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Abstract: Additive Manufacturing presents unique advantages over traditional manufacturing pro-
cesses and has the potential to accelerate technical advancement across multiple sectors, permitting
far greater freedom in design than conventional manufacturing. However, one barrier which blocks
wide adoption is residual stresses, which could seriously affect the materials’ behaviour during and
after production. Selective laser sintering (SLS), a process with high energy input to the workpiece
material, induces high temperature gradients, further affecting the final residual stress distribu-
tion. Within the present paper, three different methods for the assessment of the residual stresses’
distribution are presented and compared: a non-destructive method based on neutron diffraction,
a destructive method known as the contour method, and a theoretical approach based on Finite
Element Analysis. The aim is to examine the suitability and reliability of the application of these
methods in predicting residual stresses distribution in additive manufacturing-built parts.

Keywords: selective laser sintering; additive manufacturing; neutron diffraction; contour method;
finite element analysis

1. Introduction

Additive Manufacturing (AM) presents unique advantages over traditional manufac-
turing processes and has the potential to accelerate technical advancement across multiple
sectors, permitting far greater freedom in design [1-3] than conventional manufacturing.
High end manufacturers seek to use these revolutionary AM processes to build their prod-
ucts intending to save money and resources. However, one barrier which blocks wide
adoption of the technique is unfavourable residual stresses, which could seriously affect the
materials’ behaviour during and after production [4,5]. This unpredictability costs industry
millions of pounds in time and materials due to the slow and iterative approach needed to
design and build parts. It is therefore necessary to predict and determine the distribution
of residual stresses in AM built parts, especially when required in high-reliability areas, to
have the residual stresses under control. Although research has been reported in simulating
the processes for predicting the residual stresses profiles [1,2,6], the precise and accurate
measurement of such residual stresses profiles has still not been thoroughly investigated.

The aim of this paper is to examine the suitability and reliability of the application
of neutron diffraction in measuring residual stresses distribution in AM built parts. Fur-
thermore, the most significant factors which could affect residual stresses distribution are
determined. The residual stresses of a sample prepared with selective laser sintering from
316 stainless steel were measured with two different methods: a non-destructive method
using neutron diffraction and a destructive one, known as the contour method. Finally, a
simple Finite Element Analysis (FEA) model was built to interpret residual stress evolution
during and after the AM process.
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2. Literature Review

Residual stress is classified as the stress that persists in a material at equilibrium
with the environment following manufacturing operations [7]. These stresses can be quite
damaging to the strength of a product [8]. Conversely, in certain situations, desirable
residual stress is purposely applied [9]. Residual stress may add to, or detract from,
the applied stress; thus, when a failure occurs, it may be because the residual stress is
dramatically coupled with the applied stress, or because, along with the occurrence of
unobserved defects, the applied stress under which the failure occurs is greatly reduced [10].
Throughout the manufacturing of any product, residual stresses must be considered for
reasonable and reliable estimates of the characteristics and for determining the product’s
life [11]. In addition, concerning additive manufactured products, whilst residual stresses
can be removed by post-process heat treatment, significant residual stress accumulation
can contribute to severe distortion, which may lead to manufacturing failure [12]. It is
therefore important to consider the residual stress in the materials processes and products
and understand the generation mechanisms.

Residual stresses are generally defined by the size at which they function [7,9]. Type 1
residual stresses are macro-stresses generated in multiple grains, and a shift in the residual
stress equilibrium of type I would result in a reduction in the macroscopic properties.
Indeed, any manufacturing procedure or method that induces an inhomogeneous spread
of strains creates type I residual stresses. Type II residual stresses are the micro-stresses
generated in single grains, and are generally seen in martensitic steel formation. The
concentration of martensite becomes greater than that of austenite during processing,
and this disparity results in type II residual stress. Type III residual stresses occur at
the sub-micro level, typically across several atomic distances. Crystalline defects, such
as dislocations or vacancies, result in type III residual stress formation. Type I residual
stress is usually addressed in research with respect to AM parts and is thus the only form
mentioned in the remainder of this study.

