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Abstract

Additively manufacturing metal parts through laser powder bed fusion (LPBF) is of

growing interest to many fields, ranging from medical to aerospace. Typical LPBF systems

use a single laser to weld the metal powder, which leads to sharp temperature gradients

as metal rapidly melts and solidifies. However, due to the extreme heating and cooling

cycles experienced during LPBF, the resulting parts are often plagued with internal residual

stresses which can cause warping and a deviation from the original design specifications. This

work explores an in situ method of mitigating residual stress by using a dual laser system

where a secondary diode laser projects uniformly over a large area to heat the current top

layer. With the ability to determine the timing, duration, intensity, and periodicity of the

secondary laser projection, the user is allowed full control of the thermal history of their

part throughout the build. This selective heating of the welded surface pattern reduces the

temperature gradient between layers, thus reducing the residual stress. The capability to

control grain growth in LPBF using the secondary surface-heating laser is also explored in

this work. Such a system allows the user to control the solidification time, thus controlling

the transition through various phases and ultimately the resulting microstructure. This

secondary surface heating source provides an alternative to other heat treatment methods

such as post annealing and build plate heating. Directly heating the topmost layer allows

for temperature control within the region most affected by the welding.
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1 Introduction

Additive manufacturing (AM) is an ever-growing method of fabricating complex products

for commercial use, typically requiring fewer fabrication steps than traditional manufactur-

ing [2]. Due to this high level of interest in metal AM within the industrial space, there is

a need to improve upon the metal AM printing process. It is not uncommon for there to

be macroscopic part-to-part variability present within additively manufactured parts, which

can give rise to print failures and catastrophic defects that greatly reduce part service life or

even prevent successful completion of the build altogether [3]. These inconsistencies have

motivated the commercialization of layer-by-layer in situ process monitoring within AM,

especially for the laser powder bed fusion (LPBF) process [4].

One of the major concerns for parts made using the LPBF process, and the focus of

this work, is the formation of residual stress. Due to the repeated welding performed during

LPBF, which consists of rapid heating and cooling cycles at rates up to ≈ 106 K/s [5], printed

parts are subject to high temperature gradients which can produce large residual stresses [6].

These residual stresses can lead to a wide range of macroscopic defects including warping,

cracking, and even delamination from the build plate, which all contribute to lowering the

print consistency of LPBF machines [7, 8, 9, 10]. Given that post-build annealing would

not affect this high potential for print failure, having the ability to reduce residual stresses

induced during LPBF in situ is very appealing.

Given that large stresses are typical within welds used to conjoin multiple pieces of ma-

terial, it follows that LPBF parts will have large residual stresses since the entire part is

formed through a repeated welding process [11]. The high temperature gradients inherent
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to this welding process lead to non-uniform thermal expansions which cause localized plastic

yielding (deformation) of the metal. As the metal affected by the melting laser is being

heated, it expands and softens, lowering its yield strength. The expansion of this softer

metal is constrained by the surrounding cooler and stronger (higher yield strength) metal,

causing plastic deformation of the soft material, and generating compressive strain. This

hot and plastically compressed material begins to contract as it cools, but this contraction is

constrained by the still stronger and cooler surrounding material. This constrained contrac-

tion converts the stresses within the recently welded material from compressive to tensile,

which in turn is balanced out by compressive stresses in the cooler material [11, 12].

In an ideal situation, a material could be produced without any residual stresses by en-

suring that there were no deformation gradients present at any point during its formation.

In practice however, the best way to reduce residual stress formation is to minimize the tem-

perature gradients and rapid cooling rates, which can be difficult to accomplish within LPBF

due to the small (≈100 micron) spot size of the heating source. Since the residual stress

in any given material cannot exceed its yield strength, heating a part up to an annealing

temperature and cooling it slowly and uniformly will reduce the internal stresses to a level

below the yield strength of the material (at the annealing temperature) [13]. This is tradi-

tionally performed by annealing samples in a furnace after printing, which leads to additional

processing time and can alter the as-built microstructure. A post-build heat treatment such

as this one also does not address any distortions that may have taken place during printing.

Logically, many of the simplest and most common methods utilized to reduce residual stress

during printing involve secondary heating, which include but are not limited to preheating

the build plate during printing, heating the entire build chamber, or annealing the parts in

a furnace after printing [10, 14, 15]. Though it was not explored in this work, the scanning

strategy can also affect the resulting residual stress based on path length and the scanning

speed [7, 11, 12, 16, 17, 18]. Temperature gradients within LPBF are generally known to

play a major role in the magnitude of residual stresses. However, it has been shown that
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the distribution of the final residual stress state is highly dependent on the solidification

shrinkage mechanism dictated by the scanning pattern [19].

Although residual stress cannot be measured directly, there are several available tech-

niques which measure associated properties (such as cutting-induced deformation or atomic

spacing) and determine residual stress through data analysis. Among the techniques for

determining residual stress are mechanical methods such as hole drilling [20], the slitting

method [21, 22], the contour method [23, 24], and the bridge curvature method (BCM) [25].

There are also diffraction-based methods such as neutron diffraction [26] and X-ray diffrac-

tion [27, 28], of which the former can allow for characterization of the internal stresses

beneath the surface of the sample [10]. Since these residual stress measurement methods

rely on very different assumptions and often have systematic errors [29], it can be useful to

make measurements with complementary techniques (e.g. a mechanical relaxation method

and a diffraction method) and then use the full set of results as part of an engineering anal-

ysis [26]. Moreover, the contour method provides a single stress component along a given

plane with high spatial resolution (0.05 – 1 mm) in 2D, whereas neutron diffraction provides

three stress components for each measurement location, which can be placed at arbitrary

locations within the sample, with low spatial resolution in 2D (typically 2 mm).

The majority of this thesis has been previously published as:

� J.D. Roehling, W.L. Smith, T.T. Roehling, B. Vrancken, G.M. Guss, J.T. McKeown,
M.R. Hill, M.J. Matthews. Reducing residual stress by selective large-area diode sur-
face heating during laser powder bed fusion additive manufacturing. Additive Manufac-
turing, 28, 228-235, August 2019, https://doi.org/10.1016/j.addma.2019.05.009.

� W.L. Smith, J.D. Smith, M. Strantza, R.K. Ganeriwala, A.S. Ashby, B. Vrancken,
B. Clausen, G.M. Guss, D.W. Brown, J.T. McKeown, M.R. Hill, M.J. Matthews.
Residual Stress Analysis of in situ Surface Layer Heating Effects on Laser Powder Bed
Fusion of 316L Stainless Steel, Additive Manufacturing, 47, November 2021, https:
//doi.org/10.1016/j.addma.2021.102252.
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2 Residual Stress Characterization and Ex-

perimental Setup

2.1 Residual stress characterization

Residual stress is not a property that can be measured directly, therefore it can only

be determined by measuring associated properties and then using those to calculate resid-

ual stress at a given location. There are several methods for determining residual stress

with varying capabilities and limitations, with spatial resolutions ranging from 10 µm to

over 10 mm and penetration depths from 1 m down to less than 1 µm. These include me-

chanical methods such as hole drilling, the contour method, crack slitting, and the bridge

curvature method, which all involve mechanically removing material to measure some sort

of displacement. There are also diffraction based methods such as X-ray diffraction and

neutron diffraction, which are each non-destructive methods capable of measuring stresses

at or beneath the surface of the material. Each of these methods relies on a different set of

assumptions in order to make it possible to determine the residual stress, so it can often be

advantageous to utilize complementary techniques (e.g. diffraction and destructive) in one

study and compare the results in order to validate the outcome.

In this work, three independent stress characterization approaches were carried out: the

bridge curvature method (BCM), contour method, and neutron diffraction. The BCM is the

simplest of the three stress measurements, and was therefore carried out first for assurance

of the effectiveness of the residual stress reduction method. For this method, samples are
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printed with two thick legs attached to the build substrate and are connected by a thin

overhang at the top of the sample. After printing, the part is sectioned such that only one of

the legs is detached from the build plate, relieving internal stresses and allowing the part to

deform as a result. Even though stresses are surely relived throughout the entire volume of

the sample sample, these bridge samples are designed in such a way that the legs are much

thicker than the overhang section, ensuring that the most dramatic stress relaxation within

the sample will be confined to the overhang. By performing a height profile scan of the top

surface of a bridge, before and after cutting through one of the legs, a radius of curvature

can be calculated based on the difference in the height profiles before and after deflection.

Applying this to classical beam theory:

σ = EL
∂2ν

∂x2
(2.1)

the radius of curvature (∂
2ν
∂x2

) can be used to calculate the maximum stress (σ) in the overhang

based on the Young’s modulus (E) and half the thickness of the overhang (L). While this

does not provide an exact value for the stress within each sample, this qualitative approach is

a relatively simple method for comparing stresses across a sample set and is certainly useful

for gauging the effectiveness of a residual stress reduction.

Unlike the BCM, the contour method [29] provides a spatial distribution of internal

residual stresses underneath the surface of the part. To obtain this residual stress distribu-

tion, samples are sectioned using wire electrical discharge machining (EDM), which relieves

internal stresses along this cut plane and creates two mirror-imaged surfaces. The height

profiles of the two cut surfaces are measured to determine the displacements that resulted

from stress relieved by the cut, which can be performed using a coordinate measuring ma-

chine or a non-contact optical scanner [30]. The profiles of the two cut surfaces are aligned,

overlapped, averaged, and smoothed to remove noise. This processed profile data is first

inverted about the surface normal and is then used as a displacement boundary condition
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applied to the cut surface of a 3-dimensional representation of the sample within finite el-

ement method software, forcing it into the deformed condition. The stresses normal to the

cut surface resulting from this forced deformation represent the residual stresses present to

prior to sectioning [29, 30].

Neutron diffraction is a non-destructive residual stress measurement technique with the

ability to measure stresses underneath the surface of the sample. A crystalline material is

placed in the path of a beam of neutrons, off of which a diffraction pattern is reflected, reveal-

ing information about the lattice spacing within the material. For the purpose of measuring

residual stress, the collected diffraction patterns are used to determine the lattice parameters

through Rietveld refinement of the full diffraction pattern. The determined lattice param-

eters are then used to calculate the three orthogonal strain components: longitudinal (εii),

transverse (εjj), and build (εkk) from:

εii =
aii − a0,ii
a0,ii

(2.2)

where aii is the averaged lattice parameter of the measured sample along direction ii and

a0,ii is the stress-free averaged lattice parameter. The lattice parameters of this assumed

stress-free sample serve as a reference to which the lattice parameters of all the other printed

samples are compared to calculate their strains. The rectangular reference sample is assumed

to be free of macro-stresses due to its small size [31].

