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Abstract: Additive manufacturing has been gaining popu-
larity in many industries and has made significant growth
over the last 5 years. Many industries use additive manu-
facturing three-dimensional (3D) printing to produce com-
plex shape objects that is a challenge to be manufactured
by casting or conventional methods. In this study, the
impact of heat treatment and build orientation is exam-
ined for the mechanical characteristics of 3D-printed parts.
The study used samples constructed of titanium alloy Ti-
6A1-4V, which is frequently used in AM applications. The
parts were printed at various build orientations such as 0°,
45°, and 90°. Following printing, the samples underwent
four distinct heat-treatments at 0, 700, 800, and 900°C.
The variation in mechanical properties (Young’s modulus,
strain-stress, and tensile strength) has been monitored to
determine the best heat treatment and tilt orientation to
obtain the best mechanical properties. These findings pro-
vide a systematic analysis and support the 3D printing of
the parts used with a desired mechanical strength.
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1 Introduction

3D printing conditions can considerably impact the quality,
accuracy, and reliability of printed parts [1-4]. Specific
printing configurations can vary depending on the printer
model, material, and desired impact [5,6]. Three-dimen-
sional (3D) printing has become a game-changer in various
industries like healthcare, aerospace, automotive, and
manufacturing. It is known for its ability to produce com-
plex shapes and custom parts with precision, making it a
popular choice for modelling and finished products. How-
ever, the building orientation of the object on the build
plate plays a crucial role in achieving the desired quality
and precision of the printed object. Building orientation
refers to the angle and direction of the object on the build
plate, and it affects the strength, surface quality, and pre-
cision of the finished product [7]. To achieve this, a heat
treatment procedure is often used as a post-processing
step. This involves heating the object to a specific tempera-
ture, holding it at that temperature for a certain period of
time, and then cooling it down. By doing this, we can
change the object’s microstructure, which can improve its
strength, ductility, and toughness [8,9]. Eryildiz et al. in their
research studies clearly shows the variations in the ulti-
mate tensile strength (UTS) and percentage of maximum
elongation. Seven samples at different temperatures are
used for the experimentation [10]. At the no heating or
the built-in conditions, the UTS and yield strength (YS)
are given as 1,191 and 908 MPa, respectively. As the tem-
perature rises from 450 to 550°C the UTS increases the
values to 1,198, 1,211, and 1,220 MPa, respectively. Similarly,
the YS increases to 863, 890, and 917 MPa, respectively.
Then, as the temperature rises to 600 and 650°C it shows
a significant dip in the UTS and YS values as 1,167, 1,117, 886,
and 879 MPa, respectively. On the other hand, the rate
of elongation continuously increases as the temperature
increases from 9.2 to 12.3%. It is evident that the optimum
temperature at which it shows the maximum stress—strain
values is at 550°C. After this temperature, the sample shows
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a significant dip in the values of both stress and strain.
So, up to a certain temperature, the positive hike is clear
and after that the stress and strain will decrease in the
Ti-6Al-4V [11]. Zhilyaev et al. correlated the relationship
between stress and strain relation at various post-heat
treatment temperatures [12]. The effect of cooling the
heated sample at various temperatures and by various
cooling methods is clearly stated and studied in the pre-
vious research [13]. The ideal post-heat treatment candi-
date was found to be the solid solution, which was heated
at 800°C for 2h followed by water cooling plus aging at
500°C for 4 h followed by furnace cooling because it increased
YS and UTS by 3.33 and 12.85%, respectively, while the tensile
fracture elongation (EL) decreased by 3.37% in comparison
to the samples that were not heated [14]. The maximum
strain attained was at the time of post-heat treatment at
800°C for a period of 2h with air cooling. But when the
time of heat treatment was extended to 4 h, the strain tends
to suddenly decrease but shows a hike in strength. This has
opted as the optimum post-heat treatment temperature for
the Ti-6Al-4V alloy to provide the maximum strength among
all the heat treatment conditions. In contrast, in case of
furnace cooling for the titanium alloy, the heating for
800°C for 2h and 500°C for 4 h do not show any significant
variation in the strain and is considered too minimal. How-
ever, heating for a long time at a less temperature tends to
show an increase in the strength of the titanium alloy,
rather than providing a high temperature for a short period
of time. After a certain limit of increase in strength when the
heating continues, it shows a sudden dip in the strength of
the alloy. Gorji et al in their research reported the particle
size distribution of 316L powders used in 3D printing using
tomography and microscopy, and nanoindentation [15].

