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ABSTRACT

The family of lightweight high Mn, high Al steels (FeMnAl) exhibit lower
density (6.5-7.2 g/cm’) than traditional military steels (7.9 g/cm?). These alloys are
precipitation hardened, with k-carbide dominating hardening performance. This
carbide has an E>; perovskite structure with a nominal composition of
(Fe,Mn)3AIC. In the literature, a number of studies have examined the sensitivity of
mechanical properties to changing a single element in the composition. However,
the covariance of the major elements has not been systematically explored. In this
study, a series of small ingots were prepared according to a two-factor design of
experiments, in addition to analysis of previously generated compositions. Methods
of measuring alloy composition will be discussed, along with aging kinetics and

key mechanical properties.
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1. INTRODUCTION

The increasing weight of Army ground vehicle
systems has been a challenge for both system
sustainment and new system design. [1] The
FeMnAl steel alloy system has been investigated
over the last several years as a potential lightweight
material for these applications. [2] [3] This alloy is
being developed to meet the same performance
requirements of the existing armor steel, at a
reduced density, with an emphasis on development
of appropriate standards documents. In materials
standards, in addition to the expected performance
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based criterion, limits are established for
compositional variation beyond the initial
declaration of chemistry. The role of each alloying
element and acceptable ranges for variation have
been well established for traditional steels.
However, for this new family of lightweight high
strength steels, such thresholds and roles have not
been definitively established.

Prior work in this family has focused on variation
of a single element at a time. [4] [5] [6] Impact
toughness is also a rarely reported metric, but
critical to meeting performance specifications.
Kalashnikov et. al. created a series of rods,
examining Al from 3-10%, C from 0.85-1% and
Mn of 24-34%, focusing on the d-ferrite fraction
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and U-notch impact toughness. [7]. However, this
work assumed these alloying elements could be
considered as independent variables. Bartlett
examined the effect of secondary elements, silicon
and phosphorous, within the cast form of the alloy.
[6] While Si does not directly participate in the k-
carbide, it was found to increase the activity of
carbon in solution, increasing the partitioning of the
carbon.

The k-carbide precipitates by a combination of
spinodal decomposition and short-range ordering
reactions, with a nominal composition of
(Fe,Mn)3AIC. This reaction will depend on the
activity and availability of the constituents in
solution. The ordered carbide is a soft dislocation
barrier, and if present on grain boundaries, may
lead to transgranular cleavage. Based on this
precipitation path, we are explicitly exploring the
covariance of the major elements of the carbide.

2. METHODOLOGY

This study examined two data collections: first, all
data collected from preliminary industrial
development of a single target composition was
statistically analyzed. Due to the production
challenges with this high alloy content, there is
variation between batches of material.

Additionally, a two-level, 3 factor design of
experiments (DoE) was applied, testing the
contributions of Mn, Al, C and the ratios thereof,
with the current composition defining the upper
level for each elements. The objective of this DoE
is to maximize the combination of Charpy V-notch
(CVN) impact strength and Brinell hardness
number (BHN) as a function of composition. The
impact strength was measured by ASTM E23,
while hardness were measured according to ASTM
E18 for Rockwell C, and then converted to Brinell
hardness values. [8] [9] Hardness values were
measured through thickness to verify homogeneity.
In addition to these compositions, all previously
produced plates were statistically analyzed for any
correlations. The target compositions of the DoE
are listed in Table 1.

Table 1. Target compositions for design of experiments

Composition Mn (wt%) Al (wt %) C (wt %) Fe (wt %)
A 25.0 8.0 0.80 64.7
B 25.0 9.0 0.80 63.7
C 25.0 8.0 0.90 64.6
D 25.0 9.0 0.90 63.6
E 29.0 8.0 0.80 60.7
F 29.0 9.0 0.80 59.7
G 29.0 8.0 0.90 60.6
H 29.0 9.0 0.90 59.6

All compositions include a target of 1.0 wt% Si
and 0.5 wt% Mo, with the balance as iron. This
results in a range of Fe from 59.6 wt% to 64.7 wt%.

