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Abstract
Structural and mechanical characterization of electron beam additive manufactured stainless steel samples has been carried out.
The XRD measured austenite and ferrite lattice parameters showed their sensitivity to the heat input value, which was related to
the chromium atom redistribution. The ferrite content depended on the heat input too. Optimal heat input level has been detected,
which allowed obtaining the tensile strength higher than that of the base stainless steel. Residual strain levels in the as-deposited
metal and fusion line zone have been measured using the X-ray sin2ψmethod. The highest tensile residual strain was determined
in a fusion line zone between the first as-deposited layer and a substrate. The microstructure of the first fusion line zone contained
deformation twins and entangled dislocations generated by plastic flow under thermal expansion-contraction cycles.
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1 Introduction

The majority of papers on additive manufacturing (AM) is
dedicated to powder-bed processes, while less quantity of
them is focused on the directed energy deposition by either
particle blown or wire-feed techniques [1–12]. Even smaller
number of papers is focused on the wire-feed electron beam
free forming of stainless steel, which is a high deposition rate
process used for additive manufacturing of components
intended for high-temperature and corrosion-resistant applica-
tions [2, 11, 12]. The wire-feed AM process is similar to the
multipass welding deposition in distinction to the powder-bed
processes. Therefore, all basic metallurgical and solidification
processes occurring in the melted pool during the wire-feed
AM are similar to those occurring in the multipass welding
deposition. Analyzing the literature sources, one can see that
not so many papers have been devoted to stainless steels wire-

feed AM; therefore, there is lack of information on structural
evolution in this steel, which determines the anisotropy of
mechanical characteristics. The most part of the data and in-
formation known on this topic has been collected in a review
[11].

It is known from welding that depending upon the Cr/Ni
ratio there are two principal crystallization mechanisms, such
as primary austenite dendrite (AF mode) or primary ferrite
dendrite growth (FAmode) [12]. Thus, either ferrite or austen-
ite becomes a second crystallizing phase in AF or FA mode,
respectively. Ferrite may crystallize in two forms, namely lacy
or vermicular ferrite depending upon the growth direction
orientation with respect to the unmelted austenite grains.

The abovementioned solidification routes are modified in
the course of additive manufacturing due to multipass as well
as layer-by-layer building procedure and inevitable formation
of partially melted and reheated zones, where both phase trans-
formation and recrystallizationmay occur [13]. These zones are
clearly seen in additive manufactured stainless steel samples as
dark-etched fusion lines, and they determine the anisotropy of
mechanical characteristics in the AM built metal. The fusion
lines mark zones where both structural modifications occur as
well as the residual stresses are concentrated [14].
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Both structural evolution of the solidified metal structure
and residual stress level depend on the temperatures achieved.
In fact, the multipass deposition creates conditions for thermal
cycling the underlying metal layers [15].

All these phenomena occur during additive manufacturing
on the 304 stainless steel. Depending upon the temperatures
achieved, the reheated zone metal may experience ferrite dis-
solution in austenite and then precipitation in some other form.
The temperature conditions in the vicinity of a melted pool are
determined by a heat input level. Therefore, one may trace the
heat input effect on the structure and characteristics of the
build-up. Determining the precise austenite and ferrite lattice
parameters in the build-up zones and as a function of heat
input may help better understanding the alloying atom redis-
tribution during remelting and reheating.

The objective of this paper is to follow the crystalline struc-
ture changes in the additivemanufactured stainless steel build-
up as well as to establish a relationship between these changes
and the mechanical characteristics.

2 Materials and methods

Directed electron beam free-form fabrication has been car-
ried out using an experimental electron beam deposition
machine and 304 stainless steel 1 mm diameter wire. The
AM process parameters are shown below in the Table 1.
Total five 1-mm thickness layers have been deposited ac-
cording to scanning strategies shown in Fig. 1. Thus,
sample 1 consisted of five layers successively deposited
layers each of them being deposited by changing the pass
orientation by 90° with respect to the underlying layer.
Samples 2 and 3 were composed five layers deposited
successively in parallel to each other.

Substrates were 140 × 75 × 10 mm3 304 stainless steel
plates structurally composed of coarse austenite grains with
annealing twins and ferrite streaks. Chemical composition of
the steel is as follows: (mass %) 0.12 C, 9.5 Ni, 18.4 Cr, 1.4
Mn, 0.8 Si, balance Fe. The corresponding nickel/chromium
equivalent is Creq/Nieq = 1.42, which means that primary

austenite dendrites will crystallize from the melt followed by
the ferrite crystallization in the interdendrite spaces between
the austenite dendrites (AF mode).

