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Measurement and Modelling of Residual Stress in Wire-Feed

Additively Manufactured Titanium

Residual stresses were characterized in a wire-feed additively manufactured titanium
alloy component. A numerical simulation based on the inherent strain method was used
to model residual stresses arising from the manufacturing process. The contour method
was used to experimentally determine the residual stress field. High tensile residual
stresses were seen at and around the interface of the substrate and the deposited metal.
Compressive residual stresses were present in the substrate and at the top of the deposit.
Satisfactory correlation was achieved between the results from the numerical simulation
and the contour method, except for the location of the root of the deposit. The effect of
preheating the sample substrate on the residual stress distribution is also discussed.
Keywords: wire feed additive manufacturing; residual stress; inherent strain-based

method; contour method; titanium.

Introduction

The wire-feed additive manufacturing (WFAM) process is particularly attractive for
aerospace industry due to the high cost of titanium [1] as well as the high cost of
machining it. With WFAM near-to-net shape preforms can be made [2], which then
require less machining to reach the desired final geometry. Little material has to be
recycled and less time is spent in machining. The fatigue properties of WFAM titanium

in certain cases have outperformed the traditional processes [3].

In wire-feed additive manufacturing, the wire is made of materials such as
titanium, aluminium, stainless steel, etc., and is deposited on a substrate with the use of
a heat source such as a laser, arc, or electron beam [4]. The process is somewhat similar
to the arc welding processes [5]. The substrate can be made of the same or a different
material as that being deposited. The part is built by depositing the melted layers
successively onto the previous layers. The wire feed system has a high deposition rate
[6], therefore it is particularly suitable for the production of large components [4,7].
Wire feed additive manufacturing has been used to develop large aerospace parts [8].
The various parameters of the WFAM process include deposit speed, wire feed rate,
applied energy, deposit sequence, etc. [5]. During the build-up process each metal layer
undergoes a cycle of heating and cooling [9]. Shrinkage of the deposit during the

solidification process is the main cause of the generation of residual stress. Tensile



residual stress is usually highest in the build longitudinal direction [8], and unclamping
the sample after the WFAM causes high tensile residual stress at the interface of the
substrate and deposit, as well as compressive residual stress at the top of the deposit [7].
Various procedures such as preheating of the substrate, inter-pass cooling of the deposit,
inter-pass rolling [10], etc., are being developed for the WFAM process to minimize the
induced residual stresses [7].

WFAM differs from conventional welding as a large amount of heat is input to the part
compared to the small initial mass of the part. Also a large number of passes are made
by the heat-source. This situation then leads to gradual warming of the part, which may
have a non-negligible impact on the final residual stresses. Coupled thermo-mechanical
finite element simulation has been predominantly used to predict the shrinkage and
residual stress generated in wire feed additive manufacturing. Relevant literature from
the field of welding as well as a method to adapt these modelling principles to WFAM
can be found in [11]. Even weakly-coupled thermo-mechanical simulations usually take
a long run-time, for example for the prediction of residual stress in an industrial-size
WFAM part. In the present study an inherent-strain-based method was used to simulate
WFAM because of its high solving speed compared to the coupled thermo-mechanical
simulations. The inherent strain method was first used to analyse the residual stress in
the welded structures [12], and was applied to a number of cases thereafter [13,14].
Numerical simulation based on inherent strain reduces the computational effort
compared to even weakly-coupled thermo-mechanical simulations, and was therefore
selected for the present work. This numerical simulation approach has been extended to
predict the residual stresses in selective-laser-melting additively manufactured titanium
(Ti-6Al-4V) and Inconel 718: further details can be found in [15]. In that study a good
correlation was achieved between the numerical simulation (inherent strain-based

method) and the contour method results.

Residual stress in electron beam additive manufacturing, a type of WFAM, has been
previously predicted with the thermo-mechanical simulation [16]; however for large
WFAM components little work is available in the literature on the analysis of residual

stress. In this paper the longitudinal stress component of the WFAM titanium (Ti-6Al-



4V) sample was measured at its centre location with the contour method. The contour
method results were correlated with the results of the numerical simulation.

