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Effect of Deformation-Induced Martensitic
Transformations in a SMAW Butt Joint of the 304
Stainless Steel on its Strain Field Distributions

ANATOLIY KLOPOTOV, MIKHAIL SLOBODYAN, ALEXANDER SMIRNOV,
NIKOLAY ABABKOV, NATALYA POPOVA, KIRILL KURGAN, ARTEM USTINOV,
YURIY ABZAEV, and ELENA NIKONENKO

The paper reports the effect of plane tensile stresses on changes in the microstructure and phase
composition in a butt joint of plates from the 304 austenitic stainless steel obtained by shielded
metal arc welding. Both evolution of strain field distributions and data obtained by transmission
diffraction electron microscopy are presented. The deformation-induced c fi a transformation
was observed in addition to the cfi e one. High plasticity and significant strain hardening of the
steel were established. For the welded steel sample, the ratio of ultimate tensile strength to the
yield point reduced from 3.3 (for the as-received metal) down to 2.6. At the elastic stage, a
fragmented structure was observed in the form of local macroregions, within which strain levels
differed by ±(30–40)pct from the average one over the entire area of the welded sample surface.
These local macroregions were a kind of deformation or elastic-plastic domains, which could
include some groups of grains. The transition from the elastic strain region to the plastic one
caused a change in all strain field distributions on the welded sample surface. Small local areas
merged into large homogeneous regions characterized by high strain levels. The presence of the
welded joint resulted in the formation of local macroregions with both lower and higher plastic
strain levels on the longitudinal and transverse field distributions in speckle images than the
averaged values over the entire sample surface. These macroregions was due to the
inhomogeneity of residual stresses and the deformation-induced c fi a fi e martensitic
transformations.
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I. INTRODUCTION

STAINLESS steels have been widely applied in
various industries for many decades. However, much
effort is being made to optimize their chemical and
phase compositions, as well as microstructures for
improving functional properties.[1–3] Some types of
equipment, vessels and structures fabricated from stain-
less steels have complex shapes and large dimensions, so
it is necessary to use bolted connections[4–6] or welded

joints,[7–9] including dissimilar ones,[10–12] for their
building. Recently, additive manufacturing has begun
to be widely deployed.[13–15] It should be noted that
much attention is paid to shielded metal arc welding
(SMAW) of stainless steels,[16–18] despite a significant
number of other mechanized and automated methods
have been developed.[19,20] The reason is the versatility
and low cost of equipment, which distinguishes this
method from others, even considering its low
productivity.
The microstructure and properties of weld metals

(WM) differ from those of base metals (BM) because of
high heating and cooling rates, as well as the use of
welding consumables in some cases. This results in
residual stresses and distortions in the area of welded
joints.[21–23] An analysis of the experimental data on the
effect of strains on the microstructure and phase
composition (at the microlevel) as well as evolution of
strain field distributions (at the macrolevel) enables to
predict the behavior of the welded joints in a wide range
of mechanical loads. Digital image correlation methods
are among the most advanced ones currently applied for
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these purposes.[24–26] At the same time, electron micro-
scopic studies are also necessary to understand the
obtained data at the microlevel.

Features of the austenitic steel welding are the
following.[7,8] Their thermal expansion coefficient is
about one and a half times greater than that of carbon
steels. This fact should be taken into account to
minimize distortion. The low thermal and electrical
conductivity of the austenitic steels causes no need for
high heat input upon fusion welding, since the heat is
not conducted away from a joint. Typically, filler metals
(if applied) should match the BM compositions and
provide a microstructure with some ferrite to avoid hot
cracking. Also, sensitization of the heat affected zone
(HAZ) should be prevented.

It is known that the c fi e fi a martensitic
transformations (MT) can take place in austenitic
metastable steels at the interface between a weld pool
and BM upon welding.[7,8] In this case, the c-phase is
austenite, the e-phase is martensite with the hexagonal
close-packed (HCP) crystal lattice, and the a-phase is
martensite with the body-centered cubic (BCC)
microstructure. These transformations of the steel
microstructure affect its functional properties. As a
result, welded joints are the most critical metal regions
due to the presence of stress raisers, which cause the
formation of cracks and other discontinuities.[27] There-
fore, knowledge about patterns of strain filed distribu-
tions in the area of the welded joints under loads enables
to assess strength properties of entire welded structures
and predict their behavior during operation.[28]

To date, the microstructure transformation processes
in the metastable austenitic steels and changes in their
mechanical properties under various loads have been
reported by many authors.[29–31] It has been found that
dynamics of these processes are determined by both
types and modes of plastic strains. At the same time,
much attention is paid to study patterns of these
changes as a function of the defect evolution in
austenite and the formation of deformation-induced
martensite. It should be noted that the mechanical
properties of these steels are improved due to the
presence of two types of martensite phases (a¢ with the
BCC lattice and e with the HCP one) transformed from
austenite.[32,33] These phases possess higher strengths,
but the formation of a¢-martensite is more preferable
because of its higher thermodynamic stability (MT can
occur in the c fi e fi a¢ or c fi a¢ ways[32,33]). An
important characteristic for the martensitic phases is
their high resistance to plastic strains.[32] However, few
research results devoted to such processes in welded
joints of the metastable austenitic steels have been
published till now.[34–36]

Based on the foregoing, the purpose of these inves-
tigations has been to study the effect of plane tensile
stresses on changes in the microstructure and phase
composition in a SMAW butt joint of austenitic
stainless steel plates. Both evolution of strain field
distributions and data obtained by transmission diffrac-
tion electron microscopy were considered.