Two different vendors were selected to allow for
overlap, in the likely event of casting defects,
rolling failures, or deviations from the
compositional target. It was anticipated that several
compositions would only be completed by one
vendor within the scope of this report. Throughout
this document, Table 1 compositions will be
referred to as Vendor-Composition, e.g., A-D
would be composition D prepared by Vendor A.

Ingots made by Vendor A were produced using
vacuum induction melting, in a 5”x5”x12” mold.
These castings were then cut to have parallel faces,
and hot rolled by Vendor A. Ingots made by Vendor
B were produced using a Y-block sand mold. This
mold was optimized to minimize inclusions and
other defects. After casting, these pieces were
sectioned to 2.5”x57x8” blocks, before rolling at
Vendor A. All plates were rolled to 0.5” thickness.
These plates were then sectioned for aging studies
and mechanical testing. Prior studies of the aging
response of the initial composition were leveraged
for the current work. [10]

Following production of these ingots, a series of
compositional tests using three different methods
were performed: inductively coupled plasma
spectroscopy (ICP), x-ray fluorescence (XRF) and
optical emission spectroscopy (OES). It was
determined from these tests that OES with
appropriate commercial standards was a viable
option.
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3. RESULTS

In previous efforts with a limited range of target
compositions, a strong difference in Charpy impact
toughness was observed between the softer,
solution treated (STQ) condition, versus the harder,
aged condition. A classic ductile failure mode is
seen in the STQ sample, whereas the aged sample
shows clear brittle intergranular failure, as shown
in Figure 1.

STQ: BHN 20045, CVN 200J

Aged: BHN 340£10, CVN 14J

Figure 1. Microstructure at Charpy fracture surface in the (upper)
solution treated condition and (lower) aged condition

As the hardness increased, the impact toughness
dropped off rapidly. To understand how best to
mitigate this behavior, all of the available
composition, hardness and toughness data was
compiled.

3.1. Preliminary Correlation Analysis

Data from 26 plates of various compositions and
aging histories was compiled. Compositions
represented a relatively narrow target range.
Manganese ranged from 29.7-30.2 weight percent,
Al ranged from 8.8-9.1 wt%, C ranged from 0.9-

1.07 wt%, Mo ranged 0.46-0.7 w% and Si ranged
from 0.8-1.0 wt%. The Pearson product-moment
correlation coefficients were determined using the
numpy.corrcoef function. This statistical test
effectively describes the linearity of the
relationship between values. An absolute value
over 0.5 is considered a strong association, while a
value of -0.3 to 0.3 is considered weak to no
meaningful association.

Table 2. Correlation coefficients for impact toughness and
hardness in FeMnAl plates

Factor Correlation to Correlation to
CVN Hardness
CVN 1 -0.819
Hardness -0.819 1
Aging Temp -0.634 0.457
Aging Time -0.392 0.474
Mn 0.196 -0.115
Al 0.015 0.056
C 0.243 -0.226
Mo -0.244 0.276
Si -0.163 0.164

While as expected, the strongest correlation is a
negative correlation between hardness and impact
toughness. There is also a medium dependence on
the aging behavior, particularly temperature.
Compositionally, the results are less significant or
predictable. Aluminum had no meaningful
correlation to CVN and hardness, while the
strongest ~ compositional ~ correlation  was
molybdenum, followed by carbon. However, only
a narrow compositional window was explored in
this analysis. This limited sensitivity to small
changes is promising for production consistency.

3.2. Compositional Variations

Due to the challenges of high alloy steel
production, the actual composition of the plate
typically deviated from the target composition.
Additionally due, to manufacturing challenges, two
plates were not completed in time for inclusion into
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this effort. Manganese varied from 24.3-25.9 wt%
for a target of 25 wt%, and 27.9-30.1 wt% with a
target of 29 wt%. Aluminum ranged from 7.8-8.3
wt% and 8.8-9.2 wt %. Carbon ranged from 0.73-
0.83 wt% for a target of 0.8wt% and 0.86->1.0wt%
for a target of 0.9 wt%. It is clear from these
numbers that further refinement of process controls
is needed for this alloy family. In particular, it
seemed challenging to precisely target the desired
amount of manganese at higher target levels.

