLM specimens
was comparable to or superior to that of commercial material and was mainly influenced
by the building orientation. The strength decreased when the loading axis was 90° to the
building direction as compared with the loading axis 45° to the building direction , while
the elongation to failure increased up to 50% '!. A review article on the effects of
production parameters on the microstructure and mechanical behavior of SLM-processed
specimens has been published 2. It was reported in the same study that the density of the
particle increased as the energy power increased. Highly dense parts were reported to be
obtained at low energy densities using high heating depths and low hatching spaces. It
was also reported that for steel alloys produced with SLM, the higher layer thickness
resulted in low relative densities 2. The effect of production parameters on the surface
quality and the density of a pure tungsten metal, a high melting point metal, was
investigated by the SLM method *2. Specimens were produced using 200-300 W laser
power and 200-400 mm s scanning rate. The surface quality of the parts produced at
very high laser powers was found not good and the specimen contained porosities. On the
other hand, the specimens processed using a relatively low laser energy density could not
be densified 2. It was also reported that the protective gases used diffused into the

material and impaired the mechanical properties >

2.3. Microstructural Features of SLM-316L

There have been many publications on the microstructure development and the
related mechanical properties of AISI 316L alloy produced by the SLM. The
microstructure of SLM-316L alloy is quite different from that of C-316L 7234, Columnar
grains develop parallel to the build direction in the SLM-316L alloy as shown in Figure
2.5 (a) *> 3. The formation of planar, columnar and dendritic grains is governed by the
shape of the liquid-solid interface, temperature gradient, solidification rate, and solute
diffusion coefficient **. In addition, micro/nano-sized honeycomb-like sub-grain or sub-
cell segregation network structure were observed inside the grains (Figure 2.5 (b)) 37

The sub-grains are the regions of high dislocation density (dislocation network) with



higher heavy atoms concentrations of the heavy elements such as Cr and Mo, arising from
the extremely fast cooling rates impeding the diffusion of these heavy elements *’. The
sizes of sub-grains ranged 0.5-1 pm “°. Since, sub-grains have almost the same
crystallographic orientation, they are not interpreted as grain boundaries. The
arrangement of the cellular structure was shown to be affected by the laser scanning
strategy and the long axes of sub-grains are generally parallel to the building direction *°.
Moreover, crystallographic texture was reported in the SLM-316L 3% 42-%_In a previous
study, 316L specimens were prepared by using 0°, 90° and 67° rotation scanning
strategies. The growth of columnar grains in the plane perpendicular to the scanning
direction resulted in the development of a strong single crystal-like texture. A strong
<100> and <110> single crystal-like texture was observed sequentially in the laser
scanning and build directions in the specimens printed with a bidirectional scanning
strategy without rotation. Rotating the scans by 67° caused a mismatch of melt pool
positions in each layer, which broke the epitaxy of columnar growth and resulted in fiber

texture and a random distribution perpendicular to the build direction.

(a)

. | M

Builld direct.

Build

Figure 2.5. (a) Columnar grains and b) sub-grain structure formed in the SLM method.
(Source: Ma et al., 2017 and Zhong et al., 2016)

To improve the strength and ductility of SLM-316L, attempts were made to
manipulate sub-grain spacing and sub-grain growth by adjusting the scanning parameters
and strategies in the SLM method #’. The development of the sub-grain network structure
was shown to be affected by the temperature gradient direction. Sub-grain spacing was

reported to increase with increasing the scanning rate but increased scanning rate resulted
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in lower densities. It was also suggested in the same study that sub-grain boundaries might
act as obstacles for dislocations and hence increase the strength *’. In another study, the
effect of scanning rate on the texture formation of AISI 316L was studied *. The AISI
316L specimens were manufacture using a high, medium and low scanning rate. The
specimen produced at the lowest scanning rate exhibited a cubic texture. The texture
became more and more random as the scanning rate increased *®. The effects of
production parameters on the melt pool shape, cooling rate and columnar grain size of a
SLM-316L were investigated *°. During solidification, the cooling rate affected the grain
sizes. Increasing laser power decreased the cooling rate of the melt pool from 10° to 102
K s and increased the length of columnar grains *°. The microstructure and mechanical
behavior of SLM-316L processed using a high and low laser power were further
investigated together with the effect hot isostatic pressing (HIP) post-processing >°. A
low-power laser resulted in higher cooling rates and thus a fine sub-grain microstructure.
The finer sub-grain microstructure was reported to result in higher hardness and
strength®®. The effect of protective gas flow direction on the morphological and
crystallographic structure of a 316L alloy was further investigated **. Specimens were
prepared with different the scanning angles of 0° and 90°. In the specimen scanned along
the gas flow direction, the melt pool depth was reduced by 33% without affecting the melt
pool width %

2.4. Mechanical Behavior of SLM-316L

Figure 2.6. Optical micrographs of 0.10 strained a)SLM-316L and b)Annealed-316L.
(Source: Hong et al., 2019)
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The yield strength of SLM-316L alloy was reported to be higher than that of C-
316L alloy, which was attributed to the relatively higher dislocation density of the SLM-
316L alloy *7. SLM-316L is deformed by the twin-induced plasticity (TWIP), while the
main deformation mechanism of C-316L is transformation-induced plasticity (TRIP) as
shown in Figures 2.6(a) and (b), respectively *!>!. TWIP deformation was also seen in a
surface mechanical grinded 316L alloy 2.

The tensile yield and ultimate tensile strength (UTS) and ductility of SLM-316L
are reported sequentially 450-590 MPa, 640-700 MPa and 33-59% while these values are
sequentially 160-365 MPa, 450-555 MPa and 30-43 % for C-316L 2°. It was also reported
that the yield strength is higher perpendicular to the build direction, while the ductility is
higher parallel to the build direction *7-*8. In a previous study, SLM-316L specimens were
tested parallel to <100>, <110> and <111> crystallographic orientations *%. Tensile test
specimens with different orientation were processed using a unidirectional scanning
strategy to obtain a single crystal-like orientation. The SLM-316L specimens showed
similar strengths when tested in the <100> and <110> orientations, the strength was
reported higher when the specimen tested in the <111> orientation. The <110> oriented
specimen had the highest ductility and the ductility of the <100> oriented specimens were
the lowest. This was attributed to the different Schmid factors of different
crystallographic orientations. The superior ductility of the <110> and <111> orientations
can be rationalized by the extra strain hardening ability owing to the TWIP effect *. The
effect of the scanning strategy of SLM-316L stainless steel was determined in a study 3.
Four different scanning strategies (stripe with contour, meander, stripe with no contour
and checkerboard strategy as shown in Figure 2.7) were used to manufacture tensile
specimens. The strip with the contour style generated the smallest sub-grain and grain
sizes (610 £ 19 pm and 45 + 3 pm, respectively), while the checkerboard strategy
generated the largest (887 = 15 pm and 64 = 7 um).

12



(a) Stripe with contour (b) Meander

(c) Stripe with no counter (d) Checkboard

Figure 2.7. Scanning strategy types in SLM method.
(Source: Salman et al., 2019)

2.5. Deformation Martensite and Twinning

TRIP behavior is basically a diffusion-less change of crystal phase as a result of
the deformation of the alloy in the austenite phase >* 3. The alloy transforms, during
deformation, from a Face Centered Cubic (FCC) austenitic phase into a Body Centered
Tetragonal or Body Centered Cubic (BCC) (its structure depends on the carbon content
of the alloy *°) *°. Figure 2.8(a) schematically shows the transformation from the FCC
phase to the BCC phase under stress. Figures 2.8(b) and (¢) show martensite deformation
in TRIP steel. Figure 2.8(b) shows the change in the crystalline structure at the atomic
scale and the pattern just below 7. Although martensite formation occurs in a single
step, in some cases, two-step martensite formation has also been reported. A
transformation mechanism observed for main o' martensite formation involves a two-step
reaction. Here the o’ phase is formed from an intermediate € martensite phase. This

formation includes two components. The first component includes a lattice displacement

of % <112> FCC achieved by an array of Shockley partial dislocations averaging one
over every third (111) slip plane. The second component includes a displacement of 1%

<112>FCCand % <110> BCC achieved by Shockley partials averaging one every second

(111) plane. If the partial dislocations associated with the first component that are piled
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up at the intersection of the second component structure could cross the uniformly
distorted planes, the result will be the formation of a BCC structure *°.

The diffusion-less nature of the martensitic transformation means that the
resulting transition in the crystalline structure is accomplished by a consistent
deformation of the FCC phase. To minimize the strain energy, martensite develops as thin
plates in certain crystallographic planes, called habit planes ®. These planes are the
interface between the austenite and martensite and are flat for unconstrained
transformations. Experimental observations indicate irrational orientation relationships,
similar to the Kurdjumov-Sachs orientation ®':

(11D)pec [ (01D)gee , < 101 >pec || < 111 >pcc

TRIP steels have a higher hardening rate compared to TWIP, so the deformability
in TRIP wears off more quickly. However, TWIP steels have greater ductility, which

provides a better ability for energy absorption and toughness >°.
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Figure 2.8. (a)Schematic representation of TRIP deformation (b) and (c) a martensite

transformation from TEM analysis with the schematic crystal pattern.

