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Additively manufactured compositionally graded joints are potentially attractive to minimize abrupt
changes in residual stresses and distortion of dissimilar alloy joints. Performance of these graded
joints depends on the residual stresses and distortion governed by the transient temperature field
during additive manufacturing and local mechanical properties of the joint. Here we develop,
validate and utilize a thermo-mechanical model to provide a definitive way to additively manufac-
ture sound graded joints for minimizing abrupt changes in residual stresses and distortion of the
dissimilar joints. This model calculates residual stresses and distortion from accurate temperature
fields calculated using a well-tested heat transfer and fluid flow model and temperature dependent
alloy properties estimated by thermodynamic calculations. Both graded and dissimilar joints of
2.25Cr-1Mo steel to alloy 800H and Ti-6Al-4V to 800H, fabricated using laser-assisted powder
based direct energy deposition process are examined. It is found that the sharp changes in residual
stresses in dissimilar joints between Ti-6Al-4V and 800H can be effectively minimized by fabricat-
ing a graded joint between them. Although the magnitudes of residual stresses in Ti-6Al-4V to
800H joint are higher than that in 2.25Cr-1Mo steel to 800H joint, the former is less susceptible
to warping, buckling and delamination due to the high room temperature yield strength of the

Keywords:

Additive manufacturing

3D printing

Transition joint
Thermo-mechanical modeling
Finite element analysis
Thermodynamic calculations

Ti-6Al-4V substrate.
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1. Introduction

Dissimilar metal joints are used in aerospace, nuclear power
generation, marine and automobile industries [1,2]. However, dis-
similar joints often fail because of the distortion and high gradient
of residual stresses generated due to the sharp changes in chemical
composition and properties across the joint interface [2-5]. These
difficulties can be minimized by the development of composition-
ally graded transition joints where the variations of chemical com-
position and properties occur smoothly across the joint over a large
distance [6,7]. Additive manufacturing (AM) is a practical choice to
fabricate compositionally graded transition joints by adding mate-
rials of varying compositions in a layer-by-layer manner [8-12].
AM has already been used to fabricate transition joints between
stainless steels and nickel base superalloys for nuclear applications
[10,11] and between titanium alloys and iron-nickel alloys for
aerospace applications [12]. However, additively manufactured
compositionally graded components also encounter residual stres-
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ses and distortion because of the spatially non-uniform and tran-
sient temperature field during the process. Depending on the
local room temperature yield strength of the graded components,
these residual stresses and distortion may result in premature fati-
gue failure, delamination, warping and buckling. Therefore, accu-
rate estimations of residual stresses and distortion are necessary
for both dissimilar and graded joints to fabricate sound composi-
tionally graded components by AM for minimizing abrupt change
in residual stresses and distortion of the dissimilar joints.

There are two main differences in residual stresses and distor-
tion between compositionally graded and single alloy components.
First, the evolution of residual stresses depends on the cooling pro-
cess of the component at the end of the deposition. In graded com-
ponents, the difference in the thermo-physical properties between
the two end alloys governs the cooling process and thus the evolu-
tion of the residual stresses and distortion. Second, susceptibilities
to warping, buckling and delamination depend not only on the
magnitudes of the residual stresses but also on the local room tem-
perature yield strength of the graded component. Since, the yield
strength varies spatially in many compositionally graded compo-
nents, two regions with the same magnitude of residual stresses
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can have different susceptibilities to delamination, buckling and
warping.

Experimental measurements of residual stresses and distortion
of AM components are time consuming and expensive [13]. These
measurements also depend on sample preparation, shape and size
of the components and accuracy of the experimental methods such
as X-ray or neutron diffraction [14-16]. For both compositionally
graded and dissimilar metal joints, use of non-destructive mea-
surement techniques are restricted by the limited availability of
strain free lattice spacing for all compositions [4,17]. A recourse
is to calculate residual stresses and distortion in all locations of
the component using numerical models. However, most of the
existing numerical models of AM residual stresses neglect the con-
vective flow of liquid metal inside the molten pool that often dom-
inates the heat transfer during AM [18]. This simplification may
result in inaccuracy in temperature field calculations, [19] and as
a result, residual stresses and strain calculated based on such inac-
curate temperatures can become unreliable [18]. Another difficulty
in these calculations is the limited availability of the temperature
dependent thermo-physical and mechanical properties data for
different alloy compositions used in the graded components [20].
In the literature, thermodynamic calculations have been done to
estimate the alloy properties for graded joints between titanium
alloys, nickel base superalloys and steels [11,12]. However, so far
the estimated properties have not been used to calculate residual
stresses and distortion of the compositionally graded transition
joints. Because of the challenges mentioned above, literature on
the estimation of residual stresses and distortion of additively
manufactured compositionally graded components is scarce.