In this study, 3D printed parts were manufactured at
different tilt angles and were heat-treated at different tem-
peratures. The parts were subject to ultimate tensile testing,
strain-stress analysis, Young’s modulus measurements, and
surface roughness analysis both before and after heat treat-
ment at various temperature levels. These comprehensive
results provide a methodical assessment that supports the
use of 3D printing to achieve desired mechanical strength in
the fabricated components.

2 Experimental methodology

Based on the required parameters and print conditions as
stated in Table 1, an EOS printer was used, and the 3D-
printed parts are produced using Ti-6Al-4V alloy. The laser
power was set at 160 W. The thickness of each layer is set to
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Table 1: 3D Printing parameters used to print the parts

Print conditions Parameters
Laser power (W) 160

Layer thickness (um) 60

Point distance (um) 40

Exposure time (ys) 180

Hatch spacing (um) 90

Scan speed (mm/s) 220

Oxygen concentration (%) 0.1

Laser spot size (um) 75

be 60 pm. The point distance that is the distance from the
printing bed and the laser source is set to be 40 um, this
distance should be properly maintained to get the desired
characteristics for the product. The laser exposure time is
set to be 180 us as increasing or decreasing the time may
affect the quality of the printed part. The hatch spacing or
the distance between each layer is set to be 90 um. To
obtain the desired shape as per the pre-designed pro-
gramme, the scan speed is set to be 220 mm/s. The oxygen
concentration is a vital component that needs to be prop-
erly maintained throughout the 3D printing process, and in
this case, the oxygen concentration is set to be 0.1%. The
laser spot size determines the amount of area in which the
energy needs to be dissipated and, in this case, it is set as
75 pm. All these print conditions need to be properly main-
tained throughout the 3D printing process so that the
decided characteristic of the product printed with titanium
powder can be attained. All the physical and mechanical
properties are thus studied based on the above pre-set
conditions and temperature ranges. The parts were stan-
dard tensile test bars as shown in Figure 1.

e =(° © =45° e =90°

Figure 1: The tensile test bars printed at different build orientations.
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3 Results and discussion

The following results are obtained after the experimenta-
tion using the alloy printed parts at various temperatures
and build orientations.

3.1 Build orientation (8)

The overall quality, mechanical characteristics, and func-
tionality of printed products are significantly influenced by
the construction orientation of the individual elements.
The orientation in which a 3D printed part is placed
or layered during the additive manufacturing process is
called the build orientation. It entails how the part is posi-
tioned in relation to the build plate or printing platform.
The SEM images taken from the parts printed at different
build orientation has been shown in Figure 2. These images
were processed by Image] [16-18]. Certain conclusions
about the microstructural properties can be obtained by
processing the SEM images.

Figure 3 shows the directionality histograms of the
tensile bars printed at three different tilt orientations.
The part printed at 90° orientation has shown less varia-
tion for a wider range of directions and therefore, is the
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best orientation to print the samples. The horizontally
placed sample at 0° shows most variation at 0 direction
and thus would negatively influence the mechanical prop-
erties of the sample.

3.2 Relationship between built orientation
and surface roughness

Unevenness and deviations in a surface’s texture can be
referred to as surface roughness. Surface roughness is a
key factor in influencing the quality and usefulness of the
printed object when utilizing titanium powder for 3D
printing of the parts especially for biomedical applications
and aviation industry. Figure 4 shows the variation in sur-
face roughness (obtained by AFM) at various build orienta-
tion angles for the 3D-printed parts.