As discussed by Daymond [32], using the lattice parameter determined from Rietveld

refinement ensures that the determined lattice strain is representative of the bulk average

strain in the gauge volume, and thus the standard continuum mechanics material parameters

(Young’s modulus and Poisson’s ratio) can be used when calculating the residual stresses

from the measured strains. The strains (εii) are used to compute stresses (σii) based on the
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material properties of the samples using Hooke’s law:

σii =
E

(1 + ν)(1− 2ν)
((1− ν)εii + ν(εjj + εkk)) (2.3)

where ii, jj, and kk represent the directions of each of the three orthogonal stress and strain

components, E is the Young’s modulus (200 GPa), and ν is the Poisson’s ratio (0.3) of 316L

stainless steel [33, 34].

2.2 Experimental setup

All samples produced in this study were printed using a small-scale custom LPBF system

(Fig. 2.1A,B) originally developed to print metal parts using a wide area projection to flash

sinter the metal powder (Matthews, et al. [35]). The current system consists of two primary

heat sources, the first being an nLight scanning fiber laser (1078 nm, 1 kW) and the second

a set of four Trumpf laser diodes (1000 nm, 1.25 kW each, 5kW total). The four laser diodes

are focused into a homogenizer that combines the individual laser profiles into a single beam

of light that has near homogeneous spatial intensity as it exits the outlet of the homogenizer.

This uniform intensity diode beam is passed through an aluminum mask, which clips and

shapes the beam projection into an area that matches the desired layer pattern at the 25.4

mm diameter build plate surface. The diode light (775 W/mm2 maximum) is then reflected

from a dichroic mirror onto a build plate. The focused scanning laser with a 1/e2 diameter

of 80 µm, which is directed by a Nutfield 3XB galvanometer mirror scanner, passes through

this same dichroic mirror and is coincident with the diode laser light. The build plate, along

with a powder spreader and powder feed system, is housed within a glovebox filled with

argon and an O2 level of less than 0.01% (100 ppm, Fig. 2.1C). Custom LabView software

is used to control the lasers and powder distribution system.

Rectangular 316L stainless steel specimens were printed in this study with a length and

width of approximately 20 mm and 10 mm, respectively. Samples in the initial qualitative
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Figure 2.1: (A - B) Schematic of the diode annealing LPBF system. (C) Photos of the layer melting and
annealing steps within the glovebox build chamber. (D) An example of a diode annealing power profile. (0)
The fiber laser is scanning and melting the loose powder (1) Melting ends and laser diode emission initiates
at full power and maintains for the duration of the soak (2) Soaking ends and the diodes ramp down from
maximum power to 0 W (3) Annealing is complete.

study consisted of 5 mm tall rectangular bridges and the second study analyzed 10 mm tall

rectangular bricks. For all samples (unless noted otherwise), the scanning laser was held at

a constant power and speed of 250 W and 278 mm/s, respectively. These parameters were

chosen to maximize part density (above 99%, Fig. 2.2) as well as minimize evaporation from

the melt pool due to its proximity to the build window. Layers were scanned using a single

contour pass around the perimeter and a crosshatch scan strategy where the scanning vectors

were angled 45° with respect to the longitudinal axis of the part was rotated 90° between

each layer.
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W (red) for various scanning speeds. The build plate density (blue line) was used as a reference.
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3 Effect of in situ Annealing on Residual Stress

of 316L Stainless Steel - A Qualitative Study

3.1 Introduction

In this chapter, the initial attempts to reduce residual stress using an in situ annealing

method during metal AM are outlined. Laser powder bed fusion (LPBF) was used to produce

316L stainless steel bridges and a set of four diode lasers were used to provide secondary

heating by illuminating the overhang layers with a uniform intensity projection. By applying

this projection immediately after the overhang layers were welded, the time spent at elevated

temperatures is increased and allows for slower cooling. Samples were heated to a range of

maximum temperatures in order to determine an effective annealing temperature. This in

situ annealing method produced parts with residual stress levels comparable to those treated

with traditional furnace annealing, greatly reducing the need for post-processing. There was

no significant change in microstructure when using this in situ annealing method.

A previous version of this chapter is published in Additive Manufacturing as:

� J.D. Roehling, W.L. Smith, T.T. Roehling, B. Vrancken, G.M. Guss, J.T. McKeown,
M.R. Hill, M.J. Matthews. Reducing residual stress by selective large-area diode sur-
face heating during laser powder bed fusion additive manufacturing. Additive Manufac-
turing, 28, 228-235, August 2019, https://doi.org/10.1016/j.addma.2019.05.009.
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3.2 Methods

3.2.1 Experimental setup

All bridge samples were built using the standard printing parameters of 50 µm layers

with hatches spaced 100 µm apart, which were angled at 45° with respect to the long axis of

the bridge. These zigzag scanning laser hatches were rotated 90° between layers and scanned

at 278 mm/s with a laser power of 250 W. The bridges were printed with dimensions of

20 mm (L) × 11 mm (W ) × 5 mm (H) on build plates that were 25.4 mm (1 in.) in

diameter and 6.35 mm (0.25 in.) thick. The 1.5 mm (30 layers) thick overhang section of

the bridges had a span of 6 mm between the two legs, which will contribute to the curvature

measured to allow for a residual stress comparison. In order to build bridge overhang sections

that had acceptable down-facing surface quality, the scanning laser power was lowered and

gradually increased over the first five layers of the overhang [36]. Otherwise, the unbound

powder underneath the current layer would melt. Using only the scanning laser, the first

three layers of the overhang section were built using 80 W and the fourth and fifth layers

were build using 170 and 250 W, respectively. Despite heating the thin overhang to high

temperatures, the unbound powder adjacent and underneath the bridge was unaffected (no

sintering was observed).

For bridge samples that were subject to in situ annealing, the laser diodes illuminated the

top surface of the overhang layers immediately after the initial laser scanning was complete

(Fig. 3.1). The diode light was imaged from the mask plane onto the recently scanned

material such that the adjacent powder was not illuminated, ensuring this powder was not

sintered and did not disrupt the building process. The laser diodes were initiated at their

designated maximum power and then linearly ramped down to 0 W over 20 seconds. The

first five layers of the bridge overhang sections were not subjected to diode annealing to avoid

dross formation on the underside of the overhang, but each remaining layer was illuminated

11



by the laser diodes immediately after being melted by the scanning laser. The diode laser

powers used for the in situ annealing of the overhang bridge layers were nominally 400, 800,

1000, and 1200 W (actual power was measured to be 400, 840, 1080, an 1310 W (Table 3.1)).

The masks used to block unwanted diode illumination for the support and overhang layers

let 25.3% and 37.3% of the diode emission through, respectively.

Samples not subjected to diode heating were annealed traditionally (post-build, in a

furnace) to make a benchmark comparison to the in situ annealed bridge samples. This

annealing took place in a horizontal tube furnace in an inert (Ar) atmosphere while the

bridges were still intact and attached to the build plate. The furnace was brought up to

temperature as quickly possible (33 °C/min), held for a specified amount of time, and cooled

back down to room temperature over the course of 3 hours.

Table 3.1: Processing parameters for the bridges and their measured annealing temperatures. The final
two samples in bold were annealed in a tube furnace after printing. Three identical bridge samples were
printed for each parameter set.

Diode Laser
Power (W)

Maximum Diode
Power Density (W/mm

2
)

Diode Energy
Density (J/mm

2
)

Approximate Annealing
Temperature (C

o
)

0 0 0 N/A

400 0.68 6.78 350

840 1.42 14.24 625

1080 1.83 18.31 865

1310 2.22 22.21 1015

0 0 0 625 (30 min)

0 0 0 1000 (4 min)

3.2.2 Thermal measurements

A FLIR A6230 thermal camera was used for temperature measurements through a 3-mm

thick anti-reflective ZnSe window (Fig. 2.1). This was used to measure both the spatial

and time-dependent temperature distribution of the annealing process. The camera used

wavelengths between 3 and 5 µm. Since it can only record temperatures using a finite

range, two ranges were used: (1) 310 °C – 890 °C, and (2) 630 °C – 1250 °C. The thermal

camera was calibrated using a heated 316L stainless steel plate with a type-K thermocouple

welded to the surface. The plate was heated with a resistive ceramic heater while the camera
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Figure 3.1: An example of a diode annealing power profile. (0) The fiber laser is scanning and welding
the loose powder (1) Welding ends and laser diode emission initiates at full power and immediately begins
to ramp down to 0 W (2) Annealing is complete.

recorded. Once the plate reached thermal equilibrium at some temperature, the emissivity

value was adjusted until the camera and thermocouple readings were in good agreement.

This was performed for dozens of temperatures from 300 °C to 1000 °C, such that both

ranges described above were calibrated. An approximately linear change in emissivity with

temperature was observed, so an effective emissivity of 0.4 was chosen as it layed in the middle

of the measured emissivity range. This results in an approximate error in the temperature

measurement of 25 °C (conservative estimate).

3.2.3 Characterization

The residual stress of all samples produced in this study was characterized following the

bridge curvature method (BCM). This was carried out by measuring the top surface profile

of the bridges before and after they were cut using a Keyence VR optical microscope profile

scanner. The height was averaged along the width to produce a single curve along the length.

An averaged thickness of the overhang was calculated by completely removing the bridges
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from the build plate, flipping them over, and measuring the height profile of the underside

of the bridges while correcting for the measured top surface. Using this thickness along with

the deflection calculated from the difference between the curvature of the bridges before and

after cutting, the amount of residual stress released in the overhang section due to cutting

was calculated using simple beam theory [11].

After residual stress measurements were complete, samples were sectioned in half along

their length using a slow-speed diamond saw. The newly-exposed surface was micropolished

and hardness data within the overhang was collected using a Phase II, 900-391 Vickers

microhardness tester with a 100 g load and a 15 s dwell time. Measurements were made

along the length of the overhang, near the top and bottom.

Electron back-scatter diffraction (EBSD) information was collected on a FEI XL-30 field-

emission gun (FEG) scanning electron microscope (SEM) using an EDAX DigiView EBSD

camera. Data processing and analysis were performed in EDAX OIM Analysis software.

Optical microscope images were collected on an Olympus DSX510 with automatic stitching.

