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Deposition patterns can significantly affect residual stress distribution in additive manufacturing pro-
cesses. In this paper, a novel pattern, the S-pattern, is proposed for the metal additive manufacturing
process. The finite element method is used to study the temperature field and the stress field of a cuboid
structure under the S-pattern and five other representative patterns: zig-zag, raster, alternate-line, in-out
spiral, and out-in spiral. The results show that the S-pattern achieves the lowest values of both equivalent
residual stress and maximum principal residual stress, and the warpage of the S-pattern is close to that
of counterparts. By analyzing the temperature and stress fields under all patterns, it is found that the
residual stress distribution is determined by the uniformity of temperature distribution which is corre-
lated with the peak temperatures of corners. The equivalent residual stress and the maximum principal
residual stress are inversely correlated with the average peak temperature and the minimum peak tem-
perature of corners, respectively. These correlations between temperature and residual stress provide an
effective approach to evaluate the residual stress of different patterns and guide the deposition process
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1. Introduction

Additive manufacturing (AM) can be used to print a product by
successively adding the material layer by layer guided by a three-
dimensional digital model [1,2]. According to the feedstock delivery
system, AM can be divided into two categories: directed energy
deposition and powder bed fusion [3]. For both processes, the pow-
der or wire is melted by a focused energy source and consolidated
rapidly [4]. Residual stress and residual deformation will inevitably
be induced by temperature gradient, which will worsen fatigue and
fracture resistance, and even lead to the failure of components [5].
As one of the key challenges in AM, residual stress is significantly
influenced by the printing process [6]. Hence, the optimization of
the printing processes for reducing residual stress and deformation
is a critical issue.

Scanning or deposition pattern has a remarkable effect on resid-
ual stress since it influences the transient temperature distribution
in the printing process greatly [7]. It is an essential and complex
issue for AM because it affects many other aspects, such as defor-
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mation, part strength, fabrication quality, and deposition efficiency.
In the present study, six representative basic patterns are used for
AM, raster, zig-zag, alternate-line, in-out spiral, out-in spiral [8],
and fractal, as shown in Fig. 1. The raster, zig-zag and alternate-
line are direction-parallel patterns, while out-in spiral and in-out
spiral are the contour-parallel patterns. The direction-parallel pat-
terns are most commonly used due to good product quality, simple
planning algorithms and wide applicability for various structures.
Among them, the raster is the most popular pattern for the directed
energy deposition process. The alternate line pattern is derived
from the raster pattern, in which the passes are alternate and the
accumulation of heat can be depressed, so that the temperature gra-
dient and the residual stress are reduced. However, it is insufficient
due to the need of the intervals between deposition passes. The
zig-zag pattern is more efficient than the raster pattern because of
fewer starts and stops of the energy source, which is the most com-
mon approach in commercial AM systems [9]. Due to the excessive
accumulation at the turning points of the patterns, precise con-
trol of process parameters is required for the zig-zag pattern [7].
In contrast, the contour-parallel patterns are continuous but they
are not suitable for filling patterns. They are not allowed to gener-
ate weave patterns which is helpful to reduce defects and improve
the strength. In order to obtain both good geometric accuracy and
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Fig. 1. Representative deposition patterns: (a) Zig-zag; (b) Raster; (c) Alternate-line; (d) Out-in spiral; (e) In-out spiral; (f) Hilbert.

high construction efficiency, the combination of contour-parallel
patterns and zig-zag pattern is developed, and the contour and zig-
zag patterns are applied to fill the internal area and the boundary
area of the part, respectively [10,11]. The fractal pattern is still at
the primary stage of the application as it is only used in the laser
process due to many corners [7].

