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a b s t r a c t

This research aims to identify how meltpool temperature is determined by process pa-

rameters in Laser-Based Powder Bed Fusion (LB-PBF) and the effect of meltpool tempera-

ture and heat treatment temperature on microstructure and tensile properties. The study

illustrates how crystallographic features in 316L stainless steel were developed in response

to the meltpool temperature and induced energy density of LB-PBF manufacture, and by

post manufacture heat treatment. For this research, 25 samples based on a Taguchi Design

of Experiments (DoE) with five parameters over five levels were printed. To improve pre-

cision, the DoE was repeated three times and a total of 75 samples were produced. A

thermophysical-based analytical model was developed to measure the meltpool temper-

ature and subsequently surface tension of the liquid in melting zones. Then, a statistical

method was used to identify the effective process parameters in tensile properties

including ultimate strength, fracture strain and toughness. The microstructural evaluation

and crystallographic features were presented to identify the governing mechanisms for the

discussed phenomena. This result verifies that the meltpool temperature is a driving factor

for the microstructural evolution and observed crystallographic features. Results showed

that samples with lower meltpool temperatures have smaller grain sizes, superior strength

and toughness properties. The crystallographic analysis showed the weak texture and

anisotropic properties are dominant by the preferred orientation growth. The geometri-

cally necessary boundary values were also found to be a driving factor for fracture strain.

The originality of this paper is identifying the effect of process parameters on meltpool

temperature using an analytical model that is developed based on the thermophysical
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properties of the feedstock. Characterizing the effect of meltpool temperature in crystal-

lographic features are also another contribution of this paper.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
angle orientation on the tensile strength of LB-PBF stainless

1. Introduction

Laser-Based Powder Bed Fusion (LB-PBF) is a classification of

additive manufacturing whereby a highly energized laser

beam fuses metallic powder in subsequent layers for the

manufacture of complex structures directly from computer-

aided design (CAD) data [1e3]. Nowadays, Stainless Steel (SS)

316L can replace expensive materials like aluminium and ti-

tanium as a more cost-efficient alternative for automotive

application. Moreover, it has robust mechanical properties

and excellent corrosion resistance [4e6]. Different in-

vestigations have been conducted on the effect of process

parameters on parts manufactured by the LB-PBF process and

they showed that parameters like point distance, laser power

and scan speed have a strong effect on the observed me-

chanical properties [7e10]. Porosity is one of the major po-

tential technical challenges of LB-PBF, and is driven by the

energy density. Increasing the energy density causes an

exponential decrease in porosity and a linear increase in

hardness [8]. Another technical challenge of LB-PBF is the

surface roughness caused by the balling effect, which is more

evident in materials with high thermal conductivity [11,12].

When process parameters are incorrectly selected, for

instance excessive laser speed and insufficient power, the

balling phenomena is observed. On the other hand, insuffi-

cient scan speed potentially reduces the as-manufactured

density due to the keyhole phenomena and laser melting

voids, although this reduction is comparatively less than for

insufficient laser melting [13,14]. Achieving high density is

most important to obtain superior mechanical properties and

100% density can be achievable by laser re-melting process

[15,16]. During metallic 3D printing, porosity formation is

negligibly affected by the part orientation and gas flow con-

dition. However, these two factors considerably affect the

thermal stress and bonding strength, which are critical to the

observed mechanical properties of a printed part [17].

Wang and his team [18] produced high strength and frac-

ture strain stainless steel 316L. They reported that high

strength is related to solidification enabled cellular structures,

low-angle grain boundaries, and dislocations formed within

the process. High uniform fracture strain is attributed to a

steady and progressive work-hardening mechanism that was

controlled by a hierarchically heterogeneous microstructure.

Wang et al. [19] studied the tensile behaviour of single-crystal

material such as the stainless steel 316L sample fabricated by

the LB-PBF process. The tensile test was carried out along low

index (high density) material crystallographic <100>, <110>
and <111> direction. They introduced a deformation mecha-

nism for each build direction and found that the direction

with a higher slip system has lower fracture strain and in

contrast, the directions with lower slip have higher fracture

strain. Leicht et al. [20] investigated the effect of scanning
steel 316. This research showed that parts manufactured by

scan pattern angle have a greater number of high angle grain

boundaries, and lower formability. Wang et al. [21] studied the

effect of sample size on the mechanical properties of LB-PBF

stainless steel 316 strut elements. They found that lower

strut diameter leads to a bigger dendrite grain and affects the

mechanical properties. Generally, Wang's study showed that

mechanical properties highly depend on the size of the prin-

ted components. Bertoli et al. [22] studied the effects of

scanning speed and laser power of LB-PBF of stainless steel

316L. They showed that higher scanning speed reduces

meltpool depth while higher laser power increases the melt-

pool depth. Reduction in scan speed and increase in laser

power improved the mechanical properties, which is related

to higher laser penetration depth and better bonding of the

subsequent layers.

