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CHAPTER I
INTRODUCTION
Armor steels have been used extensively for ballistic protection on military and
common armor vehicles [1, 2]. During WWII, rolled homogeneous armor (RHA) was
primarily used as tank armor, but thereafter fell out of use due to a new generation of antitank projectiles. Since WWII, RHA is commonly used on smaller military vehicles, but
still presents safety concerns other than just ballistic protection for occupants. RHA on
combat vehicles has always been constrained by weight; therefore, improvements to
ballistic protection involve separate threat levels such as fuel consumption,
maneuverability, and weight distribution. New research efforts are being dedicated to the
development of RHAs with improved properties that allow for light-weighting with
enhanced performance. Recent practices to improve properties of RHA have been very
expensive; therefore, a more cost effective approach is desired.
Protective characteristics of armor materials are greatly affected by selection of
appropriate materials, process conditions, and microstructure/mechanical properties. To
cost-effectively explore various constituents which improve RHA, a chemistry-processstructure-property-performance (CPSPP) paradigm is employed. While following CPSPP,
RHA class steels were manufactured in small-scale compared to commercial steel making
processes. Small-scale manufacturing is less expensive than commercial manufacturing
due to the lower quantity of material per heat, and allows for precise modifications to alloy
1

design, thermo-mechanical processing, and heat treatments. CPSPP consists of
investigating the effect of microstructure on mechanical properties and how those
properties affect ballistic performance. For current use in U.S. Army, RHA is produced to
military standard MIL-DTL-12560K [3], which specifies requirements for production
dependent on plate thickness and chemical composition. Minimum requirements include
carbon equivalence (Ceq), Brinell hardness, rolling reduction ratio, and energy absorption
with allowable heat treatment variations.
Conventional alloying elements such as Nickel (Ni) and Chromium (Cr) promote
strength and toughness in RHA but are expensive and detrimental to Ceq. The goal of this
work is to reduce these alloys and rely on micro-alloying and heat treating to improve the
necessary properties. Micro-alloyed steels contain very small quantities of alloying
elements, such as niobium (Nb), vanadium (V), titanium (Ti), or boron (B) with the total
amount not exceeding 0.2 wt. % [4, 6]. Development of micro-alloyed steels is driven by
the demand for higher strength and better weldability, i.e. Ceq in the automotive industry,
and heightened interest has been inspired by steelmakers, engineers, and researchers [5].
Nb was chosen as a micro-alloying element over V in this research because it is not
included in the carbon equivalence equation [7].
Research of micro-alloyed steels has focused on the influence of Nb and heat
treatment processes on microstructural evolution and mechanical properties. When Nb
concentrations exceed solubility, secondary phases have primary contributions to hardness
and strength increase. Studies on strengthening mechanisms found that precipitation in
micro-alloyed steel containing Ti and Nb has major contribution to hardness [11, 12].
Studies by Gao et al. [5] focused on the effect of various Nb contents and tempering
2

temperatures on grain refinement and mechanical properties of as-cast steel. Results found
that Nb refines smaller grains following heat treatments; and fine, spherical niobium
carbide (NbC) precipitates are formed, which increase hardness and improve mechanical
properties such as impact energy. Hu et al. developed a V/Nb micro-alloyed steel which
proved that strength, toughness, and ductility can be obtained with lower cooling rates than
steels not containing micro-alloys. The resulting microstructure was polygonal and acicular
ferrite, and high impact energy absorption was found at -20˚C [10]. The effects of as-cast
microstructures on room temperature tensile and impact properties of V/Nb micro-alloyed
steels have also been studied [6]. Steels micro-alloyed with Nb exhibit a better combination
of strength and ductility than steels micro-alloyed with V; NbC precipitates play a major
role in strengthening. Also, a decrease in impact energy was observed due to heterogeneous
nucleation of niobium carbonitrides (Nb (C, N)) within coarse ferrite grains and pearlite
colonies, which trigger brittle fracture. Effects of cooling rates on microstructure and
mechanical properties of Nb micro-alloyed steel have shown that with increased cooling
rates, yield strength is increased at the expense of ductility [8]. Ferrite was the primary
phase in this study, and fine scale NbC precipitates at grain boundaries and within the
matrix were the dominant strengthening mechanisms. The same strengthening was found
when evaluating the relationship of microstructure and impact toughness for various
cooling rates [9].
RHA possesses an exceptional combination of strength, high-hardness, toughness,
weldability, and ease of heat treatments. Quenching and tempering is a well-established
process for producing strengthened steels with retained impact toughness and ductility
[13]. Armor steels have a high level of energy absorption due to their high strength,
3