(Source: (b)Remy et al., 1976 and (c)Pozuelo et al., 2009)
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The deformation twinning is the refraction of the atomic orientation in the
crystalline structure along a band. The initial unidirectional crystal structure splits into
two different orientations that share a common plane. The crystal phase does not change,
only its orientation changes. Twinning becomes a dominant deformations mechanism
when the slip by the dislocation motion becomes difficult. If a shear stress is applied to
the untwined crystal structure in Figure 2.9(a), the crystal plane is sheared without the
phase transformation as seen in Figure 2.9(b). Every atom twinned in a lattice is moved

by a distance that is proportional to the separation of the atoms from the twin plane ®
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Figure 2.9. Schematic representation of (a) undeform and (b) twinned FCC structure.

vV

veVveevVvVvVeVww

O @ P O WP O W >

Although the atomic orientation above and below is the same in slip by
dislocation, twinning changes the crystal orientation along the twin plane. Figures 2.10(a)
and (b) show sequentially the twin deformation planes indicated by yellow arrows and a
twinned crystal at the atomic scale in TWIP steel. The distance taken in twinning is much
smaller than an atomic distance and twins have a 60° orientation with the crystal matrix
>, Twin boundaries act as grain boundaries for dislocations, preventing slip. The strain
hardening mechanism of TWIP steels is defined by the dynamic Hall-Petch relationship.
The formation of twin deformation depends on the grain size and is also expressed by a

Hall-Petch type equation as ®

O-T == GTO + KT X d_1/2 (22)

where Or is the twin stress, OTo is the twin stress in a single crystal, Kt is the Hall-Petch

constant for twinning and d is the grain size. In the dynamic Hall-Petch process,
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deformation twins are formed continuously during deformation. As a result of twinning
formation, the path the dislocations move becomes shorter and shorter, thus increasing
the flow stress (Figure 2.11). As a result of increasing twinning formation, a high work

hardening is observed in TWIP steels.

Figure 2.10. (a) Deformation twins from TEM analysis and (b) crystal pattern of a twin

at the atomic scale. (Source: Woo et al., 2020)

Deformation
Slip Plane Twins

—7

Figure 2.11. Schematic representation of the strain hardening mechanism in TWIP

steels.

In FCC structures are formed by a certain stacking sequence of layer by layer. If
the first close-packed layer is A (Figure 2.12), the next layers are the B and C layers A.
If the stacking repeats every two layers (ABABAB...), the HCP or BCC structure is
formed. However, in FCC structure stacking of layers repeats every three layers

(ABCABC...) and each layer becomes the (111) plane of the final crystal structure.
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Figure 2.12. Close-packed stacking of atoms in FCC phase and schematically

representation of partial dislocation movement.

Stacking layers are not perfect, the errors and discontinuities occur. Stacking
faults are produced by local places in the crystal matrix where the normal stacking
composition has been interrupted. Consider a stacking order for FCC phase
(ABCABC...) and the first layer called A in Figure 2.12. The next atomic layer must be
placed in the position B. But having two separate layers available such as B and C for
sequencing is able to cause a stacking fault in the FCC. These are referred to as either
intrinsic or extrinsic stacking faults. The stacking fault occurs with partial dislocation
motion called a Shockley partial dislocation. Shockley partial dislocations are those
associated with slip and the Burgers vector of the dislocation lies in the plane of the fault.
The reason for the formation of two partial dislocations is that the dislocation, which
occurs at one-step, is divided into two separate dislocations with a more suitable

configuration in terms of energy as seen in Figure 2.13.

Partial Dislocations

Figure 2.13. Schematic representation of a stacking fault with Shockley partial

dislocations.
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The favored slip plane for the dislocation motion is the plane with the highest

atomic density. And the slip direction is the closest distance in the slip plane. Therefore,
the FCC austenite slip system is % <110> directions in {111} planes. As depicted in
Figure 2.12, the slip of the green atom in one step is more difficult than the slip with the

zig-zag movement through the grooves of the A-plane. The dissociation of the dislocation

with the Shockley partial dislocation in (111) plane is as follows
~ <110 > = = < 211 >ppajling+ = < 121 >peqqing (2.3)

The movement of a Shockley partial dislocation introduces an intrinsic stacking fault.
Since the atoms on either side of a stacking fault are in positions that they would not
normally occupy in a perfect lattice. A stacking fault has a stacking fault energy (SFE) %.

The total surface energy increases with the distance between the partials as

ESF = YSF L X d (24)

where Esr is the surface energy of the stacking fault, ysr is the stacking fault energy of

per unit area, L is the dislocation length and d is the separation between the partial

dislocations. Therefore, the force (F) opposing the repulsion of the partial dislocations is

_ ZOEsF _
F==000 =y XL 2.5)

Based on the above, the equilibrium was derived for a relationship for the separation of a

stacking fault to be ¢

__ —Gb?

4-1'[YSF

(2.6)

where w is the width of the stacking fault, G is the shear modulus and b is the Burgers
vector of the Shockley partial dislocations. There is an inverse relation between SFE and
Stacking fault width. Therefore, if SFE decreases, stacking fault width increases. When
the fault width increases, the cross-slip gets difficult and dominant deformation

mechanism shifts from dislocation motion to TWIP or TRIP.
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Twinning occurs when the shear stress reaches a critical shear stress in the twining
plane as similar with dislocation slip 2. The critical shear stress for twinning (cTw) is

given as %.

Ow ="" 2.7)

My by

where, yerr is the effective SFE, mrtw is the Schmid factor for the deformation twinning

and by is the Burgers vector of a partial dislocation. The effective SFE is given as .

(my—my)

Yerr = Yo T 5 Ob, (2.8)

where, Vst is the SFE before applying stress, o is the applied stress and m; and m» are the
Schmid factor for the leading [121] and [211] trailing partial dislocations, respectively ¢”.
If the m; higher than the my, yefr will decrease while the m; higher than the my, yerr will

increase.

2.6. The Effect of Strain Rate on the Deformation of C-316L

In an earlier study in 1985, the mechanical response of 316H alloy at increasing
strain rates was reported . Specimens were quasi-statically loaded and unloaded at 0.004
s, and then dynamically reloaded at 500 s by using a Split Hopkinson Pressure Bar
(SHPB) test apparatus. The alloy showed a strain rate sensitive flow stress behavior
without any strain rate history effect. A strain rate-sensitive flow stress behavior of C-
316L was also reported between 0.02 s and 100 s™! ®. The adiabatic shear band formation
in annealed and rolled C-316L alloys was investigated by dynamically testing hat-shaped
specimens in the SHPB 7% 7!, The annealed C-316L alloy showed adiabatic shear band
formation after considerable work hardening. In the cold-rolled C-316L alloy, the
deformation twins were seen inside the shear bands. In another study, compression test
was applied to a biomedical grade and a sintered 316L alloy between 10 s'and 7.5x10?
s, and between 1x10° and 5x10°, respectively >7*. A biomedical C-316L alloy was

further tested in a temperature range of 25-800 °C. The results showed that the yield
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strength increased with the increase of strain rate from quasi-static to dynamic rates in the
sintered and the biomedical grade 316L alloys. It was also reported that the work

hardening rate decreased at increasing temperature > 7>,

2.7. Motivation of Thesis

Until now, the studies have been focused mechanical properties and deformation
behavior of SLM-316L at quasi-static strain rates, examples of which can be found in the

1314 in the literature investigating the effect

refs °!2. There have been however few studies
of strain rate on the deformation and flow stress behavior of SLM-316L. In a previous
study, the strain rate sensitivity of an SLM-316L alloy was reported to be lower than that
of a C-316L alloy between quasi-static to dynamic strain rates (2000 s™') 1. Another study
reported a higher strain rate sensitivity of SLM-316L than coarser-grained C-316L alloy
between 5x10° and 107" s '*. The deformation activation volume of the SLM-316L alloy
was reported 3 times smaller than that C-316L alloy. In above the strain rate regime
investigated in above studies are narrower and the effect of strain rate on the deformation
behavior has not been comprehensively investigated yet. This thesis is therefore
performed in order to clarify and understand the strain rate dependent compressive
deformation and the rate sensitive flow stress behavior of an SLM-316L alloy in a wider
strain rate regime, spanning from quasi-static (1x10 s') to high strain (~2500-3000 s™")
rates. The compression tests on SLM-316L were performed perpendicular to the building
direction. The deformation and rate sensitive behavior of SLM-316L were further
compared with those of an annealed-extruded C-316L. For these, cylindrical compression
test specimens of both alloys were prepared and tested at both quasi-static and high strain
rates. The compression tested SLM-316L and C-316L specimens until about prescribed
strains were then examined microscopically by using SEM, optical microscopy, EBDS
and XRD in order to clarify the dominant deformation modes and phase transformation
at different strain rate regimes. The Johnson and Cook (JC) flow stress constitutive
relations of both alloys were determined based on the quasi-static and high strain rate
compression tests. Hardness tests were also performed on the deformed specimens to
determine any strengthening. The strain rate history effects in both alloys were finally
investigated by reloading the quasi-statically and dynamically tested specimens to a lower

or a higher strain rate.
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CHAPTER 3

MATERIALS, TESTS AND CHARACTERIZATION
METHODS

3.1. Materials

The SLM-316L compression test specimens were extracted from the rectangular
bars. Rectangular bars (Figures 3.1(a) and (b)) which were procured from the Turkish
Aerospace Industry were fabricated in a Laser-powder bed fusion AM Concept Laser M2
Cusing device using gas atomized 316L powder used for the first time with an average
size of 40 pm under protective nitrogen atmosphere. A multidirectional scanning (biaxial
scanning) laser-pattern was used to construct the specimens. Following parameters were
used: the power of the incident beam=370 W, the hatching space=115 pum, the spot
size=160 pm, the scanning rate= 900 mm s and layer thickness=30 um. In a few
fabricated bars which are produced with different process parameters, formed different
sizes of sub-grains when keeping a constant grain size were noticed. In these bars
parameters, the power, hatching space, spot size and scanning rate of the incident beam
were changed to 180 W, 95 um, 140 pm and 700 mm s, respectively. These bars
manufactured different parameters were solely used to determine the effect of sub-grain
size on the hardness values. The SLM-316L bars had the dimensions of 130x13x6 mm.
The height (130 mm) of the bar is the building (z)-direction, the width (13 mm) is the y-
direction and the thickness (6 mm) is the x-direction (Figure 3.1(b)). The schematic of
the used biaxial scanning is shown in Figure 3.1(c). The laser scan is rotated 90° between
adjacent layers. The scanned plane is called biaxial plane and x and y directions are
making 45° with the scanning as shown in Figure 3.1(c). Cross-sections of biaxial melt
pools are seen in the x-z and y-z planes perpendicular to the scanning plane.