In this research, based on Taguchi L25 standard tensile

specimens with different process parameters including laser

power, scan speed, hatch space and laser-pattern angle (the

angle between two subsequent layers) were printed. To

examine the effect of heat treatment, samples were heat-

treated with different situations. Statistical analyses have

been carried out to find the effective parameters on tensile

properties. Then, based on the thermophysical model, the

temperature of the meltpool for different test cases was esti-

mated and the effect of meltpool temperature on tensile

properties was discussed. The microstructural analysis

including grain boundary, inverse pole and texture charac-

terisation were used to discuss the effect of process parame-

ters on tensile properties of the samples.
2. Experimental setup

2.1. Powder material and LB-PBF operation

All the test coupons were produced as per the experimental

designs on the Renishaw AM400 LB-PBF (Auckland University

of Technology, Auckland). This is an upgraded version of the

AM250, with the laser power increased from 250 W to 400 W,

while maintaining a laser spot size of 70 mm. The system uses

a 400 W ytterbium fibre laser, which is guided through an

optical module and a two-axis galvanometer for rasterization

and controlled energy flow into the powder bed. Argon gas

was filled to keep the build chamber atmosphere at less than

0.1% oxygen.

In this experiment Stainless Steel 316L powder sourced

from Renishawwas used with an average particle size around

30 mm (particle size distribution between 17 mm and 40 mm as

shown in Fig. 1(A)). The chemical composition of the powder

was analysed by EDS and listed in Table 1.
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Fig. 1 e (A) Powder particles (B) as-built components (C) particle distribution.

Table 1 e Chemical composition of the powder.

Fe C Cr Ni Mo Mn Si Cu Co

SS316L Bal. 0.3 17.92 11.59 2.13 1.03 0.77 0.48 <0.35

Table 2 e Process parameters and levels selected for
Taguchi L25 DOE.

Laser
power (W)

Scan
speed
(mm/s)

Hatch
spacing
(mm)

Scanning
pattern

incrementing
angle (�)

Heat
treatment

temperature (�C)

150 650 60 36 20

175 700 65 40 425

200 750 70 45 650

225 800 75 60 870

250 850 80 72 1150
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The build strategy was to print 25 flat test coupons oriented

both vertically and parallel to each other. The samples were

also inclined at a small angle with the feed direction of the

wiper blade to avoid damages during powder feeding. A

Renishaw standard stainless-steel build plate was used. The

build platformwas pre-heated up to 170 �C prior to printing and

was kept at that temperature all through the printing process.

Support structures were provided as necessary and the printed

samples with the excess powder removed and still attached to

the build plate are shown in Fig. 1(B) and the particle distribu-

tion size is shown in Fig. 1(C). Each of the test couponswas then

removed from the build plate and cut into three tensile test

specimens as per the ASTME8 standard, using wire cut EDM.

2.2. Design of experiments

In this research, four LB-PBF process parameters and the

temperature of heat treatment as the last parameter were

concurrently investigated. For this experimental evaluation, it

is infeasible to implement a full factorial experiment

(N ¼ 55 ¼ 3125). To overcome this challenge, Taguchi DoE is

applied to reducing the number of tests required while main-

taining the accuracy of the results [23,24]. The selectedmethod

was Taguchi L25, which describes the presence of five param-

eters over five levels. To reduce the chance of pores formation

and reduction in density the process parameters were selected

in such a way that produce high density components. Table 2

shows the process parameters and related levels. The DoE

was repeated three times to analyse the statistical variations

and improve generality. Thus, 75 samples were experimentally
tested, and the results were statistically investigated. To

analyse each column individually, orthogonal DoE was

selected; hence, the replications in each column are balanced

in order to increases the generality and accuracy of the DoE.

2.3. Post-processing (heat treatment)

In metallic AM, the periodic heating and cooling of subsequent

layers causes a change in microstructure and residual stress

accumulation inside the printed samples.Moreover, for the LB-

PBF system in comparison to Directed Energy Deposition, the

rapid cooling rate can potentially result in a high-brittle

structure that can be minimised by the heat treatment [25].

In this research, a fluidised bed furnace was used for the heat

treatment of the printed samples. The fluidised bed furnace

consists of a bed of solid particles (such as silica sand or

aluminium oxide) and a gas (nitrogen or air) that is passed
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through the bed. This method causes the particles to be sepa-

rated from each other microscopically and produces more

uniform heat dispersion in the furnace [14]. Heat treatment

was carried out for a range of temperatures (425 �C, 650 �C,
870 �C and 1150 �C). The 425 �C heat treatment is known to be

the stress relief treatment temperature for the 316L alloy [26].

This heat treatment procedure is known to provide dimen-

sional stability along with removal of the residual stresses that

can be developed during the cooling of the melt pool. This

procedure is very important inminimising the stress corrosion

cracking in 316L steel. On the other hand, the 1150 �C tem-

perature was chosen within the range of solution treatment

temperature of 316L stainless steel alloys which can provide a

homogeneous microstructure (i.e., between 1100 and 1200 �C)
[26]. The 650 �C and 870 �C temperature were chosen as the

minimum and maximum temperatures for sensitizing of the

316L alloys [27]. Such treatment was considered to follow the

possible effect of post treatment temperatures that can be

expected for the 316L alloys (i.e., welding). During the proced-

ure, samples have been kept in the furnace for 2 h for each

temperature. Heat treatment was performed by the bed of

aluminium oxide sand fluidised furnace with pure argon gas

for 2 h and cooled at room temperature.

