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The evolution of texture and yield stress in 304L stainless steel is investigated as a
function of deformation to large plastic strains. Steel bars quasi-statically upset forged at
a strain rate of 0.001s™ to true strains of 0, 0.5, 1.0 and 1.8 were found to acquire their
texture (~3.0 m.r.d.) in the first 0.5 strain with (110) poles highly aligned parallel to the
compression direction independent of whether the pre-forged starting material was in a
cold worked or annealed (1050°C for 1 hour) condition. The same bars, when strained at
room temperature show an incremental yield with pre-strain regardless of strain rate (10
Lor 1035 ) or thermal history, though annealed bars yield at slightly lower stresses. At
77 K and strain rate 10”s™, the annealed 304L exhibits more pronounced strain-hardening
behavior than the 304L forged in a cold-worked condition.

Introduction

Texture and stress-strain behavior are two important probes that are used to characterize
as well as form the basis of physically-based material models used to predict plastic flow
in polycrystalline metals. Many metals whether cold worked or annealed, are ductile
when subjected to fabrication processes such as extrusion, rolling, forming or forging. In
this study we use texture and compressive stress-strain behavior to track the structural
evolution in 304L stainless steel as it undergoes increasing plastic deformation to large
strains.

The mechanical behavior of 304L stainless steel is a material that has a range of United
Sates Department of Energy (DOE) weapons applications. Its high elastic modulus,
modulus-to-density, and strength-to-density ratio make it an ideal material for aerospace
vehicles and weapons components. The success of its application depends on an accurate
description of the microstructure of the material as a function of various fabrication,
forming or dynamic histories. Structural parameters such as texture and yield stress are
critical for its application and for predictive capability. Structural properties such as
strain rate sensitivity, strain hardening and yield locus in 304L stainless steel have already
been measured and modeled for various forming and impact problems to create a data
base for prediction of its constitutive properties [1].

To measure the texture data in this study we used a novel application of Rietveld
refinement and neutron Time-of-Flight (TOF) diffraction [2]. Even order Orientation
Distribution Function (ODF) harmonic coefficients up to the 141 degree are extracted




from a combination of 50-60 TOF neutron diffraction spectra. We do not calculate the
" ODF directly from the harmonic coefficients because we only have the even order
coefficients from the diffraction patterns. From the even order coefficients we extract the
traditional two-dimensional pole figure. While this method differs from the usual
technique of measuring 3-4 individual pole figures of selected hkl reflections, the
Rietveld calculations have proved to be highly successful and reproducible [3-5] and are
the most efficient use of TOF diffraction. When textures are weak and harmonic orders
are relatively low, we find secondary artifacts from our “two-step” calculation procedure
minimal. Furthermore, neutron diffraction offers the important advantage of low
absorption so that bulk samples (1-2 cm®) can be investigated [6]. To characterize stress-
strain behavior in this study, we used the traditional method of measuring compressive
stress/strain-curves at both quasi-static and dynamic strain rates. An Instron testing
machine was used to perform compression tests at strain rates of 0.001 and 0.1 s, A
Split-Hopkinson Pressure Bar (SHPB) was used to perform the dynamic tests where
stress is proportional to the amplitude of the transmitted wave and strain is proportional
to the reflected wave [7].

Experiments

The material used in this study was austenitic 304L stainless steel (obtained in 4.45 cm-
dia. bar form which was redrawn from 15.2 cm-dia. bar stock) containing the major
elements, Cr (18.5%), Ni (11.4%), Mn (1.8%) with a §—ferrite phase (<0.6%). Half of the
stock was upset forged in the cold-worked state (grain size = 100-200 pm) while the
remaining half was annealed at 1050°C for 1 hour in vacuum (grain size = 10-50 um)
prior to forging. Each material was quasi-statically upset-forged at a strain rate of 0.001
s to true strains of £=0, 0.5, 1.0, 1.8. Samples sectioned from the upset-forged bars were
characterized to study their texture evolution in addition to their flow-stress responses as
a function of forging strain and the starting microstructural condition of the 304L.

For the texture measurements, complete pole figures were determined by TOF neutron
diffraction on the High Intensity Neutron Diffractometer (HIPD) at the Lujan Center, Los
Alamos National Laboratory [8]. Samples (1 cm-dia. x 1 cm-long) were mounted on a
two-circle Eulerian cradle capable of rotating a specimen 0-360 degrees in both the
azimuthal (0) and polar () directions. Data from 4 detector banks for each of 13
orientation (®—Y) settings, were combined to calculate the even order orientation
distribution coefficients using a generalized spherical harmonics method and Rietveld
refinement [5]. The maximum order of the spherical harmonic coefficients used was 14
with a total of 7 spherical harmonic terms. Complete pole figures were calculated from
these spherical harmonic coefficients and input into POPLA [9] for generation of the
ODF via WIMV [10] and for graphical display of the ODF. The same refinements used
to determine harmonic coefficients were also used to calculate microstrains [11,12]. The
evolution of texture and microstrain as a function of pre-strain for both the cold worked
and annealed 304L bars were determined.




