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Abstract

Transient temperature history is vital in direct laser deposition (DLD) because it reveals the
cooling rate at specific temperatures, which directly relates to phase transformation and types of
microstructure formed in deposit. FEA simulation was employed to study the transient
temperature history and cooling rate at different experimental setups in Ti-48Al-2Cr-2Nb DLD
process. In this paper, an innovative model was described, which combines a moving Gaussian
distribution heat source and element birth and death technology in ANSYS, help to analysis
cooling rate control method and guide crack-free deposits build process.

1. Introduction

Dual phase gamma titanium aluminides (y-TiAl) has been seen as a promising candidate material
in high temperature aerospace and automotive gas turbine engines to replace Ni-based
superalloys for its high specific strength, high stiffness, good corrosion resistance, high creep
resistance between 600 ~ 750 °C, and oxidation resistance (Kothari et al. 2011; Guoging et al.
2011). Ingot metallurgy (IM) process followed by hot isostatic pressing (HIP) are commonly
accepted by industry for raw y-TiAl material preparation and porosities elimination before high
temperature thermos-mechanical processing (Sun et al. 2012). High production cost become a
key drawback of y-TiAl to be widely used compared to Ni-based superalloys (Kothari,
Radhakrishnan, and Wereley 2011). Also, its brittleness and low fracture toughness makes -
TiAl difficult to manufacture with conventional methods. Direct laser deposition (DLD) is a
viable and promising technology that has revolutionized manufacturing complex and hard-
manufactured material components (Yan, et al. 2015). The complexity of thermodynamics in
deposition process is critical to final part’s mechanical properties. In this paper, DLD was
utilized to build multilayer thin-wall structure with commercially available y-TiAl powder Ti-
48AL-2Cr-2Nb. A three-dimensional nonlinear finite element model of multiple layers thin-wall
structure was presented with element birth and death procedures in ANSYS. The numerical
simulation results were used to understand the formation of cracks based on phase
transformation and provide guides to build crack-free deposit.

2. Finite element modeling for DLD process

A three-dimensional finite element model was developed to simulate the DLD process using
ANSYS APDL. Element birth and death procedures were used to simulate material added
process. This model could be used to predict temperature history, cooling rate, and residual stress
during and after deposition process till cooling to room temperature.
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The final part was built with CP Ti substrate and y-TiAl thin-wall structured deposit on it. The
geometry and finite element mesh used in the model is shown in Fig. 1. The substrate has a
50mm long (L), 12.5mm wide (L,), and 6.25mm thick (L3). The deposit with 50 layers was
built on the substrate surface, each layer with a length of 20mm, a thickness of 0.1mm, and a
width of 1.8mm, which equals to the laser beam diameter. Laser transvers speed is 600 mm/min
and moves from left to right in odd number layers and from right to left in even number layers.

The finite element model was divided into different parts before meshing based on how the
sensitivity in different parts relate to the simulation results. Based on this strategy, a dense mesh
was used in the deposit locations and the locations that contact the substrate. Other parts were
meshed with a coarse mesh and the meshed model has 53716 nodes and 44960 elements totally.
This mesh strategy guaranteed the simulation accuracy and with a reasonable convergence speed.

Fig. 1 Finite element mesh to simulate a 50-layer DLD process

2.1 Mathematical model
Using FEA to simulate the temperature distribution during DLD process is the effort to
numerically solve the three dimensional heat diffusion equation (1 ):

VKV +q = pc, (1)

Where T is temperature, t is time, C,, is specific heat, p is density, k is thermal conductivity, V is
%,;—Z). In the DLD process there was no internal heat
source so g = 0. The density, thermal conductivity, and specific heat are all temperature-
dependent parameters and the latent heat effects are modeled with the specific variation as shown

in equation ( 2 ) (Toyserkani, et al. 2004).