hardness, and toughness. These properties are most commonly found in steels containing
tempered martensite, which consists of lath type ferrite containing precipitates. Atapek [13]
evaluated the microstructure and mechanical properties of RHA when subjected to water
quenching and tempering at a particular temperature. The RHA exhibited high strength and
hardness, but impact energies were not high enough to meet the MIL-DTL-12560K
specification. In another study, Atapek [14] made the same evaluations to RHA when
subjected to oil quenching at the same tempering temperature. The strength and hardness
were comparable, and impact energy showed slight improvement, while still falling short
of the specification requirement. Improvements to impact energies could have been found
if various tempering temperatures were investigated.
Augmentation of generic compositions of RHA and standard optimization of heat
treatments yield greater hardenability with desired tempered martensite phase [20]. Ultrahigh strength armor with similar composition to RHA subjected to water quenching and
various tempering temperatures ranging from 200˚C ~ 600˚C was studied. Results
correlated changes in microstructure, mechanical properties, and impact energies [15]. It
was found that impact energy met the minimum specification requirement when tempering
at 400˚C and 500˚C for one hour, with little loss to strength and toughness. An investigation
on various tempering times of a similar armor tempered at 300˚C found impact energy is
lost with increased tempering time [16-17, 21].
Micro-alloying has been introduced to RHAs subjected to water quenching and
tempering. Experiments involving lab-scale manufactured micro-alloyed steels subjected
to quenching and tempering showed that Nb micro-alloying suppresses the formation of
coarse cementite due to the formation of fine carbide precipitates. Impact energy, strength,
4

and ductility were significantly improved by precipitation within the tempered martensite
matrix [18]. Reports show that hardness increase in tempered martensite can be promoted
by complex NbC precipitates formed at high tempering temperatures. RHAs subjected to
water quenching and tempering at 200˚C and 600˚ were investigated. The study indicated
that secondary hardness can be obtained by precipitation of nanometer sized NbC when
temperatures exceed 540˚C ~ 560˚C [19]. Jena [17] reported that failure of RHA under
dynamic loading is caused by the decrease in resistance due to retained austenite and coarse
martensite. Therefore, high hardness with finer martensite through means of heat treatment
is desired, with Nb retarding softening at higher tempering temperatures.
Improved RHA is desired, and micro-alloying with Nb is expected to improve
properties while preserving weldability. Research efforts have reported that RHA
properties can be improved through chemistry adjustments and optimized heat treatments.
As-cast steels have shown that additions of Nb can promote grain refinement and secondary
hardening in ferrite and pearlite steels. Evaluation of grain refinement and secondary
hardening through heat treatment morphologies in tempered martensitic micro-alloyed
steels are not widely reported, but are expected. RHA containing Nb has shown that Nb
improves strength and ductility, but these RHAs contain other strengthening alloys like Ni
and Cr. If an investigation of micro-alloyed RHA without Ni and Cr shows that strength
and toughness properties can be improved with the presence of Nb, the novel light-weight
RHAs are possible that would provide improved vehicle functionality.
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CHAPTER II
EXPERIMENTAL METHODS
2.1. Chemical Composition and Process
Chemical compositions for steels produced in-house were designed to comply with
military specification MIL-DTL-12560K [3] for Class 2 wrought armor, with elemental
composition ranges adjusted to maximize strength, toughness, and weldability.
MIL-DTL-12560K limits elemental composition ranges and carbon equivalence, along
with heat treatments, for class 2 wrought armor to develop maximum resistance to shock.
Experimental steel chemical compositions were designed to draw comparison with
reference materials provided by US Army Engineering Research and Development Center
(ERDC) (reference material I) and ArcelorMittal (reference material II). Reference
materials in this work were also designed to meet MIL-DTL-12560K. The experimental
steel base composition for all chemistries was selected at 0.24 wt.% carbon (C), 0.25 wt.%
silicon (Si), 1.25 wt.% manganese (Mn), and 0.45 wt.% molybdenum (Mo); with contents
of residual sulfur (S) and phosphorus (P) below 0.02 wt.% combined. The Nb content of
the