It is understood that the surface roughness will be
maximum at 0° printing angle which is 29 um. At 45°
printing angle, the surface roughness will be 6.5 um and
it will be the least roughness (0.4 um) for parts printed
vertically at 90° angle. At 0° and 45° tilt angles, the deposi-
tion of the melted particle will be uneven, and this may
cause an increase in the surface roughness. So, in order to
achieve a printed part with minimum surface roughness,

Figure 2: SEM image of the sample printed at 6 = 0°, 45°, and 90° build orientations.
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Figure 3: Directionality histogram for the tensile bars printed at 0°, 45°, and 90° tilt orientations.
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Figure 4: Variation in surface roughness vs the build tilt angle.

the build orientation should be selected as 90° to reduce
the uneven melting of the particles and improved solidifi-
cation post-print. At 0° and 45° tilt angles, the surface
roughness tends to be higher compared to other angles
due to the printing process’s inherent characteristics and
the orientation of the layers when utilizing titanium powder
for 3D printing. At 0° and 45° angles, the layering of the
material might result in a greater tendency for stair-step-
ping effects or unevenness between layers. This can cause
an increased surface roughness due to the way the material
is deposited and solidified in these orientations. Depending
on the specific 3D printing technique used, supports might
be needed to maintain stability during printing. At certain
angles, such as 0° and 45°, the requirement for additional
supports or the way they are applied might contribute to
increased surface roughness. The angle of deposition at 0°

and 45° could lead to a higher likelihood of material accu-
mulation or uneven distribution, resulting in a rougher sur-
face finish compared to other angles. The tool path followed
by the 3D printer’s nozzle or laser might be less optimized or
less efficient at these angles, affecting the uniformity of
material application and consequently causing higher sur-
face roughness. The variations in surface roughness based
on different build orientation angles in the 3D printing pro-
cess are crucial to understand for industries like biomedical
applications and aviation where surface quality directly
impacts the functionality and reliability of the printed parts.

3.3 Build orientation, Young’s modulus,
and UTS

The build orientation in 3D printing defines the direction in
which the material is arranged in layers all through the
printing process. For titanium alloy, the connection between
Young’s modulus and UTS might change depending on its
building orientation during 3D printing [19,20]. The elastic
modulus, commonly referred to as Young’s modulus (E,), is a
measurement of a material’s stiffness or rigidity. It reflects
the ability of a substance to endure temporary deformation
caused by an applied load [21]. The maximum stress a mate-
rial can withstand before breaking under tension is known
as UTS. The values obtained during the experimentation are
provided below.

Figure 5 shows the variation in Young’s modulus in
relation to build orientation at 0°, 45°, and 90°. The printing
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Figure 5: Variation in Young’s modulus of the parts printed at different
tilt orientations.

angle of 0° resulted in a E; of 116 GPa. This suggests that the
object printed at a flat orientation is stiffer material since
E, evaluates a material’s stiffness or rigidity [21]. The value
indicated on the graph at a 45° printing angle is 120 GPa.
This implies that the object’s stiffness rises to 120 GPa when
it is constructed with a 45° orientation. This angle intro-
duces some diagonal arrangement in the printed layers,
perhaps affecting the material’s mechanical properties.
Finally, the noted value on the graph is 112GPa at a
printing angle of 90°. This shows that the object’s rigidity
drops to 112 GPa when it is constructed vertically. Com-
paring the vertical layer arrangement to flat or diagonal
orientations may reveal a distinct mechanical behaviour.
According to the information provided in the graph, it can
be seen that the build orientation affects how rigid the
printed object is. The 45° orientation results in the most
rigidity, whereas the vertical (90°) orientation results in the
lowest stiffness. According to these results, the object’s
printing angle significantly affects its mechanical charac-
teristics, particularly its Young’s modulus. The increase in
stiffness to 120 GPa when the object is constructed with a
45° orientation compared to the 0° orientation (which had
a stiffness of 116 GPa) could be attributed to the following
factors: At a 45° printing angle, the layers are arranged
diagonally. This diagonal arrangement introduces a dif-
ferent distribution of stresses across the printed layers
compared to the flat (0°) orientation. The diagonal arrange-
ment might create a more interlocked or supportive struc-
ture, potentially enhancing the material’s stiffness. The
diagonal layering at 45° could distribute applied loads
more evenly throughout the structure compared to the
flat orientation, resulting in an increased resistance to
deformation and higher stiffness. The orientation at 45°
might promote better interlayer bonding or increased con-
tact area between adjacent layers, thereby improving the
material’s overall stiffness. The diagonal orientation might
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facilitate specific grain development or structural align-
ments within the printed material that contribute to increased
stiffness compared to the 0° orientation. The 45° orientation
might align stress lines more favourably, minimizing the pro-
pagation of stress through the material, thus enhancing its
stiffness. These factors collectively suggest that the diagonal
orientation at 45° introduces certain structural elements or
load-bearing configurations that result in a higher Young’s
modulus (stiffness) of 120 GPa compared to the flat (0°) orien-
tation. The changes in layer arrangement and stress distribu-
tion likely play a significant role in influencing the mechanical
behaviour of the printed object, resulting in varying stiffness
based on different build orientations.