Here, we calculate, for the first time, the residual stresses and
distortion of compositionally graded joints as well as dissimilar
joints of (a) 2.25Cr-1Mo steel to an iron-nickel alloy (800H) and
(b) a titanium alloy (Ti-6Al-4V) to 800H, fabricated using laser
assisted powder based direct energy deposition process. In these
graded joints, alloy composition changes with layers along the
build height direction. A thermo-mechanical model is used to cal-
culate residual stresses and distortion from the transient tempera-
ture field accurately estimated using a heat transfer and fluid flow
model that considers the effects of convective flow of liquid metal.
The temperature and composition dependent thermo-physical and
mechanical properties are estimated by thermodynamic calcula-
tions using a commercial program, JMatPro®. This program calcu-
lates different alloy properties for a specified temperature range
based on the chemical composition of the alloy. The thermo-
mechanical model is rigorously tested and validated against inde-
pendent experimental data. The spatial variation of the residual
stresses and distortion for the two types of graded joints is com-
pared based on their alloy properties, transient temperature fields
and molten pool dimensions. The relative advantages of fabricating
graded joints over dissimilar joints for minimizing the abrupt
changes in residual stresses and distortion are examined for the
two types of joints.

2. Theoretical investigation
2.1. Modeling assumptions

The calculations of the residual stresses and distortion are per-
formed in two steps. First, a well-tested three-dimensional heat
transfer and fluid flow model [21-23] is used to calculate transient
temperature fields. Second, based on the calculated temperature
fields, residual stresses and distortion are predicted using a com-
mercial finite element analysis (FEA) code, Abaqus® [24]. The fol-
lowing simplified assumptions are made in both the heat transfer
and fluid flow model and the FEA mechanical model.

(1) Densities of the solid and liquid alloys are considered as
temperature independent.

(2) The surfaces of the deposited layers are assumed to be flat.

(3) The effects of strains induced by solid-state phase transfor-
mation and creep are neglected to make the calculations
tractable.

(4) Each layer is assigned to a pre-defined composition and the
effect of dilution due to re-melting of the substrate or previ-
ous layers on the layer composition is not considered.

2.2. Thermodynamic calculations for alloy properties

Temperature and composition dependent thermo-physical and
mechanical properties of alloys are needed for the heat transfer
and fluid flow calculations as well as the finite element based
mechanical model. During the fabrication of compositionally
graded joints, the mixing of chemistries often leads to high alloying
element concentrations. Local chemical compositions can extend
into regions where experimental property data are not available
and approximations such as simplified phase diagrams, stress-
strain plots and dilute alloy properties are not applicable. An alter-
native for determining important material properties is through
numerical modeling based on elemental mixing interactions. JMat-
Pro® is a thermodynamic program designed for materials process-
ing applications that models important alloy properties such as
equilibrium phases, phase transformations, thermo-physical prop-
erties and mechanical behavior [25]. The CALculation of PHAse
Diagrams (CALPHAD) method, which is widely established in the
literature [26], is used to determine phase fractions and composi-
tions for a given alloy concentration and temperature or tempera-
ture range.

The modeling of thermo-physical and mechanical properties
using JMatPro® involves the following sequential steps. First, the
equilibrium fraction of phases is determined through the mini-
mization of the total Gibbs energy method using thermodynamic
excess functions to account for the mixing of elements. The prop-
erty, P, of interest for each phase is expressed as [27],

P= ZX,‘P? + ZZXinZQg(Xi - Xj)y (1)

i j>1

where P? is the property of the phase in the pure element, Qjisa
binary interaction parameter between elements i and j dependent
on an integer, v. x; and x; are the mole fractions of i and j in the
phase, respectively. The effects of temperature on the property

of a phase are taken into account through both P and QZJ’ which
are function of temperature. The total property of the alloy is then
determined from the phase fractions and properties of each phase
using the general law of mixtures [28]. The use of this type of
model allows for the approximation of both thermo-physical and
mechanical properties as functions of composition and tempera-
ture and accounts for effects of multi-phase microstructure. The
thermo-physical and mechanical properties of different alloy com-
positions are provided in Tables 1-5 and in Supplementary
document.

2.3. Governing equations and boundary conditions

Detailed description of the thermo-mechanical model is avail-
able in a previous publication [18]. For completeness, a few salient
features of the model are provided as follows. The heat transfer and
fluid flow model solves the equations of conservation of mass,
momentum and energy [29], as given below, respectively.

d (pui) _
ox, =0 (2)
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Table 1

Thermo-physical properties of SS 410, 2.25Cr-1Mo steel, Ti-6Al-4V and 800H. Here ‘T’ represents temperature in K.
Properties SS 410 2.25Cr-1Mo steel Ti-6Al-4V 800H
Liquidus temperature (K) 1749 1787 1928 1675
Solidus temperature (K) 1640 1740 1878 1608

Thermal conductivity (W/m K) 14.0+0.0125T 11.82+0.0106 T 1.57+ 0016 T—1 x 106 T2 8.54+0.0167 T
Specific heat (J/kg K) 447.2+0.041T—4.18 x 1075 T2 461.4+0.1338 T 492.4+0.025T — 4.18 x 1076 T2 309.2 +0.5104T
Density (kg/m?) 7160 7270 4000 7870

dy/dT (N/m K) -0.40 x 1073 -0.44 x 1073 —0.26 x 1073 -024x 1073

Table 2
Temperature dependent mechanical properties of SS 410 in annealed condition.

