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ABSTRACT
A bainite phase-based alloy and associated thermomechanical process were developed to produce (2.5 to over
5 cm) thick armor-grade steel with uniform through-thickness high hardness and strength. The alloy
composition and the final-critical (austenite to bainite) isothermal transformation step were specifically
designed to utilize a simple and versatile air-cool/quench method to keep a low upfront capital cost and to
provide the ability to continuously control the cooling rate in real time, in order to produce maximum volume
fraction of bainite phase, and promote uniformly distributed strength and hardness. Final thickness of 1.9 cm
and 5.7 cm steel plates were fabricated for characterization, testing and evaluation and found to possess
uniform through-thickness hardness between 53 to 55 HRC and dynamic compressive strength of up to 2 GPa.

INTRODUCTION
Many traditional armor steels such as highhardness (HH) and rolled homogenous armor
(RHA) have been around since the World War II
era. The hardness and strength of these traditional
armor steel alloys are derived from the martensitic
phases resulting from rapid water-quench
processing. As such, thick (>2.5 cm) HH sections
with uniformly-distributed strength and hardness,
which are required to mitigate more lethal heavy
threats, are not manufactured.
Another high-strength steel technology that has
potential for armor applications is nanostructured
bainitic steel alloy [1-5]. Properly heat treated
bainitic steel alloy can possess a wide range of
combinations of strength, hardness, ductility, and
toughness – all of which are dependent on the

specific alloy composition and the final austeniteto-bainite isothermal transformation process. This
ability to balance traits through composition and
processing into a more customizable armor steel is
desirable for applications ranging from train rails to
armor [6]. The exceptional properties of bainitic
steels have been investigated for applications in the
transportation industry to reduce the weight of
vehicles via the flash processing method [7].
Despite the desirable economies of this method, it
is not capable of producing sections thicker than a
few millimeters. Even the isothermal bainite
transformation technique has not been applied to
very thick steel processing by anyone in industry or
academia, to the authors’ knowledge. For example,
in the recent study by Han et al. [8] the specimens
were a mere 1.5 cm thick. There is no published
data for bainitic steels compositionally-designed
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for thicknesses of several centimeters. As such, the
existing bainitic steels lack the ability to replace or
augment traditional armor steels such as RHA and
HH. To surmount this obstacle, researchers at the
Idaho National Laboratory (INL) have focused on
developing new alloy compositions and associated
TMP techniques to manufacture bainitic steel
plates with thickness ranging from 2.5 cm to over 5
cm and with uniform through-thickness hardness.
The objective of this paper is to present the
methodology used by INL researchers in selecting
and designing the alloy composition as well as codeveloping the critical isothermal transformation
process to fabricate thick bainitic steel plates with
uniform hardness equivalent to much thinner highhardness (HH) armor steel [9]. Material properties
characterization and some other preliminary results
are also given.
METHODS
The alloy composition selection and the
customized air cool and quench isothermal
transformation method for heat treating thick
bainitic armor plates were the primary development
of this research. For comparison purposes, some of
the final composition 5.7 cm thick plates were
quenched and isothermally transformed via a
conventional salt bath process.

bainite transformation region within a reasonable
amount of time (on the order of 2-3 hrs). To
accomplish this, Al and/or Co elements would be
added to delay or cause a time-shift to the pearlite
transformation [10]. However, it must be noted that
the addition of Al elements must not be overlyapplied as extra Al elements might create
detrimental aggregates and precipitates in the
ingots during the casting process. Finally, the
nucleation limited bainite start temperature, the
growth limited bainite start temperature, and the
martensite start temperature had to be sufficiently
separated. The reasoning for the last requirement
was to permit the cooling path to be guided into,
and maintained within by closed loop control, the
desired region with a sufficient margin for error to
accommodate the control method, calculation
uncertainty, and the errors associated with actual
phase boundary locations based on the relatively
slow air cooling rate to the isothermal
transformation temperature [11]. Note also that the
regions defined by the bainite start temperatures
were assumed to be equivalent to the upper and
lower bainite transformation regions.