II. MATERIAL AND METHODS

Two 70 9 15 9 1.5 mm plates of the 304 austenitic
stainless steel were joined by SMAW (an ‘EWM Pico
160’ welding machine)across their axis using a ‘CL-11’
electrode 2.5 mm in diameter with a basic coating.[37,38]

Their chemical compositions are presented in Table I.
DCEP welding current was about 60 A. As a result, the
WM width was ~1.5 mm, the HAZ was within 2.0 mm.
According to the electrode manufacturer,[37] the ferrite
phase content in the WM was 2.5 to 10.0 pct (typical is
6.1 pct) and it was highly resistant to intergranular
corrosion.[39] The welded joint had to possess the
following typical characteristics: impact strength of
~120 J/cm2, tensile strength of ~660 MPa, yield point
of ~420 MPa, and elongation of 34 pct.[37]

Tensile loads were applied to both as-received steel
and welded samples using an ‘INSTRON 3386’ elec-
tromechanical testing machine at a constant rate of
0.3 mm/min.
Strains were measured with a ‘Vic-3D’ optical system,

which enabled to obtain data on displacements of points
on the sample surfaces under the tensile loads. Figure 1
shows a scheme of the registration of speckle images on
the welded sample surface under tensile loads. The data
were recorded on the basis of an extensometer installed
at the studied samples from the upper clamp of the
testing machine to the lower one, as well as at the sample
surfaces. An image analysis of the investigated surfaces
was carried out after the formation of speckle
microstructures on them, i.e., irregular drawing of many
points on a contrasting background. Upon the test, the
‘VicSnap’ software recorded images from two cameras
simultaneously. The stereo images were processed by the
‘Vic-3D’ software that calculated displacements of the
surface points in three mutually perpendicular axes by
applying the digital image correlation method. The
output data were the X, Y, and Z coordinates for each
analyzed point; the U, V, and W displacements at each
point along the X, Y, and Z axes, respectively; as well as
the eXX transverse (along the X axis), eYY longitudinal
(along the Y one), and eXY shear strains. As a result, a
data array was obtained on the displacements of the
surface metal microvolumes in the three-dimensional
space. The strain fields were the projections of these
local surface areas.
The use of the ‘Vic-3D’ system enabled to determine

levels of average strains over the entire sample area on a
fixed base under the uniaxial tensile load.[40] As a result,
deformation curves were obtained in the ‘engineering
stress vs. engineering strain’ (reng�eeng) coordinates,
which were calculated by the following equations:

reng ¼
F

S0

� �
½1�

eeng ¼
Dl
l0

� �
½2�

where F was tensile force, S0wasthe initial cross-sec-
tional area of the sample, Dl was its elongation,
andl0wasthe initial length of the sample.
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Then, the ‘engineering stress vs engineering strain’
curves were converted to the ‘true stress vs true strain’
(rtrue�etrue) ones by the following equations[41]:

rtrue ¼
F

S0

� �
1þ Dl

l0

� �
½3�

etrue ¼ ln 1þ Dl
l0

� �
½4�

The microstructure and phase composition of thin
steel foils were studied by transmission electron diffrac-
tion microscopy using an ‘EM-125’ microscope with a
magnification of 25,000. The foils were cut by electrical
discharge machining from the BM, HAZ and WM. The
following parameters of the steel microstructure were
found using electron microscopic images: volume frac-
tions of the matrix morphological components, scalar
and excess dislocation densities, curvature-torsion
amplitudes of the crystal lattice, as well as levels of
internal stresses. Determination of sizes and volume
fractions of the phases presented in the steel was carried
out using images confirmed by microdiffraction patterns
and dark-field ones obtained in the reflections of the
corresponding phases. The phases were identified by the
microdiffraction patterns calculated from the tabular
values of the crystal lattice parameters of actually
presented ones. The scalar dislocation density q was
determined according to the standard technique from
the micrographs by the secant method with a correction
for the invisibility of dislocations.[42] A rectangular mesh

was used as secants. The total number of intersections of
dislocation lines with horizontal and vertical mesh ones
was calculated.[42] The q value was assessed within a
single c-phase grain.
Two types of internal stresses were determined on the

basis of the electron microscopic studies.[43] The first one
was rs shear stresses, i.e., stress fields formed by the
dislocation substructure (‘forest’ dislocations). The sec-
ond type was rl long-range stresses, i.e., moment (or
local) stresses arising in areas with the (q±) excess
dislocation density:

q� ¼ qþ � q� 6¼ 0; ½5�

where q+ and q� were densities of positively and
negatively charged dislocations, respectively.
Shear stresses (stress fields due to the presence of

dislocations) were calculated using the formula:

rs ¼ a � G � b �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
<q>

p
; ½6�

where a were changed from 0.05 to 1.00 depending on
the dislocation ensemble type[44]; G was shear modulus,
b was the Burgers vector; q was the scalar dislocation
density.
Long-range stresses were determined from the pres-

ence of the q± excess dislocation density according to
the relationship:

rl ¼ aCGb
ffiffiffiffiffiffi
q�

p
; ½7�

where aC = 1 was the Strunin coefficient.[45]

The q± excess dislocation density was found experi-
mentally from the relationship[46]:

q� ¼ v=b; ½8�

where v was the average value of the curvature-torsion
amplitude for the matrix crystal lattice, determined by
the presence of bending extinction contours in the
material, which defined as[46]:

v ¼ @u=@l; ½9�

where u was the goniometer-controlled tilt angle of the
foil in the electron microscope column, l was the
extinction contour width determined experimentally.[46]

Moment stresses were identified by the presence of
bending extinction contours in the steel.[46] In this case,
long-range stresses can be represented from the expres-
sion (7) as:

rl ¼ G
ffiffiffiffiffiffiffiffi
b=v

p
: ½10�

This process was based on the c fi twins fi e fi a
complex MT sequence. In the studied case, there were

Table I. The Chemical Compositions of the 304 Stainless Steel and the ‘CL-11’ SMAW Electrode (Wt Pct)

C Mn Si Ni Cr Nb S P Ti Cu Fe

Steel 0.12 £ 2.0 £ 0.8 9.0–11.0 17.0–19.0 — £ 0.02 £ 0.035 0.6–0.8 £ 0.30 balance
Electrode 0.10 1.8 0.53 9.8 20.8 0.99 0.011 0.02 — — balance

Fig. 1—The scheme of the registration of speckle images on the
welded sample surface under tensile loads.
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mechanical (strain) microtwins based on the austenitic
c-phase with the FCC crystal lattice, as well as the HCP
e- and BCC a-phases (e- and a-martensite, respectively).