micro-alloyed

steels

were

selected

to

be

0.02

wt.

%

and

0.05

wt. %. The equivalent carbon content, Ceq, is limited to 0.80 wt.% for plates less than 2"
rthick and was calculated for each chemical composition using Equation 2.1. The selected
chemical compositions of experimental steels along with carbon equivalencies, are shown
in Table 1.
6

𝐶𝑒𝑞 = 𝐶 +

𝑀𝑛
6

+

𝐶𝑟+𝑀𝑜+𝑉
5

+

𝑁𝑖+𝐶𝑢
15

(2.1)

Contributions of alloying elements vary depending on the concentration; therefore
each alloying element concentration present in the experimental steels was chosen to
optimize specific constituents affecting material properties. C concentration was adjusted
to a low level to maintain weldability and toughness while strength and hardness are
achieved by alloying elements and accompanying heat treatments. Si, Mn, and Mo were
added to promote solid solution strengthening of ferrite and increase the hardness
penetration of steel during quenching. Nb was chosen as a micro-alloying element to lower
the upper austenite transition temperature and aid in fine grain structure as well as
promoting the formation of stable carbides [5, 7].
All charges were melted in a 50 lb capacity high frequency vacuum induction melt
furnace (VIMF) at a pressure of 10-5 torr, then subjected to an argon backfill. Melted steel
contains reactive elements; therefore, charging in a VIMF with an argon backfill prevents
reactions resulting in contaminants, such as nitrogen and oxygen. The VIMF allows
compositional flexibility and close tolerances due to small batch sizes, yielding high
recovery rates of alloying elements. Charges were heated to 1,620˚C by incrementally
increasing power input to 60 kW in steps of 10 kW every 10 minutes. When the charge is
molten, magnetic fields cause stirring of the liquid, which ensures alloy composition
homogeneity. After holding each charge at 1620˚C for 10 minutes, melts were poured into
10"× 8"× 2" cast iron book molds and cooled down to room temperature under vacuum.
Ingots were extracted from the book molds and cut to 9"× 8"× 2" blocks with the
remaining material, or kerf, being used to evaluate recovery rates of the chemical
7

composition, as well as microstructure and hardness. To verify chemical compositions of
each batch, a SPECTROMAXx spectrometer was used to identify element weight
percentages. Each ingot was examined in seven different locations at a depth of 1 inch from
the top of the kerf. 0.5" blocks were sectioned from kerfs using a Struers wet saw and
ground using fine silicon carbide papers. C and S cannot be accurately measured using
spectroscopy. Therefore, a LECO CS744 carbon/sulfur analyzer was used to accurately
measure C and S contents from each ingot. One gram sections were cut from the kerf using
a Struers low-speed Minitom diamond cut off wheel for the purpose of carbon/sulfur
analysis. For thermomechanical processing each ingot was cut to 4 sections measuring
4.5"× 4"× 2" using a horizontal band saw. The ingot sections were reheated and forged to
bars with a necessary size reduction so simulate large-scale rolling. For microstructure
analysis and hardenability testing, two sections from each ingot were forged to 1.25"
diameter bars (3:1 reduction), and for mechanical testing, two sections from each ingot
were forged to 0.75" diameter bars (6:1 reduction).
Table 1
wt. %
Spec.

