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Welds can either be stronger or weaker than the base metals that they join depending on the
microstructures that form in the fusion and heat-affected zones of the weld. In this paper, weld
strengthening in the fusion zone of annealed 21-6-9 stainless steel is investigated using
cross-weld tensile samples, hardness testing, and microstructural characterization. Due to the
stronger nature of the weld, the cross-weld tensile tests failed in the base metal and were not able
to generate true fusion zone mechanical properties. Nanoindentation with a spherical indenter
was instead used to predict the tensile behavior for the weld metal. Extrapolation of the
nanoindentation results to higher strains was performed using the Steinberg–Guinan and
Johnson–Cook strength models, and the results can be used for weld strength modeling
purposes. The results illustrate how microstructural refinement and residual ferrite formation in
the weld fusion zone can be an effective strengthener for 21-6-9 stainless steel.
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I. INTRODUCTION

ELECTRON beam (EB) welds in annealed 21-6-9
stainless steel (SS) sheet were made and characterized to
determine the weld fusion zone (FZ) and base metal
mechanical properties for use in structural design
calculations. Alloy 21-6-9 SS, also known as Nitronic
40, was developed as an improved austenitic stainless
steel over traditional 300 series stainless steel alloys. This
alloy contains nominally 21 pct Cr, 6 pct Ni, 9 pct Mn
(compositions in wt pct) and has improved corrosion
resistance due to its higher Cr content of 21 pct. In
addition, 21-6-9 SS uses N rather than C as a strength-
ener, which reduces the tendency for corrosion sensiti-
zation that can occur during heat treating and welding.
Nitrogen can be added up to 0.35 pct, which improves
the room temperature yield strength of 21-6-9 SS over
300 series stainless steel alloys, while maintaining good
toughness and high ductility (>40 pct elongation to
failure). Manganese is added to 21-6-9 SS to increase
austenite stability, particularly at cryogenic tempera-
tures, while reducing the Ni content from 8 to 6 pct as
compared to 300 series stainless steels. 21-6-9 SS can be
further strengthened by cold work and can be machined,
forged, and welded using the same methods as 300-series
stainless steels. A review report on characterization of
21-6-9 SS base metal can be found in Reference 1, and
its yield stress over a wide range of strain rates and
temperatures can be found in Kassner and Breithaup.[2]

Although the base metal properties of 21-6-9 SS are
well documented, the properties of the welds are not as
well understood. Measuring the mechanical properties
of weld joints is complicated by the fact that microstruc-
ture and property gradients are formed in the weld FZ
and heat-affected zone (HAZ) due to the localized
nature of welding heat sources. Oftentimes, the welds
are not large enough to allow the extraction of all-weld
metal tensile bars from the FZ, and under these
circumstances cross-weld tensile bars are sometimes
used. The cross-weld tensile samples give an overall
measure of the joint performance and fail in the weakest
portion of the weld joint region, which may be the base
metal, HAZ or FZ depending on the material and the
welding conditions. In order to measure the mechanical
properties of the weld FZ itself, hardness measurements
are often performed and sometimes correlated with
stress–strain behavior using microhardness and nanoin-
dentation methods.[3,4]

This study characterizes EB welds tested in a cross-
weld geometry with different sample sizes and configu-
rations, and the results are compared to a
nanoindentation method for predicting stress–strain
behavior. The results are modeled using the
Steinberg–Guinan and Johnson–Cook models[5,6] to
create mechanical property data for 21-6-9 SS welds
over a wide range of strains under quasi-static condi-
tions at room temperature.

II. MATERIAL AND EXPERIMENTAL
PROCEDURES

A. Materials

Annealed 21-6-9 SS plate was acquired with the
composition summarized in Table I, where the
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measured ‘‘actual’’ composition of the plate is compared
to the commercial specification and the desired target
composition range for weldability. The target alloy
composition has a lowered nitrogen content compared
to the standard specification to improve electron beam
weldability. The initial plate measured 3 mm thick and
was further machined to the size of 100 9 200 9
1.5 mm for welding and mechanical property testing.
Ferrite measurements were made on the base metal
using a Magne-Gage tester and a number 3 magnet,
which is used for measuring ferrite in austenitic stainless
steels, and shows that the base metal had no measurable
ferrite. After welding, the ferrite content was measured
on polished cross sections and on the top of the electron
beam weld beads, showing that the welds contained
delta ferrite that measured between 0.8 to 1.1 pct.
However, due to the small weld volume (~1 mm deep,
1.5 mm wide), the magnetic measurements underesti-
mate the actual ferrite content of the weld by as much as
59 due to the incorporation of the zero percent base
metal ferrite into the readings.[7]

B. Electron Beam Welding

Samples to be welded were machined to the size of
50 9 200 9 1.5 mm, so that when welded along their
length they would have the same dimensions as the base
metal samples. The weld joint preparation was a step
joint configuration, which has a step height requiring 1
mm weld penetration. Electron beam welds were made
using a Hamilton Standard 605 electron beam welder at
LLNL. All welds were made with a 9 inch work distance
and performed at 4 9 10-5 Torr vacuum. The Enhanced
Modified Faraday Cup (EMFC) electron beam diag-
nostic was used to measure the properties (peak power
density, full-width half-maximum, beam diameter, and
beam aspect ratio) of each beam prior to welding, as
summarized in Table II, using the method detailed
elsewhere.[8]

C. Tensile Testing

The base metal and welded plates were electro
discharge machined (EDM) into two different sized
tensile bars as illustrated in Figure 1. The ‘‘regular’’
tensile bars measured 102 mm long, and are based on an
ASTM E-8 tensile sample with a length-to-width ratio of
4:1. The ‘‘mini’’ tensile samples were 2/5 size and

maintained the same 4:1 length-to-width ratio. Tensile
bars removed from the welded plate are cross-weld
tensile samples, since all-weld, longitudinal, tensile bars
were not able to be prepared due to the small volume of
welded material. The welded tensile samples were
further prepared using two methods as illustrated in
Figure 2(a). The first method used the tensile bar in the
full-thickness (1.5 mm) as-welded condition, i.e., with an
unwelded portion of joint directly below the step joint
(see Figure 2(b)). The second method prepared the
welds by machining the top and bottom surfaces of the
welded sample to a final thickness of 0.75 mm so as to
remove any weld reinforcement and undercut on the top
surface and the unwelded portion below the step (see
Figure 2(c)). Cross sectional areas of the samples were
measured on the welded portion of this sample, to
calculate the stress on each sample to account for any
variations in machining that may have occurred.
The ‘‘mini’’ sample tests were performed in an Instron