The studied material belonged to austenitic steels, in
which, austenite (the FCC c-phase), as a rule, trans-
forms into martensite upon deformation or/and heat-
ing.[47–49] As a result, two microstructure types could be
formed: HCP e- and BCC a-martensite. Both processes
were diffusionless in the following sequence[47–49]: c fi
twins fi e fi a, where twins could be mechanical (or
strain) microtwins with the FCC crystal lattice, which
parameter was equal to that of the c-phase (austenite).

It is known[50] that both microtwins and e-martensite
were flat plates (parallel to each other) of regular
geometric shapes with clear boundaries. The habit (or
twinning) plane of microtwins was the {111} ones of
austenite. Plates of e-martensite were also formed on the
{111} ones of austenite because these close-packed
planes and the (0001) plane of e-martensite were parallel
to each other, as well as the close-packed h110ic and
h1120ie directions coincided in these planes.[47] Due to
these reasons, it was difficult to distinguish e-martensite
plates from microtwins in the direct transmission
electron microscopic (TEM) study of the austenitic steel
microstructures. Therefore, the steel phase composition
was assessed by indication of microelectron diffraction
patterns (in the presence of e-martensite and microtwins
in austenite) using a technique based on the matrix
equations.[50]

III. RESULTS AND DISCUSSION

A. Transmission Electron Microscopy

1. The as-received base metal
The results of the TEM studies showed that the

as-received steel matrix was the c-phase (austenite), i.e.,
the FCC c-Fe solid solution (both interstitial and
substitutional). In this case, the interstitial element was
carbon, while the substitutional ones were nickel,
chromium, molybdenum, manganese, titanium, silicon,
etc. Some of the alloying elements could be located at
defects of the crystal lattice. According to Reference 47,
plastic strains in austenitic steels could cause changes in
their microstructure and phase composition.

The as-received steel contained c-phase grains
(austenite) with different defect structures. The first type
included ones with a reticulated dislocation substruc-
ture. The second type consisted of grains, in which
(along with the dislocation substructure) mechanical (or
strain) microtwins were present in the form of packets of
one, two, and three systems. Volume fractions of the
c-phase grains were in the following portions: austenite
grains without mechanical microtwins were approxi-
mately 10 vol pct, but grains with packets of the one,
two and three systems of microtwins were about 25, 40
and 15 vol pct, respectively. Their typical TEM images
are shown in Figures 2, 3 and 4. All evidence is
presented in these figures, namely: (1) the directions of
microtwins in the c-matrix indices; (2) a trace of the
{111}c habit plane with the indicated plane sign; (3)

microdiffraction patterns obtained from a section of the
c-phase grain containing microtwins; (4) the indicated
diagrams of the microdiffraction patterns; and (5) the
theoretically calculated parallelism of the planes and
directions in the crystal lattices of the c-matrix as well as
microtwins are indicated for comparison with the
experimentally obtained microdiffraction patterns.
Also, the results of the TEM studies of the steel

microstructure showed that it was characterized by
dense dislocation meshes in all grains with a rather high
level of the scalar dislocation density (<q> was about
2.0 9 1010 cm�2).The highest dislocation density of
~ 2.35 9 1010 cm�2 was found in grains without
microtwins. The presence of microtwins contributed to
a decrease in the<q> values down to 1.47 9 1010 cm–2

and relaxation of internal stresses.[51] Polarization of the
dislocation microstructure was in the c-phase grains.
This was evidenced by the presence of bending extinc-
tion contours inside them (Figures 2, 3 and 4).The
average q± excess dislocation density, determined on the
basis of width of the bending extinction contours, was
1.97 9 1010 cm–2 that was comparable to the<q>value.

2. The deformed base metal
The steel deformed up to eeng = 5 pct was character-

ized by the same microstructure and phase composition
as the as-received metal. Enhancing strains up to
eeng = 37 pct caused great changes. In this case, the
microstructure included c-phase grains (up to
~80 vol pct) consisted of both packets of microtwins
and e-martensite plates (Figure 5). There were c-phase
grains with packets of microtwins of the same system in
an amount of ~5 vol pct, as well as 15 vol pct e-marten-
site grains (Figure 6). These data indicated that strains
up to 37 pct resulted in the crystal lattice rearrangement,
i.e., the c fi a transformation. The average qa scalar
dislocation density was 2.21 9 1010 cm–2 in a-martensite
grains, which was almost 1.5 times less than the mean qc
value of 3.96 9 1010 cm–2. Nevertheless, the average rl
local stresses were about 535 MPa in a-martensite
grains. Their rl

plast plastic component was ~295 MPa
and the rl

elast elastic one was ~240 MPa. Consequently,
the strain effect was different for austenite and marten-
site grains. The elastic-plastic bending-torsion had
occurred in the a-martensite crystal lattice, while only
plastic bending-torsion of the crystal lattice was
observed in austenite grains (rl was 340 MPa, but rs
was 400 MPa).
After strain up to eeng = 25 pct, the WM microstruc-

ture mainly consisted of three types of the c-phase
grains. The first type was represented by ones with the
meshed dislocation substructure. Grains of the second
type contained packets of microtwins, and ones of the
third type included lamellar precipitates of e-martensite.
Their typical TEM images are shown in Figures 7, 8 and
9. The fraction of grains with the meshed dislocation
substructure was about 10 vol pct, the scalar dislocation
density had increased up to 5.52 9 1010 cm–2. The
proportion of grains with microtwins was 65 vol pct.
The dislocation substructure in these grains was frag-
mentary, as after strain up to eeng = 5 pct. The scalar
dislocation density was 3.38 9 1010 cm�2, while the q±
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Fig. 2—TEM images of an austenite grain in the meshed substructure: (a)—bright-field image; (b)—microdiffraction pattern of the (a) area;
(c)—the indicated diagram (containing reflections that belong to the (112) plane of the c-phase).