Chemical composition target weight percentages for experimental steels.
C

Si

Mn

P

S

Cr

Ni

0.240 0.250 1.25

-

-

-

-

8

Mo

Nb

Fe

(Ceq)

0.450 0 ~ 0.05 Bal.

< 0.80

2.2. Hardenability
From each alloy, Jominy end quench specimens for testing through-thickness
hardenability in the as-quenched condition were extracted from 1.25" bars by conventional
machining. Jominy specimens were prepared according to ASTM A255 [24]. The
specimen geometry is shown in Figure 1 (A) and the quenching apparatus during testing is
shown in Figure 1 (B). Normalizing temperature for steels with C content less than or equal
to 0.25 wt.% is 925˚C. Specimens were soaked at 925˚C in argon atmosphere for 35
minutes. After soaking, specimens were removed from the furnace, placed in the Jominy
fixture, and held with water contact for 10 minutes, allowing the specimen to cool below
60˚C. After quenching, two flats 180˚ apart were ground to a depth of 0.015" along the
length of the specimen. Rockwell C-scale hardness (HRC) was measured along the
specimen length in steps of 0.0625" for the first 1.0", then in steps of 0.125" for the next
1.5". Then through-thickness hardenability was evaluated using the hardness
measurements.

Figure 1.

Jominy end quench (A) specimen geometry and (B) quenching apparatus.

9

2.3. Heat Treatments
2.3.1. Critical Temperatures and Phase Equilibrium Diagrams
For determining the equilibrium austenite start (Ac1) and finish (Ac3) temperatures,
as well as martensite start (Ms) temperatures, also known as critical temperatures, empirical
formulae were employed. Ac1 temperature gives the start of austenite transformation, Ac3
temperature indicates the completion of austenite transformation, and Ms indicates the start
of martensite transformation [7]. Critical temperatures are dependent on chemical
composition, and C content has the most impact on the Ac3 and Ms Temperatures, while Si
content has the most impact on Ac1 temperature. Multiple formulae for critical
temperatures are present in literature [7], and the formulae chosen for experiments are
shown in Equations (2.2 – 2.4). As shown, the Ac3 and Ms formulae include Nb; therefore,
are more accurate in determining the critical temperatures. Critical temperatures for each
alloy found using empirical formulae and JMatPro version 9.1 are provided in Table 2.
Chemistry and austenitizing temperature found using the aforementioned methods
were input into JMatPro version 9.1 to generate appropriate continuous cooling
transformation (CCT) and time-temperature-transformation (TTT) diagrams. CCT
diagrams indicate the required cooling rate to capture the desired martensitic phase
transformation from austenite. TTT diagrams give the kinetics of isothermal
transformations. CCT and TTT curves for all chemistry sets were output using JMatPro 9.1
simulations and diagrams for the base chemistry are shown in Figure 2 and Figure 3,
respectively. Diagrams for the niobium-bearing chemistries are provided in Appendix A.
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𝐴𝑐1 = 723°𝐶 − 10.7(%𝑀𝑛) − 16.9(%𝑁𝑖) + 29.1(%𝑆𝑖) + 16.9(%𝐶𝑟)
(2.2)

+290(%𝐴𝑠) + 6.38(%𝑊)

𝐴𝑐3 = 955°𝐶 − 350(%𝐶) − 25(%𝑀𝑛) + 51(%𝑆𝑖) + 106(%𝑁𝑏)
(2.3)

−11(%𝐶𝑟) + 67(%𝑀𝑜)

𝑀𝑠 = 525°𝐶 − 350(%𝐶 − 0.05) − 45(%𝑀𝑛) − 30(%𝐶𝑟)
(2.4)