4444 electromechanical test machine at room temperature
and position control at a rate of .508 mm/minute. A
strain extensometer with a gage length of 5.715
mm—50 pct was used to measure the strain for the base
and milled weld mini tensile samples, while a 0.138 inch
gage length was used on the full-thickness mini samples.
In all cases the knife edges of the extensometer were
located across the width of the sample and centered over
the weld. The ‘‘regular sample’’ tests were performed in
an Instron 5800R/4505 test machine at room temperature
and position control at a rate of 0.050 in/minute. An EIR
LE-01 laser extensometer with a 25.4 mm gage length was
used to measure strain for the regular-sized samples, with
the gage length centered over the weld, and with the laser
facing the top (weld side) of the sample. The laser
measured the extension of two dimples on the sample that
defined the gage length. The modulus of elasticity was
determined by the best fit straight line through the linear
portion of the stress–strain curve, the yield strength was
determined using a 0.2 pct offset method, and the
ultimate tensile strength was determined by the peak
load divided by the load bearing area at the thinnest
portion of the step joint sample configuration.

D. Microstructure, Microhardness, and Nanoindentation
Testing

Metallographic cross sections of the welds and base
metals were performed using standard preparation

Table I. 21-6-9 Stainless Steel Alloy Composition Compared to Nominal and LLNL Aim Ranges for Electron Beam Weldability

Element Actual (Wt Pct) Specification (Wt Pct) LLNL Aim (Wt Pct)

Carbon 0.02 0.08 max 0.04 max
Chromium 19.96 19.0 to 21.5 20 to 20.5
Nickel 7.02 5.5 to 7.5 6.0 to 6.5
Manganese 9.14 8.0 to 10.0 8.5 to 9.5
Silicon 0.05 1.0 max 0.50 max
Nitrogen 0.23 0.15 to 0.40 0.23 to 0.25
Phosphorous 0.014 0.06 max 0.000
Sulfur <0.005 0.03 max 0.000
Oxygen <0.001 — 0.000 to 0.005
Iron balance balance balance
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procedures. The samples were sectioned on a slow speed
diamond saw, potted in a clear two-part epoxy, and then
ground on successive silicon carbide papers from 320 to
2400 grit. The samples were polished first using 3 lm
diamond paste, followed by a 1 lm alumina slurry. The
samples were electrolytically etched in a 5 to 10 pct
oxalic acid solution at room temperature to bring out
the microstructure. Macro photographs of the entire
weld fusion zone shapes were made using a Keyence
VHX-600E digital microscope, while higher magnifica-
tion micrographs were made using a Reichert inverted
stage metallograph.

The electroetched samples were used for elec-
tron-backscattered diffraction (EBSD). EBSD was car-
ried out using two scanning electron microscopes. A FEI
Quanta 200 with a tungsten filament equipped with a
Hikari EBSD detector was used for scans with step sizes
of 2 lm to image the grain structure in the entire weld
fusion zone. A Philips XL 30S with a field emission gun
and a DigiView II EBSD detector were used for small
step-size increments of 0.06 to 0.2 lm to zoom in on
individual fusion zone grains. Both systems are
equipped with EDAX TSL data collection software.

Vickers microhardness testing was performed on a
calibrated Leco AMH43 microhardness testing system
with load range from 9.8 to 4900 mN. The indentations
were made using a 490 mN load, and were manually

measured using a 509 objective to determine the Vickers
Hardness indentation diagonal lengths, which were
typically about 20 lm corner to corner.
Nanoindentation hardness testing was done using a

spherical indenter to measure load-depth curves that
could be converted into approximate stress–strain mate-
rial behavior. This method was particularly useful for
estimating the stress–strain behavior of the welds, since
the fusion zones were too small for a standard tensile
test method. The 21-6-9 SS samples (polished, but not
etched, base and weld metal) were tested using a G200
Nanoindenter from Keysight. A 50 lm radius spherical
diamond tip was used during these tests. The advantages
of this nanoindenter are that it has high load and
displacement resolution, on the order of 50 nN and
1 nm, respectively, and with the high load option can go
up to 10 N of force. Due to the relatively large diameter
of the sphere coupled with the high strength of 21-6-9
SS, the high load option was used for these tests. In
addition, this nanoindenter can apply an oscillating
signal on top of the load signal which permits the
stiffness of the material to be measured continuously
(CSM) as a function of depth. All the tests were run
using the high load and CSM options to measure the
stiffness which is used in the calculation of stress and
strain.
Since the samples were polished before indentation,

features from the etched micrographs, such as the
curved regions from the fusion zone, or the ledge from
the step joint, are used to give an approximate delin-
eation of the different zones. The nanoindenter can
position indents within 1 micron of the specified
location, and indentations were positioned well within
each zone. The loading rate was 50 nm/second for each
indent to a depth of 7000 nm, which corresponds to a
strain rate of about 1 9 10�4/second. These parameters
were selected to match the strain rate of the standard
tensile tests, and reach a strain of about 10 pct. In order
to convert the load, displacement, and stiffness data
from the indentation test to indentation stress and
strain, calculations were performed using the procedure
detailed elsewhere.[4,9] The contact depth, hc is calculated
as follows:

hc ¼ h� 0:75
P

S
½1�

where h is the displacement, P is the load, and S is the
contact stiffness, all of which are taken directly from the

Fig. 1—Drawings of the regular size (top) and mini (bottom) base
metal tensile bars with dimensions in mm. Cross-weld samples were
prepared from two welded sheets with the weld running across the
center of the gage length and perpendicular to the tensile bar axis.