Fig. 3—TEM images of an austenite grain included a system of strain twins: (a)—bright-field image; (b)—microdiffraction pattern of the (a)
area; (c)—the indicated diagram (containing reflections that belong to the ð110Þ plane of the c-phase and the ð110Þ package of microtwins). The
conditions for parallelism of the planes and the directions between the crystal lattices of the c-matrix and the package of microtwins are satisfied:
ð110Þc ð110Þtwin

�� and ½111�c ½111�twin
�� , the habit (twinning) plane is (111)c).
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excess dislocation density was about 4.40 9 1010 cm�2

(Table II).
The proportion of grains containing e-martensite had

increased up to 25 vol pct. It should be noted that
e-martensite of two types was in the BM microstructure
after strain up to eeng = 25 pct. The first one included
packets of parallel plates (similar to those of microtwins)
located across all (or almost all) c-phase grains (Figure 8).
The second type contained short needle-shaped plates
parallel to each other within a grain (Figure 9). The
fraction of c-phase grains containing plates of e-marten-
site of the first type was about 5 vol pct, while the second
type was near 20 vol pct. The dislocation substructure of
grains containing e-martensite of both types was repre-
sented by dense dislocation meshes, as after strain up to
eeng = 5 pct. The average scalar dislocation density in
these c-phase grains was 4.12 9 1010 cm–2 and 4.41 9
1010 cm–2, respectively.

As in the previous case, the dislocation substructure
was polarized in all c-phase grains. The q± excess
dislocation densities, measured from width of the
extinction contours, were determined in grains of
different types. The results of these calculations are
shown in Table II. It follows from these data that both
q> q± and rs>rl conditions were satisfied in all
c-phase grains, except in ones with microtwins. Accord-
ingly, the bending-torsion of the c-phase crystal lattice
had been of the plastic type. In ones with microtwins,
both q< q± and rs< rl conditions were satisfied and,
respectively, the bending-torsion of the c-phase crystal
lattice had been of the elastic-plastic type. This ratio of
internal stresses had contributed to the formation of
microcracks in these areas. However, they typically did
not transform into macrocracks since the proportion of
c-phase grains with microtwins was not high.

Fig. 4—TEM images of austenite grains included two (a) and three (b) systems of microtwins. The conditions for parallelism of the planes and
the directions between the crystal lattices of the c-matrix and the package of microtwins are satisfied: (a), system 1—ð001Þckð221Þtwin and
½220�ck½220�twin, the habit (twinning) plane is (111)c; (a), system 2—ð001Þckð221Þtwin and ½220�ck½220�twin, the habit (twinning) plane is (111)c; (b),
system 1—ð111Þckð511Þtwin and ½022�ck½022�twin, the habit (twinning) plane is ð111Þc; (b), system 2—ð111Þckð115Þtwin and ½220�ck½220�twin, the habit
(twinning) plane is ð111Þc; (b) system 3—ð111Þckð151Þtwin and ½202�ck½202�twin, the habit (twinning) plane is ð111Þc. In the diagrams, the arrows
show the directions of packets of microtwins in the c-matrix indices, the dashed lines show the traces of the {111} habit planes.
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3. The weld metal
As expected, the microstructure and phase composi-

tion in the WM differed from those for the as-received
steel. The main variations were the following. Firstly,
the WM was dendridic and included c-phase grains with
only two developed systems of microtwins (Figure 10);
their fraction was up to 30 vol pct. Secondly, the
fraction of the c-phase grains with e-martensite packets
was about 10 vol pct (Figure 11). Thirdly, c-phase
austenite grains were observed, which contained both
microtwins and e-martensite plates (Figure 12). Micro-
twins were in the form of long lamellar precipitates,
while e-martensite was as packets of short wide ones. In
Figure 12, the theoretically calculated parallelism of the
planes and the directions in the crystal lattices of the
c-phase matrix, microtwins, and e-martensite plates are
indicated for comparison with the obtained microd-
iffraction pattern. The volume fraction of such grains
was 50 pct. Last but not least, it was found that the cfie
transformation had taken place in about half the WM
volume.

The dislocation microstructure of the WM grains was
in the meshed form but was polarized in the c-phase
ones. The scalar dislocation density (q ~ 2.28 9
1010 cm–2) was comparable to that for the BM. The

excess dislocation density caused internal stress fields.
The average rs value was 300 MPa, and the rl level was
about 280 MPa.

4. The deformed weld metal
After plastic strain of WM up to eeng = 5 pct, the

following main changes in the microstructure and phase
composition were observed. There were no c-phase
grains containing only packages of microtwins (grains of
the first type). It was observed up to 30 vol pct of the
second type c-phase grains included packets of
e-martensite plates as well as up to 70 vol pct of the
third-type ones simultaneously contained intersecting
packets of microtwins and e-martensite. Typical TEM
images of the mentioned grains are shown in
Figures 13 and 14.
An important feature should be noted. Initially,

e-martensite plates had been wide in the BM. In the
HAZ, they had located from c-phase grain boundaries
to their central volumes. After strain up to eeng = 5 pct,
the mean width of
e-martensite plates was comparable with that of

microtwins, and they located from one grain boundary
to the opposite. This indicated that plastic strain caused
the further and more intense c fi e transformation in

Fig. 5—TEM images of austenite grains in the steel deformed up to 37 pct. The grains contain packets of microtwins and e-martensite plates:
(a)—bright-field image; (b)—microdiffraction pattern; (c)—its indicated diagram. The arrows mark the directions of segregation of microtwins
and e-martensite plates relative to the matrix planes. The dashed lines indicate the traces of the habit planes: (111) for microtwins and (111) for
e-martensite plates.
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austenite grains containing only e-martensite plates
(grains of the second type). The same process had been
occurred in grains of the third type.

Strain up to 5 pct almost did not change the
dislocation structure. In all austenite grains, it had the
form of dense dislocation meshes. The scalar dislocation
density slightly increased up to 3.5 9 1010 cm�2 both in
grains of all types and in the WM volume. It should be
noted that the q values differed little in grains of the
second (3.2 9 1010 cm�2) and third (3.6 9 1010 cm�2)
types.

Plastic strains also had caused a more intense polar-
ization of the dislocation structure in the c-phase grains.
However, the excess dislocation density had increased
insignificantly. The mean q± value was 2.28 9 1010 cm–2

for all grain types. The mean rs value was 375 MPa and
rl was about 300 MPa. The rs> rl condition was
fulfilled in all WM and HAZ grains. It was concluded on
this basis that the crystal lattice had been subjected only
to plastic strains.