Temperature (K) Young’s modulus (GPa) Temperature (K) Volumetric expansion co-efficient (/K) Temperature (K) Yield stress (MPa)

Temperature dependent mechanical properties of 2.25Cr-1Mo steel.

300 191.2 300 21.93E-06 300 284.0
400 183.6 400 22.07E-06 700 164.0
500 1759 500 22.21E-06 1100 150.0
600 168.1 600 22.37E-06 1300 77.2
700 160.1 700 22.53E-06 1500 223
800 152.0 800 22.70E-06

900 143.8 900 22.88E-06

1000 135.5 1000 23.07E-06

1100 127.0 1100 23.27E-06

1200 118.1 1200 23.53E-06

1300 108.4 1300 23.94E-06

1400 99.7 1400 24.14E-06

1500 89.6 1500 24.50E-06

1640 59.5 1640 25.52E-06

Table 3

Temperature (K)

Young’s modulus (GPa)

Temperature (K)

Volumetric expansion co-efficient (/K)

Temperature (K)

Yield stress (MPa)

300 2113 300 12.39E-06 300 3125
400 206.4 400 12.76E-06 700 156.9
500 200.0 500 13.12E-06 1100 88.1
600 191.5 600 13.49E-06 1300 57.7
700 181.0 700 13.85E-06 1500 424
800 168.8 800 14.22E-06
900 155.2 900 14.59E-06
1000 140.4 1000 14.98E-06
1100 124.2 1500 15.22E-06
1200 109.1 1600 16.01E-06
1300 98.3 1700 17.13E-06
1400 81.36
1500 61.31
1600 34.12
1700 8.79

Table 4

Temperature dependent mechanical properties of Ti-6Al-4V.

Temperature (K) Young’s modulus (GPa) Temperature (K) Volumetric expansion co-efficient (/K) Temperature (K) Yield stress (MPa)

300 125 300 8.78E—06 300 955
533 110 533 9.83E-06 573 836
589 100 589 10.0E—06 773 732
700 93 700 10.7E-06 1023 581
755 80 755 11.1E-06 1073 547
811 74 811 11.2E-06 1173 480
923 55 923 11.7E-06 1273 405
1073 27 1073 12.2E-06 1373 330
1098 22 1098 12.3E-06
1123 18 1123 12.4E-06
1573 12 1573 13.0E-06
1873 9 1873 16.3E-06
o (puj) Id(puju) 0 ouy; where p is the density, u; and u; are the velocity components along
= U=+ (3) . S . . . .
ot OX; OX; OX; the i and j directions, respectively, and x; is the distance along the i

direction, ¢ is the time, u is the effective viscosity, and S; is a source
term for the momentum equation. h is the sensible heat, C, is the
specific heat, k is the thermal conductivity, and 4H is the latent heat
content.

a9 (u; AH)

oh 9d(puih) 0 (k oh dAH
< )—PW—PE)—& (4)

Poc ™ ax, ~ax\G, ox,
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Table 5
Temperature dependent mechanical properties of 800H.

Temperature (K) Young’s modulus (GPa) Temperature (K)

Volumetric expansion co-efficient (/K)

Temperature (K) Yield stress (MPa)

300 200.7 300 15.68E-06 300 2723
400 194.5 400 16.01E-06 500 157.7
500 188.0 500 16.34E-06 700 139.3
600 181.3 600 16.68E—06 1500 50.8
700 174.4 700 17.02E-06

800 167.3 800 17.35E-06

900 158.8 900 17.71E-06

1000 148.4 1000 18.18E-06

1100 139.1 1100 19.10E-06

1200 131.2 1200 19.47E-06

1300 113.1 1300 19.85E-06

1400 94.7 1400 20.24E-06

1500 76.0 1500 20.65E—-06

1600 371 1600 21.05E-06

The Abaqus® based finite element analysis (FEA) code solves the
constitutive equations for elastic, plastic and thermal strains where
the total strain increment (Agj?f) with respect to time is repre-
sented as,

A = Aek, + A&l + Aelh + Ag), (5)

Im —

where Agf,, Aeh and Ael! are the elastic, plastic and thermal strain
increments respectively. Ag} is the strain induced due to the solid
state phase transformation and creep, which is assumed to be zero
in the present model [18].