Alloy Development and Selection
The final alloy composition ranges were
developed over several iterations. A “material by
design approach” was also used where initial alloy
compositions were screened primarily by
generating
Time–Temperature–Transformation
(TTT) diagrams similar to that shown in Figure 1.
Each TTT diagram was evaluated based on several
criteria. First, the time from zero to the onset of the
pearlite transformation had to be long enough to
allow the cooling path to avoid that region. Second,
the bainite transformation region in the TTT
diagram had to be located such that cooling rate of
thick and large plates could easily miss the nose of
the pearlite transformation region and yet enter the

Figure 1: Typical TTT diagram used to determine the
cooling rate(s) and path(s) to facilitate
transformation of austenite to bainite. Composition
(Wt %) used to generate this TTT diagram:
C
0.72

Si
1.80

Mn
1.93

Mo
0.26

Cr
1.60

Co
0.12
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The computer code used to generate these TTT
diagrams was originally developed by Peet and
Bhadeshia [12], and was selected due to its ready
availability. While the approximate nature of the
TTT diagram when used in this way is
acknowledged, the results of the study indicate that
any shifts of transformation temperature and time
boundaries must necessarily have remained within
the allowed margin of error.
To further assist the design of the cooling process
and isothermal transformation, a thermal model
was constructed to determine a-priori the thermal
gradients and diffusion, whereby the temperature
readings at several selected sites on the exterior of
the part could be used to inversely determine the
approximate temperature at the core during actual
cooling. This approach removed the need to drill
holes into the center of the plate for insertion of
thermocouples to directly monitor the plate core
temperature and thus preserving the test plate for
ballistic testing later. A steel plate of the same
dimensions and composition with multiple Type-K
thermocouples (TC) embedded was used to
calibrate the thermal analytical model.
Based on the information provided by the abovementioned TTT diagram and the expected thermal
gradients, in order for the critical isothermal
transformation to occur effectively, a multisegment cooling process was designed. The first
phase began when each plate was removed from the
austenization furnace, the cooling had to be
maintained at a relatively high rate in order to pass
safely below the “nose” of the pearlite region. On
the other hand the cooling rate could not be too
high, resulting in an un-recoverable rapid quench to
the martensite start temperature, thus missing the
isothermal transformation region of the bainite
phase entirely. In the final segement, a greatly
reduced cooling rate had the effect of reducing
internal thermal gradients as the plate entered the
bainite transformation region, resulting in more
uniform final properties.

To illustrate the process further, it can be
observed from the TTT diagram depicted in Figure
1 that for the given composition, the first segment
of the cooling path required a minimum cooling
rate of 3⁰C/sec from an austenization temperature
of 950⁰C in order for the plate temperature to safely
drop below the pearlite transformation region. To
achieve this critical cooling curve, a process was
devised to actively-control forced-air-cooling
while monitoring overall plate temperature and
plotting it in real time over a TTT diagram
template.
After
avoiding
the
pearlite
transformation, a slower cooling rate was used to
“guide” the plate temperature below the bainite
start temperature, Bs, and into the desired
isothermal transformation region as shown in
Figure 1.
Because of the long duration required to
transform austenite to bainite (especially for a part
with composition designed for thick crosssections), the temperature of the plate had to be
carefully controlled and automatically maintained.
For this purpose, the plate was placed in a solidparticle thermal ballast/mass to damp out
temperature fluctuations during the isothermal
transformation. The setup consisted of a stainless
steel box filled with 90-grit alumina “sand” that
was kept inside an atmospheric furnace maintained
at the desired transformation temperature. The
alumina sand formed a 7 to 8 cm thick bed upon
which the plate was laid. Thermocouples used to
monitor the first segement of the cooling curve
remained embedded in the plate. After the
temperature of the plate was confirmed to have
reached the transformation temperature, additional
pre-heated alumina sand was placed in the stainless
steel box to surround the plate completely with a 78 cm thick thermal envelope on all six sides. The
temperatures of the plate were logged and
monitored to ensure the plate remained inside the
bainite transformation region for the predetermined time duration. It was found that the
uniquely designed solid-particle thermal ballast
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was able to maintain a stable temperature to within
±2⁰C over 4 days with minimal occasional
adjustment. Upon the completion of the bainite
transformation step, the plate was removed from
the furnace and the stainless steel box to be cooled
to room temperature in still-air ambient condition.
A final composition (Table 1) was selected for
further development. It was subsequently cast into
billets, rolled, and machined into (2.5 x 10 x 10) cm
test plates that were used for phase characterization,
mechanical property measurement, and ballistic
evaluation. Tables 2 and 3 present the mechanical
properties: hardness, hardness uniformity, static
and dynamic strengths of the alloy.
Table 1: Final composition (Wt %) of 2.5 cm thick plates
C
Si
Mn
Cr
Mo
Co
Al
0.72
1.80
1.93
1.60
0.26
0.12
0.80