Hamilton operator which equals to (%,

ep(T) = ¢, (T) + (2)

Tim=To

Where c;(T) is the modified specific heat, ¢, (T) is the original temperature-dependent specific

heat, L is the latent heat of fusion, T,, is the melting temperature, and T, is the ambient
temperature. Material temperature-dependent properties of Ti are as shown in Fig. 2 (Mills 2002)
and y-TiAl in Table 1 (Chen 2007).
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Thermal Conductivity, A Density, p (Kg m™)

Heat Capacity, C, (J g K")

Fig. 2 Temperature-dependent properties used for CP Ti, (a) density, (b) thermal conductivity, (c) specific heat.
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Table 1 Thermal physical parameters of TiAl at different temperatures

Temperature / °C 25 150 300 450 600 900
Young’s Modulus E / GPa 172 166.5 162 157.5 153 144
Yield Strength o, / MPa 359.9 373.7 358.9 336.7 329.3 259
Thermal Expansion 107K 1 11 11.7 12.3 13.2 14 15
Thermal Conductivity 1/ 12 14 15 17.5 21 24
Wm iK1
Specific Heat ¢, //Kg 'K ~* 400 430 465 500 520 600
Poisson’s Ratio 0.22 0.22 0.22 0.22 0.22 0.22

2.2 The element birth and death method

The finite element model uses fixed mesh size for both substrate and deposit during simulation.
To simulate the addition of material in DLD process a method call element birth and death in
ANSYS was employed. The model was built with both death and birth elements initially.
Element death means elements were given a status of deactivated by setting its stiffness to zero
but the element technically still present. Birth is to restore element’s stiffness and put it into
calculation and a status of activated. Initially elements of substrate were given a status of
activated but all the deposit elements were given a deactivated status, as the laser beam moves a
group of elements would be selected and put into activated status at the beginning of each step,
all those dynamic selection behaviors were defined with ANSYS APDL. The element birth and
death method is demonstrated in Fig. 3.

activated element  newly “birth” element “death” element

Fig. 3 Schematic of element birth and death method

2.3 Heat input, initial and boundary conditions
During DLD process, the laser beam moving along width center line back and forth. The moving

laser beam was defined as Gaussian beam, with beam diameter D at the location ofei2 and
expressed as equation ( 3 ):
—2[(x—X)2+(y—L2/2)2]/
a

I(x,y)zﬁe (/)" (3)
2T\ 2

683



Where « is power absorption coefficient and set to 0.4 for MST LAMP DLD system (Fan and

Liou 2012), P is beam power (W), D is beam diameter and was set to 1.8 mm during DLD

process, X is laser beam location along length direction and is defined by beam speed V (t)

(m/s), L and L, is dimension to determine beam starts point.

The initial condition (IC) of the numerical simulation domain was set to a uniform temperature

field that equals to ambient temperature and was set to 300 K, which defined in equation (4 ).
Tleo =Tp 0<x<L;,0<y<L,0<z<1L, (4)

The boundary conditions (BCs) for all other surfaces from both substrate and deposit at each step
with laser energy input and heat loses from convection and radiation is defined as equation ( 5)
(Wang et al. 2008):

k(VT ) 77)|n = h(T - Ta)ln + SO_(T4 - Te4)|!2 - er.QLaser (5)

Where h is convective heat transfer coefficient, T, is the ambient temperature, £ is emission
coefficient of outer surfaces, o is the Stefan-Boltzmann constant (5.67 x 1078W /m2K*), T, is
the wall temperature of the sealed chamber and set equals to T,, Q,. is the heat input from laser

beam. As new elements changed from death to birth status the outer surfaces related to boundary
conditions were updated.

3. Experimental setup and procedures

Thin-wall structured samples were fabricated with side nozzle DLD system, which includes an
argon-purged chamber, 1 kW Nd-YAG fiber laser, powder feeder, and a 3-axis numerical control
work table. Fig. 4 shows the experimental setup of the DLD system (Yan, et al. 2015).
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Fig. 4 Schematic of the DLD system

Two sets of experiment setup were used during deposition and the main difference between them
was the substrate clamp method, one has the substrate contact with steel fixture directly and the
other with insulating brick in between substrate and fixture. Fig. 5 shows the details of two
experiment setups.
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Fig. 5 Two experiment setups used, (a) without insulating brick, (b) with insulating brick

In order to keep melt pool dimension similar within each layer, some cases were pre-studied and
simulated with different laser transverse speed and laser power in order to obtain one optimized
combination of laser energy density and laser transverse speed, where energy density is defined
asp =E/L, E is input energy and [ is the distance laser beam moves within the time those
energy applied. In this study, laser transvers speed was set to 600 mm/min. Fig. 6 (a) shows how
energy density changes with layer number. The very first layer with a much higher value due to
more energy needed to generate melt pool. Fig. 6 (b) shows details of how the energy density
changes from the second layer to the fiftieth, it could be found that the curve becomes less sloped
as more layers are deposited. That is due to the slow heat transfer ability of thin-wall structure
that leads to heat accumulating in the deposit as subsequent layers are added, which cause less
input energy needed to maintain a similar melt pool size for the following layers. Also, idle time
at two ends of each layer, with reduced laser energy density, was applied in order to increase
thin-wall structure shape quality, which helped to eliminate material loss caused by moving stage
direction change and built more rectangular structure.
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Fig. 6 Energy density strategy, (a) energy density for the whole DLD process, (b) zoom out for layer 2 to 50.
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The substrate used was commercially pure grade 2 titanium plate, sold by Titanium Processing
Center. The powder used during deposition is commercially available gas atomized Ti-48Al-
2Cr-2Nb powder from ATI Powder Metals LLC. Powder characters are listed in Table 2 and
Table 3.