After strain up to eeng = 25 pct, the WM microstruc-
ture represented only by c-phase grains with mechanical
microtwins and e-martensite plates. The scalar

dislocation density was 6.18 9 1010 cm–2 and the excess
dislocation density was 3.40 9 1010 cm–2, while internal
stresses were rl = 500 MPa and rs = 370 MPa, respec-
tively. Thus, q> q± and rl> rs conditions were fulfilled
in all c-phase grains. Accordingly, bending-torsion of
the c-phase crystal lattice had a plastic character.
Strain up to eeng = 37 pct had caused significant

changes in the microstructure and phase composition of
the WM. The main one had been the formation of the
BCC a-martensite grains under high external stresses.
Their proportion was about 20 vol pct. Typical TEM
images of the WM microstructure are shown in
Figure 15. a-Martensite was both in the form of
individual grains (Figure 15(a)) and their groups
(Figure 15(b)).The average a-martensite grain size was
~1.5 lm.
In addition, intense fragmentation of the dislocation

substructure had occurred in austenite grains. The
average size of dislocation fragments was ~400 nm.
Despite this fragmentation, the scalar dislocation den-
sity had increased in the c-phase grains. As after strain
up to eeng = 5 pct, the q values differed little in c-phase
grains of various types (q was 3.8 9 1010 cm–2 in the

Fig. 6—TEM images of an austenite grain included an a-martensite subgrain in the steel deformed up to 37 pct: (a)—bright-field image;
(b)—dark-field image obtained in the [211] reflex of the a-phase; (c)—indicated microdiffraction pattern obtained from the a-martensite subgrain
(contains reflections belonging to the (120) plane of a-martensite).
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second-type grains and it was 4.0 9 1010 cm–2 in the
third-type ones). The average q dislocation density value
was 3.8 9 1010 cm–2 in the c-phase grains and it was 1.6
9 1010 cm–2 in a-martensite ones (more than two times
less). The integral average scalar dislocation density
slightly decreased down to 3.4 9 1010 cm–2.

Polarization of the dislocation substructure had also
increased in all c-phase grains. The average value of the
excess dislocation density was 2.74 9 1010 cm–2, and
both types of the grains were characterized by almost
the same q± levels. The mean rs value was 390 MPa, rl
was about 325 MPa (they were almost the same in all
c-phase grains). The rs> rl condition was fulfilled in all
WM c-phase grains. This meant that the crystal lattice
had been only plastically deformed, as in the previous
cases.

The dislocation substructure was polarized in both a-
and c-phase grains. However, the q± excess dislocation
density value was higher in the a-phase than that of the
q scalar one. Since the q< q± condition was fulfilled,
the bending-torsion of the a-phase crystal lattice had
been of the elastic-plastic type. The mean rs value was
255 MPa, rl was about 300 MPa (the plastic component
was 255 MPa and the elastic one was 45 MPa). Thus,

the rs<rl condition was fulfilled in the a-phase,
although the rl value slightly exceeded the rs one.
Nevertheless, this meant that the presence of the
a-martensite grains could cause the formation of micro-
cracks in these areas of welded joints.
The conditions for parallelism of the planes and the

directions between the c-matrix and the (e1 and e2)
packets of e-martensite plates are satisfied:

112ð Þck 431ð Þe1 , ½311�ck½122�e1 , 112ð Þck 311ð Þe2 and

½220�ck½121�e2
Thus, the results of the TEM studies showed that

strains had caused the martensitic transformation (both
in BM and WM) in the following sequence: cfi twinsfi
e fi a, where twins could be mechanical (or strain)
microtwins with the FCC crystal lattice, which param-
eter was equal to that of the c-phase (austenite). These
results were in good agreement with the published
data.[43,49]

B. Mechanical Tests

In the process of uniaxial tension of the samples,
engineering stress–strain curves were plotted in the

Fig. 7—TEM images of an austenite grain contained packets of microtwins in the weld metal deformed up to 25 pct: (a)—bright-field image;
(b)—microdiffraction pattern obtained from the area marked with a circle in (a); (c)—the indicated scheme (there are reflexes belonging to the
c-phase and microtwins planes). Above (a), the dashed line shows a trace of the (111)c habit plane; the arrow presents the segregation direction
of microtwins in the c-matrix indexes. The conditions for parallelism of the planes and the directions between the c-matrix and microtwins are
satisfied: ð112Þckð712Þtwin and ½311�ck½113�twin.
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reng�eeng coordinates (Figure 16(a)). The one obtained
for the as-received steel sample was similar to the data
published by other authors.[52] The as-received steel was
characterized by relatively high plasticity and significant
strain hardening, since the ultimate tensile strength
value was 2.0 to 2.5 times higher than the yield point
level (Figure 16(a), curve A). The dynamics of the
welded sample deformation was also characteristic of
similar cases because the ratio between these parameters
significantly decreased (Figure 16(a), curve B).
According to the technique described in Section 2, the

‘true stress–true strain’ curves were also drawn in the
rtrue�etrue coordinates (Figure 16(b)). Considering the
change in the cross-sectional area of the as-received steel
sample under uniaxial tension, curve A in Figure 16(b)
shows that its ultimate tensile strength was 3.3 times
higher than the yield point value. The presence of the
welded joint was also well manifested in the second case
(Figure 16(b), curve B). For this sample, the ratio of
ultimate tensile strength to the yield point decreased
down to 2.6. The analysis of the presented curves
enabled to draw a conclusion that failure of both
samples had occurred at the same plastic strain levels,
but at various ultimate tensile strength values. This fact
reflected the presence of the joint and the ongoing
changes in the microstructure and phase composition in
the weld region, described above.
On both curves in the rtrue�etrue coordinates, a

decrease in the cross-section promoted an increase in
effective stresses by theDrg value, most likely due to the

Fig. 8—TEM images of an austenite grain containing both packets of microtwins and e-martensite plates in the weld metal deformed up to 25
pct: (a)—bright-field image; (b)—microdiffraction pattern obtained from (a); (c)—the indicated scheme (there are reflexes belonging to the
c-phase and e-martensite plates). Near (a), the dashed line indicates the trace of the (111)c habit plane; the arrow shows the segregation direction
of e-martensite in the c-matrix indexes. The conditions for parallelism of the planes and the directions between the c-matrix and e-martensite are
satisfied: 110

� �
ck 010ð Þe and ½111�ck½001�e.