Hardness data was collected on a Phase II, 900-391 Vickers microhardness tester using a

100 g (0.981 N) load with a 15 s dwell time. All microstructure data were collected after

diamond sectioning, mechanical polishing, and electrolytic etching using 10% oxalic acid at

6 V for 25 s.

3.3 Results

The released residual stresses measured after in situ annealing by the laser diodes are

shown in Fig. 3.2A as a function of the diode power density input. These in situ annealing

results are compared to two furnace anneal processes (dashed lines). Each data point shown

is the average of three separate bridges, with the error bars corresponding to one standard

deviation (light-colored regions for the furnace anneals). The temperatures of both furnace

heat treatments were chosen to mimic the peak temperatures that were measured for diode
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input powers at the onset of stress reduction (625 °C) and the maximum stress reduction

(1000 °C). A four minute annealing time was chosen by using the rule-of-thumb, 1 hour/inch

of thickness for austenizing steel. Since residual stresses can decrease with increasing time at

a certain temperature according to the Larson-Miller equation [37], (see Discussion) a heat

treatment duration of 30 minutes was chosen for the 625 °C anneal to increase the time at the

maximum temperature by an order of magnitude compared to the in situ diode annealing.

Figure 3.2: (A) Released stress as measured using BCM for each sample set. Each data point represents
the average of three separate bridges built with identical conditions. Furnace annealed data is shown as
dashed lines with the error bars shown as a colored band. (B) Average temperature of the diode annealing
process along the length of the 1.83 W/mm2 sample. The white dotted rectangle indicates the location of
the overhang and the dotted black box represents the location of the temperature measurements in Fig. 3.3.

For the control bridges that were not subject to in situ annealing (No Diode), the average

residual stress released by cutting through one leg was measured to be 134 ± 29 MPa. In situ

annealing with an initial surface power density up to 0.98 W/mm2 did not reduce the released

residual stress. This power density corresponded to a surface temperature of roughly 625

°C (Fig. 3.3). This temperature is approximate because the measured temperatures of the

bridge overhang sections varied by approximately 75 °C from layer to layer due to fluctuations

in surface roughness and residual heat from the scanning laser. In comparison, the furnace

anneal performed at 625 °C for 30 minutes also showed no measurable decrease in residual

stress. Above 0.98 W/mm2, the measured residual stress released due to cutting decreased

with increasing diode energy input. At the maximum power density used in this work, 2.22

W/mm2, the released residual stress was measured to be 13 ± 11 MPa, or approximately
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10% of the measured residual stress in the control bridges. The peak temperature measured

for this build was 1015 °C. Bridges furnace annealed at 1000 °C showed similar released

residual stress (15 ± 7 MPa).

Figure 3.3: Temperatures at the center of the overhang (black dotted box in Fig. 3.2B) as a function of
time for an overhang thickness of (A) 0.5 mm and (B) 1.5 mm. The initial peak is due to the passing of the
scanning laser and the subsequent softer slope is due to the diode laser immediately afterwards. The dashed
lines represent the power density of the diode projection as a function of time.

Although non-uniform temperatures can be expected even in a single block of material

being heated by a uniform heat source, it was exacerbated in the bridges due to the vary-

ing thermal pathways that exist. The bridge supports have a better conductive pathway

(vertically) to the build plate that acts as a heat sink and can therefore remain cooler than

the overhang sections. The effect is seen in Fig. 3.2B. The temperatures shown in (Fig. 3.3

were measured at z = 0.5 mm and 1.5 mm (the 10th and 30th layers, respectively), where z

= 0 mm is the bottom of the overhang. Temperatures were averaged over a 2×2 mm area

in the center of the overhang section (black dotted box, Fig. 3.2B). The cooling rate was

approximately 50 °C/s during the power ramp-down period for the highest power in situ

annealing set (2.22 W/mm2). The lower power annealing experiments showed slightly lower

cooling rates due to the fixed power ramp-down duration of 20 seconds.

Table 3.1 shows the process parameters used for the different bridge samples. The sur-

face energy density of the scanning laser (Power/[Speed×Hatch]) was on the same order of

magnitude as that of the diode anneal, but the power density was much lower (the focused
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laser was approximately 5× 105 J/mm2). The listed annealing temperatures were estimated

from the temperature measurements. Since the temperature of every layer could be not

be measured due to data bandwidth limitations, and substantial variability existed in the

layer-to-layer temperature, only a temperature estimate could be made.

The decrease in residual stress was overwhelmingly due to recovery and not recrystalliza-

tion. EBSD crystal orientation maps of the No Diode, 2.22 W/mm2, and 1000 °C furnace

anneal bridges a shown in Fig 3.4A-C. No evidence of recrystallized grains or significant

grain growth was observed; the grain size distributions from the three builds were compa-

rable, with a mean equivalent grain diameter of approximately 9 µm (Fig 3.4D) for each

sample set. Grain growth or recrystallization would shift the grain size distributions to

higher or lower values, respectively. A slight change in the grain size distributions could be

seen comparing the No Diode and 1000 °C furnace anneal bridges. Specifically, the number

of small grains decreased slightly, a consequence of an increase in the number of grains with

diameters near the mean value.

Optical and scanning electron microscope (SEM) images of the cross-sectioned bridges

are shown in Fig 3.5. The melt pool fusion boundaries and cellular-dendritic solidification

cells were clearly visible with sharp boundaries in the the No Diode sample. These solidifi-

cation structures are typical of LPBF builds [38, 39]. In contrast, the fusion boundaries and

cellular-dendritic solidification structure were diminished in the furnace annealed (1000 °C)

bridge due to chemical redistribution at elevated temperatures. In the 2.22 W/mm2 diode

annealed bridge, the solidification cells were visible at the top of the build but diminished

toward the bottom. Since the lower layers were exposed to more diode annealing cycles than

more recently-added higher layers, these lower layers experience more time at the temper-

atures required for solute diffusion, leading to solidification substructures with less distinct

boundaries. This is similar to the observed decomposition of the martensitic phase in only

the lower layers of LPBF AM Ti-6Al-4V alloys [40].

Vicker’s microhardness measurements were also acquired along the bottom length of the
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Figure 3.4: Electron back-scatter diffraction crystal orientation maps of the (A) No Diode, (B) 2.22
W/mm2 diode-annealed, and (C) 1000 °C furnace-annealed bridges. (D) The grain size distributions are
comparable between the builds. The inset in A) shows the standard orientation triangle for an FCC material
(316L stainless steel).

bridge overhang sections (dotted red line in Fig. 3.6A). The average hardness without diode

annealing was 260 ± 13 HV. For the bridges annealed in the furnace at 1000 °C, the average

hardness dropped to roughly 205 ± 7 HV. The hardness of the 2.22 W/mm2 diode annealed

bridge was measured along the top and bottom of the cross-section (dotted lines, Fig. 3.6A).

As expected, the average hardness increased from 230 ± 13 HV at the bottom of the overhang

to 243 ± 13 HV at the top.
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Figure 3.5: Optical and SEM images (inset) of etched bridge cross-sections. The vertical placements of
the inset images correspond to their physical location within the bridge.

3.4 Discussion

3.4.1 Residual stress

The degree of residual stress relaxation is affected by the processing temperature, time

held at that temperature, and the magnitude of the initial residual stress, which acts as a

driving force for the process [41]. The experiments presented here attempted to remove the

influence of the residual stress magnitude on stress relaxation by keeping the laser melting

conditions identical from bridge to bridge. By doing this, the as-deposited state of the

residual stress was consistent across the sample set. In addition to the residual stress, the

microstructure and mechanical properties can also be affected by changes in the heat source

or scanning strategy, which could affect the measurement of residual stress [12, 38, 42].

Due to the use of this consistent build strategy, changes in residual stress magnitude and
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microstructure and are not considered. The focus will, instead, be on the effect of time and

temperature on residual stress.

The residual stress in bridges built with in situ diode annealing was clearly reduced

above a critical temperature, while no changes were noticed for insufficiently high diode

power input. The critical temperature was found to be above 625 °C. This finding correlates

well with the yield stress of austenetic stainless steels, which decreases sharply above this

temperature [37, 43]. The residual stress relief had a stronger correlation to the peak in

situ annealing temperature reached than to the residence time at a particular temprature,

as expected [41]. Dislocation annihilation and/or creep is the typical thermally-activated

mechanism associated with the recovery process and can be described by the Larson Miller

equation:

Th = T (20 + log(t)) (3.1)

where Th is the relative thermal effect, T is temperature in Kelvin, and t is time in hours [37].

Based on this equation, temperature has a much greater influence on the relative thermal

effect than time. For perspective, a 5% increase in temperature has the same effect as a

tenfold increase in residence time.

The importance of the maximum temperature reached during in situ annealing was ob-

served when comparing the furnace-annealed bridges (1000 °C) to the 2.22 W/mm2 in situ

annealed bridges. The furnace-annealed bridges were heated from room temperature to 1000

°C at 33 °C/min (ramp time of 30 min), held for 4 min, and ramped down to room tem-

perature over 3 h. The peak temperature reached due to overshoot was approximately 1015

°C. The peak temperature of the 22.2W/mm2 diode anneal was also 1015 °C and the total

time spent above 1000 °C was only several seconds per annealed layer (25 layers total). The

estimated total time spent above 1000 °C was close to 90 s for the lowest layers, which de-

creases for the upper layers. Comparing the furnace anneal to the in situ anneal, a threefold

increase in time above 1000 °C did not decrease the residual stress any further.

These results suggest that a significant reduction in residual stress can be achieved by
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simply reaching the desired annealing temperature. While diode annealing was applied to

every layer of the overhang (except for the first five layers) in this study, less frequent in situ

annealing steps could be comparably effective. A conservative approach was taken here to

ensure that the entire volume of material reached the desired temperature, but the frequency

of the in situ anneal could be reduced to skip multiple layers, provided sufficient heating is

applied to the surface for the underlying unannealed layers could still reach the desired

temperature. Since each layer required an additional 20 s due to the in situ diode annealing,

skipping multiple layers would significantly decrease the total build time. Additionally, the

power ramp-down rate could be optimized. A faster cooling rate could still achieve lowered

residual stress, but there could be a critical point at which increasing the cooling rate would

introduce new thermal stresses and thus become the controlling factor in the final residual

stress state.

3.4.2 Microstructure

Heating the AM bridges to temperatures above 1000 °C, whether by diode or furnace

heating, did not result in significant grain growth or recrystallization. Since additively

manufactured metals have been shown to resist recrystallization to higher temperatures

than wrought metals, a lack of grain growth or recrstallization is not unexpected. This

microstructural stability is attributed to the cellular solidification structure that is present

in rapidly solidified metals [44]. The in situ annealing strategy leaves the cellular structure

more intact than furnace annealing. This is evidenced by the SEM images of the bridges

in Fig. 3.5. The cellular boundaries were less pronounced in the furnace-annealed bridge as

compared to the 2.22 W/mm2 in situ diode-annealed bridge. If the residual stresses could still

be relieved with fewer in situ annealing treatments, the solidification cellular microstructure

could be better preserved.

