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ABSTRACT
A printability database can help in the selection of a printing process-alloy combination to
reduce, and in some cases avoid, common defects in printed parts. The extensive testing of
parts is not a viable option for determining printability because printing processes are inher-
ently slow and expensive. Here we evaluate printability of stainless steel 316 by evaluating its
susceptibilities to residual stresses, distortion, composition change and lack of fusion defects
for laser (DED-L) and arc (DED-GMA) based directed energy deposition and laser powder bed
fusion (PBF-L) processes using well-tested mechanistic models. Among these three processes,
DED-GMA makes printed parts of 316 stainless steels most susceptible to residual stresses and
distortion. High depth of penetration during DED-GMA makes components least susceptible
to lack of fusion defects. Loss of volatile alloying elements from the tiny pools in PBF-L makes
deposits the most vulnerable to composition change.
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Introduction

In the practice of welding, the widely used database of
weldability [1] indicates if a welding process is recom-
mended, difficult or cannot be easily undertaken for a
given alloy. In the allied field of 3D printing, a similar
concept of printability is still developing and currently
there is no universally accepted definition for this term.
In this paper, we use the word printability to mean the
relative ease of converting an alloy feed stock to a sound
part for a given combination of an alloy and a 3D print-
ing process [2]. Recently, we evaluated [3] printability
of different alloys for a given 3D printing process. How-
ever, printability of any alloy for all the commonly used
printing processes is yet to be evaluated.

Three commonly used metal printing processes,
directed energy deposition (DED) with gas-metal-arc
(DED-GMA), DED-laser (DED-L), and powder bed
fusion using a laser heat source (PBF-L) are operated
using a wide variety of heat source power, scanning
speed, layer thickness and mass deposition rate [2].
Based on the literature data [4–18] on printing of SS
316, Figure 1(a) shows that the arc power inDED-GMA
can be 5–10 times higher than that of laser in DED-L
and PBF-L. In contrast, the scanning speed in PBF-L
can be 80–100 times faster than the other two processes.
From Figure 1(b), it is evident that the faster deposition
rate inDED-GMA is contributed by depositing layers of
higher thicknesses, often 2–3 times thicker than that in
DED-L. The PBF-L components are printed with thin
layers that are 10–50 times thinner than those used in
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DED-L andDED-GMA. Because of these variations, an
alloy may experience a wide variation of cooling rate,
temperature gradient, solidification rate and the result-
ing microstructure, defects and properties, depending
on the printing process and the process parameters
[2]. Currently, there is no generally available method-
ology to select an optimum printing process for a given
alloy. Furthermore, the quality of the printed products
made with various alloy-process combinations cannot
be anticipated a priori. For the printing of a given
alloy, the susceptibilities to common printing defects
such as lack of fusion [19], compositional change [20],
residual stresses [2] and distortion [3] are not known.
Development of a printability [3] database will facili-
tate the selection of a printing process for an alloy and
may be helpful to reduce common defects without any
extensive trial and error testing.

Several attempts have been made to compare the
susceptibilities of a particular alloy to these defects for
different printing techniques. For example, Szost et al.
[21] found that titanium alloy parts accumulate higher
residual stresses when printed by the DED-GMA pro-
cess compared with the DED-L process. Yang et al. [22]
concluded that the ability of nickel alloy components to
resist defects can vary depending on the process condi-
tions. However, these findings do not provide any scales
for comparing the relative susceptibilities of different
printing processes to common printing defects. What
is needed and not currently available is a ranking of
printability of a particular alloy for different printing

© 2019 Institute of Materials, Minerals and Mining. Published by Taylor & Francis on behalf of the Institute.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/13621718.2019.1607061&domain=pdf&date_stamp=2019-04-17
http://orcid.org/0000-0001-5372-4887
mailto:tuhiniitb@gmail.com
https://doi.org/10.1080/13621718.2019.1607061


2 T. MUKHERJEE AND T. DEBROY

Figure 1. Variations of (a) heat source power and scanning
speed and (b) mass deposition rate and layer thickness for PBF-
L, DED-L and DED-GMA processes for 316 stainless steel [4–18].
The curved lines for each process show regions that contain all
data points.

processes by comparing relative susceptibilities of the
printed parts to common defects.