Fig. 9—TEM images of an austenite grain containing needle-shaped
e-martensite plates in the weld metal deformed up to 25 pct:
(a)—bright-field image; (b)—microdiffraction pattern obtained from
(a); (c)—the indicated scheme (there are reflexes belonging to the
c-phase and e-martensite plates). Near (a), the dashed line indicates
the trace of the (111)c habit plane; the arrow shows the segregation
direction of e-martensite in the c-matrix indexes. The conditions for
parallelism of the planes and the directions between the c-matrix and
e-martensite are satisfied: ð110Þckð010Þe and ½111�ck½001�e.
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softening mechanism upon changing the plate
shape.[53,54] As in most metals and alloys that were not
prone to any transformations of the microstructure and
phase composition under tensile loads, physical strain
hardening took place simultaneously with this

phenomenon in the 304 steel samples. As a result,
strains increased by Drph. These processes were charac-
terized by two most probable variants. In the first case,
the Drph<Drg relation was fulfilled. Therefore, phys-
ical strain hardening did not compensate for the

Table II. The Parameters Characterized the Dislocation Substructure in c-Phase Grains

No. Grain Type Excess Dislocation Densities q±, 10
10cm�2

Internal Stresses, MPa

rs rl

1 grains with the mesh substructure 3.68 470 380
2 grains with plates of the first type e-martensite 2.64 405 325
3 grains with plates of the second type e-martensite 2.76 420 330
4 grains with strain microtwins 4.40 370 720

*q<q± indicates that the curvature-torsion of the c-phase crystal lattice in grains with microtwins is elastic-plastic in nature.
**rl = rl

plast + rl
elast = 370 + 350 MPa indicates that the plastic component (370 MPa) of internal stresses is practically comparable to the

elastic one (350 MPa), i.e., rl
plast�rl

elast.

Fig. 10—The TEM image of a grain contained two systems of microtwins (1 and 2): (a)—bright field image; (b)—microdiffraction pattern;
(c)—its indicated diagram.
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softening mechanism. In the second case, when the
Drph>Drg relation was satisfied, the occurrence of
local stress fluctuations due to material inhomogeneity
was minimized by physical hardening and the deforma-
tion was uniform under the tensile load.[55] For the
studied 304 austenitic steel, two important factors had a
significant effect on physical hardening. The first one

was associated with deformation-induced MT that
caused relaxation of internal stresses.[31,56–58] The sec-
ond resulted in a significant level of solid solution
hardening due to the dissolution of substitutional
elements (nickel, chrome, molybdenum, manganese,
titanium, and silicon), as well as carbon as an interstitial
element in the FCC c-phase. As a result, the competition

Fig. 11—TEM images of an austenite grain contained packets of microtwins and e-martensite plates of in the weld metal: (a)—bright field image
(dashed lines indicate the traces of the habit planes, the arrows show the segregation directions of packets of the e-martensite plates in the
c-matrix indexes); (b)—microdiffraction pattern; (c)—its indicated diagram. The conditions for parallelism of the planes and directions between
the c-matrix and the e-martensite plates are satisfied: ð411Þckð113Þe and ½011�ck½110�e.

Fig. 12—TEM images of an austenite grain contained packets of microtwins and e-martensite plates of in the weld metal: (a)—bright-field
image; (b)—indicated microdiffraction pattern (contains reflections belonging to the ð123Þ planes of the c-phase, the ð231Þ package of microtwins
and the ð001Þ plates of e-martensite). Near (a), the dashed lines show the habit plane indexes: for a package of microtwins is (111)c, for the
e-martensite plates is 111

� �
c; arrows indicate indexes of the directions in the (123) plane of the c-matrix: for microtwins is [826], for e-martensite

plates is [4:10:6]. The 123
� �

ck 001ð Þe and 123
� �

ck 231
� �

twin
conditions are satisfied.
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of these factors was reflected in the rtrue = f(etrue)
dependence (Figure 16(a)) and on the evolution of the
strain field distributions on speckle images
(Figures 17 and 18), showing the eYY longitudinal, eXX
transverse and eXY shear strains on the sample surfaces
at different stress levels.

In the elastic stage, a fragmented structure was
observed in the strain field distributions on the as-re-
ceived sample surface (Figure 17, images 1 (eYY),
1 (eXX), and 1 (eXY)). This fragmentation was charac-
terized by many local tensile strain peaks (eYY> 0) in
the eYY longitudinal direction, but compressive ones
(eXX< 0) in the eXX transverse direction (Figure 17,
images 1 (eYY) and1 (eXX)). Small local strain peaks of
different signs (eXY> 0 or eXY< 0) were found in the
eXY shear stain distribution (Figure 17, image 1 (eXY)).

These small local strain peaks included entire groups of
grains at the macro level.
Transition from the elastic stage to the plastic strain

one (Figure 16(a), curve A, points1 and 2) was reflected
by the merging of small local strain zones into larger
regions (Figure 17, images 2 (eYY) and2 (eXX)). A fur-
ther increase in applied stresses caused a change in the
as-received sample shape. Its width reduced in the
central part with the formation of a ‘neck’ (Figure 17,
images 3 (eYY)�5 (eYY), 3 (eXX)�5 (eXX)). As a result,
there was a tendency to ‘contraction’ of the local strain
zones into single large area in the central part of the
sample with a significant increase in plastic strains
inside. In this area, initially, the eYY plastic strain level
was by 1.5 times greater than average values over the
entire sample surface (Figure 17, image 4 (eYY)), but this
ratio enhanced up to 2.5 (Figure 17, image 5 (eYY)) at