Figure 6 shows the variation in UTS vs the build orien-
tation of the titanium printed parts. Parts printed at three
build orientations of 0°, 45°, and 90° have been tested. The
utmost stress a material can endure before breaking under
strain is referred to as UTS. In this instance, the stronger
the material, the higher the UTS [22]. The material has an
UTS of 1,150 MPa at a 0° build orientation. This shows that
the material has great strength under tension when con-
structed with the layers aligned in a 0° direction. The UTS
drops significantly to 1,120 MPa at 45° build orientation.
This implies that the material’s strength under strain is
slightly decreased when the layers are aligned at a 45°
tilt as opposed to a 0° horizontal orientation. The maximal
tensile strength rises to 1,200 MPa at a 90° tilt orientation.
This suggests that the material obtains some additional
strength under stress compared to 0° and 45° orientation
when the layers are oriented perpendicular to the loading
direction (90°).

1210

1200 1200

1190

1180

1170

1150

1160

1150

1140 1120

Ultimate Tensile Stress(MPa)

1130
1120

1110
0 10 20 30 40 50 60 70 80 90 100

Tilt(")

Figure 6: Variation in UTS by tilt of the part.
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3.4 E, and UTS at various heat treatment
temperatures

In the context of titanium 3D printing, multiple factors,
including the heat treatment temperature, may influence
the relationship between E; and UTS. In this section, all the
parts printed at different build orientations (tilt) and tested
for different heat treatment temperatures are described.
The relation between heating temperature and Young’s
modulus is shown in Figure 7. A measurement of a mate-
rial’s stiffness or rigidity is said to be Young’s modulus. It
determines how much strain (deformation) a material
experiences in response to a specific quantity of stress
(force).

Specific points of interest are shown by the marked
values on the graph. Young’s modulus at 700°C is 112 GPa
and rises to 120 GPa at 800°C and finally, decreases again
to 110 GPa at 900°C. We can infer from this knowledge
that Young’s modulus, a measure of a material’s stiffness,
changes as the heating temperature rises. The material has
arigidity of 112 GPa at 700°C. The rigidity rises to 120 GPa as
the temperature reaches 800°C. However, the rigidity mar-
ginally falls to 110 GPa at 900°C. The relationship between
heating temperature and Young’s modulus is that raising
the heating temperature generally improves the material’s
stiffness. The fact that stiffness decreased as the tempera-
ture rises from 800 to 900°C suggests that overheating the
parts may have an adverse impact on stiffness.

Figure 8 shows the correlation between the final ten-
sile strength of the printed parts and the heating tempera-
ture. The UTS slightly decreases from 1,050 to 1,045 MPa as
the heating temperature rises from 700 to 800°C. The UTS,
however, dramatically increases to 1,070 MPa when the
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Figure 7: Variation in Young’s Modulus of the printed parts after post-
printing heating at different temperatures.
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Figure 8: Variation in UTS due to post-printing heating temperature.