Table 2: Hardness (HRc) of 2.5 cm thick plates after 96
hours of isothermal transformation at constant 225°C
Thru-thickness
Mean
53.8
Std dev
±0.24
Surface
Mean
54.4
Std dev
±0.52

Table 3: Mechanical Properties of 2.5 cm thick plates
0.2%
UTS,
Elongation,
Elastic
Dynamic
YS, GPa
GPa
%
Modulus,
(SHPB)
GPa
UTS, GPa
1.545
2.041
4.74
201
2.25 @
3560/sec

For ballistic property evaluation, the (2.5 x 10 x
10) cm test plates were tested against a 0.50 caliber
APM2 with an aluminum witness plate placed
behind each to measure residual depth of
penetration (DOP). Residual penetration was
presented by the crater volume in an aluminum
witness plate as measured with the water-fill
method. High-hardness armor steel (MIL-DTL46100) of equal thickness was also tested by the
same DOP method for comparison purposes. Every
plate tested of both material types was machined to
1.9 cm thick to ensure consistent surface finishes

and thicknesses. The DOP results are presented in
Table 4, which shows that the ballistic properties of
the two materials were statistically equivalent.
Table 4: Ballistic property comparison using Depth of
Penetration (DOP) tests. Test rounds: 0.50 Caliber APM2.
Impact velocity: 954 m/s
Residual DOP Vol. (cc)
1.9 cm bainite plate Mean
1.99 Std dev
±1.24
1.9 cm High-Hard
Mean
1.73 Std dev ±1.02
(Mil 46100)

After validation of the methodology developed to
process 2.5 cm thick bainite armor steel the
thermomechanical process was expanded and
further enhanced in order to manufacture 6+ cm
thick plates. Owing to the significant increase in
thickness, the enhancements focused on refining
and expanding the thermal model as well as design
and engineering of robust and flexible largevolume high-velocity air handling equipment in
order to achieve the desired cooling curve.
Scale Up and Final Alloy Processing
Billets of the composition shown in Table 1 were
then cast to a size of (46 x 51 x 10) cm with a 5 cm
radius nose along each of the 46 cm sides. During
the casting process, several of the castings cracked
either during the removal of the risers, or during
subsequent shipment or processing. One billet that
fractured into two pieces during the removal of the
riser was analyzed to help determine the cause. The
results showed that improper mixing of alloys and
impure scrap additions were detrimental to the final
casting quality. Improvements were implemented
to produce castings of significantly better quality
that were later successfully processed into bainitic
steel plates. However, alloy element amount and
mixing remained somewhat inconsistent. Table 5
presents the range of as-received and specified
chemical composition of twelve cast billets as
measured by inductively coupled plasma atomic
emission
spectroscopy
(ICP-AES).
The
compositional differences resulted in wide-ranging
times and temperatures on the TTT diagrams.
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While most of the difficulty was likely the result of
operator error at the foundry, the errors highlighted
the process flexibility offered by using
composition-specific TTT templates as a guide to
each heat treatment process.
Table 5: Composition (in Wt %) of cast billets received
C