The contour method is a destructive technique for determination of residual
stress, which is based on stress relaxation. In the contour method a part is cut into two
halves, and the stress component normal to the cut surface is determined [17]. Wire
electro-discharge machining (WEDM) is used to cut the component in which the stress
state is to be determined. It is assumed for the cutting stage that the cut surface is flat
and no new stresses are incorporated. Following the cutting stage, both cut
surfaces/halves are measured with a co-ordinate measuring machine (CMM). Then data
analysis is carried out to clean and smooth the measured displacement data, and to
average the data from the two surfaces. Finally a three-dimensional finite element (FE)
model of one of the cut surfaces is built, and the reverse of the measured contour is
applied as the displacement boundary conditions. Constraints are applied to the model
to avoid rigid body motion. A linear-elastic FE analysis is then used to back-calculate
the residual stress in the sample that existed before the cut was made [17].

During the sample cutting stage errors can be incorporated in to calculated
results, which however can be minimized: e.g., roughness can be improved by using
short spark pulse durations [18], and where necessary a data correction helps to improve
the estimated stress results [19,20]. Various approaches have been developed to
minimize errors in the application of the contour method [21,22].

The contour method provides a full two-dimensional and through-thickness
residual stress map. It is insensitive to material microstructure. Other residual stress
measurement techniques such as X-ray diffraction and incremental centre-hole drilling
are applicable only for near-surface stresses. These techniques require the samples to be
smooth and of good surface finish. Neutron diffraction can measure the through
thickness residual stresses up to a certain depth in the sample; however it is significantly
affected by sample positioning, neutron beam path length in the sample, and texture.
With few specialised neutron facilities around the world, obtaining the beam time is a
competitive process. In-addition to this long measurement times due to weak scattering
means that relatively data for few measurement points can be obtained. As a result, the
contour method has become popular and widespread, and has been applied to a wide

range of materials and processing methods [23,24].



Materials and methods

An electron-beam additively manufactured titanium (Ti-6Al-4V) sample was fabricated
by Sciaky, Inc. Figure 1(a) shows a photo of the sample. The length of the deposit and
substrate were 450 mm and 490 mm respectively. The sample was measured in the as-
deposited form. The substrate and deposit both were made of titanium (Ti-6Al-4V)
alloy, and the substrate was pre-heated before the deposition. The sample suffered from
distortion when unclamped after the metal deposition. The longitudinal distortion at the
outer most edges of the substrate was about 3 mm. For contour method measurement
the WEDM cut was made at the mid location of the sample (as marked on Figure 1a) to
obtain the longitudinal stress component. The longitudinal stress component was
expected to be of the highest magnitude for the wire feed additive manufacturing
process. The dimensions of the measured cross-section after the WEDM cut are shown

in Figure 1(b).
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Figure 1. Wire feed additively manufactured titanium (Ti-6Al-4V) sample (a)
Photo; & (b) Dimensions of the sample cut surface (all dimensions are in mm)
During WFAM heavy steel clamps were used to prevent the movement of the substrate.
Figure 2 shows a schematic of the clamping arrangement used during the additive

manufacturing.
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Figure 2. Schematic of clamping arrangement used during additive manufacturing

Prior to the actual contour cut the WEDM cutting parameters were tested by a small cut
at one end of the sample. Low-power cutting parameters for the sample size and the
geometry were used. Not much literature is available to-date for the selection of the



WEDM parameters for the contour method. Reference [17] however recommends to use
the WEDM skim cut parameters. The machine low-power cutting settings provide low
values for the important electrical parameters like pulse duration [18,20], voltage, and
current. The low-power cutting parameters enhance the surface finish of the cut parts, as
well as tending to reduce the magnitude of any cutting artefacts. The following values
for these parameters were used:
VM (machining voltage) = 8 V; CC (current) =1 A; ON (pulse duration time) = 1 ps.
The use of sacrificial layers is considered beneficial to avoid the effect of the
cutting artefacts for the very-near-surface stresses. However, a number of restrictions
may limit the use of sacrificial layers: e.g., for large samples, irregular surfaces and
shapes/geometries, electrical conductivity of the epoxy used, etc. The sample was cut on
a Fanuc Robocut a-C600i WEDM. A 0.25-mm-diameter brass wire was used. The
sample was rigidly and symmetrically clamped. The contour cut location for the sample
is marked on Figure 1(a). The WEDM cut progressed smoothly until the substrate
location where the cutting speed slowed down due to the change in the thickness of the
cut. The cutting speed through the deposit and substrate of the sample was about 0.3
mm/min and 0.05 mm/min respectively. The surface displacement profile of both cut
halves of the sample was captured with a Zeiss Contura g2 CMM. For this purpose a 3-
mm-diameter touch probe was used: and after defining the measurement plane and axis,
a spacing of 0.5 mm used between the individual measurement points as well as from
the perimeter, in both directions on the sample surface.