Table II. Summary of the electron Beam Properties for Each of the Six Welds, Along with the Resulting Weld Depths and Widths

Across the Top Surface of the Plate

Weld
Focus

Setting (mA)
Peak Power

Density (W/mm2)
FWHM
(mm)

Beam
Diameter (mm)

Weld
Depth (mm)

Weld
Width (mm)

1 762 (+32) 1500 0.49 0.98 0.98 1.53
2 760 (+30) 1550 0.51 0.97 1.03 1.52
3 760 (+30) 1510 0.51 0.98 1.11 1.56
4 759 (+29) 1480 0.54 1.00 1.14 1.55
5 759 (+29) 1445 0.52 1.01 1.00 1.53
6 759 (+29) 1470 0.51 0.99 0.99 1.51
Avg./STD 759.8/1.2 1493/36.2 0.51/.02 0.99/.02 1.04/.07 1.53/.02
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nanoindenter. From the contact depth, the contact
radius, a is

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2hcRi � h2c

q

½2�

where Ri is the radius of the indenter. The indentation
strain, e, is defined as follows:

e ¼ hc
2:4a

½3�

And the indentation stress is as follows:

rind ¼ P

pa2
½4�

To relate the indentation stress to the uniaxial stress,
the Tabor relationship is used where

runiaxial ¼
rind
T

½5�

where T is the Tabor factor that can be estimated by
correlating the indentation load displacement curve with
a known uniaxial stress–strain curve of the material.

III. ELECTRON BEAM WELDS AND
MICROSTRUCTURE

Electron beam welds were made using 110 kV,
5.5 mA (605 W) at a weld speed of 1524 mm/minute,
with a +30 mA defocus above the surface. This beam
was characterized with the Enhanced Modified Faraday
Cup and shown to have a peak power density (PPD) of
1.5 to 1.6 kW/mm2, a beam diameter (1/e2) of 0.90 to
1.0 mm, and a beam full-width half-maximum (FWHM)
of 0.50 to 0.55 mm. A representative power density
distribution for this weld is shown in Figure 3. Note that
the beam is not circular at this level of defocus, and has
an elliptical shape with an aspect ratio of approximately
1.8:1. A typical cross section through the resulting weld
is shown in Figure 2(a), and a summary of the EB
welding parameters, weld depths, and weld widths is
presented in Table II from cross sections taken from 6
welds. The weld penetrations varied from 0.98 to 1.14
mm, while the weld widths across the top surface varied
from 1.51 to 1.56 mm. Undercutting appears on one side
of the top surface that measures 52.7 ± 5.4 lm. The
maximum undercut was measured to be 58 lm, leaving
at least 0.800 mm of full weld fusion zone above the step
for the removal of the 0.750 mm thick milled tensile
samples.
At high magnifications, the 21-6-9 SS weld

microstructure was shown to be considerably different
than the base metal microstructure. Figure 4(a) shows
the base metal microstructure which consists of
equiaxed grains that have an average grain diameter of
approximately 50 lm. Annealing twins are present in
many of the grains, and small inclusions are randomly
dispersed. Horizontal bands appearing in the base metal
microstructure are believed to be due to the effects of
chemical segregation during ingot casting and subse-
quent hot working and rolling, and are often observed in
21-6-9 SS plate. No delta ferrite was observed or
measured in the base metal portions of the samples.
The weld microstructure is shown at the fusion bound-
ary in Figure 4(b) and in the central portion of the
fusion zone in Figure 4(c). The majority of the
microstructure consists of austenite (light etching phase)
with some remnant delta ferrite (dark etching phase).
The majority of the microstructure appears to have been
formed by the solidification of primary ferrite with
second-phase austenite (FA) mode where the primary
ferrite dendrites that form during solidification partially

Fig. 2—(a) Illustration of the top and side views of cross-weld tensile
bar with dimensions in mm. (b) Micrograph of the full-thickness as-
welded coupon. (c) Cropped photo illustrating the cross section of
the weld coupon after milling to remove the unwelded material be-
low the step, the weld reinforcement, and the weld undercut (see da-
shed lines in detail A). The horizontal arrows indicate the tensile
axis direction relative to the weld cross section.
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transform to austenite during cooling.[10] The remaining
ferrite at room temperature has a vermicular/skeletal
morphology, where the ferrite is concentrated at the
original cores of the ferrite dendrites. This residual
ferrite represents only a small fraction of the original
primary ferrite phase that formed during solidification.

Figure 5(a) shows a higher magnification micrograph
of the fusion boundary, where the remaining ferrite can
be seen more clearly, and represents about 3 to 5 pct of
the fusion zone microstructure in this location. Epitaxial
regrowth of austenite from the base metal (1 to 2 lm) is
followed by a zone (~10 lm) that is difficult to interpret
and is likely to have initiated as primary austenite (AF),
which then transitions to the primary ferrite (FA) mode
of solidification deeper into the fusion zone. Also note
the grain boundary ferrite formed near the heat-affected
zone at the upper left portion of the fusion zone.
Figure 5(b) shows a higher magnification micrograph
near the center of the fusion zone, which clearly
solidified in the FA mode with skeletal ferrite present

throughout the majority of the microstructure, and lacy
ferrite[10] present in the upper right-hand side of the
micrograph. The ferrite content appears to vary between

Fig. 3—Power density distribution for the electron beam, as mea-
sured by the EMFC diagnostic. (a) Pseudocolor plot and (b) contour
plot and beam statistics.

Fig. 4—High-magnification photomicrographs of: (a) the base metal
with a grain size of approximately 50 lm, (b) the fusion boundary of
weld, and (c) the central portion of the fusion zone showing the cel-
lular/dendritic microstructure with a primary spacing of approxi-
mately 5 lm.
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3 and 10 pct depending on the local ferrite morphology.
The higher amount of ferrite observed in the microstruc-
ture relative to that measured by the Magne-Gage
(~1 pct) is related to the inherent error of measuring
ferrite with the Magne-Gage on small weld samples that
incorporate base metal (0 pct ferrite) into the reading.

Figure 6(a) shows an orientation image map obtained
from the complete cross section of one of the welds,
including the base metal grains. The speckled top
portion of the figure is from attempts to index points
that are not part of the specimen; these data were
removed from all further analysis as it is not part of the
specimen. The EBSD measurements are made with an
orientation perpendicular to the cross section, which is
in the welding direction, and is shown using the inverse
pole figure coloring scheme. The annealed base metal
does not show preference for any particular crystallo-
graphic orientation and has apparent annealing twins in
many of the grains. The weld has a columnar
macrostructure with elongated grains forming in a
pattern that follows the heat flow direction from the
fusion zone boundary to the top center of the weld.