Many researchers have studied residual stresses and warpage
under different patterns [7,[12-18,20],[12-18,20][49]]. The cuboid
structures with rectangular or square section, thin-walled,
enclosed, and cross structures were investigated, and the fac-
tors affecting residual stress and warpage were analyzed. Most
studies focused on the width-wise zig-zag, length-wise zig-zag,
out-in spiral, and in-out spiral patterns. Among direction-parallel
patterns, the width-wise zig-zag pattern showed the maximum
residual stress and distortion, while the length-wise zig-zag pattern
resulted in lower distortion due to more homogeneous tempera-
ture distribution. For contour-parallel patterns, the out-in spiral
resulted in higher residual stresses because the heat was accumu-
lated inward and concentrated in the center part as the deposition
process, while the heat dissipated outward and thus the tem-
perature distribution was more homogeneous under in-out spiral
pattern [21]. Many studies have investigated the effect of pattern
element length on the residual stress and concluded that a shorter
element could lower the residual stress and the island scanning
could reduce the residual stress and part deformation [16,22-25].
Schroffer et al. [26] proposed the island planning strategy which
achieved more homogeneous temperature and stress distributions.
Zaeh et al. [27] compared the residual stress under island, unidi-
rectional, and alternating scanning strategies and concluded that
chequerboard produced lowest residual stress. Lu et al. [28] stud-
ied the island size effect on residual stress in selective laser melting
and found that island with a dimension of 5 mm x 5 mm exhibited
lower residual stress than the islands with a dimension of 7 mm x 7
mm or 3 mm x 3 mm. Based on the island pattern, Ramos et al. [29]
proposed the intermittent strategy to control the scanning order
for the selective laser melting process, which could reduce heat
accumulation by avoiding the flowing island adjacent to the two
previous islands. Parry et al. numerally studied the effect of depo-
sition part geometry on the residual stress distribution in selective
laser melting. The results showed that when the scanning vector
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length was less than 3 mm, the laser scanning strategy played an
important role in the residual stress, while when the scanning vec-
tor length was more than 3 mm, the laser scanning strategy had
no significant effect on the residual stress. Parry et al. also con-
cluded alternate scan vector directions produced lower residual
stress, which was very useful for scanning strategy design [30,31].

Some studies have compared the residual stresses of direction-
parallel, contour-parallel, and fractal patterns. Somashekara’s [32]
work showed that the raster pattern achieved the lower residual
stresses than the spiral patterns, owing to the smaller thermal mis-
match between the deposition material and the substrate as well as
the lower secant-mismatch temperature rate at the top and bottom
surface of the substrate. Ma et al. [33] numerally studied the max-
imum deformation under zig-zag and fractal scanning patterns in
the selective laser melting process, and found the fractal scanning
pattern exhibited smaller distortion. Yu et al. [34] experimentally
studied the part distortion of raster, fractal, out-in spiral, and in-out
spiral patterns in laser solid forming. The results suggested that the
Hibert pattern possessed the lowest distortion followed by the in-
out spiral pattern. Yan [7] compared the six representative patterns
and concluded that the alternate-line pattern exhibited the mini-
mum residual stress and warpage which was mainly dependent
on the transient temperature gradients. Cheng et al. [21] evaluated
the residual stress and deformation of the island, spiral, and zig-zag
patterns with different angles of rotation in selective laser melting.
Their findings showed that the out-in scanning pattern produced
the maximum residual stress. Compared to other angles of rotation
in zig-zag patterns, the 45° inclined line zig-zag pattern attained the
lowest residual stresses and deformation. Despite those researches
on the optimal pattern for reducing residual stress, most of them
focus on the six typical patterns and the residual stress is still a
challenge for AM. None of the existing patterns can perform well in
all aspects: part strength, printing efficiency, applicability, surface
accuracy, and reducing residual stress. Moreover, the relationships
between transient temperature and residual stress are only quali-
tatively discussed to explain how the patterns affect residual stress
[7,14,17]. Ren et al. applied two criteria to evaluate the localized
and overall heat accumulation and proposed a way to find the opti-
mal scanning pattern with minimum distortion [19]. However, the
residual stress was not considered in this work. Hence new pattern
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Fig. 2. Finite element model.

possessing multiple advantages, especially minimizing the residual
stress, is required. Simple but quantitative correlations between
temperature and residual stress are highly desired for compar-
ing residual stresses under different patterns and optimizing AM
pattern for industry context.