Hardness is known to correlate with residual stress and increased dislocation density

caused by plastic deformations in cubic metals [45, 46, 47, 48]. Hardness is also correlated to

21



a finer solidification structure and the chemical segregation that forms at dislocations in cell

walls [39, 49]. The hardness distribution in the bridges followed the expectation of higher

hardness with more chemical segregation/higher dislocation density: the furnace-annealed

bridge retained the least solute segregation in the cell walls while the diode-annealed bridge

retained slightly more solute segregation in the cell walls. In the diode-annealed bridge,

solute segregation was better preserved in regions that experienced fewer annealing cycles

(i.e., at the top of the bridge).

Despite the temperature variation over the bridge overhang section during in situ an-

nealing (Fig. 3.2B), the hardness of the 2.22 W/mm2 diode-annealed bridge did not vary

greatly from the middle to the edge of the overhang (Fig. 3.6B). Its variation was similar

to that of the No Diode bridge. This implies the temperature distribution does not need to

be highly uniform to achieve reasonable residual stress reduction. Better uniformity of the

temperature distribution could be achieved using the setup described by Matthews et al. [35],

in which an optically addressable light valve was used to locally shape the intensity profile.

Scaling the intensity over the print surface could achieve a more uniform temperature. This

approach, or another means to fluidly control the annealing laser intensity, would also be

useful for more complex geometries with disparate feature sizes and/or varied cross-sections

throughout the build. Such intensity shaping will likely be necessary in an industrial setting

because of the vast number of geometries amendable to manufacture by LPBF, but it will

make direct production of nearly stress-free LPBF parts possible.

3.5 Conclusion

Residual stress control by in situ diode annealing during LPBF was successfully demon-

strated for 316L stainless steel samples. By controlling the surface temperature of the ma-

terial during the printing process, residual stress can effectively be reduced during LPBF,

before the part is removed. A residual stress reduction of 90% was realized in stainless steel
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316L bridge samples without grain growth or re-crystallization, and with only minor changes

to the solidification structure. The peak temperature achieved during in situ annealing was

found to have a much greater effect than the dwell time on the residual stress reduction.

Further improvements can be made by optimizing the frequency of the in situ diode anneal-

ing process (i.e., number of layers per heating cycle), the ramp rates of the power profile,

and the spatial distribution of the diode light intensity. This method could prove useful

for decreasing risk during LPBF by directly manufacturing parts that a nearly stress-free,

regardless of height, and removes the need for stress relieve post processing.
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Figure 3.6: (A) Stitched optical image of a cross-sectioned diode-annealed bridge (2.22 W/mm2) with
locations of the hardness measurements marked. Measurements were taken along the red line for each
sample. Hardness measurements were also taken along the black line for the 2.22 W/mm2 diode-annealed
bridge. (B) The average Vicker’s hardness along the bridge section in the different bridge builds.
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4 Effect of in-situ Annealing on Residual Stress

of 316L Stainless Steel - A Quantitative

Study

4.1 Introduction

In this chapter, the effect of in-situ surface layer heating on the reduction of residual

stress is assessed in rectangular 316L stainless steel samples printed through the LPBF

process. A set of high power (kW) laser diodes was used as the in situ heating source which

illuminated the recently scanned and solidified surface layer with homogeneous intensity

immediately after the surface layer was complete. It is hypothesized that this surface layer

heating/cooling strategy will introduce sufficient annealing into the LPBF process to achieve

residual stress reduction, with the magnitude of stress reduction dependent on the degree of

heating and the resulting thermal history. Residual stress is determined in samples subject

to differing annealing strategies using two complementary stress measurement techniques,

neutron diffraction and the contour method. Thermomechanical modeling is also performed

to estimate the residual stress, providing a useful comparison with the experimental results.

By utilizing these specific measurement and simulation techniques, the understanding of in

situ surface layer annealing beyond that of the prior study using only BCM is advance.

Additionally, an assessment of varied annealing strategies is made, comprised of annealing

less frequently, to determine whether residual stress reduction could be accomplished more
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economically.

A version of this chapter is published in Additive Manufacturing as:

� W.L. Smith, J.D. Smith, M. Strantza, R.K. Ganeriwala, A.S. Ashby, B. Vrancken,
B. Clausen, G.M. Guss, D.W. Brown, J.T. McKeown, M.R. Hill, M.J. Matthews.
Residual Stress Analysis of in situ Surface Layer Heating Effects on Laser Powder Bed
Fusion of 316L Stainless Steel, Additive Manufacturing, 47, November 2021, https:
//doi.org/10.1016/j.addma.2021.102252.

4.2 Methods

4.2.1 Experimental setup

This study used rectangular block specimens built with dimensions of approximately

20 mm (L)×10 mm (W )×10 mm (H ) on build plates 25.4 mm in diameter and 12.7 mm

thick (Fig. 4.1D). Thicker build plates were selected than those used in the previous chapter

(6.35 mm) to prevent potentially catastrophic warping due to an anticipated higher magni-

tude of residual stress. The scanning laser was held at a constant power and speed of 250

W and 278 mm/s, respectively. These parameters were chosen to maximize part density

(above 99%) as well as minimize evaporation from the melt pool due to its proximity to the

build window. Layers were scanned using a single contour pass around the perimeter and a

crosshatch scan strategy within the interior where the scanning vectors were angled 45° with

respect to the longitudinal axis of the part was rotated 90° between each layer.

For samples that were annealed in situ, the diodes illuminated the build area immediately

after the focused melting laser finished its scan (Fig. 4.1C). The diode light was imaged from

the mask plane onto the recently scanned and solidified material while the adjacent powder

was not illuminated. Applying the diode illumination in this way ensures consisten densities

and dimensions across samples. The diodes were initially applied at their maximum set

power levels, followed by varying power ramps (Table 4.1). An example of a diode annealing

power profile is provided in Fig. 4.2. The individual power profiles were chosen based on the
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maximum achievable in-situ annealing temperature for a given diode laser power level.

Table 4.1: Processing parameters for the printed samples and their measured annealing temperatures.
Stress measurements were made along the edge plane using neutron diffraction for samples listed in bold.

Diode Laser
Power (W)

Maximum Diode
Power Density (W/mm2)

Soak Time
(s)

Ramp
Time (s)

Diode Energy
Density (J/mm2)

Approximate Annealing
Temperature (°C)

Length
(mm)

Width
(mm)

Height
(mm)

0 0 0 0 0 N/A 20.12 10.30 11.23

2600 4.42 0 5 11.05 700 22.46 10.20 11.31

2600 4.42 2 5 19.90 1000 19.84 10.23 10.40

3000 5.10 10 0 51.01 950 (every 5 layers) 19.86 10.15 12.08

4.2.2 Thermal measurements

Thermal imaging was used to measure the surface temperature of parts throughout the

annealing process. A commercial pyrometer (Omega IR2C) was used to measure the surface

temperature of samples throughout the annealing process and was positioned to be orthogo-

nal to the 3 mm thick anti-reflective BK7 optical viewing window (Fig 4.1B), approximately

50 cm from the build surface. This pyrometer used wavelengths between 400 and 1600 nm

to measure an average temperature over a circular area of approximately 10 mm in diameter

at the center of the top layer. An optical notch filter was placed over the pyrometer probe to

filter out the diode light. The pyrometer was capable of two-color pyrometry, but due to the

required optical filter (to filter the diode light), anomalous temperatures resulted when using

two-color mode. Therefore, the one-color mode was used after calibrating the emissivity.

Emissivity calibrations were performed by spot welding a thermocouple to the bottom

of a 25.4 mm diameter 316L stainless steel disk of 500 µm thickness and insulating the

bottom of the disk with 25.4 mm thick alumina wool. A thin disk was used to minimize the

temperature drop between the top surface to the thermocouple on the underside. The diodes

were then turned on to provide a heat source to the top side of the disk. The emissivity

(0.45) was adjusted until the pyrometer and thermocouple readings were within 20 ± 2

°C throughout the entire measurement range (300-1300 °C). This calibration method was

required because the diode light was within the measurement band of the pyrometer. Both
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Figure 4.1: (A - B) Schematic of the diode annealing LPBF system. (C) Photos of the welding and
annealing steps within the glovebox build chamber. (D) Photos of printed samples before and after sectioning,
labeled with dimensions and stress directions (longitudinal, transverse, and build). Plane 1 represents the
contour measurement plane while planes 2 and 3 represent the two neutron diffraction sampling planes within
the uncut sample.

the presence of the optical filter and the operation of the diodes caused slight changes in

the apparent temperature readings, which were minimized by using this calibration method.

Calibration performed using a ceramic heater to heat the stainless steel disk and measuring

the temperature on the top side with both the thermocouple and IR pyrometer did not yield

accurate results when using the diodes to heat the surface.

4.2.3 Residual stress characterization

Two independent stress characterization approaches were carried out in the study pre-

sented in this chapter, specifically the contour method and neutron diffraction. In the contour

method, the samples were sectioned using wire electrical discharge machining (EDM), re-

lieving the internal stresses along this cut plane and creating two mirror-imaged surfaces.
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Without being removed from their build plates, the as-printed samples were securely clam-

pled and sectioned down the middle, orthogonal to the long axis of the samples at plane

1 (see Fig. 4.1D). All cutting was performed using a 152 µm (0.006 in.) diameter brass

wire at 726 µm/min (0.03 in./min). A Keyence VR microscope profile scanner was used to

optically measure height contour data on a grid of points with approximately 60 µm spacing

in each direction. The surface contour data was processed in MATLAB and smoothed using

a 3rd-order surface spline fit, which was then applied to a 3D representation in an elastic

COMSOL Multiphysics® finite element model.