Extensive testing of specimens is routinely used in
the field of welding to determine weldability. How-
ever, experiments alone do not provide a viable path
for determining printability because of the following
compelling reasons. First, parts are often printed by
the deposition of thin metal layers, often thinner than
a human hair [2]. As a result, it often takes a day or
more to prepare a single sample. Therefore, it would
be practically impossible to prepare the same number
of printed samples as needed for weldability testing in
a given time. Second and more important, the costs of
printing equipment and feed stock materials are signif-
icantly higher than those in welding [2]. As a result,
the costs of preparing the necessary matrix of speci-
mens for three printing process variants would be pro-
hibitive. Therefore, a recourse is to follow a new path
that is reproducible and verifiable through the use of

well-tested numerical models of metal printing. Here
we rank the printability or the relative susceptibilities
of 316 stainless steel (SS 316) parts to residual stresses,
distortion, composition change and lack of fusion for
DED-GMA, DED-L and PBF-L processes using well-
tested heat transfer and fluid flow calculations and
thermomechanical simulations.

Calculation of printability

Heat transfer and fluid flow calculations

The processing conditions for the three printing pro-
cesses used to calculate the printability by estimating
residual stresses, distortion, composition change and
lack of fusion defect are adapted from the literature
[4,5,23] and are reported in Table 1. Estimation of
all four defects requires accurate calculations of three-
dimensional, transient temperature fields and molten
pool shape and size. For this purpose, well-tested heat
transfer and fluid flowmodels of PBF-L [24], DED-L [5]
andDED-GMA [25] are used. The governing equations
and boundary conditions are described in details in our
previous publications [5,17,24–26] and are not repeated
here. Thermo-physical properties [27] of SS 316 used
for the calculations are provided in the Supplementary
information.

Residual stresses and distortion

Based on the transient, three-dimensional tempera-
ture field, residual stresses are calculated using a well-
tested, finite element based thermo-mechanical model
[28–29]. Mechanical properties of SS 316 used for the
calculations are provided in the Supplementary infor-
mation. The effects of solid state phase transformation
of SS 316 on residual stresses are neglected for simplic-
ity. For consistency, geometry of the solution domain
for the three processes is considered to be identical. It
consists of a 16mm long and 4mm high thin wall built
on a 20mm long and 10mm thick substrate. However,
the thin wall is made of multiple layers using PBF-L,
DED-L and DED-GMA processes depending on the
layer thicknesses (Table 1). The surfaces of the thin
wall are assumed to be flat in the thermo-mechanical

Table 1. Process parameters used for evaluating printability.

Process parameters DED-GMA [4] DED-L [5] PBF-L [23]

Laser power (W) 1500 110
Arc current (A) 150
Arc voltage (V) 14.2
Heat source power (W) 2130 1500 110
Scanning speed (mm/s) 10 10.6 100
Layer thickness (mm) 1.0 0.8 0.25
Wire radius (mm) 0.5
Wire feed rate (m/min) 8.0
Catchment efficiency 0.3
Deposition rate (g/s) 0.5 0.2
Heat source radius (mm) 4.0 2.0 0.3
Substrate thickness (mm) 10.0 12.7 0.75
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model for simplicity. The calculations are performed in
Cartesian coordinate system (x, y and z). The mechan-
ical boundary condition is applied by constraining the
bottom surface of the substrate.

To quantify the distortion during printing, we have
used a recently proposed a non-dimensional strain
parameter [3],

ε∗ = β�T
EI

t
F√

ρ
H3/2 (1)

where β is the co-efficient of volumetric expansion and
�T is the difference between the peak temperature and
solidus temperature, t is the total building time,H is the
heat input per unit length of the build, EI is the flexu-
ral rigidity of the substrate, F is the Fourier number [6]
and ρ is the density of alloy. Peak temperature and pool
length on which the Fourier number depends are cal-
culated using the heat transfer and fluid flowmodel. An
example of the distortion calculation is provided in the
Supplementary information.

Composition change

Composition change depends on the rates of vaporisa-
tion of different alloying elements [3] from the top sur-
face of the molten pool and the geometry of the fusion
zone. Vaporisation rates are calculated using a model
proposed by Knight [30] using the top surface temper-
ature of the molten pool which is calculated using the
heat transfer fluid flowmodels. The detail procedure for
calculating composition change due to evaporative loss
from a molten pool can be found elsewhere [31] and
is not repeated here. An example of the composition
change calculation is provided in the Supplementary
information.