In this paper, a novel S-pattern is proposed for reducing resid-
ual stress in metal AM based on finite element (FE) analyses. The
temperature, residual stress, and residual warpage under the new
pattern are studied and compared with the results of five typical
patterns. The correlations between the transient temperature and
resulted residual stress are established for screening the patterns.
Insection 2,a 3D thermal-mechanical model is constructed to study
the thermal field and residual stress distribution. The requirements
of a pattern planning strategy for AM and the advantages and dis-
advantages of six typical patterns are analyzed. Accordingly, the
S-pattern is proposed in section 3. Detailed results about the effect
of patterns on the transient temperature field, residual stress, and
warpage are presented in section 4. The correlation between tem-
perature and residual stress is discussed in section 5. The main
conclusions and future work are summarized in section 6.

2. Numerical methodology

Numerical modeling is a good way to study the complex thermo-
mechanical performance with relations to process [35]. In this
work, the FE method was used to scrutinize the effect of deposi-
tion patterns on the transient temperature field, residual stress,
and warpage.

The model was one square deposition layer with the dimen-
sions of 120 mm x 120 mm x 2.23 mm and a square substrate
with the dimensions of 200 mm x 200 mm x 20 mm , as shown
in Fig. 2. The deposition layer was divided into 36 x 36 x 2 ele-
ments and the average mesh size was 3.3 mm x 3.3 mm x 1.1175
mm. Relatively coarse mesh was assigned in the remaining part.
Aluminum alloy 2319 was selected in this study. The melting range
was 543-643 °C, and the mass density was assumed to be 2823
kg/m?3 and temperature independent. The temperature-dependent
material properties of AA2319, such as the thermal conductivity
coefficient, thermal expansion coefficient, temperature-dependent
yield stress, are obtained from Ref. [36,37] and presented in Fig. 3.

The wire arc additive manufacturing process was simulated in
ABAQUS 2018 and the paths of the adding material and heat input
were defined by additive manufacturing plugin [39]. The elements
are activated by the efficient method progressive element activa-
tiondnd the process is controlled by the programmed time [39].
The uncoupled thermal-mechanical analysis included two stages:
the thermal analysis and mechanical analysis. The procedure types
were heat transfer (transient) and static general, respectively. There
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Table 1
Parameters of the double-ellipsoid heat source.

ag(mm) a;(mm) b (mm) ¢ (mm)

Qw)  f e
5000 0.6 14

4 6 5 5

were many factors affecting the mignitude of residual stress, such
as heat source, welding speed, pre-heat temperature [6]. To make
the residual stress results under different patterns comparable, all
the simulations were performed under the same parameters and
the only variable was the deposition pattern.

For the thermal analysis, the element type was eight-node linear
brick (DC3D8). The conduction loss of the bottom surface is mod-
eled by an equivalent convection coefficient (123 W/m?2k) [40-42].
While the other surfaces of the model were subjected to radiation
and convection heat loss (radiation coefficient of 0.8 and convective
coefficient of 8.5 W/(m2K) [41,42]). A sufficiently long waiting time
(5000 s) was used in the cooling stage to guarantee the model to
be cooled down to room temperature naturally. The moving heat
source was a double-ellipsoid heat source [43], where af and ar
were the length of the front and the rear ellipsoid of the heat source.
b was the half width and c was the depth of the heat source. Q was
the power input. The fraction factors of the heat flux in the front
and rear parts were represented by f; and f;, respectively, and they
held the relation that f; + f; = 2. The parameter values are shown
in Tablel.

After the thermal analysis, the transient temperature field out-
put was imported into the mechanical analysis. The same FE mesh
was used while the element type changed to C3D8R. The bottom
of the substrate is mechanically fixed during the deposition pro-
cess and then released after the model has been cooled down to
room temperature to obtain the residual stress and deformation of
the part. The phase transformation and the softening effect of the
material are not considered in this model.

3. Deposition patterns in additive manufacturing

The most representative patterns used in AM are shown in
Fig. 1(a-e). An ideal pattern should perform well in many aspects.
The requirements of a pattern are summarized as follows [9].

1 Fewer pattern passes: the number of pattern passes depends on
the number of starts and stops of energy source. More starts
and stops will introduce larger cumulative deviations and lower
deposition efficiency. Therefore, to improve the surface accuracy
and deposition efficiency, the number of pattern passes should
be minimized within each layer to reduce the number of starts
and stops. With this regard a continuous pattern is preferable [9].