−16(%𝑀𝑜) − 5(%𝑆𝑖) − 35(%𝑁𝑏)

Table 2

Critical temperatures and martensite start/finish temperatures found using

empirical formulae from Equations (2.3~2.4) and JMatPro 9.1 simulations.
Chemistry Set

Empirical
JMatPro 9.1

Critical
Temperature
(°C)
AC1
AC3
MS
AC1
AC3
MS
MF

Base

Base + 0.02 Nb

Base + 0.05 Nb

716.1
895.0
405.0
709.1
818.3
389.0
26.0

715.4
893.0
400.0
708.3
815.2
385.0
21.0

715.4
894.0
396.0
708.4
815.0
384.0
18.0
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Figure 2.

Base chemistry CCT diagram provided from JMatPro 9.1 simulations.

Critical temperatures and prescribed hardness appear on the CCT diagram.

Figure 3.

Base chemistry TTT diagram provided from JMatPro 9.1 simulations.
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2.3.2. Quenching and Tempering
A heat treatment schedule was developed using the calculated and simulated critical
temperatures and phase equilibrium diagrams. Specimens for heat treatments and
microstructural analysis were extracted from the 1.25" diameter bar by conventional
machining. Sections were machined to 1.00" diameter for uniformity and cut to 0.5"
thickness for consistency with reference materials. Austenitizing temperatures should
exceed upper critical temperatures (Ac3) by 30 ~ 50°C to ensure full transformation from
ferrite to austenite then held at the supercritical temperature for 60 minutes per inch
thickness. The highest calculated upper critical temperature for all chemistries was
844.1°C, therefore an austenitizing temperature of 900°C was chosen.
Specimens were heated from room temperature to 900°C in a Lucifer furnace under
argon atmosphere at a nominal heating rate of 10°C per minute. Specimens were held at
900°C for 30 minutes, and then quenched in oil or water at a nominal cooling rate of 150°C
per second to form martensite, a high hardness phase. Martensitic steel behaves in a brittle
manner, therefore tempering is necessary to improve ductility at the expense of some
strength. Following quenching, specimens were tempered to promote stress relief and
ductility at the expense of hardness. For tempering, specimens were heated from room
temperature to 400°C, 500°C, or 600°C under argon atmosphere at a nominal heating rate
of 10°C per minute. Specimens were held at the tempering temperature for one hour, then
air cooled outside of the furnace. A schematic of the heat treatment schedule is illustrated
in Figure 4.
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Figure 4.

Schematic illustration of the quenching and tempering heat treatments.