Again, no preference for any particular crystallographic
orientation is seen in the weld. Pole figures plotting the
orientation distribution of the base metal and the weld
fusion zone are shown in Figures 6(b) and 6(c), respec-
tively. It can be clearly seen that there is no preference
for any particular crystallographic orientation in either
the base metal or the weld, and the maximum intensity is
low indicating non-textured microstructures. It is to be
noted that since the pole figures are generated from a
small number of grains they have a speckled appear-
ance. In Figure 6, a large step size of 2 lm was used to
map the entire weld, and at this resolution, the weld
grains index as FCC austenite, indicating that the weld
contains only a small amount of finely distributed BCC
residual ferrite.
Figure 7 shows an orientation image map obtained

from longitudinal section taken near the centerline of
the weld. The weld travel direction is from left to right in
this figure, where the fusion zone grains are angled
normal to the trailing edge of the weld pool. This image
was made using a large step size of 2 lm to include the
full thickness of the sample and base metal grains below
the fusion zone. The horizontal line represents the step
of the weld joint that was not completely consumed by
the weld at this location. The results show that the
annealed base metal again does not show preference for
any particular crystallographic orientation and has
apparent twins in many of the grains. The weld fusion
zone has a columnar macrostructure, dominated by
austenite grains that are elongated along the heat flow
direction from root to the top of the weld. Pole
figures plotting the orientation distribution of both the
base metal and the weld fusion zone grains are shown in
Figures 7(b) and 7(c), respectively, can clearly indicate a
non-textured microstructure. It is to be noted again that
the pole figures are generated from a small number of
grains, which gives them a speckled appearance.
The important information from the EBSD orienta-

tion maps shown in Figures 6 and 7 is that, although
there is a columnar nature to the growth of the
predominantly austenite phase in the weld fusion zone,
the grain orientations are randomly distributed in both
the cross section and longitudinal sections of the weld.
The distribution of grain orientations is a consideration
when modeling the mechanical behavior of welds.
EBSD mapping was further carried out at finer step

sizes ranging from 0.06 to 0.2 lm inside the fusion zone
in an attempt to identify and quantify the residual ferrite
content. Figure 8(a) shows the FCC, austenite, inverse
pole figure map where black indicates a phase other than
austenite. It is clear that austenite is the majority phase
with the second phase showing up mainly inside the
austenite grains. Some second phase also appears along
the grain boundaries, but it is not clear if this is a
different phase or overlapping EBSD patterns at the
grain boundary. Figure 8(b) shows the BCC, ferrite,
inverse pole figure map where black indicates a phase
other than ferrite, which is austenite in this case. This
figure is the inverse of Figure 8(a), since only BCC and

Fig. 5—High-magnification micrograph (a) the fusion line of the
weld and (b) the center section of the fusion zone. The dark etching
phase is residual delta ferrite. Both photos shot at 91000.
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FCC phases are present in this weld. In this fine scale
map, the residual ferrite is identified, but only in very
small amounts since the residual ferrite dendrite cores
are less than 1 lm wide. Quantitative EBSD measure-
ments of the amount of ferrite in the fusion zone at this
location showed the ferrite content to be 4 pct, which is
similar to the estimated amounts based on optical
microscopy.

IV. MECHANICAL PROPERTIES OF THE BASE
METAL AND WELDS

Table III summarizes the microhardness measure-
ments that were made on the base metal, the electron
beam fusion zone, and the HAZ for each of the 6 welded
coupons. Here, we will refer to the HAZ as the region
within 50 lm of the fusion boundary, where

Fig. 6—(a) EBSD orientation image map obtained with a 2 lm step size from the complete cross section of one of the welds, including the base
metal grains, (b) pole figures showing random grain orientation in the base metal, and (c) pole figures showing random grain orientation in the
weld fusion zone.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 48A, APRIL 2017—1777



microhardness readings were taken. A total of 36
hardness measurements were made on the base metal
samples, showing that the base metal had an average
hardness of 212.1 ± 10.9 HV. These values correspond

to annealed 21-6-9 SS sheet, which has a handbook
value of RB 94 (HV 213).[11] After welding, the fusion
zone hardness was measured at 254.4 ± 9.7 HV based
on 62 measurements made in the 6 welds. These results

Fig. 7—(a) EBSD orientation image map obtained with a 2 lm step size from the longitudinal section of one of the welds, including the base
metal grains, (b) pole figures showing random grain orientation in the base metal, and (c) pole figures showing random grain orientation in the
weld fusion zone.
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show a 20 pct increase in hardness after welding relative
to the 21-6-9 SS base metal, due to the fine two-phase
weld solidification structure as described above. In the
FZ, second-phase strengthening is provided by the
presence of ferrite, in addition to a refined
microstructure.

Additional microhardness measurements were made
in the HAZ of the welds by placing the indenter in the

base metal at a distance of 1 to 2 indentation distances
(20 to 40 lm) from the weld fusion line. The resulting
measurements showed HAZ hardness values midway
between the weld fusion zone and the base metal of
232.1 ± 13.9 HV. The apparent strengthening of the
HAZ is most likely due to the indentation being affected
by the nearby harder weld metal that impacts plastic
flow during indentation, based on the belief that there
should be no HAZ hardening mechanisms in the
annealed 21-6-9 SS heat-affected zone. It is also possible
that residual stresses in the HAZ are contributing to an
increased hardness in this region.

A. Stress–Strain Behavior of Cross-Weld Tensile and
Base Metal Samples

The base metal and two different types of cross-weld
samples were tensile-tested to failure in both regular
(101.6 mm long) and mini (25.4 mm long) configuration
dog-bone shaped samples. Figure 9 shows the failure
behavior for each of the six different tensile bar
configurations. The base metal samples for the mini
(a) and regular (d) tensile configurations failed approx-
imately in the middle of the gage length with necking
occurring mostly through the thickness of the bars. The
welded samples that were milled to remove the effects of
the unwelded step and weld reinforcement for the mini
(b) and regular (e) tensile configurations failed approx-
imately half-way between the weld and the radius that
forms the tensile grips. In both cases a ‘‘lump’’ of weld
metal is left behind where the stronger weld fusion zone
deforms less than the base metal away from the weld.
The final failures have a similar necking appearance to
the base metal samples. The welded samples that were
pulled in the full-thickness, as received, condition for the
mini (c) and regular (f) tensile configurations failed in a
completely different manner. Due to the reduced
amount of load bearing material above the step, the
samples failed in the base metal close to the weld, tearing
through the base metal and HAZ with less apparent
necking and less measured strain to failure than the
other samples.
Figure 10 shows close-up photos of the necked

regions of the broken mini tensile samples. The base
metal sample is shown in (a) and (b) for the side and top
views of the fractured sample, respectively. Thinning of
the sample through the thickness and across the width of

Fig. 8—EBSD orientation image map acquired on a fine scale from
the fusion zone of the weld (a) FCC austenite inverse pole fig-
ure map where black indicates a phase other than austenite. (b) BCC
ferrite inverse pole figure map where black indicates a phase other
than ferrite.