Bartlett and Li [12] discuss a simple case to describe the mechanism of residual stress
generation. Consider a part in which all the layers of material are melted instantly: the
part then undergoes uniform cooling in the Z-direction. Once a new layer is introduced
and heated well above the temperature of the preceding layer, the new layer undergoes
a uniform expansion. This expansion is constrained by a substantially cooler underlying
layer, which results in compressive and tensile stress generation in the new and the under-
lying layer, respectively. When the heat source is withdrawn, the new layer cools rapidly,
expanding at a greater rate than the cooled part below can tolerate, resulting in tensile
stress in the new layer and compressive stress in the lower part.

Mercelis and Kruth [13] discuss the mechanism of residual stress in selective laser
sintering and consider that the new layers are neither instantly nor evenly heated. Thus,
stress generation and distribution are more complex. They identified two mechanisms
that lead to the generation of residual stresses in any AM process. The first one is from
the significant thermal gradient around the laser spot. Due to a high heat input on the
top layer and relatively low heat conduction beneath, a large thermal gradient appears,
and thus the expansion of the top layers is much bigger than the bottom ones and elastic
compressive strains are generated. According to a typical stress-strain curve, when the
yield strength is reached, plastic strains are induced. After cooling and shrinking on the
top layers, the elastic compressive strains tend to disappear whilst plastic ones remain,
thus residual stresses are generated. The second mechanism works when the top layers
are melted. The deformation is restricted by the layers beneath, thus tensile stresses are
induced on the top and compressive stress below. The in-plane residual stresses are usually
greater than the normal residual stress [14,15].

Since residual stresses significantly affect the performance of components and struc-
tures, various methods have been developed [16,17] and used to measure residual stresses.
This is particularly the case for type I stress in structures, since these have the most signif-
icant effects on the mechanical properties of a structure. There are two main techniques
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identified in literature to measure the residual stresses in selective laser sintered parts,
namely, (a) distortion-based (destructive) and, (b) diffraction methods (non-destructive).
It is important to understand the underlying principles of the destructive measurement
techniques. Residual stress in a material remains at static equilibrium, and thus the cu-
mulative amount of stress normal to the plane must be zero for every cut plane in the
material. When sections with intrinsic residual stress are removed, the new surface must
deform to reallocate the stress in such a way that the net stress at the surface becomes
zero, such that the part stays in a static equilibrium. Surface deformation to allow stress
redistribution is measured and is input into analytical models to approximate the original
stress of the part. For these measurements, the precision of the residual stress calculation is
implicitly dependent on the precision of the deformation measurements. There are two
such methods identified and used in the literature, namely, the hole-drilling method [18,19]
and the contour method [20,21]. The difference between these two methods is that, in some
cases, when semi-destructive methods, such as hole-drilling, are applied, the specimens
are still usable.

In the contour method, the stresses are measured over a cross section but in one
direction only [22]. The basic principle of this technique relies on cutting the sample along
a straight line, thus the stresses that are normal to the newly generated surface will be
released and deformation appears. Measuring the deformation and feeding in the results as
boundary conditions into an elastic finite element model, which allows determination of the
initial residual stress released by the cutting. Normally wire electric discharge machining
(EDM) is used for the sectioning since it has high accuracy, and no plastic deformation is
induced when the cutting operation is performed properly. Measurements can be made
either by using a laser scanner [20,23], a coordinate measuring machine [21,24] or using
digital image correlation [25].

In comparison, non-destructive diffraction methods function on a different concept.
Two main diffraction methods are discussed in the literature, namely, neutron diffrac-
tion [26,27] and X-ray diffraction (XRD) [28-30]. X-ray diffraction uses X-rays as probes for
residual stress measurement. Due to a low penetration ability, only a thin layer (normally
tens of micrometres) on the surface can be measured. The neutron diffraction method is
very similar to the X-ray diffraction method, but with a larger penetration depth (up to
10 cm). Oliver et al. [31] applied neutron diffraction for studying stress induced structure
transformation in Fe-Pd alloys, and Paradowska et al. [32] applied this technique to study
the residual stress generated in welding processes.