Table 2 Chemical Analysis of Ti-48Al-2Cr-2Nb powder (wt.%)

Ti Al Cr Nb Fe Si C )

Bal. 34.4 2.38 4.75 0.04 0.016 0.014 0.128

Table 3 Powder Sieve Analysis ASTM B214 (% Under)

US Standard Mesh -100 -140 -200 -230 -270 Apparent
Density
Opening in 150 106 75 63 53 (ASTM B212)
Microns
(g/cc)
99.9 66.2 25.5 14.7 4.0 2.20

4. Results and discussions

Deposition experiment on two sets of experiment setup were performed and FEA simulation was
employed and help to understand the transient temperature history and cooling rate under
different experiment setup.

Fig. 7 (a) and (b) shows 50-layer deposit built under different experiment setup, the first one,
which had vertical cracks, was built without insulating bricks and idle time at the two ends, the
second, which was a crack-free final part, was built with insulating bricks and idle time at the
two ends. Both deposits were well bonded with substrate as 1kw laser power was used for the
first layer. Those two deposits were cross sectioned with EDM cut, mounted, and polished
according to standard metallographic preparation of Ti-48Al. The samples were then etched by
Kroll’s reagent consisting of 92 ml distilled H20, 6 ml HNOs, and 2 ml HF to reveal different
microstructures for further analysis. Fig. 7 (c) reveals micro-cracks distributed across the whole
area of Fig. 7 (a). Fig. 7 (d) shows the microstructure of crack-free deposit showed in Fig. 7 (b)
and lamellae was the main microstructure.

@) (b)
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Fig. 7 Deposit and microstructure, (a) cracked deposit, (b) crack-free deposit, (c) micro-crack in Fig.7 (a), (d)
microstructure of crack-free deposit in Fig.7 (b).
2200 —————————————————T——— 2200 ——————T——T——T——T——T——T——7—— 18000
2100 —— W/ Insulating Brick Temperature t 2100 4 I—wrmmaumqng Brick Temperature [ 16000
2000 ’ —— WIQ Insulating Brick Ti rature |7 zmm__ — WIO Brick dT/dt
1900 3 1900 - 14000
00 ] 1800 4 L 12000
1700 p 1700 4 L
& 1600 1 16004 - 10000
St 1500 p ’--.1500‘_ - 8000
2 1200 1 14003 [ 6000 —
@ 1300 4 & 13004 L 5
@ 1200 ] 212004 4000 X
a ] 00 i 5
R L
& 1% : §1ggg~ ““““llllunuuuuu A :0 "5
e 1@ ggg_ WW—-ZUUU
s ] 600 4000
500 R iggj - -6000
400 . E i
300 £ 300 - - -8000
200 P T T | 1 I 1 I 1 L. 200 L e s e e e e e e S IS m u -10000
20 40 60 80 100 120 140 1680 180 2000 0 10 20 30 40 50 60 70 80 100
Time (s) Time (s)
(@) (b)
2200, T T T T [P S — ——. — — — | 18000
_ —— W/ Insulating Brick Tem| re | [
g;% E Wi Inaulling Brck eTidt - 16000
1900 - 14000
1800 - 12000
1700 < L
1600 4 - 10000
—~ 1500 L 8000
X 1400 4 L 6000 —
o 1300 L @
2 1200 4 L 4000 g
1100 i =
Sl o g
£ 900 -0 ©
~ 800 ;.mg
700 4 +
600 - -4000
500 4 - -6000
400 i
300 - pRY
200 —7T * T * I * T * ¢ * T * 1 * 0T ' T °' -10000
0 10 20 30 40 S50 60 70 80 90 100
Time (s)
©

Fig. 8 FEA simulation results of two experiment setup, (a) temperature cycle for mid-point of layer 2,(b)temperature

cycle and cooling rate without insulating brick,(c) temperature cycle and cooling rate with insulating brick
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Fig. 8 shows the FEA simulation results of temperature history for the middle point of layer two.
Fig. 8 (a) shows the thermal cycle with different experiment setup. Each peak indicates the laser
beam passes over the pre-defined point, from initial layer to subsequent layers. The initial peak
value is approximately 2025 K for both experiment setup and the following ten peak values are
close to each other regardless of the presence of the insulating brick. After about twenty layers,
the one with insulating brick has almost unchanged peak temperature around 1050 K but the
other one has peak temperature decrease layer by layer, which means the insulating brick is in a
sealed chamber played a furnace role and restrained heat loss via conduction to clamp fixture.