Si

Mn

Mo

Cr

Al

Co

Ni

Cu

Specification

.69

1.92

2.00

.24

1.39

.75

.14

.00

.00

Min

.56

1.42

1.77

.20

1.39

.56

.15

.07

.07

Max

.80

1.86

1.91

.28

1.51

1.2

.22

.23

.08

The as-cast billets were homogenized in a
nitrogen atmosphere furnace at 1000 °C for 5 hours
in an attempt to reduce intra-dendritic segregation
of alloying elements. Each billet was later reheated
and rolled to 6.4 cm thick plates. The final
thickness after machining to remove a few minor
surface cracks was about 5.7 cm thick. Each plate
was subsequently divided into two equal ballistic
target size pieces of about (38.1 x 45.7 x 5.7) cm
for the final bainite transformation heat treatment.
To scale the process for the (38.1 x 45.7 x 5.7) cm
plates, CFD and FEA methods were used to design
a scalable, flexible, and inexpensive air cooled heat
treatment process with associated apparatus to
satisfy the requisite cooling rates and maximum
allowable temperature gradients as estimated from
each composition-specific TTT diagram. Figure 2
presents the results of a typical CFD and heat
transfer analyses. Figure 3 depicts a computed TTT
diagram for one of the rolled (5.7 cm) thick plates
(labelled as #4) and a predicted part-centerline
cooling curve to reach the final austenite to bainite
isothermal transformation temperature.

Figure 2: Air flow velocity magnitude (m/s) contour plot
showing flow over a 6.4:1 ratio rectangular plate calculated
using ANSYS Fluent (Top). Average heat transfer coefficients
for each face of the CFD calculation (Bottom).
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heat transfer coefficient in the range of 4500-16500
W/m2∙K [13]. However, this method placed a
dimensional constraint on the parts to be heat
treated owing to the existing capacity of
commercial equipment available. A salt bath also
often requires the use of hazardous and expensive
chemicals and cover-gas. Furthermore, this method
was not able to achieve a bimodal or other nonuniform final grain size distribution as is suggested
for good impact toughness by Hase et al. [14].

Figure 3: TTT diagram with the predicted part-centerline
cooling curve plotted over it.

In order to achieve the required air velocities as
calculated in the analysis and design study, a
cooling rack/apparatus with air knives was
designed and built as shown in Figure 4 with a 5.7
cm thick plate and removable furnace rack in place.
A regulator was installed in the air line to meter the
flow as necessary. The air knives were also
removable and adjustable to facilitate placement
and removal of plates of various sizes. Each plate
was also instrumented with TCs at three locations
along the edges and surface. From the FEA model,
the temperature difference between the edges,
surface, and center were estimated and used to
monitor and actively control the cooling process in
real-time. The same thermal ballast equipment and
temperature control process described previously
were employed for the final austenite to bainite
isothermal transformation for the 5.7 cm thick
plates.
Although the inexpensive air cooled process was
the primary objective of this research, for the
purpose of comparison, a commercial nitrate-nitrite
salt bath process (Applied Process, Inc., Livonia,
MI) was also used to quench several plates from an
austenization temperature of 860 oC (held for 100
minutes) to a bainite transformation temperature of
240 oC. The salt bath method has the advantage of
being immune to over-quenching and has a high