Convective and radiative heat losses to the surroundings [21,22]
are applied on the walls of the deposit and the substrate as bound-
ary conditions in heat transfer and fluid flow model. Liquid metal
convection inside the molten pool driven by the spatial gradient
of surface tension due to the temperature gradient on the top sur-
face of the pool, known as Marangoni convection [23,30,31], gov-
erns the temperature distribution. To consider this effect in the
calculation, Marangoni shear stress (7) is applied as a boundary
condition to calculate the velocities of the molten metal and is
expressed as [30]:

dydT du

=dardr M4z (6)
where T is the temperature, u is velocity of the liquid metal on the
top surface of the molten pool, v is the surface tension, x is the vis-
cosity and r is the radial distance from the axis of the heat source.
The boundary conditions for the FEA mechanical model include
fixed bottom surface, i.e., the displacements of all nodes of the bot-
tom surface along the x, y and z directions are zero.

2.4. Algorithm of the thermo-mechanical model

A Python script is utilized to export the mesh and the tran-
sient temperature fields from the heat transfer and fluid flow
model to the Abaqus-based FEA model. This script creates a data-
base file containing the nodes, elements and transient tempera-
ture fields using the Abaqus Scripting Interface. This database
file is imported to the FEA mechanical model to calculate residual
stresses, strain and distortion incorporating the temperature
dependent mechanical properties estimated using JMatPro®. The
detailed algorithm of the thermo-mechanical model is summa-
rized in Fig. 1.

2.5. Utilization of the model for graded and dissimilar joints

In this research, two types of graded joints are considered,
2.25Cr-1Mo steel to 800H joint and Ti-6Al-4V to 800H joint.
Substrates for these two graded joints are 2.25Cr-1Mo steel and

Process parameters Chemical compositions

Boundary conditions of the alloys

Hegt transfer and Thermo-physical Thermodypamlc

fluid flow model opertics calculations
prop using JMatPro®

Node and
element data

3D, transient
temperature fields

Generating database file of geometry and
temperature fields using a Python script

Abaqus l— Mechanical properties
finite element analysis [ process parameters
solver Boundary conditions

Residual stresses, strain and distortion

Fig. 1. Outline of the thermo-mechanical model combining the heat transfer and
fluid flow model with the FEA mechanical model.

Ti-6Al-4V, respectively. For both joints, the 10th layer is made by
100% alloy 800H. From the 1st layer to the 9th layer, the
composition is changed linearly with an increment of 10 wt% of
800H. For instance, the composition of the 1st layer is 10% 800H
and 90% Ti-6Al-4V or 2.25Cr-1Mo steel and composition of the
9th layer is 90% 800H and 10% Ti-6Al-4V or 2.25Cr-1Mo steel.
For the dissimilar joints, substrate and layer 1 to layer 5 are made
of Ti-6Al-4V or 2.25Cr-1Mo steel and 6th to 10th layer are made of
800H. Therefore, sharp change in composition occurs at the
interface of 5th and 6th layer of the dissimilar joints. Schematic
representations of both graded and dissimilar joints are given in
Fig. 2. For the purpose of model validation, a build-up of 10 layer,
single pass wall made of entirely stainless steel 410 (SS 410) is also
studied.

Fig. 3 represents the solution domain, and the detailed
dimensions are provided in Table 6. Half of the solution domain
is considered by taking advantage of the y-symmetry. The laser
beam travels along the positive x-axis. The component is built
vertically upward along the positive z-axis with the deposition
of 10 layers. The residual stress along x-direction (oy) is referred
as longitudinal stress and is primarily responsible for crack
propagation, buckling and warping [18]. The through-thickness
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Layer 5 to 10:
" 100% 800H

Wt.% 800H varies
with layer along the
build direction
Layer 1 to 5:

___ Ti-6Al-4V or
2.25Cr-1Mo Steel

50% 800,
30% 800y '

i

20% 8001y

Fig. 2. Schematic representation of the compositionally graded and the dissimilar joints fabricated using additive manufacturing.

Deposit

Substrate
thickness |

Fig. 3. Solution domain for the heat transfer and fluid flow calculations and the subsequent mechanical analysis. Due to the y-symmetry, a half of the solution domain is
considered to reduce time and computer memory requirements for the analysis. The five lines along which residual stress values are surveyed and the one point at which
temperature variation with time is monitored are shown. The values of the dimensions are provided in Table 6.

Table 6
Process parameters used for calculations.