3. Materials and Methods

A test peg was built with a selective laser sintering (SLS) technique from 316 stainless
steel, and then cut from the base plate with wire EDM. The sample geometry is shown
in Figure 1. The geometry of the test peg was selected for its ease of building, its easy
manipulation and fixing during the residual stresses measurement as well as to maximize
the impact of the heat input on residual stresses and deformations. Gas atomized 316 L
stainless steel powder with the average diameter of ~30 um (particle size distribution
of 15-45 pm) was used for preparing the specimen. The chemical composition of 316 L
stainless steel powder is presented in Table 1. The experimental setup is presented in
Table 2. The scanning strategy for the specimen was the zigzag scan mode, rotating 90°
every two layers.

Table 1. Chemical composition of 316 L stainless steel powder.

Element Cr Ni Mo Mn Si
wit% 16.0-18.0 10.0-14.0 2.0-3.0 2.0 max 1.0 max
Element P S C Fe

wt% 0.04 max 0.03 max 0.03 max Bal
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Table 2. Process parameters.

Process Parameter Units Value
Laser power W 180
Hatch spacing pum 70
Laser beam diameter pm 60
Powder layer thickness pm 40
Laser scan speed mm/s 500

30mm

: | l 16mm

Building BT
direction | 2omm

I
|

et

16mm

Figure 1. Sample geometry of the 316 L stainless steel test peg with dimensions.

4. Residual Stresses Measurement

Residual stresses were measured with two different methods, using neutron diffraction
and the contour method. The former is a non-destructive method whereas the latter is a
destructive one. The following paragraphs will present in detail the measurement approach
as well as the results.

4.1. Non-Destructive Approach: Neutron Diffraction

Neutron diffraction is a widely used technique for measuring residual stresses deep
within a material by detecting the diffraction of an incident neutron beam [33,34]. ENGIN-
X, a dedicated neutron source engineering science facility at ISIS, Oxfordshire, is optimised
for the measurement of strain, and thus stress, deep within a crystalline material, using
atomic lattice planes as an atomic ‘strain gauge’; based on a time-of-flight (TOF) technique.
In the TOF technique [35], the travelling time of neutrons between moderator and detector
is recorded and generates a full diffraction spectrum. The strain can be determined by
analysing individual peaks or the entire spectrum with Rietveld refinement [36]. The
sample was placed on a positioning table with three orthogonal translation axes and a
vertical rotation axis. Incident neutron beams from the moderator pass through a slit and
are then diffracted by the sample, where only a fraction of diffracted neutrons can pass
through the collimator and reach the detectors (Bank 1 and Bank 2). In ENGINE-X, slits
together with collimator identify a small cubic volume called the gauge volume, which
affects the resolution and experiment completion time. The data collection strategy and
the experimental setup is illustrated in Figure 2. For each data point on the defined path,
a TOF spectra is recorded by one detector. The spectrum afterwards is processed with
Rietveld refinement indicating how well the measured data can match the reference data.
Based on this analysis, a lattice parameter “A” can be estimated for each unit cell, allowing
calculation of residual strains.
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Figure 2. (A) and (B) measurement setup of ENGIN-X and (C) data collection strategy from the steel test peg.