Table III. Vickers Microhardness Measurements (490 mN Load) Made on the 21-6-9 Base Metal, Weld HAZ, and Weld Fusion

Zone

Weld
Base Metal Hardness

Avg/STD (HV)
HAZ Hardness
Avg/STD (HV)

Weld Metal Hardness
Avg/STD (HV)

1 215.8/11.2 226.8/10.4 258.9/10.0
2 212.5/6.50 241.1/14.3 257.8/9.60
3 216.0/6.60 225.8/8.30 249.6/10.1
4 209.5/10.0 226.7/10.1 258.2/10.9
5 201.0/7.70 235.5/18.0 247.2/13.2
6 218.3/7.50 237.4/12.1 254.9/6.60
Avg./STD 212.1/10.9 232.1/13.9 254.4/9.7
Number of Points 36 49 62
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the sample is apparent. The failure is ductile in
appearance, and final failure occurred with the forma-
tion of a shear lip at approximately 45 degrees to the
tensile axis. The milled cross-welded sample is shown in
(c) and (d) for the side and top views of the fractured
sample, respectively. The weld location is marked in the
figures and it is clear that the fracture occurred well
away from the weld. It can also be seen that the weld
region deformed less than the base metal, being wider
and thicker than the adjacent base metal. Just like the
base metal sample, the failure is in the base metal and
the final failure occurred with the formation of a shear
lip at approximately 45 degrees to the tensile axis. The
full-thickness, as-welded, cross-weld sample is shown in
(e) and (f) for the side and top views of the fractured
sample, respectively. The side views show that the
location of the failure is adjacent to the fusion line of the
weld in the reduced thickness portion of the sample. As
before, the final failure is ductile in appearance, forming
a 45 degrees shear lip relative to the tensile axis. Some
localized deformation extends from the base of the weld
and appears to follow a columnar weld grain boundary
into the weld fusion zone. The top view of the failed
sample shows narrowing occurring on the side of the
weld with the reduced section thickness, and little to no
narrowing on the thick section side of the weld.

This same as-welded tensile sample was then polished
and etched in cross section to show the deformation and
failure locations more clearly. Figure 11(a) shows the
sample lightly polished and etched, indicating that the
weld region above the step is deforming, while the
remainder of the weld appears comparatively
unstrained. Figure 11(b) shows the same sample after
lapping more deeply below the surface and then

repolishing and etching, showing that the final failure
occurred in the base metal adjacent to the fusion zone. A
high-magnification photo of the failed region adjacent
to the fusion line is shown in Figure 11(c). The
individual base metal grains near the fusion line contain
wavy deformation bands. These bands are likely the
result of strain-induced martensite, which forms during
deformation and is known to be the principal strain
hardening mechanism in stainless steels[12] and is also
known to form in 21-6-9 SS at high strain rates.[13]

Microhardness measurements made in necked region
of the failed sample showed that the hardness is
394.8 ± 12.0 HV for 9 data points, which is consider-
ably harder than the undeformed base metal (212.2 HV)
or the weld (254.4 HV).
Figure 12 plots the uniaxial engineering stress versus

engineering strain tensile behavior of the base metal
samples for both the mini and regular tensile configu-
rations, and the resulting data are summarized in
Table IV. The base metal tensile samples showed yield
stresses (ry) that varied from 345 to 365 MPa, with the
mini tensile bars having yield strengths on the lower end
of this range. All curves show significant strain harden-
ing with ultimate tensile strengths (UTS) varying
between 701 to 720 MPa, with the mini tensile bars on
the upper end of this range. The elongations at failure
varied from 47 to 62 pct for the base metal samples
using the laser extensometer with the 25.4 mm gage
length. The mini samples, with the smaller 5.715 mm
gage length, showed high elongations, up to 80 pct.
Note that the extensometer was removed prior to failure
of the mini samples, resulting in the small load drop
observed in the plotted curves. The subsequent stress–
strain behavior after the extensometer was removed was

Fig. 9—Photographs of representative tensile bars for each of the six different configurations. (a) and (d) show base metal samples, (b) and (e)
show milled weld samples, while (c) and (f) show as-welded samples after tensile testing. The small divisions in the scale markers in the pho-
tographs are 1 mm increments.
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estimated from the load versus crosshead displacement
measurements, which is an approximation that does not
match the strain hardening rate measured by the
extensometer.

Figure 13 plots the engineering stress versus engineer-
ing strain curves for the milled weld samples. These
samples behaved nearly identically to the base metal
samples with yield strengths varying from 364 to 384
MPa, and ultimate strengths varying from 716 to 730
MPa as summarized in Table IV. The elongations to
failure for the regular sized samples were similar to those
of the base metal, varying from 54 to 63 pct, while those
for the mini samples again displayed slightly higher
elongations at failure. Observations of the tensile
samples showed that in all cases, the milled cross-weld
tensile samples failed in the base metal due to the higher
strength of the weld. Because of this, the yield and
ultimate strengths measured on these samples essentially
match those of the base metal samples, showing that this

sample configuration is not good for measuring the true
weld fusion zone properties.
Figure 14(a) plots the engineering stress versus engi-

neering strain results of the full-thickness, as-welded,
samples. In this configuration, the weld reinforcement
and unwelded portion of the step were not removed, as
illustrated in Figure 14(b). The tensile behavior is quite
different than the milled cross-weld tensile samples.
Yield strengths, based on the area of the sample above
the weld step, were considerably higher than the other
samples with values up to 526 MPa for the standard
samples, and values up to 521 MPa for the mini samples.
These strengths are 25 to 43 pct higher than in the other
two sample configurations. The difference in behavior
can be explained with the aid of Figure 14(b) that
schematically illustrates the full-thickness test sample. In
these as-welded samples, there is a region of reduced
area, and thus high stress concentration, directly above
the unwelded step, which contains a large fraction of

