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Abstract
Magnetically-driven, shockless-compression experiments were performed to peak stresses approaching 200 GPa on both 
a direct energy deposition, additively manufactured (AM) and conventionally, wrought-processed 304L stainless steel to 
compare their thermodynamic and constitutive responses. Velocimetry measurements were used to infer the response of the 
304L stainless steel samples during shockless-compression and release from peak stress. A self-consistent, inverse Lagrangian 
analysis technique was used to determine the isentrope of each sample to peak compression, while a wave profile analysis 
method was used to estimate the flow strength, shear modulus, and bulk modulus from the unloading from peak stress. The 
thermodynamic response of both stainless steels were similar and consistent with current equation of state (EOS) formula-
tions up to 200 GPa. The flow strength, shear modulus, and bulk modulus measurements were also similar between stainless 
steel variants. The flow strength measurements in the AM material showed evidence of more sample-to-sample variability, 
particularly at pressures above 100 GPa. This was hypothesized to result from the large grain size imparted during print-
ing. The flow strength and shear modulus measurements of both stainless steels deviated from current calibrations of the 
Steinberg-Guinan-Cochran and Preston-Tonks-Wallace constitutive models. The bulk modulus values extracted for both 
stainless steels deviated from those predicted by a Vinet EOS fit to the extracted isentropes, particularly at pressures above 
100 GPa. This was found to result from the assumption of linearity of the bulk modulus with pressure in the Vinet model. 
The observed response of the 304L stainless steel shows a quadratic dependence of the bulk modulus with pressure, which 
is hypothesized to result from the formation of martensite during loading.
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Introduction

Stainless steel is commonly used in engineering applica-
tions due to its high strength and corrosion resistance. The 
most common stainless steels are austenitic, having a face-
centered cubic (FCC) structure. Austenitic stainless steels, 
like type 304 and 316, are also common alloys for addi-
tive manufacturing (AM) [1–3]. However, the rapid cooling 
rates produced by the AM process generate microstructures 
more akin to a welded material than a conventional wrought 
material [4]. AM microstructures tend to have a periodic 
grain structure, and in cubic systems, like 304 stainless 
steel, a fiber texture with the ⟨100⟩ orientation aligned with 

the direction of heat flow (i.e. the build direction) [5, 6]. 
Understanding how the AM fabrication process alters the 
material microstructure and influences the observed mate-
rial response, termed process-structure–property (PSP) rela-
tionships, is essential for wider adoption of AM materials 
in engineering applications. This is especially true for 304 
stainless steel which exhibits a complex microstructural 
response to mechanical loading, having large elastic ani-
sotropy between orientations [7] and undergoing a strain-
induced phase transformation [8–13], twinning [9, 11, 12, 
14–16], load shedding [17, 18], and dynamic recrystalliza-
tion [14, 19, 20].

Numerous past studies have investigated the role micro-
structure plays in the mechanical response of stainless steels 
at quasi-static [1, 6, 17, 21–24], intermediate [12, 13, 25–31], 
and high strain-rates [15, 16, 32–38]. At high strain-rates, most 
prior work focused on the elastic–plastic and failure response 
at stresses below 10 GPa. In these studies, the AM stainless 
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steel exhibited a higher Hugoniot elastic limit (HEL) [32, 33] 
than wrought material, with evidence of anisotropy due to the 
underlying microstructure [32, 33, 38]. Lamb et al. [38] and 
Wise et al. [32] saw anisotropy in the HEL and failure response 
of laser powered bed fusion (LPBF) 316L and Laser engi-
neered net shaping  (LENS®) 304L stainless steel, respectively.

In order to facilitate the development of more representative 
model calibrations, there is a need for more information on the 
response of austenitic stainless steel at higher stresses where 
the mechanical response is dominated by different mecha-
nisms. Studies at intermediate strain-rates [31], suggest that a 
saturation point is quickly reached in the strain-hardening of 
austenitic stainless steel. At higher stresses where the strain 
is larger, pressure-hardening is expected to take over as the 
dominant hardening mechanism. Additionally, at stresses 
above 100 GPa, the amount of equation of state (EOS) data 
on 304L stainless steel is limited [34, 39] and no flow strength 
data exists. Experiments at higher stresses are necessary to 
determine if the underlying microstructure influences the ther-
modynamic and constitutive response in 304L stainless steel 
at stresses above 100 GPa.

In the presented work, a series of shockless-compression 
experiments to a peak stress approaching 200 GPa were 
used to measure the EOS and flow strength of both AM and 
wrought 304L stainless steel. To quantify the degree of ani-
sotropy in the AM 304L stainless steel, two orthogonal direc-
tions in the AM billet were studied: one parallel and one 
perpendicular to the build direction. These two orientations 
provide bounding cases for understanding the influence of the 
grain structure on the response of AM 304L stainless steel, 
since they have very disparate microstructures. The response 
of each orientation of the AM 304L stainless steel and that 
of the wrought material were then compared to each other 
and existing model calibrations in the literature to identify 
any variations. Section “Experimental Method” describes the 
experimental method including the initial material microstruc-
ture (Sect. “Materials Under Study”), shockless-compression 
experimental design (Sect. “Magnetic Shockless-Compression 
Experiments”), and the self-consistent Lagrangian analysis 
technique (Sect. “Self-Consistent Inverse Lagrangian Analy-
sis”). Section “Experimental Results and Discussion” presents 
the experimental results and discussion for the measured isen-
tropes (Sect. “Isentrope Measurements”) and the flow strength, 
shear modulus, and bulk modulus measurements (Sect. “Flow 
Strength, Shear Modulus, and Bulk Modulus Measurements”).