The displacement data of both cut surfaces/halves of the sample were post
processed for data aligning, cleaning, flattening and smoothing using Matlab [25]. The
data smoothing was performed with a cubic spline of knot spacing of 5.5 mm for both X
& Y directions. The surface displacement data for this sample showed a smooth
variation so a relatively large spline knot spacing could be used. A cubic spline function
yields better fitting/smoothing than a quadratic function, for example. The finite
element (FE) model was built from the measured perimeter of the sample. An 8-node
brick element (C3D8R) of the Abaqus software was selected. The mesh size of the FE
model was set to be uniform on the cut surface: i.e., 0.5 mm. The smoothed
displacement data with a reverse sign were then applied as the displacement boundary
conditions to the model surface. Constraints were applied to the model to avoid rigid

body motion. A linear-elastic FE analysis with the bulk material properties (as per ASM



Aerospace Specification Metals, Inc.) was performed to obtain the stress results:
modulus of elasticity E = 114 GPa; Poisson’s ratio v = 0.342.

For numerical simulation, a constant, orthotropic, inherent strain was calibrated on the
observed part distortion, and the application was done layer-by-layer according to the
mechanical layer equivalent approach [26]. A spatial discretization similar to the
contour method FE model was used, except that the mesh chosen was slightly coarser
and the theoretical symmetry of the geometry was used to model only half of the
sample. The smallest elements were 2 x 2 x 2 mm?3 and the coarsest 10 x 10 x 2 mm?,
as the deposited layer thickness was 2 mm. A linear transient simulation with the
sleeping elements was performed. In this approach there is no adding of the elements to
the model matrix during the simulation, but rather the elements are given a negligible
stiffness until “woken up” by the depositing of their layer. This approach has clear
advantages when simulating the processes in which the only controlled quantity is the
volume of the deposited material over time. Indeed in WFAM, the key controlled
quantity is the material flux and the thickness of a layer. In case a workpiece deforms
in the build-direction during a WFAM process, the next layer deposited will tend to
follow this contour. A sleeping-element-approach is a way to approximate this with a
low modelling effort. An elasto-plastic material model was used to simulate the stress
field.

The above approach is a rapid and robust method, although likely less accurate
than the higher fidelity thermo-mechanical approaches. The current approach is of much
greater value to industry as it does not require the same costly material data and the
modelling effort or run time. Also it does not require knowledge of the process

parameters such as speed, power, etc.

Results

The averaged surface displacement profile of the Ti-6Al-4V sample is shown in Figure
3. The figure shows the relaxed surface contours as a consequence of the stress relief
after cutting. The substrate of the sample was excessively pre-heated near the interface
and therefore high displacements are seen in this region, reflecting a high level of
residual stress. For spline smoothing a rectangular grid of the data was used. Therefore

the averaged displacement data was in a rectangular grid. The data shown in Figure 4



were carefully extracted from this grid. The plotted data are up to the top of the deposit,
however the round profile of the deposit top and wavy profile of the deposit sides could

not be extracted precisely.
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Figure 3. Averaged surface displacement profile of the sample

The contour stress map for the sample is shown in Figure 4. The highest tensile residual
stress is seen in the substrate near to the root of the deposit, which occurred due to pre-
heating of the sample substrate. Figure 5 illustrates these locations. The peak
compressive residual stress is also seen in the substrate, below the tensile stress region.
As a whole the tensile residual stress was accumulated near to the root of the deposit

(i.e., around the interface of the substrate and the deposit).
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Figure 4. Contour stress map of WFAM titanium (Ti-6Al-4V) sample (Stress values

are in MPa)
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Locations of highest tensile residual stress

Figure 5. Locations of the highest tensile residual stress in the sample (Note: The
colour of the WEDM cut surface shows the effect of the ultrasonic cleaning which
removed the debris deposited from the cutting chamber)

For a comparison of the stress distribution in the sample, a number of lines/locations

were identified as shown in Figure 6.