For the yield measurements, stress-strain curves revealing yield stresses were determined
at quasi-static compression strains for both the cold worked and annealed samples at
strain rates of .001 s using a screw-driven Instron Testing Machine. 2 LVDT’s mounted
on the samples (.5 cm-dia. x .5 cm -long) recorded the true strains. Samples either cold
worked or annealed, were prestrained (0, 0.5, 1.0, 1.8) and deformed at room temperature.
A second and third set of annealed samples were tested at a rate of 0.1s™ at room
temperature and at a rate of 0.001s™ at 77 K, respectively. Stress-strain curves were
measured at dynamic strains using a Split-Hopkinson Pressure Bar (SHPB) [7,13]. Strain
gauges on both incident and transmitted pressure bars (7.6 mm-long) on either side of the
sample (.5 cm-dia. x .5 cm-long) record stress wave propagation and reflected waves
which are integrated to ascertain stress and strain within the sample. One set of the
forged cold-worked 304L steel was tested at strain rates of 2000s™ and room temperature.

Texture Results and Discussion

The forged 304L stainless steels in this study were found to acquire their texture (~3
m.r.d.) in the first 0.5 strain with (110) poles highly aligned parallel to the direction of
compression regardless of their preforging thermal history (Figure 1 & Figure 2). These
results for 304L stainless steel are consistent with {111}<110> as the dominant slip mode
found in most f.c.c. metals [14]. While all pole figures for samples pre-strained more
than 0% describe a fiber texture with <110> as fiber axis, the textures are not true
“simple” fiber textures where the axes are distributed equally about the fiber direction.
The crystallographic poles for both the cold-worked and annealed steel samples show
distinct maxima around the fiber axis that evolve with increasing pre-strain. At €=0.5 the
crystallographic poles of the cold-worked material distribute themselves orthotropically
into 4 distinct maxima around the fiber axis while those of annealed-samples distribute
into 6. However, with increasing pre-strain, these maxima disappear in both sets of
samples. In the cold-worked material the maxima evolve from 4 to at e= 1.0 and broaden
and at €=1.8 the maxima nearly disappear. In the annealed material the 6 maxima
become 4 at £=1.0 and completely disappear at £=1.8.
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Figure 1. (110), (111), (001) pole figures for cold-worked 304L samples as a function of
pre-strains (€=0, 0.5, 1.0, 1.8) showing (110) aligned parallel to compression and 4

distinct maxima at €=0.5, representing cyclic fiber texture. Pole figures are plotted in
equal area projection with direction of compression in center. Densities expressed as
multiple of random distribution (m.r.d.).
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Figure 2. (110), (111), (001) pole figures for annealed 304L specimens as a function of
pre-strains (€=0, 0.5, 1.0, 1.8) showing (110) aligned parallel to compression and 6

distinct maxima at €=0.5, representing cyclic fiber texture. Pole figures are plotted in
equal area projection with direction of compression (upset-forging) in center. Densities
expressed as multiple of random distribution (m.r.d.).

In many cases the expression of the texture by pole figures is an oversimplification of the
texture and the texture is only adequately described by the complete ODF. The ODF
predicts anisotropy of physical properties. - As a way of enhancing the nature fiber texture
and the deviation from a simple fiber texture, we plot the orientation distribution function
in oblique sections in Figures 3 a & b. These sections are plotted at constant v where v is
defined by the linear relationship v=(y-¢)/2 in symmetric (Kocks) Euler angles. The
deviation from simple fiber texture may be due to inhomogeneous strain across the radius
of the sample related to microstructural banding. At €=1.8 the non uniformity or cyclic
texture may additionally be due to the presence of a small amount of d-ferrite phase that
is formed during a martensitic strain-induced transformation at high plastic strains.
Furthermore these results are bulk measurements and the shear strain may change
continuously from the surface to the center of the specimen.
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Figure 3. Same texture as Figures 1 and 2 (prestrain=0.5) assuming orthotropic sample
symmetry for cubic crystal symmetry, represented as polar oblique sections assuming of
3-D orientation space, showing deviation from true fiber symmetry. The projection is the
inverse pole figure for the normal direction. Sections plotted every 10° as oblique v
sections where v is defined by the linear relationship v=(y-¢)/2 in symmetric (Kocks)

Euler angles. Plotted in multiples of random distribution (m.r.d.). (a) cold-worked, (b)
annealed.

Normally the texture attains the same symmetry as the imposed strain tensor, but often
the symmetry of the starting texture may be superimposed. In this study it is very likely
an initial recrystallization texture was imposed on the deformation textures.
Recrystllization inevitably occurs in most materials processing. Looking at the pole




figures of the annealed starting material in detail (plotted on a more revealing log scale
plot, Figure 4) we see that indeed the annealed strain material posses a starting

recrystallization texture.
ANNEAL Fe
(equal-area proj.)
~ 168 | 110 ) ; 111

1.46

1.87
1.47
1.15
.98
.71
.55
.43

Annealed Starting Material
(prestrain=0%)

.34

log. scale

Figure 4. Pole figures of annealed starting material showing recrystallization starting

texture. Plotted in equal area projection in multiples of random distribution (m.r.d.) on a
log scale.