Experimental Method

Materials Under Study

Ingot‑derived Wrought 304L Stainless Steel

The wrought 304L stainless steel was ingot-derived, re-
melted material with a controlled sulfur, weld-critical 
composition (Honeywell Federal Manufacturing and 
Technology, Kansas City, Missouri). The composition of 
the wrought material as determined using a combination 
of inductively-coupled plasma mass-spectroscopy (ICP-
MS), gas fusion and combustion, and optical emission 
spectroscopy is provided in Table 2. The wrought material 
was primarily austenite with 1.2% ferrite (body-centered 
cubic, BCC) as determined with  Ferretiscope® and X-ray 
diffraction measurements. An inverse pole figure (IPF) 
map of the wrought microstructure obtained with elec-
tron backscatter diffraction (EBSD), is shown in Fig. 1. 
The wrought microstructure was composed of equiaxed, 
austenite grains roughly 50 � m in size with elongated fer-
rite stringers aligned with the extrusion axis of the billet. 
No evidence of measurable porosity was found.

The measured bulk properties of the wrought material 
are provided in Table 1. The density was obtained using 
an Archimedes method. The longitudinal, cl , and trans-
verse, cs , wave speeds were measured at 10 and 5 MHz, 
respectively. The shear moduli, G, bulk moduli, K, and 
Poisson’s ratios, � , listed in Table 1 were calculated from 
the measured density and wave speeds.

Samples were extracted from the center of the wrought 
billet via electrical discharge machining (EDM) to provide 
similar mechanical characteristics, as a variation in hard-
ness with billet radius was identified in the as-received 
material [1]. All experimental samples were ground and 
polished to final thickness to remove the brass contami-
nation in the heat-affected zone from the EDM wire. All 
wrought samples were loaded parallel to the billet extru-
sion axis.

Table 1  Measured bulk properties of the wrought and  LENS® 304L 
stainless steel. All errors represent one standard deviation

Wrought X-Cut AM Z-Cut AM

Density ( g∕cm3) 7.882 (0.015) 7.881 (0.015) 7.881 (0.015)
cl (km/s) 5.742 (0.049) 5.784 (0.066) 5.993 (0.085))
cs (km/s) 3.132 (0.025) 3.356 (0.213) 3.374 (0.120)
G (GPa) 77.33 (1.25) 89.14 (11.28) 89.81 (6.41)
K (GPa) 156.83 (4.74) 144.86 (16.23) 163.35 (11.75)
� 0.288 (0.007) 0.241 (0.052) 0.266 (0.026)
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LENS® 304L Stainless Steel

The AM 304L stainless steel billets were printed on wrought 
304L stainless steel base plates using a custom,  LENS®, 
direct energy deposition system located at Pennsylvania 
State University [40]. The feedstock was nitrogen-atomized, 
micro-melt powder obtained from Carpenter Powder Prod-
ucts with particle sizes ranging from 10 to 44 � m. The pow-
der was injected at a flow rate of 23 g/min into the incident 
continuous-wave IPG  Photonics® YLR-12000-L ytterbium 
fiber laser operating at a power of 3.8 kW and a beam diam-
eter of 4 mm. A parallel hatch scan pattern was used, as 
illustrated at the bottom of Fig. 1, with a hatch spacing of 
1.925 mm, a scan speed of 63.5 cm/min and a build rate of 
1.27 mm/layer. An inert argon atmosphere was used with 
less than 110 ppm of oxygen.

The composition of the as-received powder, as given by 
the supplier, and the as-printed material, measured using 
ICP-MS, gas fusion and combustion, and optical emis-
sion spectroscopy, are provided in Table 2. The as-printed 
 LENS® material had slightly less chromium and slightly 
more oxygen than the feedstock, which was attributed to 
vaporization and oxidation during the printing process, 
respectively. When compared to the wrought material, the 
 LENS® material had significantly more nitrogen content due 
to the powder being atomized in a nitrogen atmosphere. This 
was of particular interest given the tendency for stainless 
steel to exhibit nitrogen solution hardening [41].

Since the  LENS® material was fabricated in a layer-by-
layer fashion, it was expected to have a periodic microstruc-
ture. As a result, two orthogonal directions of the  LENS® 
billets were investigated. We define a coordinate system rela-
tive to the build laser for the  LENS® billets that is consist-
ent with the ASTM standard [42]. The positive Z direction 
defines the build direction and is parallel with, but opposite 
to, the build laser. The positive X direction defines the domi-
nate scan line direction, while the positive Y direction is the 
hatch direction. This is summarized with the schematic at 
the bottom of Fig. 1. Figure 1 shows IPF maps for micro-
structures in both the Z (Z-Cut) and X (X-Cut) orientations.

In the IPF maps of the  LENS® 304L stainless steel, the 
periodic nature of the microstructure is evident. The differ-
ence in grain-size and texture when compared to the wrought 

Table 2  Elemental composition (wt. %) of the wrought and  LENS® 
304L stainless steel as determined via ICP-MS, gas fusion and com-
bustion, and optical emission spectroscopy along with that of the 

starting powder feedstock (as supplied by Carpenter Powder Prod-
ucts). The remainder is Fe

C Cr Cu Mn Mo N Ni O P S Si V

Wrought 0.013 19.5 – 1.5 0.027 0.049 10.1 – 0.015 0.015 0.58 0.02
LENS® 0.010 18.8 0.03 1.49 0.04 0.075 10.28 0.023 0.007 0.007 0.51 0.02
Feedstock 0.015 19.07 0.03 1.55 0.04 0.089 10.38 0.017 0.006 0.006 0.5 0.02

Fig. 1  IPF maps of the wrought, Z-Cut, and X-Cut material. The IPF 
maps are all colored relative to the positive horizontal direction: posi-
tive X for the wrought and Z-Cut, and positive Y for the X-Cut. The 
bottom image shows a schematic of the parallel hatch build pattern 
used for the  LENS® 304L stainless steel
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material is also evident. The  LENS® material exhibited 
large, elongated grains (approximately 1 mm) that oriented 
epitaxially from one layer to the next. These grains showed 
evidence of a preferred crystalline ⟨100⟩ texture in the build 
direction commonly seen in AM cubic metals [5]. Neutron 
diffraction measurements [17] on the  LENS® material found 
2.3% [17] ferrite, roughly twice the amount in the wrought 
material. Higher resolution EBSD images of the  LENS® 
material indicated mosaicity in the grains. This sub-grain 
structure requires more geometrically necessary disloca-
tions, which was confirmed with higher dislocation densities 
found via neutron diffraction [17].