The prepared SLM-316L rectangular bars were reduced to 5 mm by machining
0.5 mm on both sides. Then, Smm diameter and 5 mm length of sizes of cylindrical
compression specimens were extracted along the x-direction from the bars using an
electro-discharge machine. The picture of a compression test specimen is shown in Figure

3.1(b).
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Figure 3.1. (a) Specimens after SLM processing, (b) SLM bar and directions and (c)

rotating scanning with biaxial plane.

The compressive load was applied in the x-direction. The tested C-316L alloy was
produced by Viraj Impoexpo. The alloy bar, 18 mm in diameter, was an annealed-
extruded bar. The compression tests specimens having the same dimensions as SLM-
316L were machined through the extrusion direction; hence, the compressive loading axis
was the extrusion direction. The producer supplied chemical composition of C-316L alloy

is given in Table 3.1

Table 3.1. The chemical composition of the commercial 3161

316L Steel C Mn Si S P Ni Cr Mo Cu N Co

Commercial 0.022 140 045 0.021 0.034 10.04 1630 2.05 0.38 0.069 0.19
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3.2. Quasi-Static Compression Tests

The quasi-static compression tests were performed in a Shimadzu AG-X universal
test machine (Figure 3.2(a)). The compression test specimens of SLM-316L and C-316L
were tested at 1x10%, 1x10 and 1x102 s! The tests were performed until about
prescribed engineering strains of 10, 20, 30 and 40% in order to determine the
deformation microstructure as function strain. The schematic of the use of tool steel strain
constraint ring in the compression test is shown in Figure 3.2(b). The ring was placed
around the test specimen and when the upper platen starts to compress the ring, the force
increased sharply; then the test was stopped. The 10 mm inner diameter of the ring
allowed the expansion of the test specimen laterally. The height of the used rings was 4.5,
4, 3.5 and 3 mm sequentially for 10, 20, 30 and 40% engineering strains. Strain rate jump
tests were also performed at 1x10#, 1x10 and 1x10? s’!. During the jumping tests,
without removing the force on the specimen, the strain rate was increased from 1x10™to
1x107 s and from there to 1x102s!. Tests were performed up to 10% strain at 1x10™*s-
I up to 20% strain at 1x10~ s™' and up to 30% strain at 1x102 s,

At least three tests were performed for each group of specimens at the same strain
rate and a thin layer of lubricant was applied to the bottom and top of the specimens to
reduce frictional forces. In the compression tests, the specimen displacement was
recorded by using a video extensometer (Figure 3.2(a)). The labels of the extensometer
were placed at the edge of the compression test bottom and upper platens, as shown in
Figure 3.2(b), to merely measure the specimen compression displacement. The

engineering strain (&¢,4) and stress (pg4) were calculated as

AL

Eeng = . 3.1)
P

Ueng = A_s (32)

where AL is the extensometer displacement, P is the applied load and L, and Ag are the
length and area of test specimen. The calculated engineering strains and stresses were

converted to true strain (&) and true stress (o3,-) by using the following equations,
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& = —In(1 — €4pg) (3.3)

Otr = aeng(l + geng) (3.4)

Platen

Specimen

Constraint Ring

Label

Figure 3.2. (a) the picture of test machine and (b) the details of test using strain-

constraint ring.

3.3. High Strain Rate Compression Tests

High strain rate compression tests were performed in a compression type Split
Hopkinson Pressure Bar (SHPB). The schematic of the used SHPB test system is shown
in Figure 3.3. In a typical test, the specimen is sandwiched between incident and

transmitter bars. Then, the gas gun is pressurized; upon releasing the gas pressure the
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striker bar hits the end of incident bar, creating rectangular pulse on the incident bar. The
pulse then proceeds at the bar/specimen interface where it is reflected as a tensile pulse
to the incident bar and the rest is transmitted to the transmitter bar. The magnitudes of
reflected and transmitted pulse depend on the mechanical impedance difference between
specimen and bar. The strains on the bars are then measured using the strain gages
mounted on incident and transmitter bars. The used SHPB set-up consisted of a 19.80 mm
diameter Inconel 718 bar: 2000 mm-long incident bar, 1800 mm-long transmitter bar and
is shown in Figure 3.4. The gas gun was filled with nitrogen using gas cylinders. The
properties of bar material are as follows: elastic modulus=204 GPa, density=8200 kg m™
and yield strength= ~700 MPa. The stresses on the bars were measured by a full
Wheatstone-bridge configuration of 350 Q foil strain gages. After recording the waves
using a oscilloscope and amplifies, the strain (&), stress (05) and strain rate (&) of the

specimen were using the following relations

e (0) = — 2 [ en(t)dt (3.5)
05(t) = L Eper(0) (3.6)
£ () = = er(D) (3.7)

where Lg, Ay, As, Ep, Cp and ¢ are the length of specimen, the cross-sectional area of bar
and specimen, elastic modulus and wave velocity of bar and time, respectively. €z and &7
are sequentially the reflected and transmitted strains. In order to induce a gradually-rising
incident wave, pulse shaping method is widely used. In this method, a thin layer of a
ductile material is placed at the front of the incident bar (Figure 3.3) so that the
deformation of the thin-metal layer in between the striker and incident bar shapes the
incoming incident bar stress. In the present study, a cupper sheet in 10x10x1 mm size was
placed at the front of the incident bar by applying a thin layer of lubricant. In order to
constrain the final strain of specimen, a tool steel ring was also used in the SHPB tests.
Figure 3.3(a) shows typical voltage-time readings of a SHPB test with and without using
a pulse shaper and Figure 3.3(b) with the use of the strain constraint ring. The pulse-

shaper induces, as seen in Figure 3.3(a), a more gradually rising stress wave on the
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incident bar and also results in lesser variations of the strain rate during the testing. In
classical SHPB tests, the strain gages on the incident and transmitter bar are placed at an
equal distance from the specimen/bar interfaces so that the reflected and transmitter
pulses start at the same point in the time domain. This requires a separate record of
incident and reflected pulses. The use of pulse shaper however increases the time duration
of the incident pulse, resulting in an interaction of the end of the incident pulse and the
start of the reflected pulse. In order to measure the incident and reflected wave separately
a strain gage 1 in Figure 3.3(a) is placed on the incident bar to measure the incident and
reflected pulse separately. In this case, the strain gage 1 reading is shifted in the time axis
to the starting time of the transmitter pulse in order to make classical SHPB data reduction
(Figure 3.3(a)). The use of two strain gages on the incident bar of the used SHPB allows
to measure the wave dispersion of pulse. The similar pulse profiles measured from two
strain gages show negligible pulse dispersion effect on the Inconel bar. After the specimen
is compressed until about the prescribed strain level, the ring and specimen are deformed
together as depicted in Figure 3.3(b). Since the impedance of the tool steel ring is large,
an elastic strain is formed on the specimen when the tool steel is compressed together
with specimen. As soon as the ring is compressed as seen in Figure 3.3(b), the reflected
wave becomes zero; incoming wave is fully transmitted to the transmitter bar. By this
way, the specimen was deformed until about 10, 20, 30 and 40% engineering strains in

the SHPB tests.

Pulse shaper

) Specimen )
Striker bar Incident bar Transmitter bar
v Strain gage 1 Strain gage 2 ||| Straingage 3
— | _E e H I:I _______
2000 mm 1800 mm
Ring

Laser gates

Figure 3.3. The schematic of SHPB test system.
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Ingidentbar

Figure 3.4. The picture of the used Inconel SHPB set-up.
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Figure 3.5. Typical voltage-time readings of a SHPB test (a) with and without using a

pulse shaper and (b) with the use of use strain constraint ring.
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3.4. Material Characterization

The density of SLM-316L and C-316L specimens were determined by the

Archimedes method as

p= WairPwater (3.8)

Wair—Wwater

where, p is the density and w is the weigh. The percent porosity of SLM-316L (%P) was

calculated as

%P = 100 X (1 - i) (3.9)

Pb

where, p,, is the density of bulk C-316L specimen.
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X-ray Diffraction (XRD) was used to determine the crystallographic structure and
phase quantification of untested and compression tested SLM-316L and C-316L
specimens. XRD analysis was performed in a Philips X’Pert Pro X-Ray Diffraction
device using CuKa radiation (A=1.54 A°) at 40 kV. The XRD analysis was carried from
40 to 150° interval at a 0.02°s™! scanning rate. The weight percentage of the martensite in
C-316L specimens was determined by the Rietveld profile refinement method ’° using a
High Score X pert program ’°. This method is based on monitored intensities in an XRD
pattern. A least-squares approach is used to refine a theoretical background profile until
it matches the measured pattern profile. The integrated intensities of individual peaks for
each phase in the alloy or mixture are determined to calculate weight percentages. The
dislocation density and lattice micro-strain of SLM-316L and C-316L specimens were

measured using Williamson-Hall method 7.
A .
B - ﬁins = 6hkl COSthl = E + 4ESln0hkl (310)

where, A is the XRD wavelength (0.154 nm), D is the grain size, € is the lattice
microstrain, dyy; is the broadening of full width at half maximum (FWHM) of XRD
spectra peak, 8y, is the diffraction angle and f;,, is the broadening of instrument. The
broadening of instrument was calculated through the XRD of an unstrained Si powder
and determined 0.38. If the strain value gets equate from the equation, the slope of the

equation curve gives the lattice micro-strain as

__ FWHMcosOpy;
- 4sinBpy (31 1)
The dislocation density (pg;isi0c) Was calculated using the formula given below 7
82
Pdistoc = kﬁ (3.12)

where, k is a constant (16.1 for FCC) and b is the Burgers’ vector (2.55x107! m for FCC
iron) 78,
The untested and tested specimens were cut by using the IsoMet 4000 precision

saw under a continuous flow of water for metallographic analysis. The cylindrical
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compression tests specimens were cut through three different planes (normal to z-, y- and
z-axis), as shown in Figure 3.6, in order to determine the direction-dependent
microstructural development and also to make hardness tests in each plane. The cut slices
were then mounted in Bakelite. Mounted samples were the grinded by using 2500P grit
grinding paper and then sequentially polished down to 0.25 pm using diamond
suspensions. The metallographic samples were etched using a solution composing of 2%

HF and 8% HNOs. The polished samples were immersed into etchant for 20 min.