Water quenching exhibits a higher cooling rate than oil quenching, therefore is illustrated
using a steeper line.
2.4. Hardness Testing
Following heat treatments, through-thickness hardness from each chemistry and
heat treatment condition were evaluated according to ASTM E18 [26] for Rockwell C
hardness (HRC) and ASTM E110 [27] for Brinell hardness (HB). HRC was evaluated
using a 500 kilogram-force LECO LR300TD – Rockwell C – type hardness testing
apparatus, and HB was evaluated using a 3,000 kilogram-force King Brinell portable
hardness testing apparatus. The average hardness of a particular sample was reported from
measurements over 10 locations across the centerline of the cross section for HRC and 4
locations across the centerline for HB. For comparison with experiments, JMatPro 9.1 was
utilized to simulate HRC as a function of tempering temperature.
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2.5. Metallographic Preparation
As-cast and heat treated specimens were subjected to through-thickness
metallographic preparation using Struers polishing techniques [28] to observe the different
phases present. The specimens were mounted in poly-fast molds, then ground using 500 to
2,000 grit silicon carbide abrasive papers, then washed with ethanol and dried with air.
Fine polishing was conducted using 9 and 3-micron diamond suspension, followed by a
final polishing step using 0.5-micron silica solution. Specimens were then etched at room
temperature using 3% Nital (3mL HNO3 and 97mL ethanol) to reveal the microstructure.
For electron backscatter diffraction (EBSD), specimens were vibratory polished using
0.02-micron colloidal silica solution for 24 hours after fine polishing. Microstructures were
examined using a Zeiss optical microscope for phase and void identification, and a Zeiss
Supra 40 Gemini field emission gun scanning electron microscope (FEG-SEM) equipped
with an EDAX OIM Hikari camera for grain analysis and EBSD. EBSD scans were taken
on areas of 200μm × 200μm in steps of 0.15μm. Microstructures of steels produced inhouse were compared to those of reference materials.
2.6. Mechanical Testing
A test plan was developed to understand the effects of Nb content and
accompanying heat treatments on steels produced in-house when subjected to different
stress states and strain rates. Stress-strain curves and impact energy absorption from steels
produced in-house were compared to reference materials. Specimens for mechanical
testing were extracted from the 0.75" diameter bar by conventional machining. For quasistatic strain rate tension and compression testing, an Instron 5882 load frame was utilized
with a 100 kN load cell for obtaining load data and a 25-mm full-scale contact extensometer
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for obtaining strain data. Bars were machined to uniform cross section with 0.5" diameter,
then heat treated at Q/T400°C and Q/T500°C conditions. After heat treatments, mechanical
testing specimens were machined to ASTM E8 standard [29] for quasi-static tension and
compression testing. Quasi-static compression specimens were machined to a cylindrical
geometry with 0.25" diameter and 0.50" length [30]. A schematic illustration of the quasistatic tension geometry is shown in Figure 5. The tension and compression tests were
performed at 0.001/s and 0.1/s strain rates at room temperature, with load and extension
being collected at a sampling rate of 10 Hz. Tension tests were carried out until failure, and
compression tests were stopped at 30% strain.
For high strain rate testing, a direct tension Kolsky bar and a split Hopkinson
pressure bar (SHPB) were utilized for tension and compression testing, respectively.
Details about the Kolsky bar and SHPB setup and testing procedures can be found in
literature [31]. High rate testing specimens were machined to the suggested geometry, and
then heat treated to Q/T500°C conditions. High rate compression samples were machined
to a cylindrical geometry with 5mm diameter and 5mm length, and a schematic illustration
of

the

geometry

for

high

rate

tension

specimens

is

shown

in

Figure 6. Room temperature high strain rate tests were performed at 1,000/s strain rate and
data was collected at a sampling rate of 2 MHz.
A Tinius Olsen pendulum impact testing hammer was utilized for Charpy v-notch
(CVN) impact testing. Standard CVN specimens were machined to ASTM E23 standard
[32] and heat treated to the Q/T400°C or Q/T500°C conditions. A schematic illustration of
the geometry for impact testing is shown in Figure. 7. Three specimens from each
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chemistry and heat treatment condition were cooled to -40˚C and tested. The average was
taken as the impact energy absorbed value.

Figure 5.
Specimen geometry for round dog-bone quasi-static tension test specimens
with gauge length four times the gauge diameter – ASTM E8.
Dimensions:
A: 1.25"
G: 1.00"
D: 0.25"
R: 0.188"

Figure 6.

Geometry for Hopkinson bar flat tension specimen.

All dimensions are in millimeters.
Specimen thickness is 1 millimeter.
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Figure 7.
Geometry for sub-sized Charpy V-notch (simple beam) (type A) impact
test specimen with 7.5 mm thickness – ASTM E23.