The measured bulk properties of the  LENS® material 
are provided in Table 1. The density, measured using an 
Archimedes method, indicates essentially zero porosity. As 
a result, no effects of porosity were considered in this work. 
The wave speeds of the  LENS® material, measured in the 
same manner as the wrought material, and the resulting elas-
tic properties calculated from them, have more error. This 
was attributed to the large grain size and texturing in the 
 LENS® material, since it is more likely that a few, randomly 
oriented grains dominate the measured response. Austenitic 
stainless steels exhibit large anisotropy in elastic properties 
for individual crystals [7].

Magnetic Shockless‑Compression Experiments

Shockless, or ramp, compression provides a continuous 
measurement near the isentrope of a material up to peak 
stress [43]. The resulting curve is often termed a quasi-
isentrope, since some irreversible phenomena like plastic 
work heating are present  [43]. Measurements along the 
isentrope are useful for constraining tabular EOS models, 
since they provide data at high pressures but relatively low 
temperatures. Additionally, the elastic–plastic transition dur-
ing release from peak stress provides an estimate of the flow 
strength, shear modulus and bulk modulus of the material 
assuming purely isotropic hardening [44, 45]. Such measure-
ments are valuable for validating and/or calibrating constitu-
tive models at high strain-rates.

A total of 8 magnetic shockless-compression experiments 
were conducted on the Z pulsed power accelerator [46, 47] 
at Sandia National Laboratories and followed the method 
outlined in prior studies [43, 45, 48–50]. A schematic of the 
Z accelerator target is given in Fig. 2a. The experiments uti-
lized a stripline geometry [51], which consisted of two paral-
lel panels connected at the top to produce a low-inductance, 
short-circuit load. A time-varying current, J , was pushed 
through the target generating a strong magnetic field, B , in 
the anode-cathode (AK) gap between the panels. The cross 
product of this magnetic field with the time-varying current 
pulse produced a stress wave, � , normal to the electrode, 
as illustrated in Fig. 2b. This stress wave propagated into 

the sample ahead of the magnetic diffusion front, enabling 
the compression of the sample to high stresses prior to 
vaporization.

Copper panels with a nominally 2 mm floor thickness 
were used for both the anode and cathode and were separated 
by a 2 mm AK gap. The panel shapes were tapered to reduce 
variations in the magnetic field experienced along the height 
of the panel [50]. For most experiments (i.e. Z3090, Z3129, 
Z3187, Z3257, Z3324, Z3340, and Z3420), the anode panel 
contained three 15 mm x 15 mm square, nominally 1.5 mm 
thick 304L stainless steel samples: one wrought, one X-Cut 
 LENS®, and one Z-Cut  LENS®. One experiment, Z3113, 
contained only one Z-Cut  LENS® sample. The specific loca-
tions of each sample were varied between experiments to 
eliminate the possibility of systematic errors in the meas-
ured properties due to location on the anode panel. Each 
sample was backed by a 15 mm x 15 mm square, nominally 
6 mm thick ⟨100⟩-oriented LiF window. The cathode panel 
was used for back calculating the magnetic field opposite 
each sample [51, 52], which is discussed in more detail 
in Sect. “Isentrope Measurements”, and contained only a 

(a) Z Target

(b) Cross-Section

Fig. 2  A schematic of the magnetic shockless-compression experi-
ments performed on the Z pulsed power accelerator (a). The stripline 
geometry contains three samples on the anode panel and three drive 
measurements on the cathode panel. A cross-sectional view (b) shows 
the interactions of the current ( J ), magnetic field ( B ), and stress wave 
( � ) during the experiment. Positions  L0,  L1, and  L2 were used in the 
TF-SCLA method for determining the isentrope



Journal of Dynamic Behavior of Materials 

15 mm x 15 mm square, nominally 6 mm thick ⟨100⟩-ori-
ented LiF window. All LiF windows had a 250 nm vapor-
deposited Al coating on the interface side and an anti-reflec-
tive coating for 523 nm light on the free surface to improve 
the quality of the VISAR (velocity interferometry system for 
any reflector) [53] measurements. All VISAR measurement 
employed three velocity-per-fringe (VPF) constants.

The time-varying current pulses were designed follow-
ing the criteria outlined by Brown et al. [45]. The rise times 
were chosen to generate a smooth ramp wave and ensure the 
only wave interactions that need accounting for are due to 
reflections off the window altering the incoming stress wave. 
The sample dimensions were also chosen to ensure that edge 
waves did not influence the observed release response, as 
verified by two-dimensional (2D) magnetohydrodynamic 
(MHD) simulations in ALEGRA [54].

Self‑Consistent Inverse Lagrangian Analysis

Detailed descriptions of the analysis of shockless-compres-
sion experiments are located elsewhere [44, 45, 55–57]. 
Only a brief description of the analysis procedure is pre-
sented here.