Neutron diffraction was also performed on these samples in order to measure the stresses

beneath the surface of the samples. The neutron diffraction measurements were performed on

the SMARTS instrument (Spectrometer for Materials Research at Temperature and Stress)

at Los Alamos Neutron Science Center (LANSCE). A thorough description of the SMARTS

instrument can be found in Bourke et al. [50]. The LANSCE accelerator produces a pulsed

(20 Hz) incident neutron beam that results in a wavelength spectrum from 0.5 to 7.5 Å on

the SMARTS instrument. During the measurements, the incident beam was masked by
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boron nitride slits to a cross section of 2×2 mm2. Two detector banks employing 3He tubes

positioned at +90° and -90° from the incident beam were used to measure the diffracted

neutrons using the time-of-flight (TOF) technique. The through thickness resolution was

defined by a set of radial collimators with an acceptance length of 2 mm that were located in

front of the detectors, and as a result, the presented diffraction measurements have a sampling

volume of 2 × 2 × 2 mm3. To measure the three orthogonal strain components (εi), each

sample was measured in two orientations with respect to the detectors, first horizontally and

then vertically. The as-built averaged lattice strains were determined in the three orthogonal

directions at points that were at least 1.75 mm away from the nearest surface to ensure that

the sampling volume was always fully embedded within the sample. Applying Hooke’s Law

with a Young’s modulus (E) of 200 GPa and a Poisson’s ratio (ν) of 0.3 for 316L stainless

steel, each of the three orthogonal stress components were calculated. For each sample,

a total of 45 evenly-spaced measurements were made across the central longitudinal plane

(y = W/2) of the as-printed sample in a 9×5 array, as indicated by Plane 2 in Fig 4.1D.

Additionally, two samples (see Table 4.1) were measured along the transverse plane 1.75

mm from the edge of the part in a 5 × 5 data point array, as indicated by plane 3 in Fig.

4.1D.

4.2.4 Numerical simulations

The multi-physics finite element code, Diablo [51], developed at Lawrence Livermore

National Laboratory, was used to perform thermomechanical simulations of the build process

and forecast residual stresses for the given range of build and annealing conditions. Diablo

is an implicit, Lagrangian code with distributed memory parallelism. The balance of energy

is solved throughout the domain Ω:

ρcpṪ = ∇ · (k∇T ) + rext, in Ω, (4.1)
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where ρ is the density, cp is the constant pressure specific heat, T is temperature, k is the

isotropic thermal conductivity, and ψext represents the volumetric heat input from external

sources such as the welding laser and the diodes. Boundary conditions are prescribed over

the surfaces ΓD, ΓNtop , and ΓNbot
which represent the portion of the surface with prescribed

Dirichlet and Neumann boundary conditions, respectively. They are expressed as follows:

T (x, t) = T0, on x ∈ ΓD,

q(x, t) = q · n = hbot(T − T∞), on x ∈ ΓNbot
,

q(x, t) = q · n = htop(T − T∞) + σSBε(T
4 − T 4

∞), on x ∈ ΓNtop .

(4.2)

Here, ΓD is the location where the build plate is bolted to the motion stage that controls

movement in the build direction and T0 = 303 K. ΓNbot
is defined as the remainder of the

bottom surface of the build plate. As this portion is not directly attached to the substrate

via the connecting bolt, a Neumann boundary condition with high convection coefficient

of hbot = 1000 W/(m2 K) and T∞ = 303 K was used to mimic heat transfer to the larger

underlying substrate. On the top surface of the sample being built (ΓNtop), convection and

radiation to the external environment are modeled with emissivity, ε = 0.3 and htop = 40

W/(m2*K). A depiction of the boundary conditions and mesh used for the part and build

plate are shown in Figure 4.3A.

The mechanical system is governed by the balance of linear momentum given by,

ρẍ = ∇ · σ + f b, in Ω, (4.3)

where ρ represents density, ẍ is acceleration, σ is the Cauchy stress, and f b represents body

forces (neglecting gravity, f b = 0). A zero displacement Dirichlet boundary condition is
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applied to where the build plate is affixed to the motion stage,

u(x, t) = 0, on x ∈ ΓD. (4.4)

The stress is calculated via a strain rate independent plasticity model with linear isotropic

hardening, as described in Hodge et al. [34]. Thermophysical and mechanical properties for

316L SS are also provided in Ref. [34].

In order to perform simulations at the physical layer size, h-type adaptive mesh refinement

(AMR) is used [52]. The refinement is programmed to occur in a layer-wise manner, where all

refinement/de-refinement occurs at the activation of each new layer. Three levels of isotropic

pre-refinement were performed on the part, which is initially meshed with 0.4×0.4×0.4 mm3

elements. As the element size is halved in each direction during each refinement step, the

resulting element size is 0.05×0.05×0.05 mm3. This allows for activation of 50 µm layers, as

is true for the physical process. As each new layer is added, elements at a prescribed number

of layers below the top surface are de-refined to minimize the total degrees of freedom in

the problem, as illustrated in Fig. 4.3B. Further details regarding the AMR algorithm are

provided in Ref. [53].

Despite using AMR to improve efficiency, simulating each individual laser melting pass

remains too computationally expensive to be practical. Thus, the simulations are sped up by

applying heat uniformly over an entire layer at once, a technique previously shown capable

of producing relatively accurate residual stress predictions [54]. The amount of heat applied

is calculated such that the total amount of energy deposited is equal to that supplied in the

physical process. The volumetric power input during the laser melting portion is given as,

ψext,laser =
Pa
Ad

=
1

tflash
∗ αmeltPp

hvd
. (4.5)

In this equation, Pa refers to the layer agglomerated power, Pp refers to the physical process

value, h is hatch spacing, v is scan speed, d is layer thickness, and A refers to the cross-
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sectional area of the part (200 mm2). The duration of power application (tflash) is set to 0.1

seconds, which is long enough to allow for complete melting of the new layer. The effective

absorptivity value during keyhole melting (αmelt) is equal to 0.7, which was determined via

experimental measurements in Trapp et al. [55].

To model the diode heating phase, energy is again input over the entire top layer,

ψext,diode =
αdiodePdiode(t)

Ad
. (4.6)

where Pdiode(t) is the applied diode power as a function of time. The absorptivity during

diode heating (αdiode) is set to 0.3, which is close to the bare plate absorptivity value for 316L

SS since the material has already solidified by this point. Similarly, other process parameters

such as the inter-layer time were kept equal to that of the physical process.

Figure 4.3: (A) Depiction of the boundary conditions and initial mesh for the build plate (yellow) and
printed block (green). (B) Two-dimensional illustration of the mesh showing three levels of refinement,
ranging from 50 to 400 µm in edge length.

33



4.3 Results

Contour measurements were performed for each sample listed in Table 4.1, where sam-

ples were sectioned along the central transverse axis using wire EDM (plane 1 in Fig. 4.1D),

providing a map of the longitudinal stress in this central plane (x = L/2). Though an un-

certainty analysis was not performed in this study, Olson, et al. [56] carried out a validation

study of a previously developed contour method single-measurement uncertainty estima-

tor [57] and found that modeling error was the largest contributor to the total uncertainty

in their measurements while displacement measurement errors had a negligible contribution.

This uncertainty was found to be related to elastic modulus, which for the case of 316L

stainless steel is approximately 25 MPa (125 × 10−6E) for interior locations and 50 MPa

(250× 10−6E) for locations within 1 mm of the sample boundary. The contour plots in Fig.

4.4 display the longitudinal stresses normal to the cut surface of each printed sample, with

the horizontal and vertical locations of the stresses normalized to the width and height of

each sample (Table 4.1). Positive (red) and negative (blue) values represent tensile and com-

pressive stresses, respectively. When looking at these longitudinal stresses over the entire cut

printed surfaces, reduction in residual stress from in-situ annealing is apparent. There was a

clear stress magnitude reduction with increased annealing temperature towards the bottom

of the samples, at the interface between the printed sample and the build plate. As expected,

the stresses were symmetric about the central vertical axis of the printed samples. Based

on these contour measurements, comparable stress reduction was achieved when annealing

less frequently (950 °C / 5 layers) as opposed to annealing every layer (1000 °C). There was

a reduction in overall compressive stress towards the bottom of the samples near the build

plate, though the peak stresses closest to the corners remain relatively unchanged. However,

there was not a significant reduction in stress near the edge of the annealed samples (y = 0 or

W ). Data near the side edges still showed compressive stresses ranging from -100 MPa near

the top of the annealed samples to -600 MPa near the corners at the base of the samples.
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When comparing results from the No Anneal and 700 °C samples in this plane, there was

not a significant reduction in stress near the upper edge (z = H), while there wass such a

reduction at the lower edge (z = 0).

Figure 4.4: The longitudinal stress of printed parts as measured using the contour method. Measurements
were taken along the cut surface at x = L/2 (Plane 1 in Fig. 4.1D).

Neutron diffraction measurements were made along the central longitudinal plane located

at y = W/2 for each sample (Plane 2 in Fig. 4.1D). These neutron diffraction measurements

were subject to some experimental uncertainty, which partially derives from the statistical

standard deviation of the Rietveld refinement analyses. The resulting stress uncertainties,

which propagate from the strain uncertainties, are approximately ± 14.6 MPa on average
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with a maximum uncertainty of ± 35.9 MPa. Similar to the contour measurements shown

in Fig. 4.4, the surface plots shown in Fig. 4.5 display an overall reduction in longitudi-

nal stress throughout the neutron diffraction measurement plane with increased annealing

temperature. There was a reduction in compressive stress in the longitudinal direction at

the center of the printed samples as annealing temperature is increased. There was also a

reduction in compressive stresses near the bottom of the samples, but data is not available

close to the sample boundaries (closer than 1.75 mm from all edges) due to the constraints

of neutron diffraction. Overall, there was a noticeable reduction in the magnitude of the

residual stresses over the entire central longitudinal plane. Once again, the stress state of

the sample annealed every 5 layers at 950 °C was very similar to the sample annealed every

layer at 1000 °C.

Figure 4.5: Longitudinal stress of samples measured using neutron diffraction at y = W/2 (Plane 2 in
Fig. 4.1D).

Figure 4.6 compares the contour and neutron diffraction measurement data to simulation

results. Stresses are compared along the central vertical axis of the printed block. This axis

was chosen due to it being at the intersection of the central transverse and longitudinal planes
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(x = L/2, y = W/2), along which the contour and neutron diffraction data were sampled,

respectively. There was generally good agreement between experimental data obtained using

neutron diffraction, contour method, and model predictions. Data obtained from neutron

diffraction and the contour method are closely matched while the modeling data deviated

slightly for higher temperature samples, showing larger stress magnitudes at the top and

bottom of the samples. When comparing the measurements near the top of the sample

(1.75 mm from the top surface, or z = 0.825H) neutron diffraction data shows the stresses

were invariant to annealing, with each sample displaying tensile stresses of approximately

200 MPa. The most noticeable reduction in stress occurred at the bottom of the sample,

closer to the build plate. When comparing the samples built with the greatest difference in

annealing conditions (No Anneal and 1000 °C), the stress for the sample annealed to 1000

°C was -24 MPa for the contour measurement closest to the build plate (z = 0) while the

sample built without any annealing had a -285 MPa compressive stress at this same location,

which indicates a stress magnitude reduction of over 90%.