heating temperature is raised to 900°C. The substance
has an UTS of 1,050 MPa at 700°C. This number represents
the highest stress that a material can withstand before
breaking or deforming in the presence of a tensile force.
The material is suitable for applications needing strong
structural integrity since a higher tensile strength indicates
that it is more resistant to pulling forces. The UTS slightly
reduces to 1,045MPa at 800°C heating temperature. This
modest loss in strength indicates that the material degrades
or changes to some extent when the temperature rises. The
material’s UTS increases noticeably, reaching 1,070 MPa at
the greatest heating temperature of 900°C. This increase in
strength suggests that at certain temperatures, the material
goes through a transition or strengthening mechanism.
It could be explained by elements like enhanced atomic
bonding, grain development, or a phase shift that improves
the material’s overall mechanical properties. Therefore, the
heating temperature significantly affects the material’s UTS.
As the temperature increases from 700 to 800°C, the strength
shows a minor decrease followed by a significant increase at
900°C [23]. The modest loss in UTS to 1,045 MPa at 800°C
heating temperature indicates that the material undergoes
some level of degradation or alteration when subjected to
higher temperatures. This decrease in strength suggests
that, at 800°C, certain changes or reactions occur within
the material that affect its structural properties. The factors
contributing to this slight reduction in UTS could include the
following: Higher temperature might cause thermal degra-
dation or chemical changes in the material, leading to a
weakening of the atomic or molecular structure, which sub-
sequently results in a reduction in tensile strength. Elevated
temperatures can induce changes in the microstructure of
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the material, such as grain growth, defects, or alterations in
atomic arrangement, which can impact its mechanical prop-
erties, including tensile strength. The material might undergo a
phase transformation or transition at 800°C, altering its crystal
structure or arrangement, thereby affecting its mechanical
behaviour and resulting in a slight decrease in UTS. The
increased thermal energy at 800°C might cause a decrease in
atomic bonding strength, resulting in a minor reduction in the
material’s tensile strength. The decrease in UTS from 1,050 MPa
at 700°C to 1,045MPa at 800°C indicates that the material
experiences some changes or degradation at this temperature,
although the effect is relatively modest compared to the sub-
sequent substantial increase observed at 900°C.

3.5 Stress-strain and heat treatment
temperature

Stress is a measurement of the internal forces that external
loads or forces have on a material. It displays the magni-
tude of the force per unit area acting on the cross-sectional
area of the material. Depending on the type of applied
pressure, stress can be divided into several types, such as
tensile stress, compressive stress, shear stress, and more
[24,25]. On the other hand, strain is a measurement of the
lengthening or distortion that takes place in a material as a
response of stress. It measures the proportionate change in
the material’s size or form because of external forces.
Strain is a dimensionless quantity that can be stated as a
ratio or percentage. It shows how much the material’s
length or size has changed in relation to the direction of
the applied force.

Figure 9 shows the relationship between the stress and
strain at various heating temperatures. It is clearly seen

700°C

800 °C
140
]
~ 900 °C
1)
g S
— No heating

0 0.05 0.1 0.15 0.2 0.25 03

Strain (%)

Figure 9: The relation between stress and strain at various post-printing
heating temperatures.
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that at various temperatures, the sample is reacting differ-
ently within each range of temperature. As per the values
obtained during the experimentation, the sample at no
heating condition shows minimal stress—strain variations
as compared to the other temperature ranges. It is signifi-
cant to highlight that the stress and strain relationship does
not consider variables like temperature effects, thermal
expansion, or time-dependent behaviour, which may be
relevant under different circumstances when there is no
heating. When a sample is subjected to no heating or
ambient temperature conditions, it tends to exhibit minimal
stress—strain variations due to several reasons, at ambient
or room temperature, the material properties remain rela-
tively stable and uniform throughout the sample. The absence
of elevated temperatures means that the material’s internal
structure remains unchanged, leading to consistent beha-
viour in stress and strain responses. Without any heating,
there are no thermal gradients or alterations in the material’s
microstructure, which often cause variations in mechanical
properties. The absence of these thermal effects maintains the
material’s integrity and consistency in stress-strain beha-
viour. Heating typically leads to thermal expansion or con-
traction within the material, which can introduce stress
points or induce changes in the sample’s dimensions. In a
no-heating scenario, the absence of thermal fluctuations pre-
vents these variations, resulting in minimal stress—strain
changes. When testing samples at room temperature or in
a controlled environment without heating, the consistent
and stable conditions contribute to minimal fluctuations in
stress and strain, allowing for more predictable and uniform
mechanical responses. Without external factors like high tem-
peratures, the sample remains in a relatively static state,
reducing the likelihood of dynamic changes in the material’s
properties, and hence, minimizing stress—strain variations. In
summary, no heating conditions maintain the material in a
stable state, preserving its structural integrity and uniformity,
resulting in minimal stress—strain variations during testing.
This stability provides a baseline understanding of the mate-
rial’s mechanical behaviour under standard or ambient tem-
perature conditions.