The response of a material compressed by a single, steady 
pressure wave that is uniaxial in strain, is described through 
direct Lagrangian analysis (DLA) [58]. Measuring the time-
dependent in situ material velocity, u∗ , at two locations, ena-
bles the determination of the longitudinal Lagrangian wave 
speed, cL , as a function of the in situ material velocity. Inte-
grating the conservation of mass and momentum equations 
in Lagrangian coordinates provides the longitudinal stress, 
�x , and density, �.

Here, �
0
 , refers to the initial material density, and � is the 

engineering strain.
In practice, the in situ material velocity is not measured, 

usually due to a lack of transparency of the sample. Most 
experiments make velocity measurements at the free surface 
of the sample or at an interface between the sample and 
a transparent window. Inverse Lagrangian analysis (ILA) 
provides a method for converting interface velocities, u, to 
in situ material velocities [44, 45].

For this work, a transfer function-based, self-consistent 
Lagrangian analysis (TF-SCLA) [44, 45] technique was used 
to determine the in situ material velocity from the measured 
interface velocity. A series of one-dimensional (1D) forward 
simulations were performed using an assumed compressive 
behavior (i.e. �x(�) ) for the material to estimate u and u∗ and 

(1)
d�

�
2
=

du∗

�
0
cL(u

∗)
= d�

(2)d�x = �
0
cL(u

∗)du∗

define the transfer function. The first simulation mimicked the 
experimental cathode panel and had a Lagrangian tracer at 
the panel/window interface (i.e. position  L0 in Fig. 2b). The 
second simulation mimicked the experimental anode panel and 
had a Lagrangian tracer located at the sample/window inter-
face (i.e. position  L2 in Fig. 2b). The third simulation assumed 
a semi-finite sample and had Lagrangian tracers located at 
the panel/sample interface and at the same coordinates as the 
sample/window interface (i.e. position  L1 and  L2 in Fig. 2b, 
respectively). The simulated window and in situ velocity pro-
files at position  L2 were used to define the transfer function at 
that location. Similarly, the simulated cathode window velocity 
at position  L0 and the in situ velocity at position  L1 were used 
to define the transfer function at that location, since the anode 
and cathode had similar thicknesses. While this approach dif-
fers from prior work [45], it captured the elastic response in a 
more representative way.

The impedance difference between the window and sam-
ple produce wave reflections from the front of the stress wave 
that interact with the later time, higher stress portions as it 
approaches the interface. These interactions are not present in 
the semi-infinite simulation used to obtain the in situ velocity. 
This leads to a difference in the casual domain of the window 
and in situ velocities that need to be accounted for prior to 
generating the transfer function [44]. Thus, the time scales of 
the window and in situ velocities are normalized by identifying 
the times of key features in each trace and then generating a 
linear relationship between them.

This process generated a numerical mapping between the 
simulated window and in situ velocities. Applying this map-
ping to the measured interface velocities at the cathode and 
anode produced “experimental” in situ velocities at positions 
 L1 and  L2 for defining the compressive behavior up to peak 
stress using DLA. This process was repeated with the updated 
compressive behavior until convergence.

Upon release from peak stress, the material undergoes an 
elastic–plastic transition that provides an estimate of flow 
strength, shear modulus, and bulk modulus of the sample [44, 
56, 57]. Since the sample remains under uniaxial strain over 
the course of the experiment, J2 plasticity theory [59] is 
assumed to hold and the longitudinal stress, �x(�) , is written 
as a function of the pressure, P(�) and shear stress, �(�) [60].

Assuming a von Mises or Tresca yield criteria, the shear 
stress is related to the yield strength, Y = 2� . A differential 
form of the longitudinal stress equation is then written using 
cL , and the Lagrangian bulk wave speed, cB [44].

(3)�x(�) = P(�) +
4

3
�(�)

(4)d�(�) =
3

4
�
0
[c2

L
(�) − c2

B
(�)]d�
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Changing variables to the material velocity and integrat-
ing provides a measure of the change in shear stress upon 
unloading[61].

Here, u∗
trans

 is the particle velocity at which bulk plastic 
unloading begins and u∗

peak
 is the peak particle velocity 

achieved a position  L2. In the experiment, there is some 
degree of attenuation, which is accounted for with the fol-
lowing assumption [55, 62]

where Δu∗
peak

 is the difference in peak material velocities at 
positions  L1 and  L2, and cL,peak is longitudinal Lagrangian 
wave speed at u∗

peak
 . Following the convention of Brown 

et al. [44], the recorded flow strengths are all reported at the 
mean pressure of the quasi-elastic unloading region.

Additionally, assuming that the peak wave speeds are 
representative of the material at peak stress, estimates of 
the shear and bulk moduli are defined with the following.

Here, cB,peak is the value given by a quadratic fit to cB during 
bulk plastic loading at u∗

peak
 to eliminate errors due to relaxa-

tion near peak stress [57].
The flow strength extracted from the release is depend-

ent on the location of u∗
trans

 . This is often not straight for-
ward, given experimental uncertainties and the possibility of 
kinematic hardening shifting the symmetry axis away from 
the hydrostat [63]. To provide a more systematic method 
for defining u∗

trans
 , an additional simulation was run with a 

semi-infinite, hydrodynamic sample and a Lagrangian tracer 
at position  L2. Comparing the hydrodynamic simulation to 
the semi-infinite simulation in the TF-SCLA method, which 
included a constitutive model, provided an estimate for u∗

trans
 

as illustrated in Fig. 3. This novel approach also enabled the 
automation of the strength analysis, which was necessary for 
the error estimation method employed.