2 Fewer pattern elements: pattern elements are a sequence of line
segments connecting to form the pattern, depending on the num-
ber of turns. The feedstock and heat input are easily excessive at
the start and end positions of pattern elements. Excessive energy
input will lead to voids [44]. Hence, the number of pattern ele-
ments should be minimized to improve the surface accuracy and
final part quality.

3 Allowance to generate a weave pattern: the weave pattern can
be generated by the cross passes among layers, which is benefi-
cial for the component strength. The directional-parallel patterns
allow generating weave patterns by changing the deposition ori-
entation among different layers. The contour-parallel patterns
are rarely used as fill patterns because each path is directly
above each other on each layer. That can severely deteriorate
the strength of the parts [7].

4 Minimum residual stress and warpage: the patterns have a great
impact on residual stress and warpage which are the key chal-
lenges in terms of structural integrity and the final quality of
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Fig. 4. The proposed deposition pattern: S pattern (a) One layer; (b) Multi-layer.

printed components in AM. The patterns which can achieve min-
imum residual stresses and warpage are favorable.

5 Adjustable pass length: the maximum residual stress can be
reduced by shortening the length of the constituent passes of the
pattern. Hence, adjustable pass length helps to reduce residual
stress and warpage. Besides, adjustable pass length allows the
pattern to be applied in different structures.

Table 2 summarizes the advantages and disadvantages of each
pattern. As is shown, none of the existing patterns can possess all
the advantages listed above. In this work, a new pattern, which
combines multiple advantages of other existing patterns, is devel-
oped. Since the pattern is similar to the letter “S”, it is named
S-pattern, as shown in Fig. 4(a).

In Fig. 4(a), the start and end position of S pattern are marked
in green and purple points. The numbers show the segment order.
It is obvious that the S-pattern is continuous and has 13 line ele-
ments due to the turns, while the line elements numbers of the six
typical patterns in Fig. 1(a)-(f) are 8, 8, 8, 16, 16, 51, respectively.
Hence, the line element number of S-pattern is smaller than other
contour-parallel patterns, which will lead to less deposition error.
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[

b 4

Fig. 5. S pattern in the shape made up of squares and rectangles.

The S-pattern allows generating a weave pattern among different
layers, as shown in Fig. 4(b). For shapes making up of squares and
rectangles, the matching S pattern can be generated by adjusting
the length of passes and the number of turns, as shown in Fig. 5.
Besides, it should be noted that the length of the horizontal passes,
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Fig. 6. The transient temperature distributions of all patterns at the end of deposition process (unit: °C, the color scale of all subfigures is from 20 °C to 643 °C (liquidus
temperature)), (a) Zig-zag; (b) Raster; (c) Alternate-line; (d) Out-in spiral; (e) In-out spiral; (f) S.

like segments 2, 4, 6, should be consistent since the numbers of the
vertical passes around the horizontal passes are the same. However,
the S pattern is unsuitable for round, irregular, or other complex
shapes. For large sizes or complex structures, it is recommended
to divide into small squares or rectangles, then apply the S pattern
to each sub-divided region. In this work, the effect of different pat-
terns on the residual stress and warpage will be investigated. Since
fractal patterns are presently used only in selective laser sintering
[7], it is not considered.

4. Results
4.1. Transient temperature field

To study the temperature distribution history under different
patterns, the transient temperature distributions of all patterns at
the end of the deposition process are shown in Fig. 6. The grey color
shows the melting zone. It is observed that the temperature gradi-
ents are relatively high near the melting pools and the deposition
patterns have little effect on the melting pool size.