Fig. 13—TEM images of an austenite grain in the weld metal deformed to 5 pct: (a)—bright-field image (two (e1 and e2) intersecting packets of
the e-martensite plates are highlighted; the dashed lines indicate the traces of the habit planes; the arrows show the segregation directions of the
(e1 and e2) packets of the e-martensite plates in the c-matrix indexes); (b)—microdiffraction pattern; (c)—its indicated diagram. There are
reflections related to the (112) planes of the e-phase, as well as (431) and (311) planes e-martensite.
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Fig. 14—TEM images of an austenite grain in the weld metal deformed up to 5 pct: (a)—intersecting packets of microtwins and the e-martensite
plates; the dashed lines indicate the traces of the habit planes (the arrows show the segregation directions of the packets of microtwins and the
e-martensite plates in the c-matrix indexes); (b)—microdiffraction pattern; (c)—its indicated diagram. The conditions for parallelism of the planes
and the directions between the c-matrix, the packets of microtwins and the e-martensite plates are satisfied: 112ð Þck 112

� �
twin

,
½220�ck½220�twin, 112ð Þck 431ð Þe, and ½311�ck½122�e.

Fig. 15—TEM images of the weld metal deformed up to 37 pct: (a)—a-martensite grains located along the austenite grain boundaries;
(b)—groups of a-martensite grains (a—the a-martensite grains; c—the austenite grains).
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the final stage (Figure 16, curve A, point 5). This
phenomenon correlated well with changes in the strain
field distributions in the eXX transverse direction in the
central part of the sample during the ‘neck’ formation
(Figure 17, image 5 (eXX)).

In contrast to the strain field distributions in both eYY
longitudinal and eXX transverse directions, described
above, the lateral faces of the as-received sample were
stress raisers for the eXY shear strains (Figure 17, image
3 (eXY)–4 (eXY)). At the final stage (Figure 16(a), cur-
ve A, transition from point 4 to 5), a layered structure of
longitudinally elongated strain peaks was found in the
‘neck’ region (Figure 17, image 5 (eXY)).

Such strain field evolution patterns were due to the
changes in the microstructure and phase composition
under tensile stresses. These data were confirmed in the
first part of the paper on the basis of the results of the
TEM studies.

For the welded samples, a fragmented structure was
observed in the form of local macroregions at the elastic
stage (Figure 16, point 1¢). Within these macroregions,
strain levels differed by ±(30–40)pct from the average
one over the entire area of the welded sample surface
(Figure 18, image 1 (eYY)). In the macroregions, strains
were elastic and varied from 0.11 up to 0.31 pct in the
eYY longitudinal direction. In the eXX transverse direc-
tion, these variations were within the range from 0.01 to
0.15 pct (Figure 18, image 1 (eXX)), but eXY shear stains
differed by 0.04–0.06 pct (Figure 18, image 1 (eXY)).
According to generally accepted concepts,[57] these local
macroregions were a kind of deformation or elastic-plas-
tic domains, which could include some groups of grains.
The lateral faces of the welded sample were stress
concentrators and characterized by plastic strain peaks
consisted of these domains. In addition, dislocation slips
were observed in grains with the most favorable
orientation relative to the direction of the applied stress
at its lower values.[57–59] Also, deformation-induced MT
had occurred in local areas of the welded sample, which
contributed to stress relaxation. As a result, strains had
been developed very in homogeneously that caused the
formation of these fragmentary and uneven domains on
the sample surface. The number of large ones along the

surface was low, but small domains were grouped into
local blocks (Figure 18, images 1 (eYY), 1 (eXX),
1 (eXY)).
It should be noted that elastic-plastic domains,

arranged in a quasi-periodic manner and elongated
perpendicular to the tensile axis, corresponded to the
elastic strain region on both curves A and B in
Figure 16. As is known, the formation of local plastic
strain centers was firstly initiated at the microlevel in the
WM and HAZ regions at the elastic stage, then
developed at the mesolevel with increasing stresses,
and finally formed at the macrolevel.[34] It was the
response of the steel to this effect, which was recorded
on the presented speckle images at the macrolevel and
correlated with the curve dynamics in both reng�eeng
and rtrue�etrue coordinates (Figure 16).
The transition from the elastic strain region to the

plastic one (Figure 16, from point 1¢ to 2¢) caused a
change in all strain field distributions on the welded
sample surface (Figure 18, images 2 (eYY), 2 (eXX) and
2 (eYX)). Small local areas merged into large homoge-
neous regions characterized by high strain levels. In this
case, a local macroregion with lower plastic strain levels
(compared to the average one over the entire surface)
was in the WM region and in the central part on the
sample left side according to the eYY longitudinal and
eXX transverse strain distributions. Also, local microre-
gions with the same strain values were in the lower grip
area (Figure 18, image 2 (eYY)). These low strain levels
in the mentioned areas were indicative of the higher
strength properties of the steel at these locations.
The local macroregion in the central part of the

sample was due to the presence of the welded joint.
Uneven heating of the steel had caused residual stresses
that had changed the WM and HAZ elastic moduli.[60]

Consequently, this prevented the material from defor-
mations in accordance with the Poisson effect under
external loads. The elastic modulus had changed
unevenly in accordance with the thermal cycle of each
microvolume in the WM and HAZ regions. Accord-
ingly, compressive and tensile residual stresses alter-
nated in this area.[60] As a result, this metal unevenness
resulted in the formation of local regions characterized

Fig. 16—Engineering (a) and true (b) stress–strain curves under uniaxial tensile load (A—the as-received sample; B—the welded sample). Points
1 to 5 on curve A and 1¢ to 5¢ on curve B mark states for which the speckle images of strain field distributions are shown in Figs. 17 and 18,
respectively.
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by conditions that contributed to MT, but this process
had been blocked in other steel microvolumes
(Figure 18). It should be noted that deformation-in-
duced MT were determined by the microstructural
studies for both samples and described above. In this
case, it was necessary to consider the non-uniform
distribution of residual stresses in the WM region.[61]

Fig. 17—The speckle images of the eYY longitudinal, eXX transverse and eXY shear strain distributions on the as-received sample surface
corresponding to the points on curve A in Fig. 16: 1—eeng = 0.19 pct; 2—eeng = 7.97 pct; 3—eeng = 20.79 pct; 4—eeng = 28.90 pct; 5—eeng =
37.10 pct.

cFig. 18—The speckle images of the eYY longitudinal, eXX transverse
and eXY shear strain distributions on the welded sample surface
corresponding to the points on curve B in Fig. 16: 1¢—eeng = 0.36
pct; 2¢—eeng = 8.63 pct; 3¢—eeng = 20.30 pct; 4¢—eeng = 28.98 pct;
5¢—eeng = 38.70 pct.
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The authors of this paper experimentally showed the
uneven distribution of residual stresses in the WM
region of the 0.09 pct C-0.8 pct Si-1.5 pct Mn structural
steel. At the same time, it was found that compressive
and tensile stresses were both in the longitudinal and
transverse directions relative to the weld axis. These
data were correlated with the speckle images presented
in Figure 18.