TF‑SCLA Error Analysis

To estimate the error in the isentropes, flow strengths, and 
shear and bulk moduli, a Monte Carlo approach was taken 
similar to prior methods [44, 64], since it is straight for-
ward to implement and inherently conservative. In this 

(5)2� =
3

4
�
0 ∫

u∗
peak

u∗trans

[c2
L
(u∗) − c2

B
(u∗)]

du∗

cL(u
∗)

(6)2�atten ≈
3

4
�
0
[c2

L
(u∗

peak
) − c2

B
(u∗

trans
)]
Δu∗

peak

cL,peak

(7)G =
3

4
�
0
(1 − �peak)(c

2

L,peak
− c2

B,peak
)

(8)K = �
0
(1 − �peak)c

2

B,peak

approach, a set of 10,000 1D forward simulations were run 
to obtain velocity traces for the TF-SCLA analysis treating 
all uncertainties as random and uncorrelated. Each set of 
simulations had differing panel, sample, and glue bond 
thicknesses as defined by normal distributions to their 
measured means and standard deviations. Additionally, 
each set of simulations had a unique scaling factor for the 
applied magnetic field obtained from a normal distribu-
tion with a mean of 1 and a standard deviation of 0.0075. 
This scaling factor is consistent with prior estimates [44, 
64] and approximates the uncertainty in the applied mag-
netic field resulting from uncertainties in the Cu and LiF 
models during the unfold process, which is discussed in 
Sect. “Experimental Results and Discussion”.

When performing the TF-SCLA analysis, uncertainties 
in the initial density and the measured sample/window 
velocity profile were accounted for. A normal distribution 
for the initial density was generated from values in Table 1 
to define a unique starting point for the integration of the 
conservation equations for each simulation set. To account 
for the temporal and velocity uncertainties in the sample/
window velocity profile in a straightforward way, a unique 
scaling factor and time shift were applied to the measured 
sample/window interface velocity for each simulation set. 
Both the scaling factor and time shift were described by 
normal distributions. The scaling factor was determined 
from the uncertainty in the VISAR measurement (i.e. ≈ 5% 
of the VPF) and had a mean of 1 and a standard deviation 
of 0.005. The time shift applied to the velocity profiles 
corresponds to the timing accuracy of Z and had a mean 
of 0 and a standard deviation of 1 ns, which is consistent 
with prior estimates [44, 64].

Fig. 3  Example plot of the material velocities obtained in the 1D 
MHD simulations for a semi-infinite sample at position  L2 with 
(strength) and without (hydrodynamic) a constitutive model. The 
dashed box nominally represents the location of the inset which 
shows the deviation in response upon release due to the constitutive 
model and identifies u∗

trans
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This process generated 10,000 isentropes for estimat-
ing the uncertainty. While each simulation set does provide 
c
L
(u∗) upon release for estimating the flow strength and shear 

and bulk moduli, not every parameter combination yields 
realistic behavior. As a result, only the simulations with real-
istic elastic–plastic transitions were used for estimating the 
uncertainty in the flow strength, shear modulus, and bulk 
modulus.

Experimental Results and Discussion

Measured Interface Velocities

The interface velocities for each 304L stainless steel sample, 
shifted arbitrarily in time for clarity, are shown in Fig. 4. The 
interface velocities presented in Fig. 4 were corrected for the 
change in index of refraction of the LiF window upon com-
pression, using the method developed by Davis et al. [65]. 
All the velocity profiles exhibited a smooth ramp to peak 
stress and a distinct change in slope during the release, 
which represented the elastic–plastic transition.

Isentrope Measurements

As mentioned previously, the magnetic field incident on the 
cathode and anode panels remains the same as long as the 
geometric asymmetries present (i.e. deformation) remain 
small. For all experiments in the present work, 2D ALEGRA 
simulations were used to verify the magnetic field experi-
enced by the cathode and anode were identical over the time 
frame of interest. Thus, the magnetic field determined using 
the unfold process on the cathode was applied directly to 
forward simulations of the anode. Additionally, by using the 
time-varying magnetic field determined from the cathode 
measurement opposite each sample, any slight differences 
in the magnetic drive along the length of the panel were 
accounted for in the analysis [44, 50].

Figure 5 shows the measured interface velocities on the 
cathode panel, denoted by location as top, middle, and bot-
tom, for the four unique machine settings used in this work. 
The velocity traces presented in Fig. 5 are shifted in time 
arbitrarily for clarity and were corrected for the LiF win-
dow. All the cathode panel measurements showed good 
uniformity in loading along the panel, with the peak veloc-
ity of the top location being approximately 2% higher than 
the bottom location. However, given the pairwise nature of 
the TF-SCLA method, this deviation is not a relevant error. 
The uncertainty over each sample is the error of interest 
and is much lower. With the exception of Z3187, identical 
machine configurations were used for additional measure-
ments: Z3090, Z3113, and Z3129, Z3257 and Z3324, and 

Z3340 and Z3420. Figure 6 shows a comparison of the mean 
drive measurements for Z3090 and Z3129, illustrating mini-
mal machine jitter ( ≈ 2%). Given the roughly 1% uncertainty 
in the interface velocity at peak, this enabled complimen-
tary measurements at near identical conditions for assessing 
sample-to-sample variability.

To calculate the magnetic field from the cathode drive 
measurements, the unfold procedure outline by Lemke 
et al.  [51, 52] was used. The unfold procedure assumes 
that the Cu panel and LiF window are material stand-
ards with well-defined EOS and constitutive responses. 
Using that assumption, the magnetic field experienced at 
each height along the cathode for each experiment was 
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Fig. 4  Corrected interface velocities for each type of 304L stain-
less steel sample: wrought (top), X-Cut  LENS® (middle), and Z-Cut 
 LENS® (bottom). All the velocity traces are arbitrarily shifted in time 
for clarity
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determined though optimization of 1D MHD simulations 
in LASLO [66].