Fig. 10—Close-up photos of the necked regions of the mini tensile test bars: (a) and (b) side and top views of the base metal sample, respec-
tively; (c) and (d) side and top views of the milled cross-weld sample, respectively; (e) and (f) side and top views of the full-thickness cross-weld
sample, respectively. Various magnifications horizontal arrows indicate location of the welds.
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welded metal. The higher yield strengths measured on
the full-thickness samples are partly based on the fact
that the high strain region contains some fraction of
higher strength welded metal. In addition, the presence
of the step joint can cause bending stresses to develop in

the localized strain region above the step and may also
contribute to the an increased yield strength in those
samples. The elongations were also different than the
milled cross-weld samples. The regular-sized full-thick-
ness cross-weld samples all failed with total elongations
of only 10 pct, whereas the mini samples failed between
22 and 27 pct elongation. The reduced elongations are
also likely to be the direct result of the strain localization
above the weld step and the fact that the extensometers
span a much wider area than the highly strained region.
Peak loads were used to calculate the UTS based on the
reduced cross-sectional area of the sample above the
unwelded portion of the step, showing values between
705 to 760 MPa, which are similar to the tensile tests in
the other sample geometries. Although the stress state in
these samples is more complex than the other uniaxial
testing configurations, the geometry localizes the stain to
the weld region and permits an approximate measure-
ment of properties of the weld material, which is shown
to be stronger and less ductile than the base metal. Note
also, that the measured modulus data for the full-thick-
ness samples were not accurate due to the change in
section thickness and bending of the samples. This effect
is magnified with the shorter gage length mini sample
where a larger fraction of necking is present in the gage
length.
In summary, the tensile test results show that the

cross-weld samples failed in the base metal portions of
the tensile bar and produced strengths comparable to
the base metal samples having a 0.2 pct offset yield
strength of 366 ± 16 MPa, an ultimate strength of
726 ± 15 MPa, and a Young’s modulus of 202.7 ± 6.6
GPa. The engineering strain at failure measured on the
regular sized samples with a 25.4 mm gage length was
approximately 60 pct, while the mini samples for both
the base metal and the milled cross-weld configurations
had higher measured elongations due to the larger
fraction of necked region in the 5.715 mm gage length.
The full-thickness cross-weld tensile samples are repre-
sentative of the real weld and show highly localized
strain behavior in the thinner portion of the step welded
joint. The associated change in thickness near the

Fig. 12—Base metal stress–strain curves for the regular and mini
tensile bars.

Fig. 11—Full-thickness mini sample after tensile testing. (a) After
light polish of surface, showing deformation in the region directly
above the unwelded portion of the step. (b) After lapping the sample
to a depth ~1 mm below the surface to show necking and final fail-
ure location in the base metal. (c) High-magnification micrograph of
the fusion line in the failed portion of the sample, showing deforma-
tion bands in the base metal.
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cross-tensile weld resulted in a reduced engineering
strain at failure, higher yield strengths (506 ± 27 MPa),
but similar UTS measurements as the other tensile test
samples and configurations. Based on these results,
other methods are required to determine the mechanical
properties of the weld FZ since none of the cross-weld
sample configurations produced representative weld FZ
properties.

B. Nanoindentation Estimation of the Stress–Strain
Behavior of the Welds

Uniaxial tension or compression testing is the stan-
dard method to obtain stress versus strain data.

However, there are times when the specimen or feature
size is approaching dimensions that make it difficult to
perform standard tests, as is the case for the small
electron beam welds studied here. An alternate method
that can be used to measure the stress–strain behavior of

Table IV. Summary of the Tensile Test Results on the Base Metal, Milled Cross-Weld Tensile Samples, and Full-Thickness

Tensile Samples

Sample
Condition

Width
(mm)

Thickness
(mm)

Area
(mm2)

Gage
Length (mm)

Xhd
Speed (mm/min)

Young’s
Modulus
(GPa)

Elon.
(Pct)

Yield
Strength (MPa)

Ultimate
Strength (MPa)

Base Metal
Mini 2.56 0.77 2.00 5.72 0.51 200 71 345 711
Mini 2.57 0.76 1.94 5.72 0.51 197 80 346 720
Regular 6.33 0.77 4.90 27.20 1.27 212 62 365 717
Regular 6.33 0.76 4.84 27.76 1.27 212 58 359 713
Regular 6.33 0.74 4.65 27.79 1.27 204 47 364 701

As-welded
Mini 2.54 0.98 2.45 3.54 0.51 N/A* 24 462 705
Mini 2.54 0.90 2.26 3.51 0.51 N/A* 27 483 760
Mini 2.54 0.95 2.39 2.72 0.51 N/A* 22 521 747
Regular 6.32 0.97 6.13 27.46 1.27 N/A* 9.6 524 745
Regular 6.33 0.91 5.74 27.15 1.27 N/A* 9.5 526 739
Regular 6.30 0.94 5.94 27.02 1.27 N/A* 9.4 523 740

Welded/Milled
Mini 2.56 0.76 1.94 5.72 0.51 193 73 384 727
Mini 2.56 0.78 2.00 5.72 0.51 197 69 383 729
Mini 2.55 0.77 1.94 5.72 0.51 204 73 375 725
Regular 6.33 0.78 4.90 27.52 1.27 197 63 369 720
Regular 6.33 0.77 4.84 27.72 1.27 197 54 364 716
Regular 6.33 .77 4.84 27.67 1.27 204 55 372 725

All samples tested at room temperature.
*Young’s modulus not accurate due to sample bending in the as-welded cross tensile samples.

Fig. 13—Milled cross-weld sample stress–strain curves for the regu-
lar and mini tensile bars.

Fig. 14—(a) Full-thickness, as-welded, cross-weld sample stress–
strain curves for the regular and mini tensile bars. (b) Schematic
drawing of the as-welded sample illustrating the high strain region
directly above the unwelded portion of the step.
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small welds relies on an indentation technique. During
indentation, the hardness of a material, defined as the
load/area, is measured. The stress state during indenta-
tion however is much more complicated than in a
uniaxial test and can be influenced by the shape and
material of the indenter.[3,4] During spherical indenta-
tion, the plastic zone develops gradually, allowing for
the elastic-plastic transition to be probed in order to
produce an indentation stress–strain curve. The spher-
ical indentation method is used here to estimate the
stress–strain behavior of the welded region of a 21-6-9
SS part, using the base metal, with known tensile
behavior, for calibration.