A microstructural characterization has been carried out on
samples ground using an emery paper and then polished using
a diamond 60-nm grit paste. An electrochemical etching in
10 vol% oxalic acid in water solution was applied so that the
sample was an anode and plate electrodes were cathodes. The
etching process voltage, current, and time were as follows:
6.1 V, ~ 0.05 A, and 30–40 s, respectively.

TEM thin foils have been prepared by ion milling using an
EM 09100IS machine (Jeol) at 6 and 2 kVafter a 4° angle tilt.
A Jeol 2100 electron microscope operated at 200 kVwas used
for conventional bright- and dark-field imaging.

An X-ray diffractometer XRD-7000S operated in the 2Θ
range 20 to 165°, using СоКа = 1.78897 A radiation, the
Bragg-Brentano focusing geometry, and equipped with a
monochromator has been used to determine the crystalline
lattice parameters and residual strain. To provide the required
accuracy of lattice parameter measuring, we used both sym-
metrical and asymmetrical grazing angle X-ray diffractometry
(XRD) schemes. The residual strain was measured using the
sin2ψ- method.

Samples for mechanical testing have been cut out of the
deposited metal as shown in Fig. 2 from three parts of the
deposited metal volume. These three parts of samples
microstructurally represented the as-deposited AM metal, as-
deposited/substrate fusion zone, and substrate base metal, re-
spectively. The samples have been chemically etched by dip-
ping for 6 s into the marble reagent composed of 20 mg
Cu2SO4, 100 ml HCl, 100 ml ethyl alcohol, and then rinsed/
dried in ethyl alcohol at the room temperature. The tensile
samples had 3-mm thickness, 8-mm width, and 25-mm gauge
length. A tensile machine Testsystems 110M-10 has been used
for testing them at the room temperatures. Fractographic anal-
ysis was carried out using an SEM instrument NIKKISO
SM3000.

The electron beam wire-feed AM process parameters are
identified in Table 1 together with the mechanical character-
istics and heat input levels calculated as E ¼ 60*U*I

1000*V , where U

Table 1 The wire-feed electron beam AM deposition process parameters and mechanical characteristics of the samples built

No of sample and
scanning strategy

Current,
mA

Voltage,
kV

Deposition speed,
mm/min

Heat input,
kJ/mm

σmax,
MPa

σy,
MPa

Percent
elongation, %

Overlap,
mm

Wire-feed rate,
mm/min

1 (Scheme I) 30 30 200 0.27 534 221 94.7 3.2 965

2 (Scheme II) 33 25 200 0.24 557 280 88.1 3.3 800

2 (Scheme II)
1st layer/substrate)

33 25 200 0.24 492 257 86.5 3.3 800

2 (Substrate) N/A N/A N/A N/A 539 295 84.3 N/A N/A

3 (Scheme III) 33 25 220 0.22 534 238 88.0 3.3 865
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and I are the electron beam voltage and current, V and A,
respectively; V is the deposition speed, mm/min.

3 Results

3.1 Metallography

Metallographic examination of the deposited samples allowed
showing that the build-up metal of all samples consisted of
primary austenite dendrites and thin ferrite crystallites located
in spaces between the austenite dendrites (Fig. 3a). The ferrite
crystallite morphology varied from vermiculate to cellular,
lathy or point-like depending upon the austenite dendrite
growth axis orientation with respect to the polished view
plain, which was simultaneously parallel to the building direc-
tion and the deposition direction. The microstructure of the
substrate/build-up fusion zone is depleted by ferrite, which
forms coarse cells (Fig. 3b).

3.2 Mechanical strength

The engineering stress-strain curves in Fig. 4 show that both
scanning strategy and heat input have their effects on the ten-
sile strength. The sample 1 (0.27 kJ/mm) metal showed the

maximum of relative elongation (94.7%) and simultaneously
the strength level negligibly below that that of the substrate
metal and sample 2 (0.247 kJ/mm) (Fig. 4a). At the same time,
sample 2 deposited metal showed its strength higher than that
of sample 1 and 3 (0.225 kJ/mm). Also, the deposited on
sample 2 metal has the maximum strength as compared to
those of metal/substrate transition zone and even the substrate
(Fig. 4b).