However, the deposition pattern remarkably influences the
temperature distribution. For zig-zag, raster, and alternate-line
deposition patterns (Fig. 6(a-c)), the temperature distribution
characteristics are similar since all of these patterns are direction-
parallel patterns. All of them are symmetrically distributed along
the x-direction, and the high-temperature regions are near the
bottom. The corresponding temperatures for raster and zig-zag pat-
terns are very close, while the temperatures under alternate-line
patterns are relatively high. Hence the alternate-line deposi-
tion pattern yields more uniform temperature distribution and
lower temperature gradient. Similar to alternate-line pattern, the
S-pattern (Fig. 6(f)) also achieves more uniform temperature dis-
tribution than others. It is because both alternate-line pattern
and S-pattern have good heat transfer performance. The out-in
spiral deposition pattern (Fig. 6(d)) produces a circular symme-

15

try temperature distribution and concentrates a high-temperature
area (over 400 °C) around the melting pool. Compared with other
deposition patterns, it has a more concentrated heat distribution.
The approximate diagonal symmetry temperature distribution is
shown under the in-out spiral deposition pattern (Fig. 6(e)), which
can effectively reduce the substrate distortion.

4.2. Residual stresses

In this work, the equivalent and maximum principal residual
stress (0. and o) are studied, since o is relevant to plastic yielding
and the o7 can be considered as a prime indicator of fatigue and
fracture performance [45]. Figs. 7 and 8 show the top view g, and
o1 distribution of the six deposition patterns after removing the
constrains from the substrate base.

Itis observed that, for all the patterns, the maximum o1 (01, max)
is at the edge of the square deposition area. This is because that
the cooling rate at the edge of the square deposition area is higher
than the interior and the temperature difference between the
deposition area is larger. o is usually dependent on the longi-
tudinal stress (parallel to the scan vector), which increases with
scan vector length due to the presence of the thermal gradient
parallel to the scan vector. Hence, 01, mgy is at the square deposi-
tion area instead of the substrate. However, stress concentration
happens around the four corners of the square deposition area,
which is caused by the sudden change in the geometry of the mode.
Hence, the maximum o¢ (0e max) 0ccurs near the four corners of the
square deposition area at the substrate. The stress distributions of
zig-zag (Fig. 7 and 8(a)) and raster (Fig. 7 and 8(b)) deposition pat-
terns are pretty similar. Both of them have higher residual stress
at the top. The out-in spiral (Fig. 7 and 8(d)) and in-out spiral
(Fig. 7 and 8(e)) pattern produce circular symmetry stress distri-
butions, and the residual stress of the out-in spiral is relatively
higher. The alternate-line pattern (Fig. 7 and 8(c)) and S-pattern
(Fig. 7 and 8(f)) show lower and more homogeneous residual stress
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Fig. 7. Equivalent residual stress distribution of different deposition patterns, (top view, unit: Pa), (a) Zig-zag; (b) Raster; (c) Alternate-line; (d) Out-in spiral; (e) In-out spiral;

0’s.

Table 2
Summary of AM deposition patterns.

Zig-zag Raster

Alternate-line

In-out spiral Out-in spiral Hilbert

Continuous

Less pattern elements
weave pattern
Adjustable pass length
Lower residual stress
Lower warpage

X X X 2 ()<
X X X € <. X
O & X & & x

O x X X O <
OO0 |

LAX X O
O X &

Note: ./-Positive; x-Negative; O-Medium (between the worst and best).

distributions than other patterns, in consistent with temperature
distribution.

The normalized o, and o4 along the diagonal of the top sur-
face of the deposition layer are plotted in Fig. 9. As indicated,
for all patterns, the maximum magnitudes of residual stresses
occur at both ends of the curves. For most of nodes, the S-
pattern achieves the lowest normalized residual stresses, while
the out-in spiral pattern induces the highest normalized residual
stresses.

In order to compare the maximum residual stress, the oe max
and 0 mqex from largest to smallest are summarized in Fig. 10. For
both o, and o1, the S-pattern has the minimum values. In detail,
the e, max and o mqx Of S-pattern are 10.8 %-36.9 % and 9.5 %-32.7
% lower than those of the other five patterns, respectively.

4.3. Warpage

Warpage is another major challenge in the AM process, which
can cause part distortion, loss of geometric tolerances, and cracks
[46,47]. Moreover, residual stress and warpage often occur simulta-
neously because they interact with each other. Hence, in this work,
the warpages under different patterns are also studied.