An initial guess of the magnetic field was fit with 143 
spline points and used as the boundary condition for the 
1D LASLO simulation. DAKOTA [67] was used to alter 
the magnetic field until the simulated interface velocity 
matched the measured interface velocity to within a desired 
tolerance. In these simulations, the Cu panel was modeled 
with the 3325 SESAME tabular EOS [68], the Steinberg-
Guinan-Cochran (SG) strength model [69, 70], an internally-
calibrated elastic–plastic model [71], and a tabular electrical 
conductivity [72]. The LiF window was modeled with the 
SESAME 7271v3 tabular EOS [65, 73], and a calibrated 
SG model  [74] employing a modified shear modulus to 

approximate the elastic–plastic response [44]. A constant 
electrical and thermal conductivity was used for the LiF 
since the magnetic field does not diffuse into it during the 
experiment.

The magnetic field calculated on the cathode opposite 
each sample was then used in the forward simulations 
for the TF-SCLA, as described in Sect. “Self-Consistent 
Inverse Lagrangian Analysis”, to determine the isentrope 
of the sample. A Vinet fit to the isentrope defined by the 
SESAME 4270 EOS table [75] was taken as an initial guess 
for the 304L stainless steel EOS, and a rate-independent SG 
strength model [70] was used to approximate the constitutive 
response. A constant thermal and electrical conductivity was 
used for the 304L stainless steel, since the magnetic field 
does not diffuse into the sample during the experiment.

For samples with significant glue bonds (i.e. above 5 �
m), the glue layer was explicitly accounted for in the forward 
simulations. The glue was assumed to be hydrodynamic and 
modeled with the SESAME 7602 EOS table [76]. A constant 
thermal and electrical conductivity was used for the glue.

Integration of the Lagrangian conservation equations pro-
vided the stress as a function of density, which is typically 
termed a quasi-isentrope. However, having the isentrope, 
or the relationship between pressure and density, is more 
useful for EOS calibrations. The pressure can be inferred 
from the stress if a von Mises or Tresca yield criteria is 
assumed and the yield strength at each stress is known. For 
this work, the SG calibration for 304 stainless steel [70] 
was used to approximate the yield strength at each stress for 
calculating the pressure. In addition to subtracting 2

3
 of the 

yield strength, the thermal contribution to the pressure [77], 
assuming a Taylor-Quinney coefficient of 1, was also sub-
tracted from the stress to obtain the pressure. This process 
aims to account for the main sources of entropy to produce 
the isentropes reported in this work.

The isentropes inferred for each sample are given in 
Fig. 7 and compared to the SESAME 4270 EOS table [75]. 
The SESAME 4270 EOS table matches the response of 
the wrought and  LENS® 304L stainless steel well at the 
pressures investigated. The similar response between the 
wrought and  LENS® 304L stainless steel support the com-
mon notion that the bulk, thermodynamic response is not 
influenced by the texture and/or grain size of the material. 
The underlying microstructure is expected to influence the 
deviatoric component of the stress. The estimated error 
bounds for the mean isentrope for each configuration in 
pressure-density space, calculated from all samples using a 
T-distribution and the standard error, are represented by the 
gray bands in Fig. 7.

The error estimate of the mean isentrope has abrupt jogs, 
which correspond to transitions from pressure regions with 
more experiments to those with less. The isentropes for 
each sample were fit with a Vinet EOS [78–80], assuming 
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a coefficient of thermal expansion of 17 �m/m/K. For the 
Vinet fits, both the initial isothermal bulk modulus, B

0
 , and 

its pressure derivative, (�B∕�P)
0
 , were treated as fitting 

parameters. The parameters for the Vinet fits, along with 
their uncertainty, for the Wrought, X-Cut  LENS®, and Z-Cut 
 LENS® material are given in Table 3 along with a fit for all 
samples. The fits for the wrought and  LENS® material were 

essentially the same, with the X-Cut  LENS® material exhib-
iting only slightly more uncertainty. Additionally, the initial 
bulk moduli obtained were consistent with those reported in 
Table 1, despite treating it as a fitting parameter.

The larger uncertainty in the Vinet fit for the X-Cut 
 LENS® material is not surprising given the microstruc-
ture shown in Fig. 1. In the X-Cut orientation, the grains 
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Fig. 7  Comparison of the isentropes in P-� (left side) and c
L
-u∗ (right 

side) space for the wrought (top), X-Cut  LENS® (middle), and Z-Cut 
 LENS® (Bottom), which are all well approximated by the SESAME 
4270 EOS table. The gray bands in the P-� plots represent the 95% 

confidence bounds based on the standard error for the isentropes. The 
dashed line in the c

L
-u∗ plots represents the estimated elastic wave 

speed using the c
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 and � provided in Table 1
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were elongated and approximately 1 mm in length, near the 
1.5 mm thickness of the sample. Thus, it is possible to have 
only a few grains dominating the response leading to small 
deviations between samples.

The right side of Fig. 7 shows the Lagrangian wave speed 
versus in situ material velocity for all the 304L stainless 
steel variants along with that extracted from the SESAME 
4270 EOS table for bulk loading. Once again, there was 
good agreement between the measured response and that 
predicted by the SESAME 4270 EOS table upon loading.

Flow Strength, Shear Modulus, and Bulk Modulus 
Measurements

Most of the Lagrangian wave speeds on the right side of 
Fig. 7 exhibited an initial elastic response followed by bulk 
plastic loading. A few experiments exhibited a lower initial 
elastic wave speed, which was attributed to complications 
from thicker glue bonds. The dashed lines in Lagrangian 
wave speed versus in situ material velocity space, shown on 
the right side of Fig. 7, represent the estimated elastic wave 
speed assuming the initial value and Poisson’s ratio given in 
Table 1. Overall, there was decent agreement between this 
estimate of the elastic wave speed with those found upon 
release in each experiment. Most experiments exhibited a 
clear elastic–plastic transition upon unloading which was 
used to estimate the flow strength, shear modulus and bulk 
modulus of each sample, as described in Sect. “Self-Con-
sistent Inverse Lagrangian Analysis”.