In Figure 3, residual strains along the centre line of the steel test peg are presented.
Strains in the Z-direction are larger than those in other directions at the same positions;
strain changes are associated with the change in cross section, and strains at the base near
the base plate are much smaller than strains in the top of the sample.

s Centre line
Centre Line “io
O x o
Do AX
, — TeewTen X0 90 al
Branch2 \ | N 8
L x a0 O
< 80
x a Q
b (m.1 °
m o
x & <
x :mﬂ °
x a0 °
= ab °
{3 500 o
N a0 ©
x Al o
5 40
Cross section AN
x ab °
x 300 °
a Do
on
20
% x - o
Branch 1 " °
O- Y (V position) 10 e
4 Y (H position) o BAK
*Z 0 x
X 0
-3000 -2000 -1000 0 1000 2000
Y Strain (10e-6)

Figure 3. Neutron diffraction residual strains measured along the centre line of the sample.
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Z direction

4.2. Destructive Approach: The Contour Method

The contour method is a relaxation method, and thus the test peg needs to be sectioned
along the surface where the residual stresses are to be measured. The sample was cut
from top to bottom in the YZ plane (Figure 4). The black surface caused by the material
re-melting in wire EDM cutting, and the bright line on the surface was generated due to

wire break.

Cutting
Direction

Figure 4. Test peg preparation and cuts for the contour method.

In Figure 5, the stress distribution which corresponds to the normal stress in Z, X
and Y directions in the sample’s coordinate system is shown. The stress maps show that
residual stress in the top is bigger than the base, and that the stress distribution is regular

where the geometry is simple.

X direction Y direction

Figure 5. Residual stress maps from the test peg based on the contour method.

5. Prediction of Residual Stresses Using Finite Element Analysis

5.1. Modelling Approach

Finite element analysis (FEA) can be used for predicting residual stresses and struc-
tural distortions during and after the AM process. The objective of this work is to simulate
the entire manufacturing process, which includes the building of layers, heat input and
cooling. For the FEA solution, the model is considered coupled, solving initially the
thermal problem and then through the coupling, solving the structural problem. The
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starting point is to calculate the resulting temperature field with the moving heat source
and accumulation of molten material.

Assuming that the process is quasi-stationery, the temperature field can be determined
as the solution of the following differential equation:

PT L PT | wdT

9x2 922 ' a4y ox 0 (0

where T is the temperature and 4, the thermal diffusivity of the workpiece material. The
boundary conditions that the solution should follow are defined by the heat source and
the heat convection to the surrounding environment. For the solution of the differential
equation, a FEA thermal model is developed. In this case, the heat transfer problem
(Equation (1)) is described by the following equation:

[COKT O} + KMKTH)} + {o} = {Q(1)} €

where [K] is the conductivity matrix, [C] the specific heat matrix, {T} the vector of nodal
temperatures, {T’} the vector of time derivative of {T}, {v} is the velocity vector, which is
equal to zero as no mass transport is assumed in the current problem, and {Q} the nodal
heat flow vector.

Subsequently, the residual stresses are estimated by entering the thermal results into
the associated structural model. This is achieved by replacing the thermal elements with
elastic—plastic elements attached to the same nodes. The resulting model undergoes a non-
linear elastic—plastic structural analysis using temperature-dependent material properties
and a multi-linear isotropic hardening model. The non-linear mechanical analysis problem
is described by the following general finite element equation:

[K(T)[{u(®)} + {F(1)} + {F"(5)} =0 )

where [K(T)] is the temperature-dependent stiffness matrix, {F(t)} is the external load vector,
{F(#)} is the temperature load vector and {u(T)} is the displacement vector.

For each load step, the nodal temperatures from the thermal analysis are read into
the structural analysis. Nodal temperatures from thermal results continue to be read into
the structural analysis until the time when the model temperature reaches ambient. The
structural boundary conditions set to the workpiece are that all nodes at the bottom end
of the workpiece are fixed in all directions. The non-linearity of material properties is
considered through the von-Mises criterion, and plasticity is taken into consideration
through a kinematic strain-hardening law.