Figure 3.6. The compression tests specimen slicing in three different plane and coding

of the planes in Bakelite mounted samples.
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After polishing and before etching process of the specimens, Electron backscatter
diffraction (EBSD) analyzes were performed by Central Laboratory at METU. The raw
data obtained from EBSD were analyzed using ATEX software 7°. The microstructural
observations were performed using a Meiji IM7 100 optical microscope and an FEI
QUANTA 250 FEG Scanning Electron Microscope (SEM) in Backscattered electron
(BSED) mode using Circular Backscatter Detector (CBS).

The grain sizes of the alloys were determined by the Heyn Intercept Method * .
In this method, horizontal lines are drawn in the optical images taken from randomly
selected polished-etched surfaces so that there are at least fifty intersections in total. Then
the number of intercepts of the lines with grain boundaries are counted. An example of
the used method is shown in Figure 3.7. The total number of intercepts was finally divided

by the total length of the lines to determine the average grain size.

/

-~

s 'J' HH 300._00 TR | =

Grain Boundary

Figure 3.7. The intercept method for the determination of average grain size.

Hardness Vickers (HV) tests were performed in a Shimadzu Micro Vickers
Hardness Tester both on the polished and polished-etched surfaces of the metallographic
specimens. The tests were performed between 0.49N (HV0.05) and 19.61 N (HV2) for

10 ms and repeated 10 times. The optical image of indentation was transferred to an image
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program in which the lengths of the indentation diagonals were measured (Figure 3.8).

The HV was calculated as

HV =0.189 ——; (3.13)

(L1 +L2)
2

where, L; and L, are the length of the diagonals (Figure 3.8) and P is the applied load.

Figure 3.8. HV indentation and the measured indentation lengths.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Microstructural Characterizations of Untested Specimens

The average densities of SLM-316L and C-316L specimens were calculated 7821
+5 and 7838 £5 kg m™, respectively. The percent porosity of SLM-316L was determined
0.22%. A relative density over 99.5% was reported for an SLM-316L alloy processed
using the similar processing parameters 4.

The optical microscope pictures of the microstructures of SLM-316L processed
by higher and lower laser power in the perpendicular to the building direction samples
are shown in Figures 4.1 (a-b), respectively. The higher laser power processed alloy has
a hatch spacing of 115 um and the lower laser processed alloy has a hatch spacing of 95
pum. In the biaxial plane, as seen in the Figure 4.1 (a), two neighboring layers are 90° to
each other, resulting from the biaxial scanning strategy. Nearly equal-axed 20-60 pum size
grains were observed inside the melt pools of the biaxial plane. As the new melted layer
solidifies at the top of the already solidified layer, a columnar grain structure was
observed in the building direction. This results in a crystallographic fiber texture of <100>
in the building direction **4* 4%, Rotating scanning breaks the epitaxy of columnar growth
81 The broken columnar grains of the studied SLM-316L alloy are shown by dotted lines
across the melt pools in Figures 4.1(c) and (d). The average width of these broken grains
(grain size) was determined by intercept method, almost the same for the higher and lower
laser power processed SLM-316L alloys, 30.3 and 29.3 (£1.5) um, respectively. A sub-
grain structure is formed inside broken columnar grains, which is resulted from the rapid

38,39, 82

cooling in the SLM process as shown in Figures 4.1 (e) and (f). The average size

of sub-grains was determined by measuring at least 100 sub-grains and found 1.05+0.2

and 0.65+0.1 for the higher and lower laser power processed alloys, respectively. Sub-

grains are also noted to cross the melt pool boundaries, as also reported previously 4733,

Sub-grains are the high dislocation density regions and contains a high density of solute

82

atoms such as Cr and Mo °°. Moreover, these sub-grains were reported to be weak

obstacles to dislocation motions 3% 47,

33



Figure 4.1. The optical microscopy pictures of SLM-316L: normal to the z-axis a)
higher laser power and b) lower laser power porcessed alloy, parallel to
the z-axis c¢) higher laser power and d) lower laser power processed alloy
and the SEM picture of sub-grains structure e) higher laser power and f)

lower laser power processed alloys.
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The optical microscope pictures of the microstructure of C-316L in parallel and
perpendicular to the extrusion direction are seen in Figures 4.2(a-b). The microstructure
is composed of polygonal grains, with almost the same grain sizes in parallel and
perpendicular to the extrusion direction. The average grain size of C-316L was

determined 24.3 um by the linear intercept method.

Figure 4.2. The optical pictures of C-316L in (a) parallel and (b) perpendicular to the

extrusion direction.

The untested XRD spectra of SLM-316L and C-316L alloys are shown together
in Figure 4.3. Both alloys have an austenitic (y) structure, while C-316L alloy contains
2.6 wt% martensite in the as-received form determined by the Rietveld method. The
martensite phase (a’) is presumably formed during annealing following the extrusion
process. Furthermore, the relatively high peak intensity of the (111) plane of SLM-316L
alloy (Figure 4.3) is consistent with the previously reported XRD spectra of an SLM-
316L alloy processed by a similar rotating scanning strategy ' '>#!. The residual strain
calculated using Williamson and Hall method is found 0.23% as shown in the inset of
Figure 4.3. The dislocation density was calculated using Eqn. 3.11 and determined
1.04x10"° m2. A slightly higher dislocation density, 1.18x10'> m™, was previously
determined in an SLM-316L as-built specimen which was fabricated using a
multidirectional biaxial scanning laser pattern rotated 70° between adjacent layers 2.
Another study reported a similar dislocation density, ~1.14 x10'> m~2, for an SLM-316L
alloy processed by a bidirectional scanning strategy at a 100 J mm™ laser energy density

37 which is slightly smaller than that of the present study (120 J mm™).
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Figure 4.3. The XRD spectra of untested C-316L and SLM-316L.

The average hardness of untested SLM-316L and C-316L alloys in different
directions are tabulated in Table 4.1. The hardness of SLM-316L specimens in the x- and
z-direction are different as seen in the same table; a higher hardness is found in the x-
direction than the z-direction, showing an anisotropy between x- and z-direction. The
anisotropy is likely due to the texture, the difference in the grain morphologies and sizes
12 As will be elaborated next section, a strong <110> fiber texture formed along the
building direction, which made both the slip and twin deformation easier in the building
direction. The columnar grain width in the x-direction is also smaller than in the z-
direction. The hardness of SLM-316L processed by higher and lower laser power are
however quite similar to each other in the x-direction, the former one shows a slightly
higher average hardness (2305 MPa) than the latter one (2285 MPa). Despite the similar
grain sizes, the hardness of SLM-316L alloy is considerably higher than that of C-316L
as tabulated in Table 4.1. In previous investigations, it was reported that the high hardness
of additively manufactured 316L as compared with C-316L was due to the initial higher
dislocation density 37 3. Also, the hardness of C-316L alloy in the perpendicular and
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parallel to the extrusion direction are very much similar to each other (2099 and 2092
MPa, respectively), proving nearly isotropic properties of the tested C-316L alloy.

The variations of average hardness and the hardness calculated from diamond
indentation lengths (L1 in the y-axis and L2 in the z-axis) along the height of the SLM-
built rectangular bar are shown in Figure 4.4. The average hardness values seen in the
same table are higher in the layers near the support (bottom). The faster cooling rate in
the part near the bottom support may result in higher hardness as also mentioned
elsewhere !!. But the average hardness almost become the same along the height of the
bar after a 25 mm from the bottom, as depicted in Figure 4.4. It is noted that the hardness
values of L1 and L2 are almost the same at the bottom layers, but they differ at the upper
sections. The higher hardness of the y-axis than that of the z-axis is clearly seen in the

upper sections. This further confirms the anisotropy between the x- and z-directions.

Table 4.1. The average hardness of SLM-316L & C-316L.

Specimen & Direction HV2 (MPa)
SLM-316L - normal to the z-axis 2173+£75
SLM-316L (higher power) - parallel to the z-axis 230791
SLM-316L (lower power) - parallel to the z-axis 2284+77
C-316L - perpendicular to the extrusion direction 2099+48
C-316L - parallel to the extrusion direction 2092+57
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Figure 4.4. Hardness values in SLM-316L rectangular bar along the build direction.
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The hardness of SLM-316L at different hardness loads are drawn as function of
the depth of penetration (DoP) in Figure 4.5(a) for the x- and z-axis. As the DoP decreases
the hardness increases for both directions. A higher hardness in the z-direction than
perpendicular to the z-direction is seen in the same figure. A similar trend of increased
hardness with the decrease of DoP is also seen in the average hardness values of C-316L,
but the average hardness of C-316L alloy approaches the average hardness of SLM-316L
alloy at lower DoP in the x-direction as seen in Figure 4.5(b).