The as-deposited metal fracture surfaces of sample 1 and
sample 3 are composed of ductile fracture dimple structures
and < 5-μm cavities (Fig. 5a, c). Sample 1 shows the most
irregular surface with ridges and valleys. Sample 3 fracture
surface is less irregular as compared to that of sample 1.
Sample 2 as-deposited metal shows uniform small flat dimple
structures with scarce cavities (Fig. 5b). Sample 2 fusion zone
reveals the presence of coarse 20–30 μm cleavage facets sim-
ilar to those found in a greater number on the fracture surface
of the base metal sample (Fig. 6a, b).

3.3 Crystalline lattice parameter

The X-ray irradiated surface was perpendicular to the building
direction so that the grown dendrites were inclined to this
surface at arbitrary angles. The results of XRD show the pres-
ence of two main phases, such as austenite and ferrite both in

Fig. 1 Scanning strategies used for the wire-feed electron beam manufacturing: Scheme I—successively criss-cross deposited layers (a), Scheme II—
continuous successive deposition of parallel layers (b), Scheme III—linear discontinuous deposition of parallel layers (c)

Fig. 2 Tensile test samples cut-off
scheme from different parts of the
deposited metal
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as-deposited metal of all samples (Fig. 7a) and in sample 2
zones (Fig. 7b). One may see that the (200) γ peak is higher
than that of (111) γ only in sample 1, which was grown at the
maximum heat input 0.27 kJ/mm.

Precision determining the γ-lattice parameters of samples
has been carried out using the Nelson-Railey extrapolation
function (Fig. 8).

One can see that the extrapolation lines in Fig. 8a give
different lattice parameters, for sample, 1, 2, and 3. Let us note
that the high data scatter in as-deposited metal might be

determined by the presence of lattice defects and an orienta-
tion dependence of the residual stresses in the deposited metal.
The maximum lattice parameter is inherent to sample 1, the
minimum—to sample 2. From Fig. 8b, it can be seen that the
substrate has maximum lattice parameter as well as less data
scatter from the extrapolation line. The minimum parameter is
found for the as-deposited metal.

The effect of heat input on the γ-phase lattice parameter as
well as both γ- and δ-phase content measured by the XRD
peak ratios is demonstrated by Fig. 9a.

Fig. 3 The microstructure of as-
deposited metal (a), as-deposited
metal/substrate zone (b) in
samples cut off as shown in
Fig. 2. Arrows show the
deposition direction

Fig. 4 The engineering stress-strain curves obtained on samples 1, 2, and in tensile axis orientation along the beam travel direction (a) and in sample 2
with tensile axis along the building direction (b)
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Both γ-lattice parameter and content reduce with higher
heat input until reaching a value of 0.27 kJ/mm when both
of them start growing. An inverse behavior is observed for the
ferrite whose content grows with the heat input and then starts

reducing (Fig. 9b). The ferrite lattice parameter’s behavior is
analogous to that of austenite (Fig. 9b).

The dependence of ferrite content on the heat input obtain-
ed from a quantitative analysis of optical images is in

Fig. 5 The SEM images of fracture surfaces on sample 1 (a), sample 2 (b), and sample 3 (c)

Fig. 6 The SEM images of
fracture surfaces in fusion zone
(a) and base metal (b) of sample 2

Fig. 7 The XRD patterns
obtained from as-deposited metal
of samples 1, 2, 3 (a) and from
sample 2 zones (b)
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accordance with that obtained from XRD (Fig. 10a) but gives
somewhat higher ferrite content percentages. The amount of
ferrite in different sample 2 zones shows the minimum ferrite
content in the as-deposited metal, maximum content for the
fusion zone between as-deposited metal and substrate and
medium content for the substrate base metal (Fig. 10b).

3.4 Residual strain

Residual strain analysis conducted using the sin2ψ- method
shows low tensile strain (Ψ = 0°) levels 0.04% in sample 2 and
somewhat higher but still low ones in samples 1 and 3 (up to
0.1%) (Fig. 11a).

It follows from Fig. 11a that the higher heat input resulted
in somewhat higher residual tensile strain. It seems quite log-
ical. The distribution of residual stress in sample 2 shows that
minimum tensile strain is inherent with the as-deposited metal
(Fig. 11b) and the substrate. Up to 20%, tensile strain is

observed in the fusion zone between the as-deposited metal
and substrate. It follows from the asymmetrical XRD that
lattice parameters have wide scatter from the mean value, thus
showing both the presence of texturing and orientation depen-
dence of the strain. For example, the lattice parameters deter-
mined from (200) reflection show their increased values both
due to texture and maximum tensile strain along the (100)
dendrite growth axis. Therefore, accurate determination of
residual strain and stress as-depended on the orientation was
not a purpose in this case.