For the problem solution, an element birth and death technique is used to simulate
the accumulation of material. The modelling and simulation procedure is presented in
Figure 6, like the approach proposed by Salonitis et al. [6]. Several assumptions were
required for the process modelling, such as:

Material is considered homogeneous with isotropic properties.
New elements for adding material are considered as stress-free elements.
Residual stresses are generated due to temperature change, and no phase change
during the process is considered.
e Heatinput is applied on the upper line/surface of each layer.

For simplicity, the model has 26 layers settled on a base plate. The material properties
used in the model are presented in Table 3. The strain and stress distributions on specific
paths corresponding to the results of the ENGIN-X neutron diffraction experiments are
used. In addition to validating the model results with the experimental measurements, the
FEA model was used for assessing a number of issues, such as the:

e Impact of heat input to the residual stresses;
e Importance of the base plate.
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Figure 6. Sequence of simulation analysis steps, commencing at Start.

Table 3. Material properties used in the simulation model.

Material Property Temperature (°C) Value

20 12.1

Thermal conductivity (W/mK) 100 14.3
500 214

Specific heat (J/kgK) - 449

20 195

Elastic modules (GPa) 42183 }gg

600 157

Poisson ratio (-) - 0.27
Density (kg/m®) - 7930

20 14.3

Thermal expansion (1 °C~! x 107) 42188 izg
600 17.7

It was expected that due to the simplicity of having only 26 layers simulated, and thus
the layer thickness used in the simulation is considerably thicker to the real layer thickness,
the residual stresses predicted through the model cannot be of high accuracy. However,
since the paper’s focus is not on the simulation model but rather on the comparison of the
measurement techniques, the goal is to assess whether such a simplistic model can support
this analysis by identifying the “hot-spots” and the relevant change of residual stresses
along the geometry.

5.2. Heat Input Impact to Residual Stress

According to Ding et al. [37] the distortion and residual stresses in AM built parts
are generated due to high power input, which is one of the few parameters that can be
controlled in an AM process. The developed FEA model predicts similar behaviour. Two
levels of heat input were used for the analysis (low 15.10° and high 25.10° W/m?). Figure 7
presents the corresponding temperature and strains predicted with the two heat inputs.
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Figure 7. Temperature and strain distribution predicted by FEA associated with two heat inputs.

Figure 8 shows a comparison of strains with the high and low heat inputs; blue
diamonds and red squares, respectively. In both X and Z directions, changes in heat input
exhibit a minor effect on the base of the test peg. A relatively large influence is found at the
top, which indicates that, in this case, heat input will mainly affect the strain distribution
in parts near the top. This could be attributed to the heat transfer mechanism; heat is
convected faster when machining parts near the base due to the higher heat conduction of
the base plate. Conversely, heat will accumulate in the top and generate a heat gradient
with a relatively smaller heat conduction.
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Figure 8. Residual strains calculated through FEA.

For strains on branch 1 (at base) in both X and Z directions, there is almost no difference
when changing heat input. When the heat input increases, strains near the top of branch 2
(at top) increase whilst strains at a lower position decrease. In the Z-direction, this trend is
reversed. In this case, higher heat input contributes to a close strain distribution.

5.3. Base Plate Impact to Residual Stresses

Mercelis and Kruth [13] note that the base plate has a big influence on stress distribu-
tion. Indeed, the thicker the base plate, the smaller the residual stress in AM built parts
after they are cut from the base plate. The FEA model developed predicts similar behaviour
as seen in Figure 9. There is an apparent strain release near the base in both X and Z
directions with the base plate removed. Material away from the base plate is not affected
significantly with regards to strain distribution. Relatively low strains are exhibited.
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Figure 9. Simulation results from the FEA model, with and without the base plate.
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Since the part being built is relatively small, stresses in the whole component are
released when removed from the base plate. Figure 10 shows the change of strain distribu-
tion in FEA model with (WB) and without the base plate (WOB) removed. Strains in the
range Z = 0 to Z = 20 mm are partly removed in both X and Z directions, and the range
is relatively small compared to the height of the sample, so the base plate mainly effects
strain distribution near the base.
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Figure 10. FEA simulation of strain distribution with base (WB) and without the base (WOB).
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6. Discussion
6.1. Comparison of Residual Stress Measurements

The neutro diffraction method provides a measurement of strains, whereas the contour
method estimates stresses. For a comparison of the two methods, the measured strains
are transformed to stresses. As the material properties for AM parts are not isotropic and
cannot be confidently predicted, this might result in a difference in the absolute values,
however, the trends should be expected to be similar.