2.4. Tensile test

Tensile testing was completed to characterise the ultimate

strength, fracture strain, yield strength and the toughness of

the specimen (Instron 8801-100KN, Bluehill-3 control soft-

ware, ambient temperature 22� degrees). Axial gauge length,

test rate and strain rate were selected as 31.05mm, 3mm/min

and 0.03 1/s respectively. Fig. 3 shows the dimension of the

test samples.

To ensure the repeatability each test was repeated three

times. Therefore, each test was repeated three times to in-

crease the precision and repeatability. Fig. 2 shows the results

of the tensile test for each heat-treated category of samples.

2.5. Microstructure analysis

The heat-treatment samples were sectioned from the tensile

specimen (Fig. 3) and hot mounted with conductive polyfast

resin, ground with 1200 grit sandpaper and mirror polished

with the 0.3 mm oxide polishing suspension (OPS). The

microstructure of the samples was analysed using the FEG

Quanta 3-D FEI SEM instrument equipped with a fully auto-

mated EBSD device. The EBSD was conducted with an accel-

erating voltage of 20 kV, a working distance of 10e12 mm, and

with a step size of 2 mm. The average confidence index was

between 0.6 and 0.8. The post-processing of the EBSD mea-

surements was elaborated using the TexSEM Laboratories

Inc., software (TSL) and Atex software [28].
3. Results

3.1. Multivariable analyse of variance

Multivariate analysis of variance (MANOVA) is a statistical

approach for comparing the multivariate average of outputs.
The results of this statistical approach show whether or not

the independent grouping factors (inputs) have a significant

effect on the dependent variables or outputs [29e31]. When

using MANOVA, the following situations have to be met: (A)

output must be numerical continuous, (B) variations must

physically exist, and (C) results must be independent. Since

the results of our experimentations meet these conditions, it

is statistically possible to use MANOVA to find the effective

variables.

The null hypothesis is a benchmark to show that there is no

significant relationship between every two investigated vari-

ables (input and output). The null hypothesis states how each

variable significantly affects the results of supporting the

investigated idea. P-values are representative of the signifi-

cance of the dependent variables in relation to the null hy-

pothesis and have a value between 0 and 1. A smaller P-value

shows stronger evidence for rejecting the null hypothesis. In

this analysis, P� 0.05 shows that the independent variable can

significantly influence the dependent variable. This is the evi-

dence to reject the null hypothesis and shows that there is less

than a 5% probability and the null is correct. In this research,

the P-value analysis (based onWilks criterion) has been carried

out for tensile stress, fracture strain, yield and toughness. The

results based on Wilks criterion are listed in Table 3.

The results show that laser power, hatch spacing and

pattern angle are of significance to ultimate tensile strength.

Meanwhile, laser power and heat treatment temperature are

shown to have a significant effect on fracture strain. Also, the

MANOVA depicts that scan speed, laser pattern angle, and heat

treatment are the significant factors for toughness. The rest of

the independent input variables have negligible effect on the

dependent variables (i.e. P> 0.05 andnull hypothesis accepted).

3.2. Main effect analysis

In themain effect analysis, we selected the significant process

parameters as well as the independent variables which

showed a regular trend to the outputs. Therefore, for ultimate

tensile strength, laser power, hatch space and pattern angle

were selected and for fracture strain, scan speed and heat

treatment were plotted. Indeed, except for laser power, all

independent variables were selected to analyse the main ef-

fect of toughness. Fig. 4 shows the main effect plots for ulti-

mate tensile strength, fracture strain and toughness.
4. Discussion

In this section, we first calculate the meltpool temperature

based on process parameters specified for the Taguchi L25

DOE. The observed effect of meltpool temperature on tensile

properties is then discussed, followed by microstructural and

crystallographic analysis.

4.1. Effect of process parameters on meltpool
temperature

Process parameters determine the magnitude of induced en-

ergy and associated meltpool temperature. According to

Equation (1), the beam energy density is controlled by scan
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Fig. 2 e Tensile strain curves (A) without heat treatment (B) heat treatment in 425 �C (C) heat treatment in 650 �C (D) heat

treatment in 870 �C (E) heat treatment in 1150 �C.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 2 : 2 4 3 8e2 4 5 22442
speed, Ss, beam area, BA, and laser power, LP. Energy density is

also highly related to the absorption coefficient, h [1].

Ed ¼ hLP
SSBA

(1)

The absorption coefficient is directly related to the physical

properties of the processed material. The energy density is
Fig. 3 e Schematic representation of tensile specimen with

dimensions.
initially consumed to increase the temperature and enthalpy

and subsequently melts the material and forms the melt re-

gion. The enthalpy for stainless steel 316L is a function of

temperature in a solid phase, solideliquid (melting) and the

liquid phase. Thus, the temperature of the melted region can

be calculated according to Equation (2). Fig. 5 shows that the

specific heat has a different trend in solid-phase; however, it is

constant in the melting phase.