3.5 TEM

A thin foil for TEM has been cut out of the sample 2 fusion
zone, where maximum residual strain has been observed using
the XRD. The thin foil surface was parallel to the building
direction and tensile axis so that one could see the structural
evolution of the samples along the building direction. It was

Fig. 8 Extrapolation of austenite lattice parameter using the Nelson-Railey function

Fig. 9 The heat input effect on the γ-lattice parameter and γ-phase content (a) and on δ-phase lattice parameter and content (b) in the deposited metal
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found that this zone was composed of large austenite grains
separated one from another by thin ferrite crystallites. The
austenite grains belonging to this zone contain thin deforma-
tion twins as well as numerous dislocations (Fig. 12a, b). The
corresponding SAED area (Fig. 12c) pattern (Fig. 12d) shows
the twinning plain (111)γ as a solid line. The dark-field images
(Fig. 12e, d) obtained in a twin (e) and matrix (f) reflections
identify twins and matrix, respectively. All matrix reflections
do not show any azimuthal misorientation.

Ferrite crystallites are located along the austenite grain
boundaries and contain less dislocations (Fig. 13a, b). The
SAED area (Fig. 13c) and corresponding SAED pattern
(Fig. 13d) show the presence of at least two different crystal-
line lattices. Both phases do not show any azimuthal misori-
entation. The dark-field images (Fig. 13e, f) were obtained
using an austenite and ferrite reflections, respectively. One

may see that the ferrite plate in Fig. 13c has been broken into
several pieces as a result of thermal expansion-contraction
deformation.

4 Discussion

The microstructure of the samples grown using the electron
beam multipass deposition is represented by two structural
components typical for directed energy deposited 304 stain-
less steel. The volume content ratio between austenite and
ferrite is changed as-depended on the heat input. Such a find-
ing may be explained by the fact that chromium atoms are
forced out of the austenite crystalline lattice at the crystalliza-
tion front into interdendrite spaces during the austenite den-
drite growth. The higher heat input accelerates this process,

Fig. 10 Ferrite content vs. heat input (a) and in different zones of the sample 2 sample (b) as determined from optical images using the intercept method

Fig. 11 Residual strain extrapolation as determined from sin2ψ- method and as dependent on heat input (a) and along the building direction (Ψ = 0°) (b)
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thus reducing the austenite lattice parameter and enriching the
interdendrite spaces by chromium, which is a ferrite promot-
ing metal. Therefore, increasing the heat input from 0.225
(sample 3) to 0.247 kJ/mm (sample 2) results in increasing
the ferrite content and simultaneous reducing the austenite
content.

The rationale behind decreasing ferrite lattice parameter in
0.225 to 0.247 kJ/mm range may be as follows. Since ferrite
content is increasing in this heat input range then less chromi-
um is left in the austenite; therefore, less of it finds its way to
the interdendrite spaces. The solidifying ferrite crystallites are
formed in these depleted by chromium interdendrite spaces.
Then, already solidified ferrite crystallite will contain less
chromium; therefore, their lattice parameter will be decreased
as compared to those formed at lower heat input.

Quite another type of behavior is observed in case of in-
creasing the heat input from 0.247 to 0.27 kJ/mm (sample 1).
The austenite/ferrite ratio increased as well as austenite and
ferrite lattice parameters. It seems that reheating of the depos-
ited metal by successive layer deposition resulted in the ferrite
dissolution in austenite. A part of ferrite grains became dis-
solved and thenmight partially precipitate again in the form of
equiaxed grains. Another part of the chromium atoms stayed
dissolved in the austenite, thus increasing its lattice parameter.
The same is true for the ferrite since there was no any chro-
mium atom shortage for the ferrite growth by chromium dif-
fusion from austenite during the reheating cycles.

Both new and primary ferrite grains are saturated by chro-
mium; therefore, their lattice parameter increased.

Other researchers confirm the ferrite content growth with
the heat input (see for example [16]).