Figure 11 shows the comparison of stress data in X-direction between the contour
method and neutron diffraction. To a certain extent, the two sets of data fit each other well,
the trend and absolute values are the same in a large range. However, neutron data do not
have the range of detailed information at the two ends of the test peg, especially in the
base. Deformation occurs after the sample is cut, which will reduce the reliability of the
contour results (see Figure 12).

Comparison of data on centre line
1500

1000 Q

g 120
=
o1
o
b }
-1000 & i
i < Contour X °
-1500 & O Neutron X -I
-2000 hd
-2500
Z/mm

Figure 11. Comparison of residual stress measurements with the contour method (blue) and neutron
diffraction (red).

Figure 12. Deformation of the sample after cutting.

6.2. Validation of FEA Predictions with Neutron Diffraction Data

Figure 13 presents FEA model validation by comparing the predictions with neutron
diffraction data. With regards to the X-direction, both FEA predictions and neutron diffrac-
tion measurements show two peaks towards the —X direction. One peak is visible at a
height around Z = 20 mm, and the other around Z = 90~100 mm. The FEA and neutron
diffraction measurements present similar trends. The difference in strains can be seriously
affected by the process parameters selected during the building of the part.
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Figure 13. Comparison of the predicted strains from the FEA model with neutron diffraction (ND)
by way of model validation in the X and Z directions.

With regards to the Z-direction, similar conclusions to the X-direction results can be
drawn; although the trends are similar, the actual strains show higher difference, which
can be attributed to the simplicity of the FEA model.

With regards to the FEA modelling, it is suggested that further studies on a range of
standard test pegs might be fruitful to critique and compare AM processing factors and
relate these to a range of components.

7. Conclusions

Additive Manufacturing (AM) presents unique advantages over traditional manu-
facturing processes and shows good repeatability, but residual stresses are generated in
manufacturing processes, so post-treatments are required to release residual stresses.

Neutron diffraction is a good choice to measure residual stress in AM parts, as it can
penetrate deep into components without any destruction. The contour method is another
good technique which can map residual stress on the whole surface. Apart from these
experimental methods, FEA modelling shows its advantages in analysing components
both during and after the manufacturing process. The modelling results in this project
demonstrate the reliability of a simplified FEA model in investigating the impact of AM
manufacturing processes. Future work will focus on developing a more detailed FEA
model, with a number of layers reflecting their actual number in the test parts in order to
investigate whether a higher accuracy model can lead to significantly improved predictions.

Two main factors that affect residual stress distribution were investigated using FEA
modelling. Heat input mainly affects the top of the part, whilst larger heat inputs lead to
larger strains in top part. The base plate mainly affects the base of the part, whilst strains
in the base can be partly released after removing base plate, and the thicker the base plate,
the smaller the residual stress.

Other issues are identified: It is difficult to transfer strain into stress in AM built
parts due to anisotropic material properties; in measuring large components with neutron
diffraction, longer times are required for detailed data; in measuring small components,
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the with contour method, deformation appears when cutting with wire EDM and might
need to be addressed in further studies.

This study has successfully demonstrated the suitability of neutron diffraction in
measuring residual stress in AM built parts, and identified heat input as well as the effect
of the base plate, which could significantly affect residual stresses in AM built parts using
FEA modelling. Further critical analysis linking FEA modelling with studies on a range of
standard test pegs might be fruitful to critique and compare AM processing factors and
relate these to a range of components for greater understanding of residual stresses.
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