645

Figure 6. Locations and directions of stress line profiles for the sample (Diagram
not to scale)

The axis for the lines drawn in Figure 6 is as below:

Line 1: along X-axis & at Y =1 mm; Line 2: along X-axis & at Y =10 mm,;
Line 3: along X-axis & at Y =19 mm; Line 4: along Y-axis & at X =40 mm,;
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Line 5: along Y-axis & at X = 45 mm; Line 6: along Y-axis & at X = 35 mm
Figure 7(a) shows the stress line profiles for the sample along lines 1, 2 & 3 (as per
Figure 6). These lines show the stress distribution at the edges and middle of the
substrate. We can see that in the substrate near to the deposit the stresses are tensile and
high in magnitude whereas at the-mid location of the substrate the stresses are mainly
compressive. The stress distribution along line 3 mainly shows the influence of pre-
heating the sample substrate. The stress line profiles for the sample along lines 4,5 & 6
(as per Figure 6) are shown in Figure 7(b). These lines show the stress distribution in
the whole sample, i.e., from the bottom of the substrate to the top of the deposit, as well
as at the middle and edges of the deposit. From this figure we can see that the tensile
residual stress is high near to the region of the start of the deposit (i.e., around the
interface of the substrate and deposit: the central portion of line 3, and lines 4,5 & 6
around Y =19 mm). From the middle towards the top of the deposit the tensile residual
stress decreases and becomes compressive (lines 4, 5, 6). The stress line profile at the
mid-location of the deposit (line 4) is slightly different compared to the edge locations
(lines 5 & 6): it is more tensile in the centre region compared to the edges. The stress

line profiles however along the edges of the deposit (lines 5 & 6) are more or less

identical.
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Figure 7. Stress lines profile for the sample along (a) Line 1, 2 & 3, and (b) Line 4, 5

& 6, as shown in figure 6

The residual stress predicted with the numerical simulation (inherent strain-based
method) is shown in Figure 8, which also gives a direct comparison with the contour
method results. The numerical simulation showed peak tensile residual stress at the root
of the deposit. The tensile residual stresses then reduced towards the top of the deposit
and at the top of the deposit the stress state was compressive. A similar situation can be
seen from the contour method results except for at the root of the deposit. The pre-
heating the sample substrate and the heat affected zone of the initial deposited layers
has altered the local residual stress state at & around of the root of the deposit, as
confirmed by the contour method results, but this was not reflected in the modelling
approach, hence the discrepancy. The numerical simulation results also showed that the
top of the sample substrate has higher compressive residual stress as compared to the
bottom. A similar case is seen for the contour method results, except for the top of the
sample substrate which was affected by the excessive pre-heating and the heat-affected

zone from the initial deposited layers.
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Figure 8. Predicted residual stress (left) compared to the measured contour
method results (right). In both cases, the out-of-plane stress component o is
given. (Stress values are in MPa)

Figure 9 shows the predicted residual stress profiles along lines 1, 2, 3 & 4 (as per
Figure 6), compared to the contour method results. Lines 1, 2 & 3 show the stress
distribution in the substrate, from bottom (line 1) to top (line 3). The residual stress
profile obtained from both approaches shows a discrepancy at the root of the deposit,
where there is high variation between the stress magnitudes. Apart from the root of the
deposit, a better correlation is achieved between two approaches. Note that due to

symmetric stress profile of the simulation results only half data is plotted.
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Figure 9. Comparison of residual stress line profiles between numerical simulation

and contour method for (a) Line 1, 2 & 3, and (b) Line 4, as shown in figure 6
Discussion
The contour method measurement of the WFAM titanium (Ti-6Al-4V) sample showed