The as-deposited metal of sample 2 is characterized by the
maximum content of ferrite as compared to those of sample 1
and 3. Also, sample 2 shows the maximum tensile strength,
i.e., higher than that of the base metal. At the same, its yield
stress is a bit lower than of the base metal. One may suggest
that high ferrite content allowed strengthening the as-
deposited metal.

The results of our investigations show that high strength
sample 2 as-deposited metal correlates with the heat input and
the ferrite content. The fractography results show that fracture
surface of as-deposited sample 2 consists of shallow dimples
smaller than those in samples 1 and 3.

However, high ferrite content should affect the ductility.
Nevertheless, the percent elongation of sample 2 (88%) has

not reduced that much as compared to sample 3 (88%) and the
base metal (84.3%). The maximum elongation of sample 1
(94.7%) with the maximum heat input what may be explained
by less ferrite content as well as defect annealing. Therefore,
the high strength and yield stress of sample 2 cannot be fully
related to the higher content of ferrite in it. One may suggest
that the austenite dendrite size was smaller too and higher
strength of sample 2 may be then explained by the Hall-
Petch law. It was reported [17] that lower heat input
(0.27 kJ/mm) resulted in smaller grain after directed energy
deposition, and thus improved the longitudinal tensile
strength, almost equal to that of the base metal.

According to [1], there are three reasons for residual stress
in the directed energy as-deposited metal, such as spatial tem-
perature gradients (i), thermal expansion and contraction (ii),
and plasticity and flow stress (iii). It was found also that the
residual stress maximums were on the fusion lines between
successively deposited layers as well an absolute maximum
was located on the first fusion line between the first layer and a
substrate [14].

The residual tensile strain levels measured in as-deposited
metal along the building direction proved minimum only for
sample 3 obtained at 0.225 kJ/mm. One may suggest that
since minimum heat input corresponded to the minimum re-
sidual tensile strain then thermal expansion-contraction pro-
cesses are responsible for inducing the residual strain.

The residual strain distribution along the building direction
in sample 2 showed that the maximum strain was found for the
first fusion zone between as-deposited metal and the substrate.
TEM shows the presence of plastic deformation by twinning
and dislocation glide in this zone. This zone showed the min-
imum tensile strength 492 MPa as compared to those of as-
deposited metal 557 MPa and the base metal 539 MPa
(Table 1). High tensile stress level as well as work-hardening
together with coarse grain structure formed in this zone may
explain that low strength.

Deformation twinning in a laser powder-bed AM ob-
tained 316 L austenitic stainless steel was observed and
twinning-induced plasticity was claimed responsible for
the high strength level achieved [18]. However, in our
case, the stress-strain curves did not show any features
that could result from twinning-induced plasticity. The
twinning resulted from plastic deformation under resid-
ual stress exerted due to thermal expansion-contraction
conditions. The maximum tensile residual stress was
achieved on the first fusion boundary zone, and this
zone showed the minimum tensile strength without any
twinning-induced plasticity. Also, no one of the stress-
strain curves showed a feature that could be related to
twinning-induced plasticity. We believe that deformation
twinning is inherent with the stainless steels, and there
is no surprise observing it.

�Fig. 12 TEM bright-field images of deformation twins formed in the as-
deposited metal/substrate zone in sample 2 (a, b, c) and corresponding
SAED pattern (d). Dark-field images have been obtained using a twin
reflection (111 )γ,t, which is identical to (511 )γ (e) and a matrix reflection
(200)γ (f). The austenite and ferrite lattice zone axes are along [112]γ and
[111]α, respectively

Int J Adv Manuf Technol (2018) 99:2353–2363 2361



a b

c d

e f

111�
[112]�

[111]�

0-11�

-2-22�

-311�

-220�

1-10�

-1-12�

101�

2362 Int J Adv Manuf Technol (2018) 99:2353–2363



5 Conclusion

The results of investigations into electron beam deposited
multilayer multipass allowed establishing that the as-
deposited metal strength as well as phase composition is de-
termined by heat input level. It was found that an optimal heat
input level must be found to provide the highest strength and
ferrite content. The insufficient heat input serves to increase
the austenite lattice parameter and reduce the ferrite content.
On the other hand, the excess heat input may lead to dissolu-
tion of ferrite crystallite in the austenite matrix and coarsening
of the austenite dendrites. Themaximum residual tensile strain
and minimum tensile strength zone was found on the first
fusion line as well as deformation twinning and dislocation
structures formed by thermal expansion-contraction
mechanism.
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