In order to see the effect of sub-grains and grain size on the hardness, hardness
tests were performed in the x-direction at two different loads, HV2 and HV0.05, on the
SLM-316L specimens processed with the higher and lower laser power. The pictures of
HV indentation are shown in Figures 4.6(a-d). The lower HV load imposes an indentation
within a grain, while the higher HV load over several grains as shown in Figures 4.6(a-
d). The hardness variations with the DoP are shown in Figure 4.7. The average HV2
hardness are 2306+91 and 2284477 MPa for the alloy processed with the higher and lower
laser power, respectively. The average HV0.05 hardnesses are 2806+64 and 2770166
MPa for the alloy processed with the higher and lower laser power, respectively. These
results clearly indicated that both SLM-316L structures have similar hardness despite the
fact that they have different sub-grain sizes, 1.05+£0.2 and 0.65+0.1 um, respectively.
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Figure 4.5. At different loads, (a) hardness values of SLM-316L and (b) average
hardness values of SLM-316L and C-316L.
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Figure 4.6. Higher laser power processed specimen at (a) HV0.05 and (b) HV2

hardness test and lower laser power processed specimen at (¢) HV0.05 and

(d) HV2 hardness test.
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Figure 4.7. SLM-316L processed with higher and lower laser power tested at HV2 and
HVO0.05 loads.



The EBSD maps of specimens perpendicular and parallel to the build direction
are shown in Figure 4.8(a). In a previous study, a strong fiber texture of (110) along the
build direction (z-axis) and a weak (111) texture or random distribution of perpendicular
to the building direction (x- and y-axis, +45¢ to the scanning directions) of SLM-316L
specimens were shown for rotating scanning strategy '°. Similarly, fiber texture is also
found in this study. A strong <110> fiber texture along the building direction, while a
weak (111) texture or nearly random distribution of directions are shown in the x- and y-
axis as depicted in Figures 4.8(b) and (c). The average grain sizes in perpendicular to the
build direction and parallel to the build direction were determined 32.5 and 22 um in the
EBSD analysis respectively, which are comparable with the grain size measured by the

intercept method.

(001) (101) (001) (101) (001) (101)

(c)

Figure 4.8. (a) EBSD maps in the tensile axis of 0c and 90° inclined specimens, (b) pole
figures for 0° inclined specimen perpendicular to building direction (normal
to z-axis), and (c) inverse pole figures showing <110> fiber texture in the

Z-axis.



4.2. Quasi-Static Compression Tests

Quasi-static compression true stress-strain curves of SLM-316L and C-316L are
shown together in Figure 4.9. As noted, and shown by arrows in the same figure, the
deformation stops, when the ring deformation starts at the final true plastic strains of 0.11,
0.22, 0.36 and 0.51, sequentially corresponding to 0.1, 0.2, 0.3 and 0.4 engineering
strains. Both alloys show similar compression true stress-true strain behavior, following
an elastic region, the specimens are deformed plastically until about 0.51 true plastic
strain without cracks and facture. However, the work hardening rate of C-316L is higher
that of SLM-316L as noted in Figure 4.9. And the stresses of C-316L approach to those
of SLM-316L at the strains above about 0.51. The higher work hardening of C-316L was
also noted in previous studies and this was ascribed to the differences in the deformation
behavior between SLM-316L and C-316L '3¢. On the other side, SLM-316L specimens
have a higher average yield strength, 510+10.2 MPa, than C-316L, 360+11.6 MPa. A

higher yield strength of SLM-316L was also previously reported 3!:37.
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Figure 4.9. Quasi-stastic (1x107 s™') compression true stress-strain curves of SLM and
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Figures 4.10(a-b) and Figures 4.11(a-b) show the optical and SEM pictures of
SLM-316L and C-316L specimens deformed until about 0.36 strain, respectively. As
clearly seen in these pictures, SLM-316L by the twin-dominated deformation and C-316L
deforms by the martensite-dominated deformation. Note that deformation twins and
martensite are very similar morphologically. As seen in Figures 4.11(a-b), both
deformation types do not pass the grain boundaries. While twin deformation exceeds the
sub-grain boundaries and melt pool boundaries, even it bends the sub-grain boundaries as
seen in Figure 4.10(a) and Figure 11(a). The distance between twinned regions and the
distance between twins and martensite were measured as function of true strain from the
SEM micrographs. The distance between twinned regions decreases from 6.5-8 um with
a thickness of ~1 um at 0.11 strain, to 3.5-4 um with a thickness of ~1.2 um at 0.22 strain,
to 1.5-2.5 pum with a thickness of ~1 um at 0.36 strain and to less than 0.7 pm at 0.51
strain (Figures 4.12(a-d)). The distance between twinned regions slightly decreases as the
strain increases. The fraction of twinned grains also increases with increasing strain. The
distance between martensite plates was measured ~1 pm and did not change with strain
(Figures 4.13(a-d)).

The dislocation density strengthening of was calculated using the Taylor equation

given below

o = MaGb,[p (4.1)

In Equation 4.1, M is Taylor factor (2.9), a is empirical constant (0.23) and G is shear
modulus (85 GPa) . By taking the average dislocation density of C-316L alloy 3.8x10'
m2 3 the dislocation density strengthening was determined 261 MPa using Eqn. 4.1. The
high yield strength and hardness of the studied SLM-316L alloy as compared with the
yield strength of C-316L may be therefore considered due to the process-inherited higher

dislocation density.
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Figure 4.10. The optic picture of quasi-static tested (a) SLM-316L and (b) C-316L until
0.36 strain.
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Figure 4.11. The SEM picture of quasi-static tested (a) SLM-316L and (b) C-316L until
0.36 strain.
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Figure 4.12. The SEM micrographs showing twinned regions in SLM-316L deformed
until about (a) 0.11, (b) 0.22, (¢) 0.36 and (d) 0.51 strains.

1.04 uym

> Twins

Martensite
plates

1150m

Martensite
plate
Martensite
plates

1.01 pm

Twins

Figure 4.13. The SEM micrographs showing martensite plates (also lesser number of

twins) in C-316L deformed until about (a) 0.11, (b) 0.22, (¢) 0.36 and (d)
0.51 strain.
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The quasi-statically tested SLM-316L specimens deform via twinning and slip
similar to TWIP steels and C-316L martensitic transformation and slip similar to TRIP
steels ®°. A similar observation was made in a recent study on the tensile behavior of an
SLM-316L and C-316L alloy *’. Increasing twin and martensite densities resulted in work
hardening of SLM-316L and C-316L, respectively. The formation of mechanical
twinning and martensite was proposed to depend on the applied stress and the SFE %¢.
The typical range of SFEs for slip was reported as >45 mJ m™, for twinning 20—45 mJ m"
2 and/or phase transformation <20 mJ m™ for stainless steels 3’. The low values of SFE
induce a large separation between the Shockley partials which prevents the cross-slip 5.
Therefore, the cross-slip is not considered as the rate controlling in the investigated alloys.
A slight positive temperature dependency %° or no temperature and strain rate dependency

% were also reported for the twinning stress and the martensitic transformation is a

9

diffusion-less process °!. By considering also large grains sizes of both alloys, the

deformation rate controlling step in both alloys is determined the dislocation emission
from the twin and martensite boundaries °2.

Quasi-static jumping test true stress-strain curves of SLM-316L and C-316L are
shown in Figure 4.14. As seen in Figure 4.14, increasing strain rate within the quasi-
increases the flow stresses of both alloys. An increase of strain rate from 1x10™ to 1x10°
s increases the flow stress of SLM-316L by 20 MPa and C-316L by 15 MPa. The
increase of the flow stress when the strain rate is jumped to 1x102 s is 30 and 20 MPa

for SLM-316L and C-316L, respectively. These results show that both alloys have a rate

sensitive flow stress behavior even at quasi-static strain rates.

1200

1

=
=
=]

L
=
=]

=)
=
[—}

from 1x107 to 1x10™ s

from 1x10” t0 1x107 5

400

True Stress (MPa)

from 1x10™ to 1x107 ¢!

200

| —— SLM-316L
0 — (3161

0 0.1 0.2 0.3 0.
True Strain

Figure 4.14. Quasi-static jumping true stress-strain curves of SLM-316L and C-316L.
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The XRD spectra of quasi-statically tested C-316L and SLM-316L specimens
until about different final strains are shown in Figure 4.15. As seen in Figure 4.15, both
alloys show austenite peaks, while martensite o’ (110) peak intensity increases in C-316L
alloy as the strain increases. The amount of martensite formation was determined by using
an image program on the optical microscope pictures of the deformed specimens and
using the Rietveld method from the XRD data. The measurements made using optical
microscope pictures are shown in Figures 4.16(a-e), sequentially for the specimen
deformed until 0, 0.11, 0.22, 0.36 and 0.51 strains. For each strain, measurements were
repeated at least in three different regions. The blue lines seen in Figures 4.16(a-e) are
martensite lathes and the areal density of these lathes were converted into mass fraction
of martensite. In the calculations the areal densities of grain boundaries were subtracted
from the areas of martensite. The results of martensite contents measured by the optical
microscope pictures and XRD data are further tabulated together in Table 4.2. As
tabulated in same table, the martensite percentage increases; 5.6, 12.1, 15.4 and 35.5%
and 16, 18, 33 and 45.9% sequentially for the optical and XRD measurements. Both
optical and XRD measurements show a similar trend of increasing martensite content
with strain. The differences between the optical and XRD measurement are due to the
difference in the measurement methods. In the optical pictures, the measurements are

made in 2D, while XRD data measure the phase distribution in 3D.
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Figure 4.15. The XRD spectra of quasi-static tested SLM-316L and C-316L.

47



Yellow

Yellow

(d
(cont. on next page)
Figure 4.16. Opticaly measured martensite volume at (a) 0, (b) 0.11, (c) 0.22, (d) 0.36

and (e) 0.51 true strain in quasi-static test.
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Figure 4.16. (cont.)