Lack of fusion defects

Detailed calculations of lack of fusion defect is pro-
vided in recent literature [19]. Insufficient overlap of the
fusion zone with both the adjacent track and the pre-
viously deposited layer below is a major contributing
factor for this type of defects. Based on the analysis of
the available experimental data, it has been shown that
a ratio of molten pool depth to layer thickness corre-
lates well with the occurrence of lack of fusion defects
in thin wall builds [3]. Therefore, this index, which can
be computed from numerical heat transfer models, is
used as a relative measure of estimating the propensity
of lack of fusion defects.

Model validations

Fusion zone geometry

Figure 2 shows that the calculated shape and size of
the transverse (YZ plane) section of single track SS 316

Figure 2. Comparison between the calculated transverse sec-
tionsof thedepositwith the correspondingexperimental results
[4,5,23] for (a) DED-GMA, (b) DED-L and (c) PBF-L. The process
conditions are given in Table 1. The width and depth of the
deposits are provided to clearly indicate the size differences.

builds printed using three processes agree well with
the corresponding experimental results [4,5,23]. The
molten pool is bounded by the solidus temperature
(1693K). The shape and size of the curved surface of
the DED-GMA deposit are determined by the com-
bined effects of arc pressure, surface tension of the liq-
uid metal and volume of the molten droplets [25]. The
impingement of the droplets also results in deep pen-
etration in DED-GMA [25], as shown in Figure 2(a).
However, in DED-L the curved pool surface is formed
immediately under the laser beam due to the addition
of powder particles [5], as shown in Figure 2(b). In
contrast, Figure 2(c) shows that the top surface of the
PBF-L build is flat because of the addition of thin lay-
ers of powders during printing [24]. The linear heat
input (power/speed) in PBF-L is the lowest of the three
processes, of the order of 0.1 J/mm, which results in
very small pool whose length, width and depth are
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measured in micrometers. However, the linear heat
inputs in DED-L and DED-GMA are in the order of
10 and 100 J/mm, respectively. Therefore, the molten
pool dimensions in DED-GMA are larger than those
in DED-L. Figure 2 shows that the pool dimensions in
PBF-L are approximately 10% of DED-GMA and 30%
ofDED-L. The results in Figure 2 show that the numeri-
calmodels of the three processes are capable of correctly
predicting the widely different fusion zone geometries
in each case.

Residual stresses and distortion

To validate the thermo-mechanical model used here,
calculated stresses are compared with the correspond-
ing experimental data [32] for 10 layers stainless steel
410 components printed using DED-L at two differ-
ent heat inputs. Thermo-mechanical behaviour of this
stainless steel is similar to that of stainless steel 316
and the property data used in the calculations are
taken from the literature [29]. Numerically computed

through-thickness residual stress (σ zz) profiles along
both deposition and build directions agree well with
corresponding experimental results [32] as shown in
Figure 3(a,b) respectively.

Composition change

Calculated changes in composition of four main con-
stituting elements of stainless steel agree well with the
corresponding experimental data [33] for DED-L as
shown in Figure 3(c). Experimentally measured values
of compositions in the alloy powders and the built spec-
imens were reported. Composition change is estimated
based on those reported values. The computed compo-
sition change values agree well with the corresponding
experimental data.

Lack of fusion defects

Since the available experimental data show that the
extent of lack of fusion defects scales well with the

Figure 3. Comparison between the experimentallymeasured [32] and numerically computed through-thickness residual stress pro-
files during DED-L along (a) horizontal deposition direction from A to B in the mid-width of the build and (b) vertical build direction
from C to D in the mid-width of the build. Laser power for figure (a) and (b) are 300 and 600W respectively. Other processing condi-
tions are available in the corresponding literature [32]. (c) Comparison between the experimentally measured [33] and numerically
computed composition change for four main constituting elements of stainless steel during DED-L. Processing conditions are avail-
able in the corresponding literature [33]. (d) Comparison between the experimentallymeasured [34] and numerically computed pool
depth during PBF-L of stainless steel 316. Processing conditions are available in the corresponding literature [34].
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geometry of the fusion zone, specifically with the ratio
of the pool depth to layer thickness, this ratio was used
to estimate susceptibility to lack of fusion defect. For a
given printing process, if the layer thickness is known,
the pool depth can be computed from the numerical
heat transfer and fluid flow model. Figure 3(d) com-
pares the numerically computed pool depth with the
corresponding experimental data [34] during PBF-L of
stainless steel 316. Very good agreement between the
experimental and calculated results provides us confi-
dence to use these models for evaluating lack of fusion
defects.