2.7. Fractographic Examinations
Fractured ends of failed tension and CVN specimens were preserved, sectioned,
and mounted for high magnification evaluation of topographical features. Imaging of failed
tension and CVN specimens was performed on the fractured ends of the specimens, normal
to the surface using the Zeiss FEG-SEM. Specimens were coated with gold palladium for
30 seconds under vacuum to enhance resolution at higher magnification. Void sizes were
evaluated and particles were analyzed using energy dispersive x-ray spectroscopy (EDS)
to quantify elemental compositions.
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CHAPTER III
RESULTS AND DISCUSSIONS
3.1. Chemical Composition
The chemical compositions of as-cast manufactured steels and reference materials
are provided in Table 3. As shown, each alloy is within 10 wt.% of the target chemistry.
Impurities such as P and S are detrimental to the mechanical properties of steel and should
be held to a minimum. The wt.% of selected alloys and impurities are comparable to
reference materials, therefore casting in a VIMF yields high recovery of alloying elements.
Table 3

Chemical compositions of as-cast manufactured steels and reference

materials
C

Si

Mn

P

S

Cr

Ni

Mo

Nb

Fe

Ceq

-

0.450

-

Bal. 0.583

0.249 0.266 1.31 0.006 0.006 0.011 0.027 0.470

-

Bal. 0.516

Experimental Steels
Spec.
Range
Base

0.240 0.250 1.25

-

-

-

Base + 0.02Nb 0.224 0.225 1.31 0.006 0.013 0.016 0.016 0.469 0.023 Bal. 0.540
Base + 0.05Nb 0.235 0.236 1.34 0.007 0.006 0.012 0.018 0.466 0.060 Bal. 0.556
Reference Materials
RM I
RM II
NOTE:

0.226 0.224 1.27 0.005 0.002 0.055 0.099 0.477 Bal. 0.551
0.230 0.280 1.25 0.006 0.004 0.060 0.080 0.430 Bal. 0.551
‘Spec.’ represents the range of chemistry for all base compositions.
‘P, S, Cr and Ni’ not added to compositions but considered trace elements.
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3.2. Through-Thickness Hardenability
The ability of steel to form martensite during quenching is referred to as
hardenability. Figure 8 shows the through-thickness hardenability curves from
manufactured steels of each chemical composition. Due to high cooling rates, maximum
hardness is achieved at the end of the specimens with HRC values 44.8, 45.0, and 45.5 for
Base, Base + 0.02 Nb, and Base + 0.05 Nb, respectively. Hardness decreases with
increasing distance from the quenched end as a result of slower cooling. Hardness
evaluated at the farthest distance for the Base, Base + 0.02Nb, and Base + 0.05Nb
compositions are 16.5, 18.6, and 20.5 HRC, respectively. It is proven that with increased
niobium content, through-thickness hardenability is improved. From Figure 9,
JMatPro 9.1 predicted this accurately, since the simulated results show hardenability
improvements for the niobium bearing chemistries. The simulations over-predict the
hardness near the quenching end, yet under-predict the hardness at locations farthest from
the quenched end. For experiments and simulations, the hardness curves are similar for all
compositions at the quenched end, and exhibit little variation in hardness until 1.00" away
from the quenched end. At this point, Base and Base+0.02Nb compositions gradually
soften while Base+0.05Nb maintains hardness. There is no perceived difference for the
niobium bearing composition flow curves.
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Figure 8.
Through-thickness hardenability (HRC vs. distance from quenched end)
for compositions tested experimentally.
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Figure 9.
Through-thickness hardenability (HRC vs. distance from quenched end)
for compositions simulated using JMatPro 9.1.
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3.3. Hardness at Prescribed Tempering Temperatures
Figure 10 and Table 4 show the measured hardness in each composition at different
tempering temperatures compared to simulated results from JMatPro 9.1. It is evident that
hardness depends more on tempering temperature than increases in Nb content. Nb content
impacted hardenability more in the as-quenched condition. Reduction in hardness is an
effect of softening caused by tempering at high temperatures transforming the parent
martensite to tempered martensite. This behavior is expected due to the diffusion and lattice
relaxation processes that occur during the tempering process. The formation of various
distributions of iron and alloy carbides as the super-saturation of as-quenched martensite
is relieved and equilibrium mixtures of secondary phases are approached with increasing
tempering temperature. Tempered martensite softens at higher tempering temperatures due
to the formation, coarsening, and spheroidization of cementite [7]. The presence of
molybdenum and niobium forms strong secondary carbides. These carbides inhibit
softening by cementite coarsening through carbon diffusion at increased tempering
temperatures. When tempered at 600˚C, the Base + 0.05 Nb composition exhibits higher
hardness than the Base composition. This is due to the presence of niobium carbides (NbC)
or niobium carbonitrides (Nb (C, N)).
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Figure 10.
Comparison of experiments and simulations of Rockwell C hardness at
prescribed tempering temperatures soaked for 1 hour.