Parameter set Laser power (W) Scanning speed (mm/s) Powder flow rate (gm/s) Deposit height (mm) Deposit length (mm) Substrate dimension (mm)

1 300, 600 25,42 0.358 5 10 10x4x1
2 300 10 0.432 3.8 12 14x5x4

residual stress along z-direction (c,) may cause delamination uniform depending on the local material properties. To capture
and detachment of the component from the substrate [18]. this non-uniformity, residual stress distributions are plotted
Residual stress and strain distributions are spatially non- along five lines shown in Fig. 3.
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3. Results and discussions
3.1. Model validation

Fig. 4 shows fair agreements between the calculated through-
thickness residual stresses (o) and the corresponding experimen-
tally measured values [32] for a 10 layer laser-assisted SS 410
deposit. Fig. 4(a) and (b) shows the through-thickness residual
stresses along ‘line 2’ (in Fig. 3) for two different scanning speeds
and 300 W laser power. Through-thickness residual stresses along
the ‘line 5’ (in Fig. 3) are plotted for two different scanning speeds
and 600 W laser power in Fig. 4(c) and (d). Several measurements
were taken to estimate the error bars as shown in Fig. 4. The slight
mismatch between the experimental and calculated values could
be caused by both the measurement difficulties and the assump-
tions used in numerical calculations. Validity of the numerical
model provides us the confidence to apply the model for composi-
tionally graded transition joints.

3.2. Temperature and velocity distributions in graded joints

Fig. 5 shows the temperature and velocity fields when the laser
beam is at the mid-length of the deposit during the deposition of
1st, 5th and 10th layers. Fig. 5(a)-(c) and (d)-(f) are for 2.25Cr-
1Mo steel to 800H joint and Ti-6Al-4V to 800H joint, respectively.
The zones marked by red color and bounded by the liquidus tem-
perature isotherm of the corresponding alloy, represent the fusion

O Experimental
Numerical simulation

-100 ;(a) i

Y1 ) S A B S I
0 2 4 6 8 10

Distance along deposition, mm

Through-thickness residual stress, MPa

150
100 |

-50 F
-100 £
-150
-200 £
250 £ (c)

300 Bt e
0 1 2 3 4 5

Distance along build from substrate, mm

O Experimental
Numerical simulation

Through-thickness residual stress, MPa

zone. The length of the fusion zones (molten pool length) are men-
tioned in the figures. The arrows shown in the figures represent the
velocity vectors of the liquid metal inside the molten pool. The
magnitude of the velocities can be read by comparing the length
of these arrows with the length of the reference vector provided.
In AM, most of the heat is transferred downwards through the sub-
strate [33]. Therefore, during the deposition of the upper layers,
heat transfer from the molten pool through the substrate decreases
[33]. That results in larger molten pool for upper layers in 2.25Cr-
1Mo steel to 800H joint as shown in Fig. 5(a)-(c). However, in Ti-
6Al-4V to 800H joint, the density of 800H is almost twice than that
of Ti-6Al-4V (see Table 1). Therefore, under the same processing
conditions, Ti-6Al-4V exhibits larger molten pool than 800 H.
Therefore, in Ti-6Al-4V to 800H joint, the molten pool size is
decided by trading off two opposing factors, (1) reduction in pool
size for upper layers due to increasing density from Ti-6Al-4V to
800H and (2) increase in pool size for upper layers due to reduced
heat transfer through the substrate. As a result, the molten pool
size does not change significantly as shown in Fig. 5(d)-(f).

3.3. Residual stresses and distortion in graded joints

These spatially non-uniform temperature and velocity fields,
shown in Fig. 5, result in thermal distortion. For quantitative
understanding of thermal distortion, we have recently proposed
[34,35] a strain parameter (&*) as an indicator of the susceptibility
to distortion.

O Experimental
Numerical simulation

-50 F 0
-100 £ (b)
AB0 Bl

0o 2 4 6 8 10
Distance along deposition, mm

Through-thickness residual stress, MPa

150
F O Experimental
100 Numerical simulation

50 - il

-50
-100 F
-150 F
-200 |
250 £ (d)

JcY0]o J) TSN AP RS W IR S
0 1 2 3 4 5

Distance along build from substrate, mm

Through-thickness residual stress, MPa

Fig. 4. Comparison between experimentally measured [32] and numerically computed through-thickness residual stress profiles for a 10 layers SS 410 deposit along
deposition/travel direction (along line 2) using a laser power of 300 W and scanning speed of (a) 2.5 and (b) 4.2 mm/s and along build direction (along line 5) using a laser
power of 600 W and scanning speed of (c¢) 2.5 and (d) 4.2 mm/s. Other process conditions are given as process parameter set 1 in Table 6.
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Temperature, K

—
500 mm/s 1500 1608 1675

08 52
5.0 \\
/S’e/fh,_- 4.7 \’e“g\‘“’
/C,% = o 45 Temperature, K
1, 42

—_—
500 mm/s 1500 1851 1902

Temperature, K

—_—>
500 mm/s 1500 1743 1801

Temperature, K

—_—
500 mm/s 1500 1608 1675

Fig. 5. Temperature and velocity distributions for 2.25Cr-1Mo steel to 800H joint during the deposition of (a) 1st (b) 5th and (c) 10th layer and for Ti-6Al-4V to 800H joint
during the deposition of (d) 1st (e) 5th and (f) 10th layer using process parameter set 2 in Table 6.