Results and discussions

Residual stresses and distortion

Figures 4(a–c) show the computed longitudinal stress
(x-component, σ xx, i.e. along the scanning direction)
distribution in the SS 316 components printed using the
three processes. The wall printed using DED-GMA is
the widest because of the biggest molten pool of this
process (Figure 2). In addition, DED-GMA compo-
nents are printed using the thickest layers among the
three processes (Table 1). Thick and wide tracks accu-
mulate high residual stresses during cooling [28] and
makes the DED-GMA component the most vulnerable
to residual stresses among the three printing processes
as shown in Figure 4(a). The calculated values of resid-
ual stresses are in the same order of magnitude with
the reported values in the literature [35] on DED-GMA
of steel. Because of the tiny molten pool and thinnest
layers in PBF-L, the component printed using this pro-
cess accumulates the least residual stresses as shown
in Figure 4(c). The variations in longitudinal stresses
at different transverse sections (YZ planes) along the
length of the deposit are shown in the Supplementary
information. The three processes also exhibit the same
trend for the susceptibility to the through-thickness
(σ zz, i.e. along z-direction) residual stress and the cor-
responding results are provided in the Supplementary
information.

Accumulation of high residual stresses along the
substrate deposit interface may result in detachment of
the part from the substrate [28]. Therefore, in Figure
5(a), the computed longitudinal residual stresses along
the substrate deposit interface (AB) for the SS 316 com-
ponents printed using three processes are compared.
Cooling of the largest fusion zone inDED-GMA results
in the accumulation of high tensile stress along the
substrate deposit interface as shown in Figure 5(a). In
contrast, the components printed using PBF-L accu-
mulates the least residual stresses along the substrate
deposit interface because it has the smallest fusion zone
of the three printing processes.

To provide a quantitative scale for evaluating the rel-
ative susceptibilities of DED-GMA, DED-L and PBF-L

Figure 4. Longitudinal residual stress distribution in a SS 316
deposit printed using (a) DED-GMA (b) DED-L and (c) PBF-L. The
process conditions are given in Table 1. For consistency, all parts
are16mm long, 4mm high and built on a 20mm long, 10mm
wide and 10mm thick substrate. The three parts are printed
using 4, 5 and 16 layers for DED-GMA, DED-L and PBF-L, respec-
tively due to the difference in the layer thicknesses of these
processes. The scanning direction is along the positive x-axis.
Half of the solution domain is shown because of the symmetry
with respect to XZ plane.

to distortion, Figure 5(b) compares the values of strain
parameter which is a measure of distortion (Equation
(1)) while depositing the 1st layer of SS 316 deposits
printed using the three processes. The figure shows
that the molten pool in DED-GMA is significantly
larger than those for DED-L and PBF-L respectively.
Shrinkage of large pools during solidification makes
the DED-GMA components are themost susceptible to
distortion among the three printing processes.
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Figure 5. (a) Longitudinal residual stress distribution for DED-
GMA, DED-L and PBF-L along substrate-deposit interface (AB,
where A = 0mm and B = 20mm). The scanning direction is
along the positive x-axis (refer Figure 4). (b) Strain parameters
and maximum pool volume while depositing the 1st layer of
SS 316 deposits using the three printing techniques. The pro-
cess conditions are given in Table 1. Same substrate dimensions
(20mm long, 10mm wide, 10mm thick) are taken for all three
cases for consistency.