Ed ¼
ZTs

T0

CpsdTþ DHm þ
ZTmp

Tl

CpmdT (2)

where, parameters are initial temperature (T0), solidus tem-

perature (TS), liquidus temperature (Tl) heat capacity in the

solid-state and melted state (Cps , Cpm ) and phase trans-

formation enthalpy (DHm). The mentioned parameters are the

inputs and meltpool temperature (Tmp) is the output that

needs to be calculated by solving Equation (2).

https://doi.org/10.1016/j.jmrt.2021.04.043
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Table 3 e P-values from a statistical test for MANOVA.

Laser power Scan speed Hatch space Pattern angle HT temperature

Ultimate tensile strength

P-value 0.025 0.530 0.001 4.8 £ 10¡8 0.402

Toughness

P-value 0.11 0.025 0.231 0.004 2.6 £ 10¡5

Fracture strain

P-value 0.018 0.054 0.349 0.510 5.9 £ 10¡6

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 2 : 2 4 3 8e2 4 5 2 2443
To formulise the relation of specific heat and temperature,

different regression analyses have been carried out and the

best result was found using the linear regression model.

Equation (3) shows the linear relation of specific heat versus

temperature and enthalpies.

CPs ¼ 0:316604þ7:2125�10�4 �T� �8:6033�10�7 �T2
�

þ �5:64624� 10�10 �T3
�� �1:32117�10�13 �T4

�
for

T¼ 298 K� 1633 K

(3)

CPm ¼ 0:83
J

grK
for T ¼ 1683 K and higher

DHm ¼285
J
gr

To balance Equation (2) on the right-hand side, the density

must be multiplied to enthalpy. The density of the metals is

thermophysical properties and Fig. 6 shows the trend of

density in different temperatures. To formulise the relation of
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When heating stainless steel 316L in 1633e1683 K, the

material is moved to phase transformation and needs more

energy. Thus, the value of energy density is obtained from

Equation (4).

Ed ¼
Z1633
T0

CpsdTþ DHm þ
ZTmp

1683

CpmdT (4)

The meltpool temperature (Tmp) from Equation (5) is

calculated by solving Equation (4).

Tmp ¼

Ed �
 Z1633

T0

CpsdTþ DHm

1
CAþ �Cpm � 1683

�
Cpm

(5)

In LB-PBF, the width of the track is a function of laser

power, scan speed and the interaction between these two
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Fig. 5 e Special heat capacity versus temperature [32].
Fig. 7 e The trend of surface tension, g versus temperature

(the concept of Marangoni's effect).
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factors. Higher scan speed and lower laser power induce less

temperature on meltpool and based on Equation (6) surface

tension increases from 1.45 to 2.34 N/m.

When surface tension increases to the optimum value, the

meltpool with high viscosity is formed, which in turn in-

creases the work of adhesion and bonding of internal and

inter-layers [33,34].

g¼g0 þ
"
dg

dT
�
 Ed �

�Z 1633

T0

CpsdTþDHm

�
þ �Cpm � 1683

�
Cpm

�T0

!#

(6)

where g0 and T0 are reference values of surface tension and

temperature. The slope of the linear equation in Fig. 7 is

shown by dg=dT and the reference values of temperature and

surface tension are listed in Table 4:

g0¼1:943�RT�1:3�10�8 ln

�
1þ0:00318f a exp

�
1:66�108

RT

��
(7)

where g0 is a reference value for surface tension and in

stainless steel g0 is a function of the percentage of sulphur (fa).

In LB-PBF, laser power, scanning speed, beam area and T0 are

process parameters that need to be adjusted by operators

while absorption ratio, specific heat capacity, latent heat of
Fig. 6 e The trend of density versus temperature [32].
fusion, and critical temperatures are the thermophysical

properties of the material.

Decreasing laser power and preheating (T0) decreases the

meltpool temperature, while scanning speed and beam

diameter have a reverse relation with meltpool temperature.

Equation (6) indicates that by decreasing meltpool tempera-

ture, due to the thermocapillary, the value of surface tension

(g) increases. Table 5 reports the surface tension andmeltpool

temperature for each test case. In the following section, the

effect of meltpool temperature on tensile properties is

discussed.

4.2. The effect of meltpool temperature on tensile
properties

4.2 1. The effect of process parameters on the toughness
The solidification process starts by decreasing temperature

from above melting temperature and continues to under so-

lidification temperature. At this temperature range, atoms are

attached together and form a nucleus in the melted area. By

decreasing the temperature, the kinetic energy reduces and

the nucleus becomes bigger, which leads to grain formation.

Both meltpool temperature and the solidification rate affect

the grain size. The higher temperature of the meltpool and

lower solidification rate produce larger grains due to higher

solidification time. The effect of meltpool temperature on ul-

timate tensile strength, fracture strain and toughness was

analysed using Analyse of Variance (ANOVA). As illustrated in

Table 6, the P-value analysis shows that the estimated melt-

pool temperature has a significant effect on all presented

tensile properties. This shows that meltpool temperature can

drive the microstructure and mechanical properties of LB-PBF

production.