The resulting flow strengths and shear moduli reliably 
extracted from the samples are presented in Fig. 8 and 
listed in Table 4. Since many of the distributions for the 
flow strengths and shear moduli were not normal, the error 
bars in Fig. 8 and the values given in Table 4 represent the 
 5th and  95th percentiles. The flow strengths extracted for the 
wrought and  LENS® material were similar, with no clear 
signs of anisotropy in the  LENS® material. This suggests 
the grain structure of 304L stainless steel is not a signifi-
cant factor in the flow stress at pressures above 100 GPa. 
However, the  LENS® material may exhibit more sample-to-
sample variability. It is possible that the grain size, structure, 
and texture have some influence on the response, especially 

given the close proximity of the grain size to the sample 
thickness. Figure 1 shows an area large enough to extract 
9 samples (i.e. a 3 x 3 grid). It is not hard to envision two 
 LENS® samples with vastly different microstructures. The 
same cannot be said of the wrought material. Although, this 
hypothesis is based on the mean values reported in Table 4. 
It is clear from Fig. 8, that the uncertainties of each meas-
urement in the  LENS® material overlap. Combing this with 
the low number of data points (i.e. 2-3), it is impossible to 
draw firm conclusions.

Figure  8 also shows the predicted values using the 
rate-independent SG [70] and the Preston-Tonks-Wallace 
(PTW)  [81] calibrations. The SG model prediction in 
Fig. 8 used the SESAME 4270 EOS table to approximate 
the pressure, temperature and density response along the 
isentrope. The PTW model prediction in Fig. 8 was found 
using a 1D LASLO simulation. The simulations used the 
SESAME 4270 EOS table and a pressure boundary condi-
tion that produced a constant 2e5  s-1 strain-rate, which was 
the average strain-rate through all experiments. To complete 
the PTW model, the melt temperature and shear modulus as 
a function of density were assumed to follow the same form 
as the SG model [69]. The SG model calibration, while in 
most error bars, appears to slightly underpredict the flow 
strength and shear modulus, particularly above 100 GPa. The 
PTW model, while doing a better job than the SG model to 
represent the flow strength, slightly overpredicts the results, 
particularly at pressures below 100 GPa. The shear modulus 
predicted by the PTW model is similar to that of the SG 
model, which is expected given the use of identical forms 
for the density dependence.

The underprediction of the SG model at pressures above 
100 GPa is consistent with prior measurements in Ta [82]. 
In Ta, this was attributed to slip-mediated plasticity breaking 
the assumption of a linear dependence of the shear modulus 
with pressure. However, the better agreement of the PTW 
module using the same form for the shear modulus suggests 
that the under prediction of the SG calibration may be due 
to something else, like strain-rate dependence. Regardless 
of the reason, a refined SG model fit was obtained through 
modifying the pressure-hardening parameter, A (i.e. 1

G
0

dG

dP
 ), 

since most flow stresses recorded are above the 2.5 GPa 
assumed by the model as the limit of strain-hardening. A 
rate-independent SG model with the pressure-hardening 
increased by a factor of 1.5, shown by the dashed line in 
Fig. 8, better represents the data.

Figure 9 shows the bulk moduli obtained from each experi-
ment along with that predicted by the Vinet fit for all samples 
given in Table 3. Similar to the flow and shear moduli, the 
error bars in Fig. 9 represent the  5th and  95th percentiles. The 
gray band in Fig. 9 represents the 95% confidence bounds of 
the Vinet fit. The bulk moduli of the wrought and  LENS® 

Table 3  Vinet parameters obtained fitting all isentropes extracted 
from the Monte Carlo error method. All uncertainties represent one 
standard deviation

Material B
0
 (GPa) (�B∕�P)

0

Wrought 156.97 (6.63) 5.72 (0.37)
X-Cut  LENS® 153.56 (9.92) 5.84 (0.42)
Z-Cut  LENS® 154.68 (4.86) 5.79 (0.35)
All Samples 155.05 (7.47) 5.79 (0.38)
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material are all similar but consistently lower than that pre-
dicted by the Vinet fit, especially above 100 GPa. This dis-
crepancy is related to the inherent assumption of the Vinet 
model of a linear dependence of the bulk modulus with pres-
sure. Figure 9 also shows the bulk modulus calculated during 
loading for the wrought and  LENS® material in experiment 
Z3324 (i.e. �

0
cB(u)

2 ), which obtained the highest pressure, 
as dashed lines. The calculated bulk modulus for experiment 
Z3324 suggests a quadratic relationship between the bulk 
modulus and the pressure, which matches the extracted bulk 
moduli well. This was why a quadratic fit was used to define 
cB,peak in Sect. “Self-Consistent Inverse Lagrangian Analysis”. 
This quadratic dependence is hypothesized to result from the 
formation of strain-induced martensite during deformation.