Fig. 11 shows the warpage in Z-direction under the six pat-
terns. For all patterns, the warpage at the starting deposition
position is larger due to the higher temperature gradient between
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the deposition material and the substrate at the initial position.
The warpage distribution of the zig-zag pattern and raster pat-
tern are similar and almost symmetric in the Y-direction. The
warpage distribution of the out-in spiral and in-out spiral pattern
are approximatively symmetric along the diagonal line of the sub-
strate. For the out-in spiral pattern, the displacement of the center
part is negative while the in-out spiral pattern leads to opposite
results. Smaller warpage can be found under the alternate-line
pattern, and positive and negative displacement are alternate cor-
responding to the pattern in the deposition area. For S pattern,
the warpage of four corners and the first S contour is relatively
high. Among all patterns, the in-out spiral pattern can achieve the
most homogeneous warpage, since the heat is accumulated out-
ward.

In order to compare the deformation of the substrate in Fig. 11,
the U, along the diagonal direction is normalized by the thickness of
the substrate (d) and the normalized warpage U, /d is summarized
in Fig. 12. For the center part, all the curves collapse. At the edge,
it is observed that the in-out spiral pattern achieves the minimum
normalized warpage.

The normalized warpages at both ends are added to obtain
the maximum normalized warpage Uy max/d of different patterns,
which are plotted in Fig. 13. The in-out spiral pattern can achieve
the lowest warpage, while the raster pattern produces the highest.
There is no major difference between other patterns.
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5. Discussion
5.1. Residual stress for various patterns

As abovementioned, the deposition patterns show a significant
influence on residual stress. To explore the origin of the residual
stress differences in the six patterns, the temperature and final
residual stress distribution results are analyzed from the perspec-
tive of deposition vector sequence, length and directions.

For S pattern, the prior deposition vectors (1,2,3,4,5) in Fig. 4
are more dispersed in the deposition area compared with other pat-
terns, which helps to improve the efficiency of heat diffusion due to
a greater surface area for heat dissipation. Hence the temperature
distribution is more uniform instead of heat being concentrated
in the deposition area. The prior deposition vectors (1,2,3,4,5) can
also help to quickly preheat the whole substrate and reduce the
magnitude of the temperature gradient for the next deposition
vector. Furthermore, the S pattern is a continuous contour pat-
tern, and the subsequent deposition vectors (6,7,8,9.....) are along
the previous vectors. This will also prevent the heat from get-
ting concentrated in the whole deposition process. In the same
manner, the alternate-line pattern can achieve more homogeneous
temperature distribution and lower residual stresses than other
typical patterns. For the raster, zig-zag and out-in patterns, the
subsequent deposition vectors are adjacent to the prior deposi-
tion vectors. Depending on the deposition vector sequence, the
heat accumulated at one side or the center part of the deposi-
tion area over time, as shown in Fig. 6(a), (b) and (d). For the
in-out pattern, the heat will accumulate around the edges due
to the outward deposition vectors. However, the high heat dissi-
pation efficiency at the edge will reduce heat accumulation. The
temperature distribution under the in-out pattern becomes more
uniform and thus the resultant residual stress is lower than that
of the raster, zig-zag, and out-in patterns. In conclusion, the main
reason that the S pattern can obtain the lower residual stress is
that the deposition vectors are more uniformly distributed over
time.

Parry et al. found that an increasing mean scan vector length
could raise the overall magnitude of residual stresses. This is due to
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Fig. 14. o, distribution of the substrate before removing the constraint (bottom view, unit: Pa), (a) Zig-zag; (b) Raster; (c) Alternate-line; (d) Out-in spiral; (e) In-out spiral;

Hs.

Table 3
Mean and variance of deposition vector lengths for different patterns.
Patterns Raster Zig-zag Alternate-line Out-in spiral In-out spiral S
Mean (mm) 12 12 12 6.545 6.545 7.15
Variance 0 0 0 9.840 9.840 7.028
the rise of the longitudinal stress with scan vector length, which is Moreover, the alternate directions of scan vectors can also
the main contribution to stress because of its large thermal gradi- reduce the residual stress and produce a more anisotropic stress

ent parallel to the scan vector [30,31]. However, short scan vector field in the component [31]. Compared to other patterns, the S
length might cause a heat accumulation which may lead to high pattern has a more uniform distribution of the deposition vector
residual stress locally. Hence, lower fluctuations of scan vector directions, and most of the adjacent vectors are in different direc-
length could reduce the risk of higher residual stress. The mean tions, as shown in Fig. 5. Hence, it can be expected that the alternate
and variance of deposition vector lengths for different patterns in directions of scan vectors help S pattern to achieve more anisotropic
this work are summarized in Table 3. The mean deposition vector stress field and lower residual stress.