By increasing the meltpool temperature, fewer nuclei are

formed and solidification time increases, thus leading tomore
Table 4 e Reference values for temperature and surface
tension [32,35,36].

Parameter
g0

�
N
m

�
T0½K� dg

dT

�
N
Km

�

Value Eq (7) 1973 �4.3 � 10�4

https://doi.org/10.1016/j.jmrt.2021.04.043
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Table 5 e Calculated surface tension and estimated melting pool temperature.

Test no Laser
power [W]

Scan
speed [mm/s]

g [N/m] Tmp [K] Test no Laser
power [W]

Scan
speed [mm/s]

g [N/m] Tmp [K]

1 150 650 1.72 2148 14 200 800 1.80 2284

2 150 700 1.65 2033 15 200 850 1.74 2180

3 150 750 1.60 1932 16 225 650 2.18 2960

4 150 800 1.55 1844 17 225 700 2.08 2786

5 150 850 1.50 1767 18 225 750 2.00 2635

6 175 650 1.87 2419 19 225 800 1.92 2503

7 175 700 1.80 2284 20 225 850 1.86 2387

8 175 750 1.73 2166 21 250 650 2.34 3230

9 175 800 1.67 2064 22 250 700 2.23 3037

10 175 850 1.62 1974 23 250 750 2.13 2870

11 200 650 2.03 2689 24 250 800 2.05 2723

12 200 700 1.94 2535 25 250 850 1.97 2594

13 200 750 1.86 2401.342

Table 6 e P-value analysis for meltpool temperature
versus tensile properties.

Ultimate
tensile
strength

Fracture
strain

Toughness

P-value meltpool

temperature

1.3 � 10�7 3.87 � 10�5 1.24 � 10�5
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growth and the formation of bigger grains. On the other hand,

the lower temperature of the meltpool forms, more nucleus

grows in a shorter time and produces smaller grain size. Ma-

terials made by larger grain size have more formability and

according to the HallePetch theory (Equation 8), grain size can

determine the strength of the material [37e39].

s¼s0 þ kffiffiffi
d

p (8)

where s0 is a material constant for the starting stress for

dislocation movement, k is the strengthening coefficient that

is constant specific to the material, and d is the average grain

size. As seen in Equation (8), the strength of thematerial has a

reverse relation to a grain size due to dislocation numbers.

Lower grain size has more dislocation and by increasing the

dislocation number, more force (stress) is needed to move

them and deform the material. Therefore, test cases with

lower meltpool temperatures are supposed to have smaller

grain sizes and higher mechanical properties. This is

confirmed through the microstructural and crystallographic

analysis in the next section.

According to the results of the effect of process parameters

on meltpool temperature in the previous part, an increase in
Table 7 e Mechanical properties in relation to process parame

Sample no State Laser
power (W)

Scan speed
(mm/min)

Calculated
meltpool

temperature (K

5 Annealed 150 850 1767.24

20 Annealed 225 850 2387.56

11 Annealed 200 650 2689.76

21 Annealed 250 650 3230.55
laser power and decrease in scanning speed induce higher

input energy density and higher temperature. To quantify the

relationship between energy density and meltpool tempera-

ture versus the grain size and tensile properties, four samples

with different meltpool temperatures were selected for EBSD

microstructural-crystallographic characterisation that is pre-

sented in Table 7. It should be mentioned that 5� threshold

was selected for the characterization of grains to better

accumulate the sub grain structures in the LPBF-316L alloy.

The grain sizes were measured using the average surface area

of the selected samples.

Similar to HallePetch relation, the linear Regression was

used to find the materials constant for the starting stress for

dislocation movement and the strengthening coefficient as

shown in Table 8. The results showed that less than 1% error

with the literature [40], which demonstrates the accuracy of

the performed analysis.

Sample 5 displays the lowest induced temperature (Table 9)

and the smallest grain size even when it has the highest heat

treatment temperature (1150 �C). The calculated temperature

for sample 5 is slightly abovemeltpool temperature. Therefore,

based on the mentioned mechanism, the grains do not have

sufficient time to grow. The induced temperature in Sample 20

is 35% higher than for Sample 5 and considering the annealing

or stress relieve temperature for heat treatment is 870 �C, the
grains grow up to 58.2 mm [41]. This results into improvements

in the fracture strain, up to 43.27% and subsequently, the

toughness rises to 362.18 J/mm3. The toughness and fracture

strain for sample 20 is considerably higher than for Samples 11

and 21, which is discussed by relaxing the residual stress in the

following section. For Samples 11 and 21, the heat treatment

temperature was selected to be below the annealing temper-

ature, which therefore has a small effect on the grain growth.
ters.

)

Heat
treatment

temperature (�C)

Ultimate
tensile

strength (MPa)

Toughness
(J/mm3)

Fracture
strain (%)

1150 935.51 303.92 34.7

870 896.60 362.18 43.27

425 843.81 221.06 27.72

650 833.03 252.59 32.74

https://doi.org/10.1016/j.jmrt.2021.04.043
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Table 8 e Coefficient of HallePetch theory.

s0 [MPa] K [N/mm]

This study 596.5979 438.1989

Kashyap and Tangri [40] 602 437
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In this situation, the dominant influence on grain growth is the

induced temperature from the LB-PBF process. The meltpool

temperature in Sample 21 reaches 3230 K therefore, fewer

nuclei are formed and solidification time increases. As a result,

the larger grains are shaped compared to sample 11, which is in

agreement with the literature [42]. This phenomenon has an

insignificant effect on the value of ultimate tensile strength,

although it leads to a 19% increase in fracture strain and

improved toughness from 221.06 to 252.59 J/mm3.