Composition change

As reported in the literature [3] and also observed in
our analysis (see the Supplementary information for
the results), manganese is the most susceptible ele-
ment for composition change among all constituting
elements of SS 316. Figure 6(a) compares the percent-
age change inmanganese in single track SS 316 deposits
printed using the three processes. As well-established
in the welding literature [31], susceptibilities to com-
position change depends on both the vaporisation rate
and the ratio of the top surface area to volume of the
fusion zone. The amount of mass loss due to evapo-
ration is proportional to the surface area of the fusion
zone. However, loss of alloying elements from a smaller
molten pool results in a more pronounced change in
composition. Because of the smallest volume of molten
pool in PBF-L among the three processes, the value of
the ratio is significantly higher than those for DED-
L and DED-GMA. As a result, PBF-L components are
more susceptible to composition change than the other

Figure 6. (a) Change in manganese composition and the ratio
of the top surface area to volume of the fusion zone for a sin-
gle track SS 316 component printed using three printing tech-
niques. Theprocess conditions aregiven in Table 1. (b) Variations
in manganese composition of SS 316 builds printed using the
three techniques. The normalised heat input refers to the ratio
of heat input to the maximum heat input for the printing pro-
cess. In both figures (a) and (b) composition change refers to
reduction in its concentration. (c) Variations in pool depth to
layer thickness ratio (an indicator of lack of fusion defect) of SS
316 builds printed using three techniques. All process variables
are presented in Table 1. The laser power and speed are varied
in figures (b) and (c).

two processes as shown in Figure 6(a). Figure 6(b) also
indicates that the SS 316 component printed using PBF-
L is the most susceptible to composition change for a
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wide range of linear heat input among all three printing
processes.

Lack of fusion defects

In order for a deposited layer to bond properly with
a previously deposited layer, the depth of the molten
pool should exceed the layer thickness considerably.
Therefore, the higher the value of the ratio of depth
of penetration to the layer thickness, the better the
fusional bonding between the layers. Figure 6(c) eval-
uates the relative susceptibilities to lack of fusion defect
of the three printing processes by comparing the corre-
sponding values of the ratio of the pool depth to layer
thickness. For all three processes, pool depth increases
with the heat input and ensures better fusional bond-
ing among layers. However, deep penetration of the
molten pool in the DED-GMA due to the impinge-
ment of molten droplets makes this process the least
susceptible to lack of fusion defect.

Summary and conclusions

Printability of stainless steel 316 (SS 316) for DED-L,
DED-GMA and PBF-L has been quantitatively evalu-
ated by comparing the relative susceptibilities of resid-
ual stresses, distortion, composition change and lack
of fusion defect using well-tested heat transfer fluid
flowmodel and the literature data. The results are sum-
marised in Table 2. Below are the specific findings.

(1) High deposition rate of DED-GMA allows fab-
rication of the component using thicker layers
than DED-L and PBF-L. Deposition of thick lay-
ers results in accumulation of the highest resid-
ual stresses in DED-GMA components among
the three processes. For example, the longitudinal
residual stress in DED-GMA component can be
around 6 times higher than that in PBF-L compo-
nent that is printedwith layers 4 times thinner than
that for DED-GMA.

(2) Rapid scanning speed of PBF-L results in a molten
pool that has higher liquid pool free surface to vol-
ume ratio than those for DED-L and DED-GMA.
Therefore, more materials vaporise per unit vol-
ume of the molten pool and make PBF-L compo-
nents the most susceptible to composition change.

Table 2. Comparison of relative susceptibilities of SS 316 com-
ponents printed using the three printing techniques to the
defects. The values are for the processing conditions in Table 1.

Process parameters DED-GMA DED-L PBF-L

Maximum longitudinal residual
stress at the substrate deposit
interface (MPa)

950 450 150

Strain parameter 0.70 0.09 0.0003
Mn composition change, wt-% 0.0060 0.011 0.128
Pool depth/layer thickness 1.30 1.14 1.08

Depending on the processing conditions, percent-
age change in the manganese content in SS 316
component printed using PBF-L can be signifi-
cantly higher than those inDED-L andDED-GMA
components.

(3) Deep penetration of the molten pool in DED-
GMA due to the droplet impingement ensures
sound bonding with the previously deposited lay-
ers. Therefore, DED-GMA component is the least
vulnerable to the lack of fusion defect among the
three printing processes.

(4) The typical molten pool size in DED-GMA is sig-
nificantly larger than those for DED-L and PBF-L.
Larger molten pool shrinks more during solid-
ification and makes the DED-GMA component
vulnerable to thermal distortion. Therefore, DED-
GMA components have the most susceptibility to
distortion among the three printing processes con-
sidered here.
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