In addition to the measurements of the longitudinal stress, neutron diffraction was also

used to measure residual stresses in the transverse and build directions. A comparison of the

three orthogonal stress components is plotted in Fig. 4.7 with all data points taken along

the central axis shown in Fig. 4.7D. There is an observable decrease in stress magnitude

with increased annealing temperature, with the most significant reduction present in samples

annealed above 700 °C. This trend is predicted in the simulation results, which have a strong

agreement with the results of the neutron diffraction measurements. The correlation between

stress reduction and annealing temperature is particularly evident at the center of the samples

(x = L/2) for the longitudinal and build stress components, with contour measurement

results plotted for comparison in this same location (Fig. 4.7A). When comparing the sample

built without in situ annealing (No Anneal) to the sample that was subject to the highest

annealing temperature (1000 °C), there is a stress change from compressive towards zero by

160 ± 21 MPa in the build direction and 183 ± 18 MPa in the longitudinal direction. The
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Figure 4.6: A comparison of longitudinal stress as determined by neutron diffraction, the contour method,
and simulations. Data points are taken from a straight line in the z direction at the center of the samples
(x = L/2, y,= W/2). (A) No Anneal, (B) 700 °C, (C) 1000 °C, & (D) 950 °C / 5 Layers.

measured stress state of the sample annealed every 5 layers (950 °C/5 layers) is very similar

to that of the sample annealed every layer (1000 °C) in all three directions. Even though the

simulations predict a relatively small reduction in transverse stress with increased annealing

temperature, this trend is less clear in the corresponding neutron diffraction results (Fig.

4.7B).

Neutron diffraction measurements were also performed near the short edge (x = 1.75 mm)

of two of the specimens and the resulting build stresses are plotted in Fig. 4.8. As predicted

by the simulation, stresses in the build direction were tensile at the bottom of the sample,

with a region of compressive stresses near the top of each of the samples. For the sample

annealed to 1000 °C, the compressive zone at the top of the sample grew in both size and

in stress magnitude, while the tensile stresses in the bottom corners decreased in magnitude

from 411 ± 15 MPa of tensile stress to 170 ± 13 MPa after annealing. This stress distribution
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for the 1000 °C annealed sample differed from its simulated counterpart, which displayed an

overall reduction in stress magnitudes, but the size of the respective stress zones remained

relatively unchanged.

4.4 Discussion

The final residual stress state of printed parts can be influenced by several factors within

the LPBF process including laser scan speed, laser power, and scan strategies, each of which

drives the thermal gradients that cause stress. Additionally, complex or multi-component

builds are also affected by the “jump” choices made when applying the scanning across the

entire layer of a build. In this study, build surfaces were directly heated between build

layers to both reduce stress in the prior layers and to provide a preheat that reduces the

temperature gradient in subsequent layers. By keeping all other build parameters constant,

densities remain consistent, the influence of solidification on the results is minimized, and

the sole focus solely was on the influence of the annealing strategies.

There was a clear reduction in longitudinal and build stresses when annealing above a

critical temperature, as seen in Fig. 4.7, which correlates to a previously observed decrease

in yield stress of austenitic stainless steels above 650 °C [58]. The temperature dependence

of the mechanical properties became visible when comparing the experimental and simulated

results in Fig. 4.6, particularly when contrasting the lower temperature samples to those

annealed to higher temperatures. The model appeared to overestimate the stresses above

700 °C, which may be due increased uncertainty in material properties at higher tempera-

tures [43, 58, 59]. There were no significant reductions in stress for the samples annealed

below this temperature.

When reducing the frequency of layer annealing, there was still a similar stress reduction

when compared to samples annealed every layer within that same temperature range. In the

case of the print parameters for the sample shown in Fig. 4.6D, this means there was sufficient
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stress reduction even though the total annealing time was roughly 71% shorter than that

of a sample annealed every layer. Through the simulation for the sample heated to 950 °C

every 5 layers, at a height of z = 0.7H), it was found that the maximum temperature at the

surface was 985 °C and the temperature 500 µm below it was 936 °C. Given that the heat

penetrated sufficiently for the temperature 10 layers below the surface to be within 50 °C of

the maximum surface temperature, it seems that sufficient annealing can be accomplished

when heating in intervals of at least 10 layers (500 µm), double that tested in this study.

The effect of the penetration depth of the surface annealing can also be seen when com-

paring stress reductions near the base of the samples versus the top. In Fig. 4.6, there was

less residual stress reduction near the top surface of the sample (z > 0.7H) than the lower

portion of the sample with increasing annealing temperature. The contour measurements at

the very base of the samples (y = 0) decreased with each increase in annealing temperature,

from -285.9 MPa for the No Anneal sample to -24.2 MPa for the 1000 °C sample, a reduction

of over 90%. Meanwhile, those same samples experienced only a 47.6% reduction in stress

near the top (y = H), decreasing from 396.2 MPa for the No Anneal Sample to 207.5 MPa

for the 1000 °C sample. This can be attributed to the fact that the lower layers of the

samples were subject to a higher number of annealing cycles than the layers closer to the

top of the sample due to the penetration depth of the surface layer annealing. It is likely

that the tensiles stress at the top of the in-situ annealed samples (Fig. 4.4) remained intact

because the material in this upper region of the sample spent less time at maximum anneal-

ing temperature than the material below it. These observations are similar to the extent of

martensite decomposition observed in LPBF of Ti-6Al-4V [60, 40], where repeated thermal

cycles provided sufficient time and energy for the martensite in lower layers to decompose,

whereas the martensite remained present in the top layers.

In the quest to achieve stress-free parts without the need for post-processing, a strategy

to completely remove these stresses will need to be developed. To make up for the top layers

spending less time at maximum annealing temperatures, a final prolonged soak (in addition
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to the standard in situ annealing) could be performed to further relieve the stresses at the

top of the part. A final prolonged soak to remove the stresses at the top of the part could be

carried out to help reduce the stresses in this region of the part. To further reduce the stresses

within the rest of the part, a reduced thermal gradient during the in-situ annealing process

is needed. Because of the uniform illumination intensity on the top surface of the sample,

some degree of lateral temperature gradients are present during annealing. Furthermore,

temperature gradients into the thickness of the part are unavoidable due to the heat flux

from the surface. Further strategies will need to be developed to tailor the annealing profile

to achieve the lowest thermal gradients possible throughout the parts and reduce stresses to

the lowest degree possible in as-built parts.

While the stress reduction trend apparent in experimental results correlates well with

simulation results, there was not consistent agreement in stress magnitude and spatial dis-

tribution. An example of such a disagreement can be observed in the case of the neutron

diffraction measurements made on the x = 1.75mm plane (Fig. 4.8), where there was a

difference in build stress for the 1000 °C sample. The compressive zone in the top of the

sample was both larger in size and in magnitude for the experimental results than the simu-

lation results. This may be due in part to the nature of the diode projection onto the surface

layer of the sample and the fact that it may not be totally uniform, particularly near the

edges. There was a taper in intensity near the edges of the diode projection due to slight

beam clipping from the mask and the overall sharpness of the projection. Also, the diode

projection was made slightly smaller than the area of the top surface to ensure that none

of the loose powder adjacent to the build area was subject to the surface annealing, as this

could lead to unwanted melting or sintering of the powder and cause issues with spreading

on subsequent layers. Since the numerical model simulated heat application to the entire

surface, these non-ideal diode projection conditions could be the cause for the discrepancy

between the experimental and simulated results close to this edge of the sample.

Though the samples were annealed with consistent laser power throughout the build,
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surface layer monitoring revealed that the maximum annealing temperature for each layer

was not always the same. In the case of the 700 °C sample shown in Fig. 4.9, the maximum

temperature at a height of 1.65 mm was 656 °C while the temperature at 10 mm is 776 °C, a

difference of 120 °C. This temperature difference can in large part be attributed to proximity

of the surface layer to the build plate and a lack of thermal buildup after just 33 layers (1.65

mm). However, temperatures can vary between successive layers, as was the case for the

peak temperatures at layer heights of 6.25 mm and 6.30 mm, which were 750 °C and 709

°C, respectively. This is a temperature difference of 41 °C between annealing steps that are

just one layer (50 µm) apart. Given the penetration depth of the surface annealing, such

temperature fluctuations will not impede residual stress reduction when annealed well above

the critical temperature, but this could be an issue at lower temperatures. Upon close visual

observation during printing, there seemed to be a correlation between surface roughness and

annealing temperature. Since this annealing process relies on optical absorption of the diode

laser energy, the roughness of the top surface plays a significant role. Smoother and more

reflective surfaces will have lower absorption and will consequently reach lower annealing

temperatures without increasing the diode laser power. Even when comparing subsequent

heated layers, there can be temperature differences above 100 °C within one sample. This

fluctuation in annealing temperature may explain some of the differences between the ex-

perimental and simulated residual stress results, particularly in the case of the higher tem-

perature samples shown in Figure 4.6C,D. Since the mechanical properties of 316L stainless

steel change dramatically above 700 °C, a fluctuation in annealing temperature of 100 °C

can lead to significant discrepancies [59]. In an effort to find a correlation between roughness

and annealing temperature, roughness measurements were made on the top surfaces of the

printed samples using a microscope profile scanner (Keyence VR), but no clear correlation

emerged. This was in part due to the surface roughness varying from layer to layer, so the

roughness of the measurable final layer does not necessarily represent the roughness of all

layers within the part.
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In addition to the variation in surface roughness, the uniform heat input during the

melting stage of the simulations could be a source of discrepancy between experimental and

simulated results. This disagreement is particularly true near the top of the samples, as seen

in Fig. 4.6, even for the non-annealed and lower temperature samples. In the simulations,

heat was applied uniformly during the melting stage for each layer in order to cut down on

simulation time, which is a technique that has been shown to produce reliable residual stress

predictions in the past [17, 54]. However, the inaccuracies of this uniform heat distribution

technique may be more visible in the upper layers where the material experiences fewer

thermal cycles.