Fig. 8 (b) and (c) shows temperature cycle and temperature change rates for both experiment
setups. The positive peaks indicate heating rate which means the second layer’s mid-point is
heated up when the laser beam passes over, and the negative peaks shows a cooling rate which
shows the second layer’s mid-point cools down as laser beam passes by from the initial layer to
subsequent layers until deposition is completed. The initial maximum cooling rate for both
experiment setups are about 8340 K/s. After that, the maximum cooling rates decrease as
following layers were deposited and lead to the changes of temperature gradient become slow.
After about forty layers were deposited, deposition with an insulating brick applied has
maximum cooling rate of approximately 50 K/s and without the insulating brick of about 100
K/s. After deposition is completed, both experimental setups’ maximum cooling rate decreased
to less than 10 K/s after 100 seconds cooling. Other layers during deposition experienced similar
thermal cycle and temperate change rates as the second layer, the difference is the maximum
cooling rate for each layer’s pre-defined point decreases as subsequent layers were deposited and
it’s due to the integrated heat of substrate and previous layers (Wang et al. 2008).
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Fig. 9 Schematic CCT diagram for Ti-48Al: Ls and Ms represent lamellar and massive start lines.

Fig. 9 shows the schematic CCT diagram for Ti-48Al and curves A, B, C, and D represents
cooling rate 1 K/s, 10 K/s, 100 K/s, and 1000 K/s separately (Matthias 2003; Kumagai and
Nakamura 1998). It’s revealed that cooling rate above 800 K/s the phase transformation would
follow L - 8 - a+ p - a+ B, - a, + B, and leads to phase transformation of a — y,, +
(ay, +v), being restrained, where B, and y,, represents untransformed [ and massive vy
separately (Chen 2007). The ordering change of a—a2 happens and a2 phase will keep until
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ambient temperature (Chaturvedi et al. 2001). The retained a and brittle a2 phases are the main
reason for cracking during cooling. Based on analysis of simulation results of the crack free
deposit, maximum cooling rates around temperature 1670 K and 1400 K were about 5000 K/s
and 2500 KI/s, respectively, which means combination of massive y and fine lamellac a2 was
formed. The critical cooling rate for high-temperature o phase to fully decompose is 250 K/s
(Chaturvedi et al. 2001) and this maximum cooling rate is achieved when laser beam moves to
layer twenty-five, without the insulating brick (peak temperature is about 950 K), and to twenty-
two, with the insulating brick (peak temperature is about 1050 K), which can be seen from Fig. 8
(b) and (c). The insulating brick helps to keep the deposit stays at a higher temperature around
1050 K for a longer time than the experiment without the insulating brick applied, which benefits
the phase transformation of a(a,) — y and results in the increase of y phase volume fraction in
the final part. The volume fraction increase of y phase would increase the ductility of deposit and
reduce cracks (Chen 2007). After deposition was completed, the deposit was cooled in a chamber
and the cooling rate was less than 10 K/s and lamellae microstructure would be formed finally as
Fig. 7 (d) shows. From above analysis it could be concluded that keeping the deposit at a high
temperature around 1050 K for some time would result full decomposition of phase a and
formation of phase y which would lead to final part ductility increase and avoid cold cracks.

5. Conclusions
The results of this study can be summarized in the following points:

1) Cold cracks could be prevented during direct laser deposition of Ti-48Al-2Cr-2Nb by
using an insulating brick to decrease the cooling rate.

2) Insulating brick helps to keep deposit at high temperature for a longer time that results in
the decomposition of a(a,) phase and the formation of y phase, which would result in a
ductility increase in the final deposit.

3) The main microstructure in the crack-free deposit is lamellae and results from cooling
rate less than 10 K/s.

4) FEA simulation provides a reliable way to analyze phase transformation and guidelines
for crack-free deposit build.
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