_ BAT tH*?
" EI Fo\/p

where g and p are the volumetric coefficient of thermal expansion
and density of the alloy, respectively. AT is the maximum rise in
temperature during the process, t is the characteristic time and H
is the heat input per unit length. E and I are the elastic modulus
and moment of inertia of the substrate, the product, El, is the flex-
ural rigidity of the structure. The Fourier number, F, is the ratio of

*

)

heat dissipation rate to heat storage rate [33]. The Fourier number
and the maximum temperature rise are calculated using the heat
transfer and fluid flow model. In 2.25Cr-1Mo steel to 800H joint,
pool size increases with layers, as shown in Fig. 5(a)-(c). A large
molten pool shrinks more during solidification and results in higher
distortion. Therefore, in 2.25Cr-1Mo steel to 800H joint, the strain
parameter, a measure of the peak thermal strain, increases with lay-
ers as shown in Fig. 6. In Ti-6Al-4V to 800H joint, the molten pool
size does not change significantly with layers, as shown in Fig. 5



332 T. Mukherjee et al./ Computational Materials Science 143 (2018) 325-337

0.005
PPN

0.004 Jcencd

LA L

o
o
o
w
U
Q
\

Strain parameter, g*
o
¢ o
o
N
T

------- Ti-6Al-4V to 800H
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Fig. 6. Variation of strain parameter with number of layer for both 2.25Cr-1Mo
steel to 800H and Ti-6Al-4V to 800H joints for the process parameter set 2 in
Table 6.

(d)-(f). However, the volumetric thermal expansion coefficient of
800H is almost twice of that of Ti-6Al-4V. Therefore, also in Ti-
6AIl-4V to 800H joint, the strain parameter increases with layers,
as shown in Fig. 6.

Fig. 7 shows the longitudinal stress distribution at the end of
2nd and 10th layer depositions. Longitudinal stress is the compo-
nent of the residual stress along the scanning direction (x-
direction). The positive and the negative values of the stresses in
the figures represent the tensile and the compressive residual
stresses, respectively. Two important observations can be made
from these figures.

High stress near the 2n
layer is partially alleviated

1100 500 0

Maximum stress near
the top of the deposit

1. Magnitudes of the residual stresses vary with the progress of
the deposition process. For example, at the end of the deposi-
tion of the 2nd layer, the highest magnitude of the longitudinal
residual stress is observed near the 2nd layer (see Fig. 7
(a) and (b)). However, with the progress of the deposition pro-
cess this high residual stress near the 2nd layer is partially
alleviated.

2. The residual stresses are spatially non-uniform depending on
the varying material properties of the graded joints. For exam-
ple, Fig. 7(c) and (d) show that after deposition of all 10 layers,
the maximum value of the longitudinal stress is near the top of
the deposit for both types of joints. However, in Ti-6Al-4V to
800H joint, a high accumulation of tensile residual stress is also
observed near the substrate deposit interface.

Figs. 8 and 9 provide detailed explanations of these two obser-
vations, respectively. During AM, the previously deposited layers
experience reheating and cooling during the deposition of upper
layers [21]. Fig. 8(a) and (b) shows the temperature variation with
time at Point A (at mid-length of line 1, see Fig. 3) during the fab-
rication of 2.25Cr-1Mo to 800H joint and Ti-6AI-4V to 800H joint,
respectively. Ti-6Al-4V substrate has lower thermal conductivity
than 2.25Cr-1Mo steel substrate (Table 1). Therefore, in Ti-6Al-4V
to 800H joint, less heat can be transferred through the Ti-6Al-4V
substrate. That is why the peak temperatures monitored in Fig. 8
(b) are higher than those in Fig. 8(a) for the same layer. This repet-
itive heating and cooling partially alleviate the residual stresses for
both types of the joints. Fig. 8(c) and (d) shows the longitudinal
stress distribution along line 1 (see Fig. 3) after the deposition of
1st, 3rd, 6th and 10th layers, for 2.25Cr-1Mo to 800H joint and
Ti-6Al-4V to 800H joint, respectively. For both types of the joints,
the magnitude of the residual stress near the center along line 1

High stress accumulation

in both regions

-180

I |

Longitudinal residual stress, MPa

-250 - 550

Fig. 7. Longitudinal residual stress (o) distribution at the end of 2nd layer for (a) 2.25Cr-1Mo steel to 800H and (b) Ti-6Al-4V to 800H joints and at the end of 10th layer for
(c) 2.25Cr-1Mo steel to 800H and (d) Ti-6AI-4V to 800H joints using process parameter set 2 in Table 6. Scanning direction is along the positive x-axis.
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process parameter set 2 in Table 6.