4.2 2. Microstructure analysis
Figs. 8 and 9 depicts the SEM images and orientation maps

from the samples annealed at 1150, 425, 870 and 650 �C.
Overall, the heat treatment successfully dissolved the melt-

pool boundaries and a continuous grain structure is observed.

It seems that the change in the heat treatment temperature of

the samples does not have a significant effect on the columnar

morphology of the developed microstructures. By considering

the heat transfer path during the solidification, it is clear that
Table 9 e Observed grain size in relation to process parameter

Sample no State Laser
power (W)

Scan speed
(mm/min)

C

5 As-built 150 850

Annealed 150 850

20 As-built 225 850

Annealed 225 850

11 As-built 200 650

Annealed 200 650

21 As-built 250 650

Annealed 250 650

a The grain sizes were measured considering the minimum of 15� misor

Fig. 8 e The SEM images for (a) sample 5 annealed and (b) as-b

annealed and (f) as-built and (g) sample 21 annealed and (h) as
all grains should have grown perpendicular to the meltpool

boundaries. Such grain morphology is inherited from the

rapid melting and solidification during the manufacturing

process and maintained during the heat treatment. The

annealing has to be carried out to influence or the remove the

columnar grain structure. Such behaviour can be associated

with the higher stability of as-fused grains. However, the

inability of the change in the grain structure of the annealed

sample may be associated with the lower annealing time of

the samples. A higher annealing time, especially at the higher

temperatures, can be more effective in the recrystallization

and growth of new grains in the microstructure. Similar

behaviour for higher stability of the developedmicrostructure

through additively manufactured stainless steels were previ-

ously observed in literature [26,43].

For a better overview of the grain structure developed

during the deposition and subsequent heat treatment EBSD

measurements were conducted and are provided in Fig. 9. The

orientation maps and geometrically necessary dislocation

maps obtained from the samples annealed and as-built at

1150 �C, 425 �C, 870 �C and 650 �C are depicted in Fig. 9. Overall,

the employment of the heat treatment has resulted into and

increased grain size structure compared to the as-built sam-

ples. Besides, the change in the heat treatment temperature

for different samples has a small influence on the columnar
s.

alculated meltpool
temperature (K)

Average grain
size (mm)a

Heat treatment
temperature (�C)

1767.24 18.6 20

1767.24 18.2 1150

2387.56 19.6 20

2387.56 58.2 870

2689.76 39.7 20

2689.76 44.2 425

3230.55 42.6 20

3230.55 64.5 650

ientation.

uilt, (c) sample 11 annealed and (d) as-built, (e) sample 20

-built.

https://doi.org/10.1016/j.jmrt.2021.04.043
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Fig. 9 e The EBSD orientation maps in inverse pole figure colouring and embedded with image quality maps for (a) sample 5

as-built and (b) annealed, (c) sample 11 as-built and (d) annealed, (e) sample 20 as-built and (f) annealed and (g) sample 21

as-built and (h) annealed.
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morphology of the developed microstructures. By considering

the heat transfer path during the solidification, it is clear that

all grains should have grown perpendicular to the meltpool

boundaries. Such grain morphology is inherited from the

rapid melting and solidification during the manufacturing

process and maintained during the heat treatment. To trace

the influence of the heat treatment on the microstructure of

the samples, the misorientation angle distribution for the as-

built and annealed samples are provided in Fig. 10. It can be

observed that the fraction of the low angle boundaries is

significantly higher for the as-built samples indicating that

the samples are at a higher residual stress state after the
Fig. 10 e Misorientation angle distribution in the range of

0e20� for as deposited and heat treated samples. Here, M5-

M21 denotes sample 5, 11, 20 and 21.
solidification. The employment of the heat treatment results

into relaxation of dislocation debris (2e5�) and transformation

of low angle boundaries (5e15�) into higher angle boundaries

consuming smaller grains and forming large grain sizes

(Fig. 10). Therefore, an increase in the grain size values for the

annealed samples can be expected as the previously calcu-

lated sub grains are being removed from the grain size mea-

surements. In otherwords, the increase in the grain sizes after

the heat treatment procedure can be routed in the significant

reduction of low angle boundaries (5e15�). Therefore, in case

of sample 5 where the grains size changes for the as-built and

heat treated sample is minimum, smallest variations in the

low angle boundary number fraction can be observed (Fig. 10).

This means that the lower meltpool temperature for the

sample 5 has resulted into lower residual stress development

during the solidification while, the short heat treatment pro-

cedure designed for the current study was not enough for

extensive migration of low angle grain boundaries leading to

the formation of larger grain structures.