As external stresses increased on the right-side face
in the central part of the welded joint (a mirror image
of its left-face), a local peak of plastic stains was
observed that possessed a higher stain levels than in
neighboring local areas (Figure 18, image-
s 3 (eYY)�5 (eYY)). This fact indicated that deforma-
tion-induced MT had occurred in the local region,
which resulted in activation of the martensitic defor-
mation mechanism that caused relaxation of internal
stresses in these local areas. Also, an additional uneven
distribution of post-weld residual stresses was observed
in the WM region (Figure 18, images 2 (eXX)�5 (eXX)
and 2 (eXY)�5 (eXY)). Thus, the shown changes in the
strain field distributions reflected the presence of stress
concentrators. Respectively, deformation-induced c fi
a fi e MT had occurred in this part of the welded
sample under conditions of the non-uniform distribu-
tion of residual stresses.

Finally, it should be noted that quite a lot of attention
had already been paid to the study of the processes of
evolution of the microstructure and mechanical proper-
ties of the metastable austenitic steels upon deformation
by various methods.[54,62,63] In particular, it was shown
that patterns of formation of the microstructure and
phase composition were greatly determined by the
degree, type, and mode of deformation. All these
features were manifested in a wide range of microstruc-
tural transformations during plastic deformation of the
metastable austenitic steels.[31,64] Some authors dis-
cussed similar c fi twins fi e fi a transformations,[64–66]

but the statements were based on the results of X-ray
structural analysis, as well as optical and electron
microscopy in most cases.[67–69] So far, little extensive
data on the effect of deformation on the c fi twins fie
fi a transformations in the weld metal and HAZ data
were published for this grade of steels. It should also be
noted that X-ray structural analysis was mainly applied
for this purpose. Thus, the authors of Reference 70
showed that a rearrangement of the crystal lattice was
observed in the weld region and the subsequent defor-
mation accelerated this process.[71] The above brief
analysis of the previously published papers enabled to
conclude that this detailed TEM investigation of the
welded joint subjected to plastic deformation expanded
understanding of the changes in its microstructure and
phase composition. This is especially true since the
presented data were obtained on the basis of indis-
putable evidence of the crystal lattice rearrangement
using the orientation relations and theoretically calcu-
lated electron diffraction patterns, as well as comparing
them with the TEM images. In addition, In addition,
these patterns were connected with both stress–strain
curves and strain field distributions.

IV. CONCLUSIONS

Based on the obtained results, the following conclu-
sions can be drawn:

1. The results of the transmission electron microscopic
studies showed that the significant effect of plastic
strains had been on the microstructure and phase
composition of the 304 austenitic stainless, includ-
ing the weld metal and heat affected zone. After
strain up to 37 pct, the deformation-induced cfia
transformation was observed in addition to the cfie
one. The elastic-plastic bending-torsion had
occurred in the a-martensite crystal lattice, while it
had been only plastic in the c-phase austenite grains
(rl was 340 MPa, but rs was 400 MPa).

2. The studied deformation of the welded sample
caused the formation of e-martensite in both weld
and base metals. After strain to eeng = 25 pct, the
weld metal microstructure represented only by
c-phase grains with mechanical microtwins and
e-martensite plates. The q> q± and rl>rs condi-
tions were fulfilled in all c-phase grains. Accord-
ingly, bending-torsion of the c-phase crystal lattice
had the plastic character. In the c-phase grains with
mechanical microtwins, the q<q± and rl< rs
conditions were satisfied and bending-torsion of
the c-phase crystal lattice was characterized by the
elastic-plastic manner. This could cause the forma-
tion of microcracks. If the density of the c-phase
grains with microtwins was not high, all possible
microcrack unlikely transformed into macro- ones.
As a result, plastic deformation of the welded joint
resulted in the significant elastic-plastic distortion of
the c-phase crystal lattice only in the base metal
(without its fracture).

3. Based on the analysis of the stress–strain curves
under uniaxial tension, high plasticity and signifi-
cant strain hardening of the 304 steel were estab-
lished. The presence of the welded joint reduced the
ratio of ultimate tensile strength to the yield point
from 3.3 down to 2.6.

4. At the elastic stage, a fragmented structure was
observed in the form of local macroregions, within
which strain levels differed by ±(30–40)pct from the
average one over the entire area of the welded
sample surface. In these local macroregions, strains
were elastic and varied from 0.11 up to 0.31 pct in
the longitudinal direction. In the transverse direc-
tion, these variations were within the range from
0.01 to 0.15 pct, but shear stains differed by
0.04–0.06 pct. These local macroregions were a
kind of deformation or elastic-plastic domains,
which could include some groups of grains. The
lateral faces of the welded sample were stress
concentrators and characterized by plastic strain
peaks consisted of these domains.

5. The transition from the elastic strain region to the
plastic one caused the change in all strain field
distributions on the welded sample surface. Small
local areas merged into large homogeneous regions
characterized by high strain levels.
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6. The presence of the welded joint resulted in the
formation of local macroregions with both lower
and higher plastic strain levels on the longitudinal
and transverse field distributions in the speckle
images than the averaged values over the entire
sample surface. These macroregions was due to the
inhomogeneity of residual stresses and the defor-
mation-induced c fi a fi e martensitic
transformations.
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