Conclusions

A series of magnetically-driven, shockless-compression 
experiments were performed on Sandia National Labora-
tories’ Z machine to peak stresses approaching 200 GPa 
on both wrought and  LENS® 304L stainless steel to meas-
ure their thermodynamic and constitutive response. Two 
orthogonal directions in the  LENS® 304L stainless steel 
were studied to look for anisotropy in the response: one 
parallel to the build direction (Z-Cut) and one perpendicu-
lar to the build direction (X-Cut). The isentropes obtained 
using a TF-SCLA analysis method for both the wrought 
and  LENS® 304L stainless steel were in good agreement 

Table 4  Flow strengths, shear and bulk moduli inferred from each experiment. Error is presented as the 5th and 95th percentiles

Experiment Mean Pressure Flow Strength Shear Modulus Bulk Modulus

(GPa) (GPa) (GPa) (GPa)

Best 5% 95% Best 5% 95% Best 5% 95% Best 5% 95%

Wrought
Z3090 87.97 85.91 90.23 3.12 2.44 4.37 297.15 188.61 484.30 585.49 572.42 628.09
Z3129 85.41 84.31 88.47 3.12 2.23 3.70 340.36 231.63 438.83 573.00 560.86 625.67
Z3187 70.56 67.30 71.79 2.17 1.68 3.08 217.21 164.01 279.37 529.70 506.80 547.26
Z3257 – – – – – – - – – – – –
Z3324 159.13 158.43 163.82 4.75 3.75 5.04 316.28 299.12 482.71 796.86 796.56 894.15
Z3340 127.86 125.34 131.92 4.15 2.45 4.66 527.51 275.78 549.41 756.64 724.11 840.17
Z3420 125.03 122.18 127.20 4.10 3.26 4.91 353.03 279.86 512.02 729.33 724.04 828.17
AM X-Cut
Z3090 91.57 88.93 92.46 2.22 1.74 3.65 174.31 154.18 325.47 583.59 574.18 616.58
Z3129 89.04 86.83 91.36 2.67 1.97 3.90 292.83 181.52 360.66 608.07 582.98 655.20
Z3187 70.53 68.10 72.10 2.37 1.86 3.40 191.34 115.88 262.81 544.21 503.20 556.14
Z3257 154.13 151.67 160.36 6.50 5.01 7.52 421.02 329.49 700.62 781.18 770.785 916.80
Z3324 158.73 156.21 165.98 3.43 1.46 3.60 400.94 145.70 423.124 945.80 888.25 1021.72
Z3340 126.43 125.19 131.04 3.68 1.60 3.89 356.43 146.16 470.94 786.03 768.79 910.26
Z3420 122.21 118.16 123.04 4.54 3.03 5.68 352.18 220.96 489.02 722.38 662.30 725.24
AM Z-Cut
Z3090 93.20 90.67 94.62 2.17 1.89 3.51 233.88 171.20 360.24 614.06 585.05 648.66
Z3113 87.50 86.42 89.43 3.20 2.47 3.85 296.00 251.35 398.24 554.26 527.25 567.11
Z3129 89.76 88.31 92.17 3.36 2.69 4.25 425.53 291.56 558.77 568.09 552.85 597.10
Z3187 71.07 69.94 72.44 2.45 1.92 3.17 221.25 182.47 285.56 511.00 487.27 521.44
Z3257 157.21 152.93 160.87 5.04 3.95 6.94 383.99 202.29 704.94 787.99 770.44 872.29
Z3324 158.67 157.21 165.46 5.04 2.79 5.26 338.92 242.05 513.18 836.89 813.965 955.03
Z3340 127.45 126.16 131.26 5.70 3.97 5.92 577.13 381.58 581.31 728.57 697.40 772.19
Z3420 124.45 123.68 128.54 4.13 2.35 4.23 376.21 190.65 525.62 752.93 713.03 823.70
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with each other and the isentrope predicted by the SES-
AME 4270 EOS table. The isentropes for all 304L stain-
less steel samples were reasonably well approximated by a 
Vinet EOS with a bulk modulus of 155.05 ± 7.47 GPa and 
a pressure derivative of 5.79 ± 0.38.

The flow strengths, shear moduli, and bulk moduli of 
the wrought and  LENS® material were estimated using the 
release behavior from peak stress. The flow strengths, shear 
moduli, and bulk moduli of the wrought and  LENS® mate-
rial were similar at all pressures. No signs of anisotropy in 
the  LENS® response was observed despite its highly tex-
tured, periodic grain structure. The only potential influence 
of the underlying  LENS® microstructure on the observed 
response was higher sample-to-sample variability in the 
 LENS® material. This was hypothesized to result from the 
large grain size in the  LENS® material, which approached 
the sample thickness. However, more experiments are 
needed to verify this hypothesis.

The flow strengths and shear moduli were compared to 
values predicted by calibrations to the SG and PTW consti-
tutive models. While both predictions were within the error 
bars of most flow strength and shear modulus values, both 
failed to represent the response well over the entire pres-
sure regime. The SG model underpredicted the flow strength 
above 100 GPa, while the PTW model overpredicted the 
flow strength below 100 GPa. Increasing the pressure-hard-
ening parameter by a factor of 1.5 in the SG model provided 
values more aligned with the experimental data over the 
entire pressure regime.

The bulk moduli obtained from the release behavior in 
the wrought and  LENS® material were consistently below 
the values predicted by the Vinet EOS fit to the isentropes, 
particularly at pressures above 100 GPa. This discrepancy 
was attributed to the Vinet model’s assumption of a linear 
dependence of the bulk modulus with pressure. A quadratic 
dependence of the bulk modulus with pressure was observed 
in both the wrought and  LENS® 304L stainless steel. This 
discrepancy between the Vinet model and the observed 
results was hypothesized to result from the formation of 
strain-induced martensite during loading.
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Fig. 9  Bulk moduli obtained from the unloading behavior compared 
to the Vinet fit obtained from the isentropes. Error bars represent the 
 5th and  95th percentiles. The gray band represents the 95% confidence 
interval of the Vinet fit. The dashed lines are the bulk modulus calcu-
lated during loading for experiment Z3324, which achieved the high-
est pressure. The extracted bulk moduli are slightly under the Vinet fit 
at pressures above 100 GPa but match the bulk modulus calculated in 
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