(shown in Fig. 3) decreases with the progress of the deposition pro-
cess due to the repetitive heating and cooling. However, longitudi-
nal residual stress along line 1 in Ti-6Al-4V to 800 H joint is always
higher than that in 2.25Cr-1Mo to 800H joint, due to higher room
temperature yield strength and lower thermal expansion coeffi-
cient of Ti-6A1-4V substrate compared to those of 2.25Cr-1Mo steel
substrate.

In a compositionally graded joint, the residual stresses are spa-
tially non-uniform depending on the local thermo-physical and
mechanical properties. Fig. 9(a) and (b) represent the longitudinal
residual stress distributions along three lines (line 1, 3 and 4
shown in Fig. 3) for 2.25Cr-1Mo to 800H joint and Ti-6Al-4V to
800H joint, respectively. For ‘line 1’, only the residual stress along
the length of the deposit (12 mm) is plotted to compare the stress
profiles inside the deposit. These residual stresses are plotted at
the end of the deposition of the 10th layer when the part cools
down to the room temperature. ‘Line 4’ is near the top free end
of the wall and cools down to room temperature at the very end.
That is why the residual stress along ‘line 4’ is the highest. Magni-
tude of the residual stress decreases with the distance from the
free end (i.e. moving toward substrate). That is why longitudinal
stresses along ‘line 1’ and ‘line 3’ are less than that along ‘line 4'.
However, in Ti-6AI-4V to 800H joint (Fig. 9b), room temperature
yield strength near ‘line 1’ is significantly higher than that along
‘line 3’ (see Supplementary document for material properties).
Therefore, longitudinal stress along ‘line 1’ is higher than that
along ‘line 3’, as shown in Fig. 9(b). Because of that, in Ti-6Al-4V
to 800H joint, large longitudinal residual stresses accumulate both
near the top free end (line 4) as well as at the substrate deposit
interface (line 1), as shown in Fig. 7(d).

Susceptibility to warping, buckling and delamination depends
not only on the magnitude of the residual stresses but also the local
room temperature yield strength of the graded joint [18]. There-
fore, a normalized residual stress expressed as the ratio of the lon-
gitudinal residual stress to the local room temperature yield
strength is used for assessment of such problems [18,36]. For
2.25Cr-1Mo to 800H joint (Fig. 9(c)), the normalized residual stres-
ses follow the similar distribution as the longitudinal residual
stress (Fig. 9(a)) since the room temperature yield strength does
not change significantly along the height of the joint (see Supple-
mentary document for material properties). However, for the Ti-
6AI-4V to 800H joint (Fig. 9(d)), due to the higher room tempera-
ture yield strength near ‘line 1’ than that near ‘line 3’, the values
of normalized stresses along ‘line 1’ and ‘line 3’ are nearly identical.
Therefore, even if the magnitude of the residual stress along ‘line 1’
is higher than that along ‘line 3’, the susceptibilities to warping and
delamination along these two lines are similar.

Fig. 10 shows the three-dimensional distribution of through-
thickness component (along the build direction, &, shown in
Fig. 3) of the residual stress for the two types of the graded joints
after the deposition of 2nd layer (Fig. 10(a) and (b)) and 10th layer
(Fig. 10(c) and (d)). At the end of the deposition process, the top
free end of the deposit cools down to the room temperature at
the very end. Because of that, tensile stress accumulates near the
top free end. That results in the accumulation of large compressive
stress near the substrate-deposit interface. The magnitude of the
compressive stress at the substrate-deposit interface is maximum
at the mid-length of the deposit and the stress quickly transitions
into high tensile stress at the two ends. This non-uniformity may
result in detachment of the component from the substrate [18].
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Fig. 10. Through-thickness residual stress distribution at the end of 2nd layer for (a) 2.25Cr-1Mo steel to 800H and (b) Ti-6A1-4V to 800H joints and at the end of 10th layer
for (c) 2.25Cr-1Mo steel to 800H and (d) Ti-6AI-4V to 800H joints using process parameter set 2 in Table 6. Scanning direction is along the positive x-axis.
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3.4. Graded joints versus dissimilar joints