During the solidification in the powder bed fusion process,

the solidified crystals tend to grow along the preferred crys-

tallographic orientation. This preferred orientation growth

can lead to the dominance of a weak texture and anisotropic

properties (i.e., especially in hexagonal crystal structures).

Therefore, it is important to follow the crystallographic

texture evolution of the fabrication strategies and understand

their characteristic tensile behaviour. Fig. 11 shows the (001)

pole figure (PF) and the corresponding inverse pole figure (IPF)

parallel with the Build Direction (BD) for all four heat treat-

ment conditions (a total area of 1.5 mm2 was scanned for all

measurements). It seems that a gradual change of texture

observed from Sample 5 and 11 with Goss characteristic to

Sample 20 and 21 showing near-cube texture components is

present. The strongest texture intensity is identified for

Sample 20 (i.e., ~17.1 time random), while sample 5 has the

weakest texture intensity (i.e., ~3.8 time random). In fact, the

https://doi.org/10.1016/j.jmrt.2021.04.043
https://doi.org/10.1016/j.jmrt.2021.04.043


Fig. 11 e The (001) and (011) pole figures of the BDeTD section and the corresponding inverse pole figures parallel to the BD

for (a) Sample 5, (b) Sample 11, (c) Sample 20 and (d) Sample 21.
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change in the annealing time and meltpool temperature can

result in significantly different texture degrees, where higher

heat treatment and meltpool temperatures lead to crystal

growth direction that is less aligned with build direction,

higher texture degree and lower aspect ratio (length/width) of

the grains. However, the scanning strategy is also an influ-

ential factor in defining the texture characteristic of the AM

316 Steel. The presence of a large fraction of grains with <011>
directions parallel is also observed for all heat treatment

conditions (Fig. 11). In general, the scanning along the “xy”

plane of the deposition gives rise to a strong <001> texture

along the BD [44,45]. However, the repetitive melting and so-

lidification steps that are followed in “x” scan strategies can

provide hybrid texture characteristics where the large grains

having <011>//BD surrounded by smaller <001>//BD grains
are grown preferentially during the subsequent heat treat-

ment procedure. The observed dependence of the texture on

the scanning strategy has been rationalised by considering

that crystal growth occurs by a competition between thermal

gradient and epitaxial effects [46e48].

The tensile properties of the experimental alloys are

significantly influenced by the heat treatment procedure and

meltpool temperature as the increase in the heat treatment

temperature and decrease in meltpool temperature are asso-

ciated with the highest tensile strength. Meanwhile, a

decrease in heat treatment temperature and an increase in

meltpool temperature tend to promote lower fracture

strain values and reduce the toughness (Samples 11 and 21 in

Table 5). The observed strengthening of the printed samples is

likely to be a result of grain refinement hardening, with

https://doi.org/10.1016/j.jmrt.2021.04.043
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Fig. 12 e The grain boundary dislocation maps corresponding to the IPF maps provided in Fig. 9 for (a) sample 5, (b) sample

11, (c) sample 20 and (d) sample 21.
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contributions from the presence of developed residual

stresses and texture effects. According to the HallePetch

relationship [37], the decrease in grain size increases the

tensile strength as it induces more barriers for the dislocation

motion. Considering the grain sizes provided in Fig. 10, the

lowest grain sizes are associated with the highest tensile

strength in the alloy. On the other hand, the increase in the

grain size decreases the ultimate tensile strength. Discrep-

ancies exist with the toughness values corresponding to the

grain sizes as samples 20 and 11 with a grain size of 67.98 and

101.22 mm are associated with 362.18 and 221.06 J/mm3,

respectively. Thismeans that other factors such as the texture

and the residual stress also contribute to the observed me-

chanical behaviour.

The <110> slip and the <112> deformation twinning are

known to be the dominant deformation systems for the FCC

materials [49]. It can be expected that the dominant texture

developed during the printing and subsequent annealing can

significantly influence the orientation of the grains and

therefore, the Taylor factor parameter which determines the

propensity and the ease of deformation during tensile

straining. The Taylor factors for the mentioned slip and me-

chanical twinning systems appointed for grains with orien-

tations along the <111>//tensile axis (TA), <110>TA and

<100>//TA can be found in reference [50]. According to the
reference, grain orientations with Taylor factor higher than

2.6 are more dominant for deformation twinning, meaning

that the grains oriented along the <111> orientations can be

readily twinned and therefore contribute to the plasticity of

the material. However, the mentioned orientation is associ-

ated with the lowest intensity for the current study (Fig. 10).

On the other hand, the dominant texture of <110> has the

highest Taylor factor for <112> twinning [49], but is known to

be an unstable orientation and can be rotated toward the

<111> and <100> orientations by slip. This means as the

<110> orientation intensity is decreased (Fig. 10), the fraction

of harder to twin grains decreases, contributing to twin frac-

tion in the sample with lowest <110> texture intensity. This

results in the continuous introduction of obstacles for dislo-

cation movement during straining, reduced dislocation mean

free path and a dynamic HallePetch effect [51]. Therefore, a

good combination of strength and fracture strain can be

achieved for the annealed samples (i.e., Sample 5).