Table 4.2. The average martensite amount of quasi-static tested C-316L.

Martensite Amount Optical Picture (area%) XRD Result (wt%)

C 316L Untested 5.9 (Grain Boun.) 2.6
C-316L 0.11 Strain 5.6 16
C-316L 0.22 Strain 12.1 18
C-316L 0.36 Strain 15.4 33
C-316L 0.51 Strain 355 45.9

Figure 4.17 shows the variations of the hardness of the recovered SLM and C-
316L specimens after the prescribed compression strain. The higher work hardening
(WH) of C-316L is also reflected in the same figure in which the hardness of C-316L
increase over those of SLM-316L after about 0.5 strains. To account for the effect of
twinning and martensite on the strength, hardness tests were performed in the regions of
heavy twins and no twins in SLM-316L and heavy martensite and no martensite region
in C-316L after about 0.11 strain. A higher hardness increase in the martensite
transformation is seen in Figure 4.18, while the increase in hardness in twinning is
moderate. Twin planes act as an obstacle to the dislocation motion and have an influence
on the flow stresses similar to the grain size, Hall-Petch relation *¢. As the deformation
twins are continuously formed with increasing strain, the distance between twin planes
decreases; hence, the distance taken by the dislocations and this results in an increase in
the flow stress. The higher WH of C-316L than SLM-316L is probably due to the higher
resistance of the martensite plate than the twin boundary to the dislocation motion. Both
the presence of twin and martensite plates induce a more nonhomogeneous indentation

as compared with the regions of no twin and no martensite, as seen in Figures 4.19(a-d).
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The regions with twins and martensite (Figures 4.19(a) and (c)) also show lesser numbers
of slip lines as compared with the regions with no twin and no martensite (Figures 4.19(a)

and (b)).
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Figure 4.17. The hardness values (HV2) at 0.11, 0.22, 0.36 and 0.51 strain values for

quasi-static tests.
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Figure 4.18. Hardness value (HVO0.5) of tested SLM-316L and C-316L specimens
applied to twin, no-twin, martensite and no-martensite region,

respectively.



L, = mean length

Figure 4.19. The optical pictures of hardness tests of tested SLM-316L and C-316L
specimens applied to (a) twin, (b) no-twin, (c) martensite and

(d) no-martensite region, respectively.

4.3. SHPB Tests and the Effect of Strain Rate

Figure 4.20(a) shows the representative compression true stress-true strain curves
and true strain rate—true strain curves of both alloys. Since SHPB tests were performed at
the same gas gun pressure; hence, under the same incident stress, softer C-316L exhibited
higher strain rates than SLM-316L as seen in Figure 4.20(a). The strain rate is not constant
in the SHPB tests, varying between 2500 and 3150 s for SLM-316L and between 2800
and 3250 s™! for C-316L, between 0.11 and 0.51 true strain (Figure 4.20(a)). As with the
quasi-static tests, dynamically tested SLM-316L specimens have a higher yield point
(795+£35MPa) than dynamically tested C-316L (624+26 MPa). Figure 4.20(b) shows the
true-stress-true strain curves of SLM-316L at quasi-static and dynamic strain rates (three
tests at each strain rate). In the high strain rate tests (2500-3150 s™!), the sudden increase

of stress is due to a higher mechanical impedance of the ring deformation after a
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prescribed strain, as marked in Figure 4.20(b). Figure 4.20(c) shows the true-stress-true
strain curves of C-316L at quasi-static and dynamic strain rates. Note that SHPB tests
give unreliable strains at the beginning of the deformation, partly due to the geometrical
artifacts induced by the specimen-bar contacts and partly due to the non-equilibrium
stress condition at these initial strains > °*. Nevertheless, it is clearly seen in Figures
4.20(b) and (c), both alloys show a strain rate sensitive flow stress behavior: as the strain
rate increases from quasi-static to high strain rates, the flow stress increases. Moreover,
both SLM-316L and C-316L specimens also did not show fracture until about 0.51 strain
as with the quasi-statically tested specimens. Figures 2.1 (a) and (b) show SLM-316L and
C-316L dynamically tested specimens for each strain value and untested specimens,
respectively. A higher lateral deformation through z-direction than y-direction in the
tested SLM-316L specimens is clearly seen in Figure 4.21(a), proving the anisotropy
between building direction and perpendicular to building direction. But, the tested C-
316L specimens show homogeneous lateral deformations as seen in Figure 4.21(b), which

proves the isotropic mechanical properties.
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(cont. on next page)

Figure 4.20. (a) compression true stress and true strain curves in the SHPB tests, (b)
true stress-true strain curves of (b) SLM-316L and (c¢) C-316L at quasi-

static and dynamic strains rates.
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Figure 4.21. The pictures of untested and dynamically tested specimens (a) SLM-316L
and (b) C-316L.

The work hardening behavior of both alloys at quasi-static and high strain rates
are shown in Figure 4.22. The quasi-static WH of C-316L is seen in the same figure higher
than that of SLM-316L. The quasi-work hardening of both alloys maybe considered in
three distinct deformation regions. These regions corresponded to (I) a rapidly reduced
WH region at about 0.1 strain (II) a more slowly reduced WH region between 0.1 and 0.3
strain at and (III) again a rapidly reduced WH region at the strains above 0.3 Although,
the dynamic work hardening of C-316L is higher than the quasi-static work hardening at
low strains, both become equal to each other between 0.14 and 0.23 strain. After 0.23
strain, the dynamic work hardening decreases rapidly below the quasi-static hardening.
The dynamic hardening of SLM-316L alloy is higher than the quasi-static hardening until
about 0.23 strain as seen in Figure 4.22. The dynamic hardening of SLM-316L alloy
reaches the quasi-static dynamic hardening of C-316L at about 0.18 strain. The rapid
reduction of the dynamic work hardening of both alloys as compared with the quasi-static
work hardening after about 0.20-0.23 strain may be due to the adiabatic heating of the
dynamically tested specimens, which reduces the resistance to the deformation. It is also

noted dynamic loading increases the extent of region I, while decreases the extent of
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region II. Previously it was shown that, for the quasi-static loading of the same alloys, the
region I was slip dominated, region II was twinning and/or martensite transformation-
induced slip deformation dominated, and region III was again slip dominated which also
reported in ref. °°. The twinning-dominated deformation of SLM-316L and the martensite
transformation-dominated deformation of C-316L was shown to start at 0.07 strain and

continue until about ~0.3 strain.
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Figure 4.22. Representative work hardening-true strain curves of SLM-316L and C-
316L with quasi-static and high strain rate true stress-true strain curves

and three distinct regions.

The SEM and optical microscope of the deformation microstructure images of
SLM-316L and C-316L alloys at 0.36 strain value are shown in Figures 4.23(a) and (b),
and Figures 4.24(a) and (b), respectively. As seen in Figure 4.23(b) and Figure 4.24(b)
deformation martensite and twins are seen together in SHPB tested C-316L as opposite
to only deformation martensite is seen in quasi-statically tested specimens. The SHPB
tested SLM-316L specimens show deformation twins solely as with quasi-statically tested
specimens. Twin and martensite deformations are not always intertwined, they are also
found in different grains. Morphologically, it is very difficult to distinguish between twins
and martensite. The twin deformations are more widely spaced but thinner, while the
martensite deformations are observed more frequently but as thicker platelets. Also,

generally, martensite continues through the grain, while twins end at grain boundaries.
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Figure 4.23. The SEM picture of SHPB tested (a) SLM-316L and (b) C-316L until 0.36

strain.
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Figure 4.24. The optic picture of SHPB tested (a) SLM-316L and (b) C-316L until 0.36

strain.

At a large scale, visible twins are actually seen as a combination of multiple nano
twins as with the quasi-statically tested specimens. The amount of martensite in SHPB
tested C-316L specimens decreases observably compared to the quasi-static test, but there
is no morphological difference in the formed martensite platelets. On the other hand, it is
observed that the twin deformation in SHPB tested SLM-316L specimens are shorter and
more frequent than the quasi-static tested specimens.

The XRD spectra of SHPB tested C-316L and SLM 316L specimens are shown
in Figure 4.25(a). It is seen in the same figure, the relative peak intensity of martensite

deformation in the SHPB test decreases compared to that of the static test (Figure
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4.25(b)). The XRD spectra of SHPB tested C-316L becomes very much similar to that of
SLM-316L in terms of peak profile as seen in Figure 4.25(a). This further proves the twin
deformation in the SHPB tested C-316L specimens. The XRD peaks of SHPB tested
SLM-316L increase as the strain increases, similar to quasi-static tested one. More, the

previously invisible (220) peak of the austenitic phase become visible in SHPB tested C-

316L specimens.
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Figure 4.25. The XRD spectra (a) of SHPB tested SLM-316L and C-316L and (b)

comparison with quasi-static tested specimens.

The pictures of the optical measurement of SHPB martensite formation at 0.11,
0.22, 0.36 and 0.51 true strain are shown in Figures 4.26(a-d), respectively. The
martensite content measured optically and by XRD are further tabulated in Table 4.3.
again, the martensite content measured by XRD is higher than that measured optically.
At 0.11, 0.22, 0.36 and 0.51 strain, the martesite contents are 4.3, 5.3, 7.2 and 14.6% in
optical measurement and 21.4, 27, 25 and 23.5% in the XRD measurement, respectively.
Despite the slight increase in the martensite content with increasing strain in the optical
measurements, almost a constant amount of martensite formation is seen in the XRD

measurements. The amount of twin deformation could not be calculated with the XRD
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phase analysis measurement because the twinning is actually a crystal disorientation, not

a phase change *> .

(b)

Prow
\%,,f .