Table 2 presents all the measurements repeated on the
samples after heat-treatment at different temperatures.
The trend is not different when the experiments are
repeated. The mechanical reaction of a material to external
forces within its elastic range is described by stress and
strain at no heating circumstances. At 700°C, the stress—
strain relation shows its maximum values at the experi-
mentation stage. Starting from 565.02 MPa stress at 0 strain
and slowly increases to 1853.57 MPa at 0.3% strain and
decreases to 1683.1 MPa. On the other hand, at 800°C the
stress—strain relation starts at a very low value of
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Table 2: Experimental values of stress and strain at various heating
temperatures

Strain Stress (%), no Stress (%) Stress (%) Stress (%)
(MPa) heating at 700°C at 800°C at 900°C
0 47.83277 565.02 17.94 23.92
0 346.7864 1061.29 517.19 508.22
0 726.4575 1464.87 908.82 825.11
0.1 872.9448 1677.13 1303.44 1091.18
0.1 905.8297 1736.92 1431.99 1156.95
0.1 902.8402 1751.87 1452.91 1133.03
0.2 932.7355 1826.61 1467.86 1162.93
0.2 917.7878 1853.51 1512.71 1180.87
0.3 941.7041 1838.57 1533.63 1189.84
0.3 810.1645 1683.11 1509.72 1052.32
0.3 1145.79 1683.11 1210.76 914.8

17.94 MPa which then subsequently shows a rise to a max-
imum of 1509.72 MPa and gradually decreases to 1210.76 MPa.
Moreover, at 900°C, the value of stress is 23.92 MPa at 0 strain
and it also shows a gradual hike to 1189.84 MPa at a higher
strain of 0.3% and then falls to a value of 914.80 MPa. Thus, for
the parts printed using titanium powder, it can be concluded
that at 900°C, there is a minimum variation in stress and
strain. Thus, it will be subjected to more deformation at
this temperature. But when not heated it shows the least
deformation values. At 700°C, it shows that the particle can
withstand more deformation when subjected to mechanical
testing. As the temperature rises, the printed parts show less
strength and are highly prone to mechanical deforma-
tion [26].

4 Conclusion

Several tensile test bars were 3D printed at various tilt
orientations and were subjected to post-print heat treat-
ment. The heat-treated parts were then characterized for
surface roughness, mechanical strength, and SEM micro-
structure analysis. The UTS and Young’s modulus, surface
roughness results, and strain-stress analysis were per-
formed for the parts printed at three tilt orientations (0°,
45°, and 90°). At 0° tilt, the UTS of the part was 1,150 MPa
and shows the maximum surface roughness of 29 um and a
Young’s modulus of 116 GPa. But at 45°, the Young’s mod-
ulus reaches a maximum value of 120 GPa and the surface
roughness reduces significantly to 6.5 um. However, the 90°
tilt resulted in a better mechanical strength as UTS raised
to a high value of 1,200 MPa and very less surface rough-
ness of 0.4 um was obtained. The Young’s modulus value
is also at the lowest, 112 GPa. From these results, we can
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conclude that the 90° print angle (vertical printing) is the
best printing angle at least for printing the parts from tita-
nium alloy with the given printing parameters. Furthermore,
the stress and strain are at maximum at 700°C and the UTS
and Young’s modulus values are 1,050 MPa and 112 GPa,
respectively. Finally at 900°C, the UTS value is maximum,
ie, 1,070 MPa. This material deformation at a high tempera-
ture led to a decrease in the stress-strain values which
reduce the UTS of the material. So, from this, it is evident
that titanium alloys are best suited to be heat treated for a
particular range of temperature (800°C), but when further
heated, the strength of the titanium print parts decreases.
When comparing these temperatures, the maximum value
of Young’s modulus, which is 120 GPa, showing maximum
elasticity, is obtained at 800°C . At 700°C the value is 112 GPa
and shows a surge at 800°C and then when the temperature
is increased further to 900°C, the Young’s modulus decreases
to 110 GPa. Based on the comparison with the various litera-
ture and the experimental findings, it is evident that the
stress—strain or the strain-strength relations will be positive
only up to a certain limit of temperature as in the case of the
titanium alloy. This limit depends on the size, shape, and
other physical properties of the 3D-printed object. The tita-
nium alloy can only hold stress up to a certain limit after
which the stress reduces drastically. In agreement with
other literature, we reported that the desired mechanical
properties of 3D printed parts can be attained by proper
adjustment of printing orientation and post-print heat treat-
ment temperature.
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