We do observe a decrease in the flow stress and work hardening rate in the 304L steel
samples at room temperature at large strains. This observation is consistent with the
samples approaching its saturation stress; a balance between defect storage and dynamic
recovery processes. The saturation stress is strain rate and temperature dependent due to
the suppression of dynamic recovery processes with decreasing temperature and/or
increasing strain rate due to the decreased available thermal activation.

Both isotropic and anisotropic microstrains were calculated from the refinements used in
the above pole figure studies. When samples experience macrostrains such as upset
forging in this study, often the strains can vary continuously across the specimen causing
peak locations for a particular hkl to shift slightly from spectrum to spectrum. The two
microstrain parameters calculated here by Rietveld refinement are representative of a
mean shift of all hkl’s, although admittedly using mean values is a very crude description
of the true anisotropic behavior of the residual strains [12]. Figure 5 shows a comparison
of isotropic and anisotropic microstrains between cold worked (solid symbols) and
annealed (open symbols) bars as a function of prestrain. Microstrains (us) are plotted as a

function of polar angle (x) angle where 0° = parallel and 90° = perpendicular to
compression, ‘

Isotropic strains are constant with prestrain while anisotropic strains increase from
approximately 5000 ps at €=0.5 to 13000 at €=1.8 ps parallel to the compression direction
independent of whether the pre-forged starting material was in a cold worked or annealed
condition. The positive and negative signs in these data refer to the sense of stress




relaxation left after pre-strain, where a positive sign is due to a tensile stress and a
negative sign is due to a compressive stress. Isotropic strains remain in tension across the
samples. Anisotropic strains change gradually, from compression (}=0°) to tension
(x=90°) with slopes that increases with increasing prestrain. In the case of annealed
material the data are notably scattered at €=0.5 and the mean value rather than the
compression intercept value is considered. Annealed bars that undergo reduced
hardening rate at high strain have lower residual stress.
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Figure 5. Calculated isotropic and anisotropic microstrains as a function of prestrain.
Microstrain (us) versus polar angle (degrees). 0° = parallel and 90° = perpendicular
compression. Negative s is compressive, positive ps is tensile.

Mechanical Results and Discussion

The compressive stress-strain responses of the 304L stainless steel under quasi-static and
dynamic loading at strain rates (.001s™, .1s™ and 2000s™) and temperatures (25°C and 77
K) are shown in Figure 6a (cold worked) and 6b (annealed) as a function of pre-strain.
Both the cold worked and annealed 304L steel stress/strain curves show yield stresses that
increase as a function of pre-strain. They also reveal that the yield stresses decreased by
about a factor of 2 for an equivalent pre-strain when the samples were annealed compared
to the cold-worked starting condition. The annealed curves demonstrate a reduced rate of




work hardening especially at higher pre-strains (1.0 and 1.8) though low temperature
deformation (77 K) increases these rates again by about a factor of 4 (Figure 6b). The
yield strength of these low temperature samples increases dramatically (approximately
70%) at quasi-static strain rate (0.001 s™). Conversely the yield strength is seen to
increase only slightly for the cold-worked starting material (approximately 40%) even
though strain rate is increased nearly 6 orders of magnitude. This observation is
consistent with the attainment of a similar saturation stress (~ 1700 MPa) at room
temperature for quasi-static loading of the cold-worked as well as the annealed preforged
304L material conditions. At room temperature the yield strength of the annealed
material increases only slightly with a change in strain rates from 0.001s™ to 0.1s™ for all
prestrains (Figure 6b). These observations are very consistent with established yield
stresses in 304L austenitic stainless steel [15].
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Figure 6. Compressive stress/strain curves for the cold-worked 304L steel (a) and
annealed (b) bars measured under quasi-static and dynamic load as a function of pre-
strain (.001s, 0.1 s and 2000s™) and temperature T=25°C at 77K. Only unloading
portions of data for the annealed starting materials is shown.

Conclusions

304L stainless steel stock bar develops cyclic fiber texture with <110> fiber axis when
upset-forged to large plastic strains independent of whether the 3041 was forged in a
cold-worked or annealed microstructural condition. For both 304L microstructural
conditions the texture evolution for each (~3.0 m.r.d.) is seen to be achieved following a
true strain of 0.5. The annealed 304L steel possessed a starting yield strength which was
50% that of the cold-worked 304L material for a fixed chemistry. At 77K the annealed
304L is seen to exhibit a 70% higher flow stress than at 298K in addition to a
significantly higher work-hardening rate.  This study documents the important
relationship between texture and plasticity in polycrystalline metals and alloys. The
development of advanced physically-based material models must integrate




crystallographic orientation effects on metal plasticity in addition to temperature and
strain rate if predictive code capability is to be achieved.
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