3.3. Design of Experiment: Hardness and
Microstructure

For each composition, an aging study was
conducted. Based on previous results, a single
temperature and time for solution treating was
chosen. Three different aging temperatures of
500°C, 550°C and 600°C were used. In general,
three aging groups were found based on the Mn and
Al levels: fast & hard (low Mn), intermediate (high
Mn, high Al), and soft & slow (high Mn, low Al).
When the Mn content was lower, a lower C content
also seems to improve aging response. For
example, B-G and B-D, despite their matching
carbon contents (0.91 wt%) show drastically
different aging behavior.

Given a 0.5” thick plate, a target hardness range
of 340-390 BHN was used to evaluate these plates.
Even after 100 hours, some plates never achieved
the minimum hardness requirement, which were
considered part of the soft & slow category. A
subset of the aging curves are presented below in
Figure 2.
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Figure 2. Example aging curves for a subset of plates showing the
three regimes of aging

The two lowest Mn samples had the most rapid
hardening behavior, while the two lowest aging
rates were at the high Mn target, but low Al target.
Plate B-E and B-G were did not achieve the target
hardness in an industrially achievable time frame.

Compositions with an elevated Al content were
more likely to have residual ferrite stringers after
solution treatment, as seen in B-D, B-F, and B-H in
Figure 3. These manifest in the scanning electron
microscopy images as strong horizontal lines.

Figure 3. Surface microstructure following solution
treatment of (upper left) B-D, (upper right) B-F, and (lower)
B-H. 100 micron scale bar

There are also distinct differences in grain size,
despite a consistent thermal history for all three
samples. A more bimodal grain size distribution is
seen in B-G and B-H below in Figure 4.
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(left) B-G and (right) B-H. 100 micron scale bar.

Both also shown evidence of ferrite grains on the
surface, which may be due to decarburization, as
both are high Mn, high C compositions. However,
these two compositions showed dramatically
different aging behavior, with B-H reaching target
hardness quite quickly, while B-G barely reached
minimum hardness after 30+ hours.

3.4. Design of Experiment: Charpy Impact
Testing

Several compositions were tested in the solution
treated and water quenched, prior to aging heat
treatment. Aging studies are also in progress for all
samples. For those compositions that have
successfully achieved the target hardness, an
optimized aging strategy was determined, and a
single heat treatment was then prepared for Charpy
V Notch testing in the T-L orientation. Due to
delays in material production, this work is ongoing.

A hardness target of ~350 BHN was chosen to
safely be above the minimum threshold, but
maximize expected impact toughness. Due to time
restrictions, compositions falling in the “fast and
hard” group were prioritized. This data is
summarized in Table 5.

Figure 4. Surface microstructure following solution treatment of

Table 3. Summarized Charpy V Notch and Hardness Data

ID Condition Hardness, CVN, ft-lbs @-
BHN 40°C

B-B | Aged 352 8.49 0.27

B-D Aged 352 6.78 £0.33

B-B STQ 271 342

B-D |STQ 290 33+2

B-E |STQ 268 93+6

B-F | STQ 257 44 +3

B-G STQ 253 163+19

B-H | STQ 305 44 + 8

For a hardness range of 250-270 BHN, the target
impact toughness is 60 ft-1bs at -40°C. For 350-360
BHN, the target impact toughness is 19 ft-lbs at -
40°C. Composition G dramatically out performs
other materials in the as-received condition. This
composition also shows no ferrite. However, the
slow aging kinetics are a potential obstacle.
Composition E similarly shows better toughness,
combined with slow aging kinetics. The two
compositions completed to date with the fastest
aging kinetics, B and D, both show poor impact
toughness performance. The remaining two
compositions, F and H, should intermediate
behavior in both aging rate and

4. CONCLUSIONS AND FUTURE WORK

This study further emphasizes the need for
continuing effort in the development of process
controls for the melting of these alloys. Three major
groups for aging behavior were established based
on composition: fast & hard (low Mn), intermediate
(high Mn & Al), and soft & slow (high Mn, low
Al). These three regimes were also reflected in
early impact toughness results, with fast& hard
having the worst impact toughness. Future work
includes completion of aging studies, the statistical
analysis of data, and validation of ballistic
performance. Based on this information, a large
scale batch will be produced, and evaluated for
weldability and machinability.
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