Indentation tests were performed on the base metal
and then compared with the uniaxial tension tests. The

data from the spherical indentation tests were converted
to indentation stress and indentation strain using the
method described in the procedure section. The corre-
lation factor (Tabor relationship), to relate the inden-
tation stress to the equivalent uniaxial stress, was then
determined by matching to the uniaxial tests. This
correlation factor was then used in calculating the
corresponding stress–strain data for the weld sample.
The main assumption is that the correlation factor is the
same between the base metal and the welded 21-6-9 SS.
In addition, estimates of the elastic modulus were
determined from the CSM readings, showing that the
base metal had a modulus of elasticity of 198.2 ± 1.6
GPa (six samples), and the weld had a modulus of
elasticity of 190.1 ± 1.2 GPa (four samples). The
nanoindentation results for the base metal compare well
with the modulus values measured here in uniaxial
tension with a base metal value of 202.7 ± 6.6 GPa (12
samples). The modulus of the weld measured by
nanoindentation is approximately 4 pct lower than that
of the base metal as measured by nanoindentation; the
reason for the lower measured weld modulus is unclear
at this point and will require additional analysis to
determine the source of the discrepancy.
Representative indenter-based stress–strain curves for

the base metal are shown in Figure 15. In order to
match the data, a Tabor factor of 3.6 was applied. The
spherical indentation data show an initial overshoot in
the stress before it matches the uniaxial data. The
overshoot is most likely due to a combination of errors
associated with the initial area function of the tip as it
comes into contact with the surface[4] and a lower
dislocation density in the initial small volume probed by
the nanoindenter. Local regions of lower dislocation
density require a higher stress before a sufficient number
of dislocations are generated to accommodate the
imposed strain. Using the described analysis and Tabor
factor, indentation stress–strain data for the welded

Fig. 15—Stress–strain data from the 21-6-9 SS base metal and the
weld. The stress–strain data from the based metal indentation tests
are compared to the uniaxial tests, as well as the weld indentation
tests. A Tabor factor of 3.6 is applied to all of the indentation test
data.

Fig. 16—Comparison of the published Steinberg–Guinan parameters
(optimized for high strain rates) to the experimental data of this
study for annealed 21-6-9 SS base metal measured at quasi-static
strain rates.

Fig. 17—Steinberg–Guinan (S–G) and Johnson–Cook (J–C) stress–
strain curve fits for the 21-6-9 SS base metal and weld metal using
MIDAS to extrapolate the material behavior to larger strains. Both
fits are superimposed over the spherical indentation experimental
data.
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region, as well as a comparison between the base metal
and weld region are also shown in Figure 15. The yield
stress for the weld region is clearly higher as a result of
its refined and two-phase microstructure. The strain
hardening rate, however, is similar between the two
types of materials, which suggests that the scale for the
hardening mechanisms, such as dislocation interactions,
is smaller than the grain size in the weld region.

The Vickers hardness data can be compared to the
indentation stress–strain data by first converting the HV
value to GPa [GPa = 9.8 9 HV/1000] and then divid-
ing by the Tabor factor. Since the Vickers indenter is
self-similar, meaning the plastic strain is constant as a
function of depth, the Vickers hardness value corre-
sponds to a plastic strain of around 8 pct. Using this
methodology, the Vickers data correspond to a flow
stress at 8 pct strain of 590 MPa for the base metal and
700 MPa for the weld region. These values are in good
agreement with the indentation stress–strain data that
show a stress of 560 and 700 MPa at 8 pct strain for the
base metal and weld region, respectively.

To extrapolate the indentation data to larger strains,
the Steinberg–Guinan model[5] was used to fit the
indentation data. The Steinberg–Guinan relationship
has a similar form to the well-known Holloman equa-
tion and is defined as follows:

Y ¼ Yo½1þ bðeþ eiÞ�n
GðP;TÞ

Go
� Ymax ½6�

where Yo is the yield stress, b is the hardening
coefficient, n is the hardening exponent, Go is the
reference shear modulus, G(P,T) is temperature- and
pressure-dependent shear modulus, and Ymax is the
saturation stress representing the upper limit for the
flow stress. For the experiments performed in this study,
the ratio of the shear moduli was assumed to be 1.

As a point of reference, there are published param-
eters for the Steinberg–Guinan model for 21-6-9 SS.[5,14]

Since the published values are optimized for higher
strain rates and Steinberg–Guinan is a rate-independent
model, it is expected that the published 21-6-9 SS
parameters[5,14] would over-predict the strength in com-
parison to the quasi-static experimental data. Figure 16
shows the over prediction of the stress–strain behavior
for the published Steinberg–Guinan data when com-
pared to one of the experimental uniaxial stress–strain
curves for the base metal from this study. Clearly, the
Steinberg–Guinan published data need to be reevaluated
for quasi-static strain rates. This was done by both
fitting the base metal uniaxial stress–strain curves and

the nanoindentation results using the MIDAS frame-
work.[15] Fits were made out to 0.5 strain and are shown
in Figure 17. The same approach was used to fit and
extrapolate the nanoindentation results for the electron
beam-welded material, and these results are also plotted
in Figure 17 and show the increase in strength of the
electron beam welds relative to the annealed 21-6-9 SS
base metal. The Steinberg–Guinan model parameters
for the base metal and weld are summarized and are
compared to the published value[14] for 21-6-9 SS given
in Table V. Instead of having to create two separate set
of parameters for both quasi-static and dynamic condi-
tions, a strength model, which includes strain rate
dependence, such as the commonly used the John-
son–Cook strength relationship can be used.[6] While
also empirically based, the Johnson–Cook model has
parameters which account for the dependence on the
strain rate and temperature, and has the following form:

Y ¼ ðAþ BenÞ 1þ C ln
_e
_eo

� �

ð1� T�mÞ þ Cpp ½7�

and

T� ¼ T� Troom

Tmelt � Troom
½8�

where A is the effective yield stress at the reference strain
rate, _eo (1/s) and temperature, Troom (298 K [21.8 �C]), B is
a strain hardening coefficient, n is the hardening exponent,
C is the coefficient for the strain rate term, m is the
exponential for the temperature dependence, Cp is the
pressure coefficient, and p is the actual pressure. The results
of the Johnson–Cook model are compared to Stein-
berg–Guinan in Figure 17, showing that both approaches
can be used to represent the quasi-static uniaxial stress–
strain behavior of 21-6-9 SS base metal and EB welds. The
strain rate and temperature-dependent Johnson–Cook
parameters were chosen to align with higher strain rate
data on similar 21-6-9 SS base metal material.[16] It is also
assumed that weld material would have a similar strain rate
and temperature dependence as the base metal. The fitting
parameters for Steinberg–Guinan and Johnson–Cook are
summarized in Tables V and VI, respectively.