(d
Figure 4.26. Opticaly measured martensite volume at (a) 0.11, (b) 0.22, (c) 0.36 and

(d) 0.51 true strain value for SHPB tests.
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Table 4.3. The average martensite amount of SHPB tested C-316L.

Martensite Volume Optical Picture (area%) XRD Result (wt%)
C 316L Untested (Grain 5.9%) 2.6

C-316L 0.11 Strain 43 21.4
C-316L 0.22 Strain 53 27

C-316L 0.36 Strain 7.2 25

C-316L 0.51 Strain 14.6 23.5

The average hardness of SHPB and quasi-statically tested SLM-316L and C-316L
specimens are shown together in Figure 4.27 as function of final deformation strain. After
about 0.2 strain, the hardness of quasi-statically tested specimens become higher those of
SHPB tested specimens. The hardness value of quasi-static and SHPB tested SLM-316L
and C-316L specimens at 0.51 strain value are tabulated in Table 4.4. As tabulated in
Table 4.4, for both SLM-316L and C-316L specimens, the hardnesses of static tested
specimens are higher those SHPB tested ones. As seen in Figure 4.27 and tabulated in
Table 4.4, C-316L specimens have slightly higher hardness values than SLM-316L when
the strain value reaches 0.51 in both SHPB and quasi-static tests. This indicates that the
work hardening rate of C-316L alloy is higher than SLM-316L for both SHPB and quasi-
static tests. SHPB tested C-316L specimens reach higher compressive strength than quasi-
static tested C-316L as shown in Figure 4.20(c). Nevertheless, quasi-static tested C-316L
reach a higher hardness value while strain value increases compared to SHPB tested C-
316L.

As shown in Figure 4.28, the amount of martensite decreases after the strain value
of 0.22 in SHPB tested C-316L. Three types of deformations were observed in SHPB
tested C-316L: slip, twins and martensite as shown in Figure 4.23(a) and Figure 4.24(a)
due to high SFE as a result of adiabatic heating % 7 °7. Due to the higher SFE, the
measured amount of martensite could be decreases and deformation behavior shifted from
martensite to twin deformation. Also, twins partially encourage the slip motion as it
exhibits a nucleation-like behavior *’. This phenomenon can be explained as above. In
the SHPB tested SLM-316L specimens, the higher SFE energy due to adiabatic heating
could be reduces the twins formed. Deformation behavior was partially shifted from
TWIP to slip deformation. In the C-316L alloys, the variation from the deformation
behavior is clearly seen in Figure 4.28 at the strain value between 0.18-0.35. This strain

range corresponds to Stage II as seen in Figure 4.18.
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Table 4.4. The hardness of SHPB and quasi-static tested C-316L and SLM-316L at 0.51

Specimen Quasi-static tested SHPB tested
(HV2/MPa) (HV2/MPa)

C-316L 0.51 Strain 3860260 3660+150

SLM-316L 0.51 Strain 3640210 3605+170

4.4. Constitutive relations and strain rate sensitivity

The flow stresses of both alloys were fitted with the Johnson and Cook (JC) flow

stress equation *® as

o= (A+BeM[1+cln(2)] (1 - [ ™ 4.2)

Tn—Tr

where, o and ¢ are the equivalent true stress and true plastic strain, respectively. 4, B, n,
¢ and m are the JC parameters; 7 is the strain hardening, ¢ strain rate sensitivity, 7 is the
deformation temperature, 7 is the deformation temperature (room) at the reference strain
rate, T, is the melting temperature, m is softening parameter, and € and &, are
sequentially the strain rate and reference strain rate (1x107 s™!). Eqn. 4.2 is modified by
replacing (A + Be™) with the stress-strain curve (o,(€)). The values of g,(g) were
determined by interpolating the experimental true stresses with true strain at 1x107 s,
To calculate the strain rate sensitivity parameter c, the true flow stresses at 0.1, 0.2, 0.3
and 0.4 strain are drawn against the logarithm of true strain rate and then the true flow
stresses are fitted with Eqn. 4.2 as shown in Figures 4.29(a) and (b), sequentially for
SLM-316L and C-316L. The ¢ values of SLM-316L decreases from 0.18 to 0.011 when
the true strain increases from 0.1 to 0.4, as seen in Figure 4.29(a). A similar reduction of
the ¢ values is also seen in C-316L within the same strain range from 0.0185 to 0.009
(Figure 4.29(b)). Different from SLM-316L, the ¢ value of C-316L decreases from 0.0185
and 0.0155 at 0.1 and 0.2 strain to a value of 0.013 when the flow stress is fitted between
1x10* s and 1x10 57! as tabulated in the table in Figure 4.29(b). The relatively lower
values of ¢ at increasing strains are partly due to increased adiabatic heating at increasing
strains at high strain rates. The values of ¢ for commercially produced 316L listed in ref.

% between 0.042 and 0.1 are higher than the values determined in present study. The rate
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sensitivity parameters of SLM-316L and C-316L as tabulated in Figures 4.29(a) and (b)
are very similar to each other at low strains, 0.1 and 0.2, while at increasing strains the
rate sensitivity of SLM-316L becomes slightly higher than that of C-316L. In the quasi-
static strain rate regime, however, the rate sensitivity of SLM-316L (0.018) is higher than
that of C-316L (0.013) at low strains, 0.1 and 0.2. For comparison, the data in Figures
4.29(a) and (b) were also fitted by the following relation *°,

o=Kem (4.3)

where K is a constant and m' is the strain rate sensitivity parameter and is

; _ dln(o)
- dln (&)l .

(4.4)

The fitted results of the flow stress to Eqn. 4.3 are shown in Figure 4.29(¢c) for SLM-316L
and C-316L, respectively. The m' values tabulated in the same figure are determined
sequentially with the quasi-static strain rate regime (1x10*-1x10 s') and within the
quasi-static and high strain rate regime (1x10™*- up to 3150 and 3250 s').The m’ values
of SLM-316L and C-316L as seen in Figure 4.29(c) are very similar; for SLM-316L
ranging 0.0166-0.051 at 0.1 strain and 0.0177-0.0147 at 0.2 strain and for C-316L ranging
0.0131-0.0164 at 0.1 strain and 0.0129-0.0139 at 0.2 strain. Again, SLM-316 shows a
higher m’ value in the quasi-static strain rate regime. Eqn. 4.3 was previously fitted with
the experimental tensile stress data of an SLM-316L and the value of m’ was reported
0.0248 based on the yield strength between 107 and 107! s' 14, Comparably a lower m’
value has been recently reported for an laser LAM deposited 316L within the similar
strain rate regime, 0.0102 ' In the same study, the rate sensitivity parameter of a
commercial rolled 316L was determined 0.0065, which is in contradict with the ¢ values
of commercial 316L listed in ref. * and m’values determined in the present study. The
differences in m’ values between the present and above studies are most likely due to the
difference in the strain rate regime studied, in the developed microstructure and applied
testing methods (compression and tension). More, the adiabatic heating of the specimens

in the present study may lead to a lower strain rate sensitivity parameter.
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Figure 4.29. The true stress vs. In true plastic strain rate at different strains and the
variation of ¢ value with strain and strain rate (a) SLM-316L and (b) C-
316L and (c) In true stress vs. In true plastic strain rate and m values at

different strains for SLM-316L and C-316L.
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Figure 4.29. (cont.)

The c parameters of SLM-316L and C-316L were fitted with true strain into a
polynomial equation, as shown in Figure 4.30(a). As noted in the same figure, the c
parameters of both alloys are almost the same at 0.1 strain, while at increasing strains a
more rapid decline is seen in the ¢ parameter of C-316L. The m parameters of both alloys
were determined by fitting the quasi-static compression yield strengths (taken from the

T-Ty,
Tn—Tr

m
literature) with the flowing relation: o = o,.(1 —[ ] ), where o, is the room

temperature yield strength. As is seen Figure 4.30(b), taking the m value equal to 1 for
both alloys, results in a good match with the strength-temperature curve.

The predicted JC and experimental true stress-true strain curves at quasi-static
strain rates (1x10* and 1x102 s') and SHPB are shown in Figures 4.31(a) and (b) for
SLM-316L and C-316L, respectively. Using determined c values, adiabatic stress-strain
curves were predicted by taking m=1, while isothermal curves were calculated using the

following and T=T,

(A+B£”)[1+cln(%)]

(1- [TT;,;—T;r]m)
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In the same curves in Figures 4.31(a) and (b), the temperature rise (AT) was

calculated using the flowing relation,

AT = Blod (4.5)

pCp

where B and c, are the the Taylor—Quinney coefficient '** (fraction of deformation work
converted into heat) and the heat capacity, respectively. The value of ¢,, was taken 500 J

kg K119 and T, 1425 °C. The value of S is usually taken 0.9. The value of 8 for a cold
rolled 316L specimen was however reported to increase with increasing strain and was
below 0.9 1%, The measured B values of some metals and alloys have shown that the
value dependent on the types of the material and test !°°. For example, the value was found
higher in compression (0.7-0.9) and shear than in tension for a CP-Ti. It was claimed that
the formation of twin boundaries stored less significant deformation energy and therefore
the value of  was higher in the compression tested specimen which exhibited larger
fractions of twinning deformation. As will be explained latter, the tested SLM-316L
deforms under compression by the TWIP and C-316L by the Transformation-Induced-
Plasticity (TRIP). Therefore, the values of  was taken 0.8 as an average for both alloys.
The calculated isothermal and adiabatic curves in Figures 4.31(a) and (b) indicate that
adiabatic heating becomes nearly effective after about 0.1 strain. The predicted and
experimental SHPB true stress-true strain curves show well agreements with each other
until about the point A in the same graphs. After the point A which corresponds to an
adiabatic temperature of 110 °C, experimental stress-strain curves show a reduced work
hardening. The reduced work hardening of experimental stress-strain curves after the
point A is attributed to a decrease in the m value after about 100 °C which is also reported

for 316L and 316LN alloys in ref. .
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4.5. Effect of Strain Rate