Fig. 11 explains the benefits of fabricating graded joints over
dissimilar joints for minimizing residual stresses and distortion.
The results for 2.25Cr-1Mo to 800H joint and Ti-6AI-4V to 800H
joint are shown in Fig. 11(a)-(c) and (d)-(f), respectively. In graded
joints, the substrate is Ti-6Al-4V or 2.25Cr-1Mo steel and the 10th
layer is 800 H, as described before. From the 1st to 9th layer the
composition changes with a step of 10 wt% of 800H. On the other
hand, for the dissimilar joints, substrate and layer 1 to layer 5
are made of Ti-6Al-4V or 2.25Cr-1Mo steel and 6th to 10th layer
are made of 800H, as shown in Fig. 2. Therefore, sharp change in
composition occurs at the interface of 5th and 6th layer of the dis-
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similar joints. All plots in Fig. 11 are made after the end of 10 layers
deposition when the component cools down to the room temper-
ature. Longitudinal residual stresses are plotted along the ‘line 1’
for the entire length of the substrate (14 mm) and through-
thickness residual stress and strain are plotted along ‘line 5'. Lines
1 and 5 show the entire transition of stresses from substrate to
deposit along the laser travel and build height directions,
respectively.

The mechanical properties of 2.25Cr-1Mo steel and alloy 800H
are similar (see Tables 3 and 5). As a result, no sharp changes in
residual stresses and strain at the joint interface are observed.
Therefore, graded joint between these two alloys provides mar-
ginal benefit over the dissimilar joint for minimizing residual stress
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stress along ‘line 1’, through-thickness (e) stress and (f) strain along ‘line 5’ Ti-6Al-4V to 800H joints using process parameter set 2 in Table 6.
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and distortion in this pair of dissimilar metals. However, mechan-
ical properties of Ti-6Al-4V are significantly different from those of
alloy 800H (see Tables 4 and 5). For example, room temperature
yield strength of Ti-6Al-4V is about four times higher than that
of 800H. However, room temperature Young’s modulus and volu-
metric expansion coefficient of Ti-6Al-4V are almost half of
800H. Sharp changes in residual stresses and strain in the dissim-
ilar joints due to these differences in mechanical properties can be
minimized by fabrication of compositionally graded joints between
these two alloys, as shown in Fig. 11(d)-(f). These findings are con-
sistent with the observations made by Williamson et al. [37]
where, sharp changes in residual stresses were minimized by fab-
ricating graded joints between pure nickel and alumina by powder
metallurgy process.

4. Summary and conclusions

A thermo-mechanical model is developed, validated and uti-
lized to predict residual stresses and distortion based on the accu-
rate temperature field calculated using a well tested heat transfer
and fluid flow model and temperature and composition dependent
alloy properties estimated using thermodynamic calculations.
Residual stresses and distortion are calculated and compared for
both compositionally graded as well as dissimilar alloy joints of
2.25Cr-1Mo steel to alloy 800H and Ti-6Al-4V to 800H. The main
findings are indicated below.

1. Since, the mechanical properties of Ti-6AI-4V and 800H are sig-
nificantly different, dissimilar joints between these two alloys
exhibited sharp changes in residual stresses and strains at the
interface between the two alloys. These sharp changes in resid-
ual stresses and strains have been proved to minimize by fabri-
cating a graded joint between these two alloys.

2. Because of the similar mechanical properties of 2.25Cr-1Mo
steel and 800H, graded joints between these two alloys pro-
vided relatively lower benefits for minimizing residual stresses
and distortion compared to the dissimilar joints between them.

3. Residual stresses near the substrate-deposit interface were par-
tially alleviated due to the reheating and cooling during the
deposition of the upper layers for all cases studied. However,
longitudinal residual stress near the substrate-deposit interface
in Ti-6Al1-4V to 800H joints was higher than that for 2.25Cr-1Mo
steel to 800H joints. This behavior is consistent with the higher
room temperature yield strength and lower thermal expansion
coefficient of Ti-6Al-4V substrate than 2.25Cr-1Mo steel
substrate.

4. The computed ratio of the longitudinal residual stress at the
substrate-deposit interface to the room temperature yield
strength of the substrate provided information about the sus-
ceptibilities to warping, buckling and detachment of deposit
from its substrate. A graded joint between 800H and Ti-6Al-
4V on Ti-6Al-4V substrate was less susceptible to these defects
than a joint between 800H and 2.25Cr-1Mo steel on 2.25Cr-
1Mo steel substrate because of the higher room temperature
yield strength of the Ti-6Al-4V substrate than 2.25Cr-1Mo steel.

5. The thermal strain during deposition increases with layers for
both graded joints of Ti-6Al-4V to 800H and 2.25Cr-1Mo steel
to 800H. For the former, this is mainly because of the increasing
heat accumulation during the deposition of upper layers. For
the latter, the rising strain results largely from the increase in
volumetric expansion coefficient as more 800H is added into
Ti-6Al-4V in the upper layers. Moreover, for a particular layer,
the value of the strain for Ti-6AI-4V to 800H joint is higher than
that for 2.25Cr-1Mo steel to 800H joint mainly due to the low
elastic modulus and density of the Ti-6Al-4V substrate.
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