a tensile residual stress magnitude of about 360 MPa around the interface of the

15



substrate and deposit. Moving towards the top of the deposit, at its centre location, the
tensile residual stress decreased and becomes compressive (about —100 MPa). Highest
compressive stress was seen in the substrate (up to about —280 MPa). Pre-heating the
sample substrate at a higher temperature resultantly developed high tensile residual
stresses in the substrate. However, the pre-heating may have eliminated the high tensile
residual stresses in the initial deposited layers [5]. The gradient in the tensile residual
stress and generation of the compressive residual stress towards the top of the deposit
has also been noted previously [5]. A good correlation has been reported in the literature
between the results obtained from the contour method and neutron diffraction in the
deposit for the WFAM titanium alloy; however in the substrate the correlation was not
good [5]. A numerical simulation predicted the tensile residual stress at and around the
interface. In-addition, the effect of pre-heating passes on the residual stress distribution
was predicted in electron-beam additively manufactured Ti-6Al-4V build plates [27]. In
that study it was found that the tensile residual stresses have highly relaxed in the
substrate after pre-heating, whereas a relatively small change in the stress distribution
was achieved in the deposit. Neutron diffraction measurement of the wire + arc
additively manufactured steel samples showed high tensile residual stresses at the
interface of the deposit and substrate which were reduced after the application of rolling
[28].

At the root of the deposit, there is a large discrepancy between the results obtained from
the present numerical simulation (with the simple and robust inherent strain method)
and the measurement. After investigation, this turned out to be due to the pre-heat pass
performed in the real build. As it was not explicitly specified, and therefore was not
accounted for in the simulation, which used a constant inherent strain throughout the
entire part. Other than that, the distribution and even the magnitude of residual stress is
well captured by the numerical simulation. It is seen that the peak tensile residual stress
has shifted to the substrate from the root of the deposit after pre-heating. This also
highlights the importance of pre-heating temperature and its subsequent impact on the

residual stress distribution in the sample.

Conclusions
Residual stresses were estimated in a wire-feed additively manufactured titanium alloy

component using numerical simulation (an inherent-strain-based approach) and
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experimentally with the contour method. The sample was of T-shape geometry and the

deposit was made on a titanium substrate. The key conclusions drawn from this study

are as follows:

The contour method measurement showed that the wire-feed additive
manufacturing of the titanium alloy component caused high tensile residual
stress at and around the interface between the substrate and deposit. High
compressive residual stress was seen deeper in the substrate.

The overall correlation of numerical simulation with the contour method was
found to be satisfactory for certain industrial applications, where speed and
robustness are more important than precision.

Numerical prediction and the contour method measurement did not agree well
locally at and near the interface of the substrate and deposit. This is due to the
pre-heating of the sample substrate, which was not accounted for the simulation,
as it used a constant inherent strain throughout the part.

The pre-heating of the sample substrate developed peak tensile residual stress
(about 360 MPa) in the substrate at near the edge of the start location of the
deposit, which was measured by the contour method. On the other hand, the pre-
heating may have reduced the magnitude of the tensile residual stress in the
deposit.
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Figure 1. Wire feed additively manufactured titanium (Ti-6Al-4V) sample (a)
Photo; & (b) Dimensions of the sample cut surface (all dimensions are in mm)
Figure 2. Schematic of clamping arrangement used during additive manufacturing
Figure 3. Averaged surface displacement profile of the sample

Figure 4. Contour stress map of WFAM titanium (Ti-6Al-4V) sample (Stress values
are in MPa)

Figure 5. Locations of the highest tensile residual stress in the sample (Note: The
colour of the WEDM cut surface shows the effect of the ultrasonic cleaning which
removed the debris deposited from the cutting chamber)

Figure 6. Locations and directions of stress line profiles for the sample (Diagram
not to scale)

Figure 7. Stress lines profile for the sample along (a) Line 1, 2 & 3, and (b) Line 4, 5
& 6, as shown in Figure 6

Figure 8. Predicted residual stress (left) compared to the measured contour
method results (right). In both cases, the out-of-plane stress component oz is
given. (Stress values are in MPa)

Figure 9. Comparison of residual stress line profiles between numerical simulation

and contour method for (a) Line 1, 2 & 3, and (b) Line 4, as shown in figure 6
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