Material Characterization
After both air and salt bath heat treatments were
completed,
material
characterization
was
performed on samples extracted from the edges of
each plate to preserve the rest of the plate for
ballistic testing. The hardness was determined
using a Rockwell Hardness indenter with 150
kilogram load on the Rockwell “C” scale. Samples
extracted from various plates were mounted and
polished for metallographic characterization.
Polished samples were prepared using a 10%
sodium metabisulfite etchant that caused bainite to
appear blue under polarized light. A follow-on
etching with 2-5% Nital caused the austenite/ferrite
phase to appear white and martensite phase dark to
dark-brown in the metallographic images. Figure 5
presents examples of color tint etched samples
extracted from plates heat treated by both forced air
and salt bath methods. Image analysis was
performed in three randomly selected areas on each
samples to determine the area fraction of bainite in
each sample. Additionally, the amount of retained
austenite was determined using x-ray diffraction
according to ASTM E975-13: Standard Practice
for X-Ray Determination of Retained Austenite in
Steel with Near Random Crystallographic
Orientation. The hardness and amount of retained
austenite/bainite of the forced air and salt bath
treated plates are presented in Table 6. The residual
fractions are assumed to be ferrite and martensite.
Dynamic properties such as those presented in
Table 3 for the 2.5 cm thick plates are being
measured and will be reported in a future
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publication. A series of ballistic impact tests were
also conducted on the heat-treated 5.7 cm thick
plates to gauge the ballistic performance and the
results will be detailed in the future publication.

Figure 5: Bainite samples that have been tint etched for
image analysis. (a) Sample 03A, (b) Sample 04A, (c)
Sample 04A, 2nd try, (d) Sample 03B, (e) Sample 04B and
(f) Sample 09B. Material in the left column ((a), (b), (c))
was processed with air while material in the right column
((d), (e), (f)) was processed in the salt bath.
Table 6: Tabulation of hardness and volume fraction of
bainite formed
Sample ID

Hardness

Retained
Austenite

Bainite
fraction

03B

50.0

10.54

22

04B

54.3

8.93

28.1

09B

54.6

9.9

24.5

03A

44.9

18.8

18.3

44.9

18.26

26.7

49.1

10.17

28.9

09A

46.3

16.43

26.3

11B

53.4

9.89

24.8

04A
04A-2nd time

*

Salt
Bath

Air
Cool

DISCUSSION

Figure 4: Forced air cooling apparatus for 5.7 cm thick
plates.

During actual cooling of the 5.7 cm thick plates,
the cooling rate reached up to 2 oC/s during the
initial stage and was asymptotically reduced as the
bainite start (Bs) temperature was approached. The
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Bs temperature was varied with composition for
different plates within a range of 220 °C to 240 °C
such that it fell between the nucleation limited Bs
and the martensite start (Ms) temperatures as
shown on the TTT diagram in Figure 4.
As a lesson learned: Owing to the large
dimensions and mass, the initial 5.7 cm plate was
not sufficiently cooled uniformly before enveloped
in the thermal ballast sand. As a consequence, with
the superior insulation provided by the thermal
ballast, the hotter core would raise the overall
temperature of the plate significantly above the Bs
temperature for an extended period, thus affecting
the isothermal transformation period. In order to
permit better equalization of the overall
temperatures, subsequent plates were air-cooled
longer before advancing to the bainite isothermal
transformation process. The prolonged still-air
cooling period was custom-adjusted by the realtime temperatures reported from embedded TCs
and diffusion rate projected by the thermal model.

03B vs. 03A, where A and B denote the separate
halves of the same plate. Also, the salt bath
processed plates have less retained austenite than
the sister plate processed by air. However, the
bainite fraction is not significantly different
between the salt bath and air quench processed
plates. The correlation between hardness and the
retained austenite or bainite fraction is presented
graphically in Figure 6.