4.5 Conclusion

An analysis of the extent of stress reduction obtained using a novel and recently devel-

oped in-situ annealing process for LPBF was presented through spatial stress distribution

maps of multiple planes within 316L stainless steel samples. These results were verified by

employing multiple residual stress measurement techniques. These measurement techniques,

in conjunction with the numerical simulation, showed that there is a stress reduction of over

90% near the base of the part when annealed every layer and there is an equivalent reduction

in residual stress when parts are annealed every five layers, reducing the total annealing time

by more than 17%. The results also revealed that in-situ annealing could be further explored

to determine an optimal surface heating frequency to maintain stress reduction while min-

imizing processing time. Peak temperatures were hypothesized to be influenced by surface

roughness, though the average annealing temperature for a given diode power level remained

consistent. This method of stress reduction has the potential to significantly reduce distor-

tions and improve print reliability of LPBF by building well-annealed parts irrespective of

height and could eliminate the need for stress relief post processing.
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Figure 4.7: (A - C) Plots of the stresses measured through neutron diffraction as compared to simulations
in each orthogonal stress direction. (A) Longitudinal stress at x = L/2 is compared to contour measurements
in that same location, as indicated by the bold circles. (D) Each data point is sampled along the length of
the printed sample at z = H/2 within the neutron sampling plane (y = W/2).
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Figure 4.8: Build direction stresses data obtained through neutron diffraction experiments and the numer-
ical model at x = 1.75 (Plane 3 in Fig. 4.1D).
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5 Effect of Surface Layer Preheating and in

situ Annealing on Residual Stress and Mi-

crostructure During LPBF

5.1 Introduction

Thus far, all of the presented samples have been subject to heating only after the scanning

laser has finished welding (no preheating), adding an additional annealing step after each

layer deposition. However, additional samples were produced in preliminary experiments and

studied to observe the effect of surface layer preheating during LPBF on the microstructure

of metal parts. Prior to the study presented in Chapter 3, a set of 316L stainless steel bridge

samples was generated for bridge curvature method (BCM) measurements which contained

samples that were heated before and during laser scanning (preheated). Bare plates of Ti-

6Al-4V were also preheated using the diode lasers and were subsequently scanned by the

fiber laser. The grain size, distribution, and microstructure were observed using a scanning

electron microscope (SEM). Though the investigation into these samples was not as thorough

as in previous chapters, the results found here indicate that the use of laser diodes for large

surface area heating enables a degree of microstructure control by actively controlling the

cooling rate and solidification rate within LPBF.
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5.2 Methods

All samples covered in this chapter were generated using the custom LPBF machine

equipped with an array of four diode lasers used for in situ surface layer heating. These

samples were produced throughout various studies, using different laser scanning parameters.

While the samples presented in Chapter 3 were exclusively 316L stainless steel bridges printed

at 278 mm/s with a scanning laser power of 250 W, the bridge samples presented in this

chapter were printed at 1000 mm/s. The bridges were printed with dimensions of 20 mm

(L) × 11 mm (W ) × 5 mm (H), having a 6 mm overhang, on build plates that were 25.4

mm (1 in.) in diameter and 6.35 mm (0.25 in.) thick. All bridge samples were printed in

50 µm layers and with hatches spaced 100 µm apart. The hatch directions were oriented

45°with respect to the long axis of the bridge and were rotated 90° between each layer.

Though all of the bridge samples shared identical scanning laser parameters, different

diode annealing strategies were used and are listed in Table 5.1. The diode annealing strate-

gies were chosen to explore the effect of laser preheating and ramp down on residual stress

and microstructure, although over a relatively limited range of parameters. Nevertheless, the

diode annealing strategies were generally chosen to make two determinations: (1) whether

the microstructure of samples could be controlled by preheating the samples with the diode

and (2) whether samples could experience residual stress reduction via in situ surface layer

annealing. A plot of a diode annealing strategy in Fig. 5.1 highlights the basic steps taken

in these diode annealing strategies. There is a brief ramping up period of 0.5 s in which the

diode lasers transition from 0 W to maximum diode power (800 W). If a sample is to be

subject to a pre-soak step to preheat the powder, then the diode lasers hold for 2 seconds

before the scanning laser begins the layer melting. Once the scanning laser begins melting

the powder, the diode laser continues to project at maximum power until the scanning is

complete, at which point the diode lasers ramp down from maximum power to 0 W over 5

s or 10 s. Optical images of these steps are shown in Fig. 5.2.
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In addition to 316L stainless steel bridges, plates of Ti-6Al-4V were also processed using

in situ laser diode heating during welding by the fiber laser. The bare plates were 25.4 mm

(1 in.) in diameter and 6.35 mm (0.25 in.) thick. A 20 × 11 mm2 rectangular patch of

melt tracks was scanned into the bare plates at 278 mm/s with a laser power of 250 W. One

of the bare plate samples was heated with a diode power of 1500 W while the rectangular

patch was melted by the scanning laser, which was immediately followed by a 10 s ramp

down. Surface temperatures were recorded on these bare plate samples using a commercial

pyrometer (Omega IR2C). The calibration procedure, setup, and usage of this pyrometer

were identical to those outlined in Section 4.2.2.

After bridges were printed, the stress within the overhang portion of each bridge was

evaluated using BCM. Surface profile measurements of the top of each bridge were captured

before and after cutting using a Keyence VR optical microscope profile scanner. The dif-

ference in the corresponding height profiles before and after cutting was calculated, which

was then treated as the deflection. The curvature of this deflection was used along with

the overhang thickness to determine the relieved residual stress in the overhang using beam

theory.

Once the residual stress measurements were complete, the 316L stainless steel bridges

were completely removed from the build plate and sectioned along their lengths using a

slow-speed diamond saw. The Ti-6Al-4V bare plate samples were also sectioned along the

length of the rectangular patch. All samples were potted in epoxy and their newly-exposed

surfaces were micropolished. The samples were imaged using a desktop SEM (Phenom Pro,

Phenom World) and examined for differences across processing parameters.

5.3 Results

The measured bridge deflection after cutting and the resulting stress relief for each pa-

rameter set are shown in Fig. 5.3. Each data point represents an average of three separate
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Table 5.1: Build parameters for the initial bridge sample set, which included preheated samples.

Ramp Up (s) Preheat (s) Ramp Down (s) Total Diode Energy (J )

0 0 0 0
0.5 0 5 1130
0.5 0 10 1742
0.5 2 5 1620
0.5 2 10 2232
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Figure 5.1: An example of a diode heating power profile. (0) The diode lasers initiate, ramping up to
maximum power. (1) The diodes hold at maximum power before the welding begins, preheating the unfused
powder. (2) The scanning laser welds the surface powder while the diode laser continues to heat the surface.
(3) Welding is complete and the laser diode begins to ramp down to 0 W. (4) Laser processing is complete

bridge samples for each sample set, with the error bars in Fig. 5.3B corresponding to one

standard deviation. The samples that were preheated with the diodes showed the smallest

deflection across their overhangs (Fig. 5.3A), which reflects the smallest amount of residual

stress and translates to a greater reduction in residual stress. There was an average residual

stress release due to leg cutting of 272 ± 9 MPa for the samples produced without any diode

heating. The sample set with the lowest displayed of residual stress release were samples

subject to preheating and a 10 s ramp down at an average of 63 ± 16 MPa, which is a stress

reduction of approximately 77%. As shown in Fig. 5.3B, the averaged preheated sample sets

displayed lower levels of stress when compared to samples that were not preheated, despite

one of the preheated sample sets exposing the bridges to less diode energy per layer. The
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Figure 5.2: The printing process for preheated samples. (A) Freshly-spread powder. (B) Powder glowing
due to being preheated by the diode lasers. (C) Scanning laser welds the powder while the diode laser
continues to heat the surface. (D) The overhang in the center glows as the diodes ramp down from maximum
power.

non-preheated bridges with a 10 s ramp down had an average stress of 109 ± 33 MPa while

the preheated samples with a 5 s ramp down had an average stress of 71 ± 15 MPa even

though they were exposed to 122 J less energy per layer.

SEM images of a portion of the overhang section - the area of interest - of the 316L

stainless steel bridges are shown in Fig. 5.4 for select samples. The No Diode and non-

preheated samples shown in Fig. 5.4A-B had nearly identical columnar grain structures.

However, the overhang portion of the preheated sample shown in Fig. 5.4C showed clear

signs of grain refinement, particularly towards the bottom of the overhang section with the

presence of smaller equiaxed grains. SEM images of Ti-6Al-4V cross sections are shown in
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Figure 5.3: All data points and lines are an average of 3 repeat samples with identical parameters. (A)
Deflection of the bridge samples as a function of position after one leg is removed from the build plate. The
extent of overhang section is indicated by the vertical dashed lines. (B) Average bending stress for each
sample set as calculated by the BCM as a function of the total energy projected in each layer by the diodes.

Fig. 5.5. The sample not exposed to any diode heating in Fig. 5.5A displayed the typical

epitaxial grain phase distribution of α+α’ in the weld tracks and the α+β phases present in

the unaffected plate below. The microstructure of the preheated Ti-6Al-4V plate differed

from the non-preheated plate, which is apparent when comparing their melt tracks. There

were distinct α+β phases present in the preheated build plate, in both the melt track and

the build plate beneath it. Additionally, heating the build plate has modified the ratio of

α to β phases beneath the weld tracks, as seen when comparing this preheated plate to the

non-preheated plate shown in Fig. 5.5.

5.4 Discussion

In Chapter 3, all of the grain sizes and structures of the 316L stainless steel bridge

samples were comparable due to a lack of preheating (Fig. 3.4). This was to be expected since

materials produced by LPBF are more resistant to recrystallization at elevated temperature

than wrought material [44]. Here, a similar result was seen for samples that were not

pre-heated (Fig. 5.4A-B) in that there were no signs of grain growth or recystallization.
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Figure 5.4: SEM images of overhang section of 316L stainless steel bridge samples with the following
in-situ heating parameters: (A) No Diode (B) No preheat, 5 s ramp down. (C) 2 s preheat, 5 s ramp down.

There were clear signs of smaller more equiaxed grains for the preheated samples, which was

likely a result of the lower thermal gradient experienced by these samples. The resulting

microstructure during LPBF was largely affected by the ratio of thermal gradients (G) and

solidification rate (R), or G/R [61]. As the temperature gradient decrease due to preheating

the powder for 2 s, the resulting grain size decreased accordingly [61, 62].