length of the S pattern is much shorter than that of raster, zig-zag In summary, uniformly distributed deposition vector sequence,
and alternate-line patterns, which is one of the reasons why the lower mean and variance of the deposition vector length, and
residual stress of the S pattern is smaller. For out-in and in-out pat- alternate deposition vector directions favor reduced residual stress

terns, the mean deposition vector lengths are slightly smaller than within a mesoscale region.
that of S patterns. However, due to the very short deposition vec-

tors in the center, their variances are larger than that of S pattern. 5.2. Correlations between the temperature and residual stresses
This partly explains why the out-in and in-out patterns show higher
residual stress than S pattern. As mentioned before, the resulted residual stress and warpage

According to the above discussion, both the mean and variance are dependent on the temperature field. For mechanical analy-
of deposition vector lengths are important for residual stress. In sis, there are two stages: before removing the constraint and after
Parry’s work, it is recommended that to avoid the short adjacent  removing the constraint. To analyze the relationship between these
deposition vectors (< 2.5 mm) and long deposition vectors (>5 mm) two stages, the equivalent stress distributions of the substrate
inselective laser melting. It is thus recommended to divide the large under six patterns before and after removing the constraint are
structures into small islands. This can be achieved by the S pat- shown in Figs. 14 and 15. It can be found that the corresponding
tern, in which the deposition vector length is adjustable. The exact stress fields before and after removing the constraint are corre-

value of the critical deposition vector length remains to be studied lated. The more uniform the stress distribution is in Fig. 14, the
for wire arc additive manufacturing. However, it should be noted lower the residual stress is in Fig. 15. For example, the substrate

that different residual stress distribution may still occur, like out-in residual stress distribution of the S-pattern is relatively homoge-
spiral, in-out spiral or raster, alternate-line patterns, even though  peous, while a heterogeneous distribution is observed in the out-in
they possess the same mean or variance of the deposition vectors spiral pattern forming, see Fig. 14(d) and (f). After removing the
lengths. This may stem from the fact that the residual stresses are constraint, the S-pattern shows the most homogeneous distribu-

also dependent on the other factors. tion of residual stress, while the out-in spiral pattern shows the
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Fig. 16. Peak temperatures of the corners of different deposition patterns.

most non-uniform distribution of residual stress, see Fig. 15(d) and
(£).

The above analysis suggests that the final residual stress is deter-
mined by the uniformity of the stress distribution before removing
the constraint which depends on the magnitude of the edge stress
since the residual stresses in the center portion are almost equal to
the yield stress. Furthermore, the temperature distribution deter-
mines the uniformity of the stress distribution before removing the
constraint and the edge stress distribution is related to the peak
temperatures of edge nodes. Hence, the peak temperatures of the
four corners, which represent the uniformity of the temperature
distribution, can be used to analyze the residual stress distribution.

Fig. 16 summarizes the peak temperatures of the four corners
under the six different deposition patterns. The peak temperatures
of the raster is very close to that of the zig-zag, and same applies
to the out-in and in-out spiral, owing to the similar deposition pat-
terns. For raster, zig-zag and alternate-line patterns, the T‘l’ and T’ZJ
are smaller than T’; and Tﬁ, while all of the four peak temperatures
are close for out-in spiral and in-out spiral patterns. It is because

| —
(e)

Fig. 15. o, distribution of the substrate after removing the constraints (bottom view, unit: Pa), (a) Zig-zag; (s) Raster; (c) Alternate-line; (d) Out-in spiral; (e) In-out spiral;
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the contour-parallel patterns (in-out spiral, out-in spiral) can pro-
duce relatively uniform temperature distribution in all directions
while the direction-parallel patterns (raster, zig-zag, and alternate-
line) generate concentrated high temperature at one end. Since heat
accumulation in the deposition area is depressed, the peak temper-
atures under alternate-line pattern and S-pattern are higher than
those of other patterns.