V. SUMMARY AND CONCLUSIONS

Electron beam welding of annealed 21-6-9 stainless
steel showed a significant hardening effect where the
weld FZ is statistically harder than the annealed base
metal. Metallographic characterization indicated that

Table V. Recommended Steinberg–Guinan Parameters for the 21-6-9 SS Experimental Weld Metal and Annealed Base Metal

Values Under Quasi-Static Strain Rate Conditions, Compared to the Published Base Metal Value at High Strain Rates

Steinberg–Guinan
Parameter Definition

Base Metal
Published Value[14] (high rate)

Base Metal Experimental
Value (Quasi-Static)

Weld Metal Value
(Quasi-Static)

Yo yield stress 0.0068 Mbar (680 MPa) 0.0035 Mbar (350 MPa) 0.0044 Mbar (440 MPa)
b hardening coefficient 35 20 33
n hardening exponent 0.23 0.5 0.375
Ymax saturation stress 0.025 (2.5 GPa) 0.025 (2.5 GPa) 0.025 (2.5 GPa)
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the weld consists of a two-phase microstructure con-
taining austenite plus residual delta ferrite. The primary
mode of solidification was identified as ferrite with
secondary austenite, followed by solid state transforma-
tion of the majority of the ferrite to austenite during
cooling. The resulting microstructure is skeletal ferrite
with some lacy ferrite observed near the center of the
weld. The higher hardness of the weld is due to the
observed fine two-phase solidification microstructure
relative to the equiaxed large-grained austenitic base
metal. Mechanical properties of the welds were further
investigated using cross-weld tensile bars of different
sizes and configurations and nanoindentation methods
with a spherical indenter. From the results of these tests,
the following conclusions were made:

1. The 21-6-9 weld solidifies mainly in the primary
ferrite mode (FA), followed by transformation of a
majority of the ferrite to austenite. The resulting
weld microstructure varies from about 3 to 10 pct
residual ferrite depending on the local ferrite
morphology, as opposed to 0 pct ferrite in the
annealed base metal. EBSD results confirm the
majority phase as austenite, with a random grain
orientation in the weld longitudinal and cross
sections, even though the weld fusion zone has a
strong columnar nature, with elongated grains
following the heat flow direction.

2. Cross-weld tensile samples were not effective at
measuring the mechanical behavior of the 21-6-9
stainless steel FZ metal since all failures occurred in
the base metal regardless of tensile bar size or
configuration. Results from the milled samples
showed that the 0.2 pct offset yield stress
(366 ± 13 MPa), ultimate stress (726 ± 15 MPa),
and Young’s modulus (202.7 ± 6.6 GPa) were
largely independent of sample size and are similar
to the properties of the base metal samples. Elon-
gations at failure varied from 47 to 62 pct in the
regular-sized milled samples with a 25.4 mm gage
length, also similar to the base metal values.

3. The full-thickness, as-welded, cross-weld tensile
samples did not match the results from the milled
cross-weld samples or the base metal. The
full-thickness samples showed higher yield strengths
than the milled samples of 506 ± 27 MPa due to
incorporation of stronger weld metal into the

necked region near the final failure and strain
localization in this sample above the step in the
weld. Other factors, such as the presence of extra
weld material above the weld surface and sample
bending, complicate the tensile behavior of the
as-welded samples. The measured elongations at
failure were highly reduced in the as-welded samples
as compared to the other sample configurations
with a measured elongation at failure of only 10 pct
in the regular-sized samples and 25 pct in the
mini-sized sample.

4. Microhardness measurements confirm weld
strengthening in 21-6-9 SS. The weld metal was
shown to have a statistically higher Vickers hard-
ness HV of 254.4 ± 9.7, compared to the base metal
hardness of 212.1 ± 10.9.

5. Nanoindentation using a spherical indenter was
used to generate a stress–strain curve to about
10 pct strain for the 21-6-9 EB weld metal, as
calibrated by the base metal tensile tests. A Tabor
factor of 3.6 was determined to produce the best fit
of the 21-6-9 SS base metal indentation curve to the
uniaxial tensile test data. Results showed that the
weld metal has a yield stress of 440 MPa, which is
approximately 26 pct higher than that of the base
metal 350 MPa.

6. Uniaxial stress–strain models were fit to the
quasi-static experimental data in order to extend
the nanoindentation weld results to higher strains.
The Steinberg–Guinan and Johnson–Cook param-
eters for each model were determined for both the
weld and base metals under quasi-static loading
conditions as summarized in Tables V and VI. It is
notable that the published Steinberg–Guinan data
for 21-6-9 SS produces yield strengths significantly
higher than what is measured in uniaxial tensile
experimental data at quasi-static strain rates.
This difference is related to the fact that the
Steinberg–Guinan published data are optimized
for high strain rates.[14]

7. The relative strength of the weld to the base metal is
an important consideration for design when welded
joints are present in the component. The results of
the Steinberg–Guinan fit to the nanoindentation
data under quasi-static strain rates indicate that the
flow stress of the weld at 8 pct strain is 1.179 (696/
592 MPa) higher than that of the base metal.

Table VI. Recommended Johnson–Cook Strength Parameters for the 21-6-9 SS Weld Metal and Annealed Base Metal, Under

Quasi-Static Strain Rate Conditions

Johnson–Cook
Parameter Definition

Base Metal
Value (Quasi-Static)

Weld Metal
Value (Quasi-Static)

A effective yield stress at _eo = 1/s and T = RT 450 MPa 680 MPa
B hardening coefficient 2000 MPa 2000 MPa
n hardening exponent 0.65 0.65
C strain rate coefficient 0.032 0.032
m temperature exponent 0.5 0.5
Tmelt melting temperature 2380 K (2106.8 �C) 2380 K (2106.8 �C)
Troom ambient room temperature 295 K (21.8 �C) 295 K (21.8 �C)
_eo reference strain rate 1/s 1/s
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