The revelation of the residual stress reduction as a result of this in situ surface heating

method on 316L stainless steel samples was very promising given that there was a reduction

in stress of over 77% for the most disparate samples. However, upon sectioning select bridges

for microstructure analysis, it was discovered that the samples had a higher porosity than

expected. The remaining samples were removed from their build plates and the densities

were measured using the Archimedes method and plotted in Fig. 5.6. Unfortunately, all of

the bridge samples had relative densities (as compared to the density of the 316 stainless

steel build plate) below the threshold of what is typically considered acceptable for LPBF

(above 99%) due to using too high of a laser scanning speed, which is why their results were

initially abandoned. While the ideal energy density for 316L stainless steel samples was later

discovered to be 11.25 J/mm2, the energy density for this set of bridge samples printed with a

laser scanning speed of 1000 mm/s was only 3.125 J/mm2 (over 72% lower). However, these

density measurements, as shown in Fig. 5.6 indicate that there was a correlation between the
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Figure 5.5: SEM images of sectioned and polished Ti-6Al-4V bare plates and their weld tracks with the
fusion boundary highlighted by the dotted line. (A) No diode heating (B) Heated to 800 °C by the diodes
during laser scanning.

amount of diode energy added to each layer and the relative density of the resulting part.

The energy added by the diodes during the preheat heating and in situ heating for these

bridge samples must have contributed to the increase in part density.

For the Ti-6Al-4V bare plates, the presence of α+β in the weld tracks indicates that the

cooling rate was slow enough to bypass the α+α’ structure that is typically present after

LPBF of this material, as shown in Fig. 5.5. The thermal history of Ti-6Al-4V during LPBF

has a major influence on the phases present after printing [1, 63], as seen in the continuous

cooling transformation diagram shown in Fig. 5.7. The cooling rate of the heated bare plate

in this study was approximately -16 °C/s, allowing the material to bypass the metastable α’

martensite phase and leave behind just the α and β phases. This is a desirable composition

for Ti-6Al-4V parts, because the strength of the α phase and the ductility of the β phase

combine to produce a desirable material that is useful for many applications [64].
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Figure 5.6: Relative density of 316L stainless steel bridge samples that were not sectioned and imaged
using SEM.
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Figure 5.7: Continuous cooling transformation diagram for Ti-6Al-4V with the thermal history of the
heated plate indicated in red (adapted from [1]).
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5.5 Conclusion

The ability to affect the microstructure of LPBF parts was demonstrated by heating the

surface layer prior to and during laser scanning. Bridge samples made of 316L stainless

steel that were subject to preheating by a laser diode array showed grain refinement in the

overhang section due to a decrease in the temperature gradient as compared to samples built

without heating. Despite having less than ideal relative density, the surface layer heated 316L

stainless steel samples experienced a decrease in residual stress, with the preheated samples

having the lowest released residual stress. Less than ideal scanning parameters resulted in

high porosity, but also revealed that the added energy from the in situ diode heating helped

to increase the density of the bridge samples. This effect on part density could be studied

further to produce more consistent parts, which would allow for further investigation into

the microstructure control of 316 stainless steel during LPBF. Also, the surface of Ti-6Al-4V

bare plates that were heated using diodes while being scanned with the fiber laser showed

the presence of α and β phases in the weld tracks instead of the typical α+α’ microstructure

because the cooling rate dictated by the diode heating was low enough to avoid typical

martensite formation. The formation of α and β Ti-6Al-4V samples made through this in

situ heating method in LPBF could be explored further with full builds. This demonstrated

level of microstructure control could give rise to LPBF parts with tailored microstructures

based on the diode masking procedure.
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6 Conclusions

6.1 Summary of work

Laser powder bed fusion (LPBF) is a metal additive manufacturing process that utilizes

a spot laser to melt metal powders to fabricate full parts, layer-by-layer. Localized rapid

heating and cooling cycles are inherent to this repeated welding process, with the restriction

of thermal expansions and contractions resulting in the build up of localized plastic strain

and internal residual stresses. These residual stresses can cause macroscopic deformations

in parts, warping, cracking, or even delamination from the build plate. With metal additive

manufacturing having an ever-growing presence in the industrial space for generating geo-

metrically complex parts, research into avoiding such catastrophic failures is of great interest.

Methods such as build plate heating and build chamber heating have been implemented with

LPBF to reduce the temperature gradients. Annealing in a furnace after building is often

carried out to remove and remaining stresses. However, these techniques do not prevent

the macroscopic deformations that may arise while printing large parts with geometries that

extend far from the build plate.

This work investigated the effects of applying a novel in situ annealing method to LPBF.

This annealing method differed from previous heating methods in that it heated the top

surface of the sample instead of the build plate. This was achieved by using an array of

laser diodes to apply an even-intensity projection onto the entire surface of 316L stainless

steel parts. An initial study was carried out to verify the ability to achieve residual stress

reduction using this in situ annealing method. Bridge samples were printed with identical
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scanning parameters, treated with varying in situ annealing profiles, and compared to tra-

ditionally furnace-annealed bridges. Bridge curvature measurements showed that samples

treated with the highest in situ annealing temperature achieved (approximately 1000 °C)

a stress reduction of 90% relative to the residual stress in samples not heated by the laser

diodes. The results from the maximally in situ annealed bridge samples matched well with

bridge samples heated to a similar peak temperature using the traditional furnace annealing

method. Upon analyzing the results, it was found that the peak temperature achieved during

in situ annealing had a greater influence on the degree of residual stress reduction than the

dwell time. These bridge samples did not experience grain growth or re-crystallization, and

there were only minor changes to the solidification structure.

While this initial study confirmed the ability to control residual stress by using laser

diodes for in situ annealing, it only provided a rather qualitative assessment of the residual

stress state of the samples after treatment. The study that followed analyzed the extent

of residual stress reduction by investigating the spatial distribution of stress within 316L

stainless steel rectangular samples printed using LPBF. After examining the internal stresses

on multiple planes using neutron diffraction and the contour method, a stress reduction

of over 90% was further confirmed. This level of reduction was achieved when annealing

every layer as well as when annealing every five layers, confirming the ability to reduce the

build time by skipping layers when annealing. All of these results were validated through

numerical simulations. The results from each of these studies indicates that this method

of stress reduction has the potential to significantly reduce distortions and improve the as-

printed quality of parts produced using LPBF. Since the annealing is performed at the build

surface, it is especially applicable to tall parts. This technique may also eliminate the need

for stress relief post processing.

A brief investigation into utilizing in situ surface layer heating in LPBF to control mi-

crostructure was carried out for 316L stainless steel bridges and Ti-6Al-4V bare plates. The

heated Ti-6Al-4V bare plate sample had a cooling rate low enough to bypass the typical
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α+α’ formation and processed weld tracks that consisted of lamellar α+β phases. The 316L

stainless steel bridges that were preheated before scanning displayed grain refinement in their

microstructure as compared to non-preheated samples due to a reduction in the tempera-

ture gradient during solidification. These samples were initially abandoned due to having

too high porosity, but futher analysis of these samples revealed that preheating the surface

layer actually increased the overall relative density of the bridge due to the added energy of

the diode laser projection.

6.2 Future Work

There is still a lot of room for growth and development in the effort to anneal LPBF

parts using the surface area heating technique presented here. The major findings in this

study were largely limited to heating the surface of parts after welding, but it is possible to

heat the surface of the powder before printing to reduce the temperature gradient during

welding. This was attempted initially, but it was difficult to get consistent or predictable

densities in samples that were treated in this way. It would be beneficial to obtain near full

density (above 99%) preheated parts, since preheating is shown to allow for microstructure

control.

This study mainly focused on 316L stainless steel builds, but there are several other

alloy materials that have been printed using LPBF and it would be interesting to learn how

they respond to this in situ annealing technique. Tests were performed on Ti-6Al-4V bare

plates with in situ annealing, but full builds were not possible due to safety concerns of large

reactive powder (Ti-6Al-4V) prints with the current method. In addition to printing with

materials common to LPBF, this in situ annealing technique could enable the printing of

materials that were previously not feasible to print. Materials that are prone to cracking

during LPBF, such as tungsten, could possibly benefit from this in situ annealing method.

By reducing the cooling rate, and thus the rate of contraction, cracking could be minimized

60



or potentially fully prevented.

Fixed masks were used to shape the light from the diode lasers in each of these studies,

which limits the user to only annealing a fixed area. A major advantage that LPBF has over

traditional manufacturing methods is the ability to fabricate complex geometries, so having

the ability to anneal modular surface areas would be ideal. Annealing selective surface areas

can be achieved with the use of optically addressable light valves (OALV), which have the

ability to shape light that passes through them in real time [35, 65]. Behaving similarly to a

projector, an OALV could anneal complex geometries and select areas, potentially enhancing

mechanical performance.

Due to the fact that the system utilized in these studies was originally designed for

research purposes, the build area is small (25.4 mm build diameter) relative to full scale

commercial systems (≈400 mm build diameters). If this approach is to be used in a full-

scale industrial setting, the system will need to be capable of annealing a larger surface area.

The logical step to scaling up this system would be to integrate more diode lasers into the

surface heating. Using lenses to increase the projected area would decrease the intensity

at the surface while keeping the total energy the same, so more diodes would be required

to maintain an appropriate intensity. Instead of simply adding more diodes to the system,

activated mirrors could be used alongside an OALV to direct uniform diode projections over

the surface of the layers. This approach would enable annealing of larger and more complex

geometries in LPBF.

61



Funding and Support

This work was performed under the auspices of the United States Department of Energy

by Lawrence Livermore National Laboratory (LLNL) under Contract DE-AC52-07NA27344

and by Los Alamos National Laboratory under Contract DE-AC52-06NA25396. This work

was supported through the LLNL Laboratory Directed Research and Development Program

under the project tracking code 18-SI-003. LLNL-TH-825025.

62



Bibliography

[1] Jan Sieniawski and Waldemar Ziaja. Titanium Alloys: Advances in Properties Control.
BoD – Books on Demand, May 2013.

[2] William E. Frazier. Metal Additive Manufacturing: A Review. Journal of Materials
Engineering and Performance, 23(6):1917–1928, June 2014.

[3] W. E. King, A. T. Anderson, R. M. Ferencz, N. E. Hodge, C. Kamath, S. A. Khairallah,
and A. M. Rubenchik. Laser powder bed fusion additive manufacturing of metals;
physics, computational, and materials challenges. Applied Physics Reviews, 2(4):041304,
December 2015.

[4] Aiden A. Martin, Nicholas P. Calta, Saad A. Khairallah, Jenny Wang, Phillip J. Depond,
Anthony Y. Fong, Vivek Thampy, Gabe M. Guss, Andrew M. Kiss, Kevin H. Stone,
Christopher J. Tassone, Johanna Nelson Weker, Michael F. Toney, Tony van Buuren,
and Manyalibo J. Matthews. Dynamics of pore formation during laser powder bed
fusion additive manufacturing. Nature Communications, 10(1):1987, April 2019.

[5] Paul A. Hooper. Melt pool temperature and cooling rates in laser powder bed fusion.
Additive Manufacturing, 22:548–559, August 2018.
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