Besides the texture and grain size effect, the LBePBF pro-

cess provides temperature gradients that can result in high

residual stress within the different deposited layers and

therefore influence the mechanical properties [52]. The

developed residual stress is largely influenced by the process

parameters, sample geometry and material properties.

Therefore, the developed residual stress can be minimised by

https://doi.org/10.1016/j.jmrt.2021.04.043
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the employment of a proper post or preheat treatment re-

gimes. It is well-known that the stainless steel 316L is prone to

stress corrosion cracking (SCC) in halide environments and

therefore, the LB-PBF stainless steel 316L is required to have a

minimum level of residual stress for many applications. The

recommended stress relieving heat treatment procedures is

known to be heating at temperatures between 900 and 1200 �C
with subsequent air cooling [53]. To trace the residual stress

developed after the different heat treatment regimes, the

geometrically necessary boundary (GND) maps analysis ob-

tained from the EBSD measurement are provided in Fig. 12.

The change in the heat treatment temperature does not seem

to have a drastic effect on the residual stress annihilation. The

heat treatment provided a relaxed microstructure compared

to the as-received structures that have been extensively

observed in the previous studies [54]. This provides limited

stress concentrated regions and therefore, avoids crack

nucleation and premature fracture. The current result showed

that the lowest GND and highest fracture strain values (i.e.,

43.27%) are associated with the sample 20. On the other hand,

higher GND values distributed within the EBSD maps (i.e.,

compare Fig. 12a, b and d) may lead to the formation of stress

concentration during straining and lower fracture strain

values. These results are in agreement with our tensile tests,

which showed that sample 20 has the highest value of

toughness (362 J/mm3).
5. Conclusions

In the current work, the effect of process parameters on

meltpool temperature, microstructure and crystallography of

LB-PBF of stainless steel 316L has been investigated.

The statistical results of MANOVA showed near-zero P-

values for the meltpool temperature versus ultimate tensile

strength, fracture strain and toughness that prove the melt-

pool temperature can drive the microstructure and tensile

properties of LB-PBF of stainless steel 316L.

The research showed that when surface tension increases to

the optimumvalue, the viscosity of themeltpool also increases.

This leads to improvement in the bonding of inter-layers due to

higher work of adhesion in the meltpool. When increasing the

meltpool temperature, solidification time increases and fewer

nucleus are shaped, resulting inmore growth and the formation

of larger grains. In contrast, lowermeltpool temperature shapes

more nucleus that is grown in a shorter time and forms smaller

grain sizes. Lower grain size has more dislocation, which in-

creases the strength against deformation forces. Thus, samples

with lower meltpool temperatures were shown to have smaller

grain sizes, higher strength and better toughness properties.

This observation is also approved by crystallographic and

microstructural analysis.

Results of DoE for Samples 11 and 21 showed the heat

treatment temperature that was selected below annealing,

therefore, has an insignificant effect on the grain growth. For

heat treatment below 650 �C heat treatment, the governing

factor of grain growth is the meltpool temperature. The

highest meltpool temperature was found for sample 21

(3230.55 �C) that leads to the formation of fewer knuckle and
higher solidification time and bigger grains as compared with

the rest of the samples. This phenomenon improved tough-

ness by 14.26% compared to Sample 11.

Themicrostructuralobservations indicate thatathigherheat

treatment temperatures, recrystallisation and grain refinement

commences. Fine equiaxed grainswas found for Samples 11, 20

and 21 which can be related to the recrystallization of high re-

gions in the heat treatment procedure or the change in the

scanning angle pattern. The conclusions are in agreement with

the presented meltpool temperature and related discussion.

The crystallographic outcomes also demonstrate that

preferred orientation growth can lead to the dominance of a

weak texture and anisotropic properties. The strongest texture

intensity was observed for Sample 20 (i.e., ~17.1 time random),

whereas the weakest intensity was identified for sample 5 (i.e.,

~3.8 time random). The texture degree is governed bymeltpool

and heat treatment temperature. Higher meltpool and heat

treatment temperatures result in crystal growth direction less

aligned with build direction, lower aspect ratio (length/width)

of the grains and higher texture degree. In LB-PBF the scanning

along the “xy” plane produces a strong <001> texture along the

BD. Nevertheless, the cyclic melting and solidification steps in

the direction perpendicular to the build plate (z) can provide a

hybrid texture where the large grains having <011>//BD sur-

rounded by smaller<001>//BD grains. These grains can grow in

thermal-based post-processing.

The observed strengthening in this research is likely to be a

result of grain refinement hardening, with contributions from

the presence of texture effect and induced residual stresses.

Sample 20 is found to have the lowest geometrically necessary

boundary values. This is a driving factor for the highest frac-

ture strain and toughness (i.e., 43.27% and 362.18 J/mm3)

among all 25 test cases.

This research presents a fundamental predictive approach

for meltpool temperature prediction. This temperature predic-

tion was combined with process parameter inputs to identify

design variables with significant influence on microstructural

andmechanical response. Thismethodologywas applied to the

process optimisation for stainless steel 316L, but provides a

best-practice Design for Additive Manufacturing (DFAM)

approach for the systematic process optimisation of other ma-

terials of interest.
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