To develop the relationships between the residual stress and the
peak temperatures of the corners, the average peak temperatures
and minimum peak temperatures under the different deposition
patterns are plotted in Fig. 17(a and b). It can be seen that the order
of Tp, ave and Ty, i, are opposite to that of ge, max and oy, ey (Fig. 10).
Hence 0¢ max and o1 max are inversely correlated with the average
peak temperature and the minimum peak temperature of corners,
respectively. In other words, if the pattern produces higher peak
temperature at the edge part, it will achieve lower residual stress.
The correlations provide a simple yet effective approach to com-
pare the residual stress under different patterns and guidance for
optimizing pattern to reduce residual stress, which can be easily
used in practice.

Based on the simulated thermal field, Ren et al. proposed an
evaluation method to determine the optimal scanning pattern with
minimal distortion [49]. In this method, two criteria were pro-
posed: (1) the average and maximum temperatures within the
moving melt-pool region at every unit simulation step; (2) tem-
perature distribution variance of the whole part [49]. They were
used to evaluate the extent of localized and overall heat accumula-
tion. In our work, the maximum temperatures of the four corners
of the substrate during the entire deposition process were used to
evaluate the extent of overall heat accumulation. That is to say,
the uniformity of temperature distribution of cuboid structure was
represented by the peak temperatures of the four corners. The cor-
relations between the peak temperature and the residual stress
were developed. The localized heat accumulation was not consid-
ered in this work due to its dependence on the overall temperature
distribution uniformity. It was also demonstrated in Ren’s work that
the largest value of temperature distribution variance of the whole
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Fig. 17. (a) Average and (b) minimum peak temperatures of different deposition patterns.

part was positively correlated with the largest normalized melt-
pool region mean temperature [49]. Compared with Ren’s method,
the evaluation method in our work is more straightforward and
the maximum temperatures can be easily obtained in experiments,
without simulations.

Since the heat transfer process and deposition process of
directed energy deposition are similar to those of the powder
bed additive manufacturing process, the S-pattern and correla-
tions between the peak temperature and the residual stress can
also be applied in the powder bed additive manufacturing process.
However, the correlations are limited to the cuboid structure. For
other geometries, although the residual stress distribution is also
related to the uniformity of temperature distribution, the unifor-
mity of temperature distribution should be re-evaluated, especially
for complex structures. It should be noted that this work is a the-
oretical study, and potential collaborations on the experimental
study are always welcome.

6. Conclusion

In this work, a so-called S-pattern was proposed. The residual
stress and warpage of the S-pattern and the other five typical pat-
terns were studied by the FE method. The results showed that the
S-pattern achieved the minimum residual stress including equiv-
alent residual stress and maximum principal residual stress due
to more uniformly distributed deposition vector sequence, lower
mean and variance of the deposition vector length, and alternate
deposition vector directions, while the warpage of S-pattern was
very close to the level of other patterns. In addition, the require-
ments of a pattern planning strategy for AM were summarized
and the S-pattern could combine the various advantages of exist-
ing methods, such as continuous, fewer segments, adjustable pass
length, and allowing generating a weave pattern among different
layers. The S-pattern could be used not only in the directed energy
deposition but also in the powder bed fusion additive manufactur-
ing process. Hence, the S-pattern can be considered as the optimum
one among the six deposition patterns and is promising for AM.

The residual stress distribution was determined by the unifor-
mity of temperature field, which was correlated with the peak
temperatures of corners. The equivalent residual stress and the
maximum principal residual stress were inversely correlated with
the average and the minimum peak temperature of corners, respec-
tively. The correlations provided a simple yet effective approach for
evaluating deposition patterns. Hence, the residual stress of differ-
ent patterns could be compared by analyzing the peak temperature
of the corners.
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So far, only numerical studies were performed and conclusions
were made based on the finite element analyses. In the near future,
the experimental study of the S-pattern will be planned, and the
effect of pass length of S-pattern on the residual stress should be
considered to further optimize the pattern. The residual stress and
warpage of the multi-layer model and cuboid structures with rect-
angular sections under the S-pattern will be studied.
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