Of the 5.7 cm plates, three were heat treated in a
nitrate-nitrite salt bath and were designated as
samples 3B, 4B and 9B. Samples from 4 plates
were heat treated with a forced air quench and were
designated as Samples 3A, 4A, 4A-2nd try, 9A and
11B (It was found after characterization that plate
4A was incorrectly heat treated due to the above
mentioned core heating and this plate was re-heat
treated. Samples from this re-heat treated plate
were designated and subsequently reported as “4A2nd time”). (“A” and “B” plates represent the two
halves from the same rolled billet and, therefore,
had the same composition.)
The hardness and volume fraction of bainite
phase data for the 5.7 cm thick plates from each
sample was compiled and reported in Table 6 with
the results for the salt bath and forced air quench
processed
materials
reported
separately.
Immediately noticeable is that the hardness of the
salt bath quenched plates are consistently and
significantly higher than those processed using the
forced air-quench for plates in the same series, e.g.

Figure 6: Relationship between hardness and the amount
of retained austenite (Top) and hardness and bainite
fraction (Bottom).

In this figure it is evident that the hardness
correlates reasonably well with the amount of
retained austenite. It must be kept in mind,
however, that the composition of the steel is not
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strictly constant for the data in this plot. Therefore,
with this caveat in mind, it would appear that to
increase hardness, the amount of retained austenite
must be minimized. The amount of retained
austenite can be minimized by maximizing the
amount of bainite formed since austenite is
decomposed to bainite during the isothermal phase
transformation. Time, temperature and alloy
composition can all affect the amount of bainite
formed. However, generally there is either a
practical limit, such as the length of the bainite
transformation heat treatment, or a physical limit
resulting from residual stress generation due to the
bainite transformation that limits any further
formation of additional bainite. The remaining
austenite may then transform to martensite upon
cooling below the martensite start temperature
(here, again, the amount of martensite that can be
formed, and thus the final amount of retained
austenite, is limited by residual stresses caused by
the martensite transformation and also can be
affected by the alloy composition). It may well be
that the alloys with lower retained austenite
fractions formed more martensite which resulted in
the higher hardness.
One notable observation not quantified in this
summary is the size of the bainite colonies. Figure
5 above shows representative microstructures from
each series. Interestingly, the size of the bainite
colonies is dependent on the method used to quench
from the austenitization temperature to the bainite
transformation temperature. The bainite colonies of
material processed by air quench were always
larger than sister plates processed via the salt bath
method. The difference is also very significant in
all cases. The dissimilarity in size may be the cause
of the difference in hardness between material
processed by salt bath versus sister material
processed by air even though the fractions of
bainite are approximately the same for each
material. Generally, microstructural features that
are on a finer scale result in higher strength and
hardness which seems to be the case here.

Conversely, larger bainite colonies can be
expected to exhibit better ductility, based on
standard metallurgical principles which imply a
tradeoff between higher strength at the expense of
lower ductility and vice versa. The optimal balance
of these properties depends on the specific threat
and application that the armor is being designed for,
e.g. harder plates perform better against kinetic
energy projectiles while tougher material works
better for protection from blast fragments [15].
The scale of microstructural features is generally
determined by temperature. In this case the material
processed by air quench had a slower cooling rate
in the regime where bainite started to form on its
way to the isothermal transformation temperature
as schematically illustrated in Figure 7. The actual
salt bath cooling curve is unknown because the salt
bath equipment used in this research prevented
insertion and attachment of thermocouples, but it
undoubtedly resulted in much more rapid cooling
rate as depicted due to the high heat transfer
coefficient noted earlier. Since the bainite in the air
cooled plates would have begun to nucleate and
grow at a higher temperature than that formed
during the salt bath quench, it follows that the
slower multi-stage cooling path was the primary
cause of the difference in grain morphologies.
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proved to be flexible and relatively inexpensive to
implement for the fabrication of bainitic steel plates
with such large thickness. However, a significant
amount of work remains to optimize and automate
the process.
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Figure 7: Notional schematic representation of the
cooling behavior experienced by material processed by
salt and air. The forced-air cooling rate to the isothermal
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the upper bainite region of the time-transformation
diagram.
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