The tested SLM-fabricated 316L specimens deform via twinning and slip similar
to TWIP steels 3. The formation of mechanical twinning proposed to depend on the
applied stress and the stacking fault energy (SFE) *. The twining occurs when the applied
shear stress is greater than a critical stress for twining on a highly stressed plane as similar
with slip '%. The typical range of SFEs for slip was reported as >45 mJ/m?, for twinning
20-45 mJ/m? and/or phase transformation <20 mJ/m? for stainless steels *’. The low
values of SFE induces a large separation between the Shockley partials which prevents
the cross-slip. The stacking faults were proposed to serve for the nucleation twinning '*’.
Twin planes act as an obstacle to the dislocation motion and has an influence on the flow
stresses similar to the grain size, Hall-Petch relation *. As the deformation twins are
continuously formed with increasing strain, the distance between twin planes decreases;
hence the distance taken by the dislocations and this results in increase in the flow stress.
A slight positive temperature dependency * or no temperature and strain rate dependency
%0 were reported for the twinning stress. Simply, deformation twinning was presumed not
a thermally activated process opposite to the slip by dislocation motion. The thermally

activated deformation ®8 stress (o) is given by the following relation '8 1%

M(AGy—kTIngy)
o= -

+ 25 Iné = 0y + kyIné (4.6)

In Eqn. 4.6, AG, is the activation free energy, M is the Taylor’s factor, k is the Boltzmann's

do
alné

constant, Vis the activation volume and £; is the slope of 0 — Ine curve, k; = ()1 =

MKT

. °

The strain rate sensitivity in the thermal activation-controlled deformation region

will be inversely proportional to the activation volume. The calculated activation volumes
of tested SLM-316L and C-316L are tabulated in Table 1 at different strains and strain
rate regimes (between 1x10-4 and 1x10-2 s-1 and between 1x10-4 and 2500-2800 s-1).
In the quasi-static strain rate range, the activation volumes of SLM-316L are lower than
those of C-316L and the activation volumes decrease as the strain increases from 0.11 to
0.22 strain. In the quasi-static-high strain rate regime, the activation volumes of both
alloys become very much similar. The activation volume of SLM-316L between two

strain rate regimes are similar, while the activation volume of C-316L is slightly reduced
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in the quasi-static-high strain rate regime. The similar strain rate sensitivity of C-316L
indicates a similar thermally activated deformation process (slip by dislocation)

involvement in both alloys.

Table 4.5. Activation volume of SLM-316L and C-316L at different strain rate range.

Specimen/strain Strain rate range @ MKT/V* v Vb3
(MPa/s) (nm?)
C-316L 0.1 1x10*-1x102 5! 8.03 1.49 89.8
C-316L 0.2 1x10#-1x102 57! 9.98 1.20 72.2
SLM-316L 0.2 1x10*-1x102 5! 12.59 0.95 57.3
SLM-316L 0.2 1x10#-1x102 57! 15.20 0.79 47.4
C-316L 0.1 1x10#-2800 s°! 11.42 1.05 63.1
C-316L 0.2 1x10#-2800 s°! 11.97 0.10 60.2
SLM-316L 0.1 1x10*-2500 s! 12.62 0.95 57.1
SLM-316L 0.2 1x10*-2500 s! 14.15 0.84 50.9

4.6. Unloading-Reloading Compression Tests

Strain rate and strain rate history effects dependencies of commercial and additive
manufactured alloys were subjected to a kind of unload-reload process to be examined.
Unlike strain rate sensitivity, strain rate sensitive alloys can show the effects of the
previous test rate when tested at different strain rates. This situation is called strain rate
history dependency °* ', On the other hand, strain rate-independent materials show
reload deformation behavior independent of the rate of the previous test ''°. SLM-316L
and C-316L specimens, which were previously quasi-static tested and comes to strain
values of 0.11, 0.22, 0.36, 0.51, respectively, were SHPB reloaded as shown in Figures
4.25(a-b). For SLM-316L specimens, all specimens tested at up to 0.51 strain had a lower
yield strength at baseline compared to the reference SHPB tested specimen. It was
observed that as the strain value increased, the reloaded specimens reach the reference
plastic curve as shown in Figure 4.25(a). For C-316L specimens, all tested specimens had
nearly the same yield strength when compared to the reference SHPB tested specimens
as shown in Figure 4.25(b). After ~0.36 strain value, a decrease in stress and softening is
observed in the reference SHPB test curves. This is due to adiabatic heating, as mentioned

earlier.
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Figure 4.32. SHPB reloading tests of previously quasi-static tested (a) SLM-316L and
(b) C-316L specimens.

The quasi-static reloading stress-strain curves of the dynamically tested SLM-
316L and C-316L specimens are shown in Figures 4.26(a-b). In contrast to dynamically
reloaded quasi-statically tested specimens, quasi-statically statically reloaded samples
show higher stress values than the reference quasi-static curve as shown in Figure 4.26(a).
As is seen in Figure 4.16(a), the quasi-statically reloaded specimen clearly shows strain
rate history dependent flow stresses. While quasi-statically reloaded C-316L specimens
exhibit no strain rate history effect, depicted in Figure 4.26(b). The reasons for this
behavior will be further investigated in a future study.
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(b) C-316L specimens.



CHAPTER §

CONCLUSIONS

The compression stress-strain behavior of an SLM-316L alloy was determined x-
axis (perpendicular to the building direction) between 1x10~ and 2500-3150 s™!'. For
comparison, annealed and extruded a C-316L alloy was also compression tested at the
same strain rate interval. The undeformed and deformed microstructures of the tested
SLM-316L and C-316L specimens were analyzed using optical microscope, SEM, EBDS
and XRD. The martensite content of the undeformed and deformed C-316L specimens
was calculated using Rietveld method.

The average densities of SLM-316L and C-316L were sequentially 7821+5 kg
m™ and 7838.5+5 kg m™. The percent porosity in SLM-316L was calculated 0.22. The
XRD spectra of the untested specimens of SLM-316L and C-316L confirmed a fully
austenitic phase in both alloys, while the compression tested C-316L specimen exhibited
martensite phase because of TRIP deformation behavior.

The microscopic analysis of SLM-316L revealed a strong (110) fiber texture
orientation along the building direction (the loading axis of 0° inclined specimens) and a
weak <111> texture or nearly random distribution of directions in the perpendicular to
the building direction. The use of rotation scanning strategy resulted in a mismatch in the
positions of melt layers and leaded to the development of interrupted grains. The average
width of the columnar grains was 20-50 pm. Within the melt pools inside the columnar-
like grains, a cellular microstructure/sub-structure development in 0.7-1 pm size was
found. The sub-grains resembled 5—6-sided honeycomb-like structure and were oriented
in-plane and out of plane inside the columnar grains. The average grains size of C-316L
was found 24.3 pm.

SLM-316L was found to have a higher average hardness (~2300 MPa) than C-
316L (~2100 MPa). The higher hardness of SLM-316L was attributed to higher
dislocation density calculated using the Williamson and Hall method (1.04x10'> m).
SLM-316L specimens also exhibited a higher hardness in the z-direction than in
perpendicular to the z-direction. This anisotropy was probably due to size and

morphological differences in microstructure resulting from the scanning strategy.
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Moreover, a higher hardness was found near to supports in the SLM-316L specimen,
because of the faster cooling near to the support. Hardness test was also applied to SLM-
316L specimens manufactured with higher and lower laser power in similar grain sizes
but different sub-grain sizes.

In the quasi-static tests, both SLM-316L and C-316L showed high ductility; no
fracture was observed until about 0.51 strain. SLM-316L had a higher quasi-static yield
strength (510 MPa) than C-316L (360 MPa). While the work hardening rate of the C-
316L alloy was higher at low strains and reached the same work hardening rate as the
SLM-316L as the strain increased. The high work hardening of C-316L than SLM-316L
was ascribed to the higher resistance of martensite plate than twin boundary to the
dislocation motion. This was confirmed by applying hardness tests on the twin and
martensite formed sections of the deformed specimens.

Both alloys showed strain rate sensitive flow stresses. As the strain rate increased,
flow stress increased. Due to the more formation of dislocation slip at high strain rates in
the SLM-316L alloys, SLM-316L was found to be slightly more strain rate sensitive than
the C-316L. The rate sensitivities of both alloys however declined as the strain increased.
This was attributed to the adiabatic heating of the specimens tested in the SHPB. Using
the quasi-static and dynamic strain rate compression stress-strain curves, the JC flow
stresses of both alloys were determined at the adiabatic condition and then both were
converted for the isothermal condition.

Extensive microscopic observations showed that tested SLM-316L deformed
dominantly by twinning and slip similar to TWIP steels, while C-316L by martensitic
transformation and slip similar to TRIP steel. As the strain increased, the amount of
martensite and deformation twins increased in the C-316L and SLM-316L alloys,
respectively. The distance between twins was in an order of 100 nm, which was less than
the intercellular cell size (0.7-1 pm) in SLM-316L. Twins were continuously divided cell
size, inducing an increasing effect of cell size on the flow stress. On the other hand, the
martensite formation in C-316L specimens and twinning formation in SLM-316L alloys
decreased at high strain rates compared to quasi-static strain rates. The XRD spectra of
C-316L also confirmed the reduced martensite formation at high strain rates. The reduced
twin and martensite formation at high strain rates were attributed to the increased SFE
due to the adiabatic heating of the test specimens. The increase of SFE at high strain rates
promoted a higher fraction of the deformation by slip. Lastly, the reloading tests revealed

a strain rate history effect in SLM-316L and no strain rate history effect in C-316L.
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