As shown in Figure 10, JMatPro 9.1 overestimates softening, considering the
simulated hardness results are less than experiments for all tempering temperatures.
Although hardness is higher for experiments, simulations do accurately predict hardness
consistency amongst compositions for lower tempering temperatures. As tempering
temperature increases, simulations become less consistent with experiments, which is
likely due to the presence of secondary phases affecting hardness. With increased
tempering temperature, simulated hardness for all compositions converges, but
experimental hardness for all compositions diverge. Therefore, simulations do not account
for softness retardation promoted by increased niobium content. To comply with MILDTL-12560K, Brinell hardness must be reported and the hardness of each plate including
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first article samples shall be within the HB range for the applicable class. HB for
experimental steels are shown in Table 5, along with the allowable range provided by MILDTL-12560K. As shown, all hardness results at each prescribed tempering temperature
meet the specification.
Table 4

Comparison of experiments and simulations of Rockwell C hardness at

prescribed tempering temperatures.
Hardness
(HRC)

Q/T 400˚C

Q/T 500˚C

Q/T 600˚C

Experiments JMatPro Experiments JMatPro Experiments JMatPro
40.1 ± 0.58

37.4

37.8 ± 0.14

29.7

32.7 ± 0.19

24.7

Base + 0.02Nb 40.5 ± 0.31

37.8

36.7 ± 0.17

29.9

31.7 ± 0.29

24.9

Base + 0.05Nb 40.2 ± 0.34

38.0

37.8 ± 0.13

30.1

34.6 ± 0.49

25.0

Base

‘B’ represents ‘Base’ for Nb bearing compositions.

Table 5

Brinell hardness specification requirements from MIL-DTL-12560K

compared to experimental results at prescribed tempering temperatures.
Hardness (HB)

Spec.
Requirement

Base
Base + 0.02Nb
Base + 0.05Nb

340-390

Q/T 400°C

Q/T 500°C

Q/T600°C

346.5 ± 2.25

344.0 ± 3.57

343.8 ± 1.94

349.0 ± 3.72

341.0 ± 2.04

331.0 ± 2.04

369.0 ± 2.47

369.0 ± 2.44

366.0 ± 2.12
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3.4. Microstructure Analysis – Optical and Scanning Electron Microscopy
3.4.1. Evaluation of As-Cast and Forged Microstructures
Optical micrographs for as-cast and forged states are shown in Figure 11 (A, C, E)
and Figure 11 (B, D, F), respectively. As shown in the micrographs, the primary as-cast
and forged microstructure consists of Widmanstӓtten ferrite (WF), which contains ferrite
appearing as needle-like white regions surrounded by dark cementite (Fe3C) colonies. The
elongated WF crystals appear uniformly white, with no evidence of substructure within
individual crystals. The ferrite crystals grow quickly into preferred crystal directions inside
the grains and develop the long, thin shape, then align along the direction of austenite
grains. As many ferrite plates nucleate at essentially the same time, nearby plates impinge
upon each other and form the fine interlocking morphology [23].
Cementite develops from partitioning of carbon between ferrite, where there is low
solubility and the parent austenite phase where there is high solubility. Substitutional
solutes (Mn and Mo) give rise to more complex concentration variations at the interface.
Considering casting procedures for all compositions were alike, it was expected that all ascast microstructures are similar. The micrographs reveal that the addition of niobium did
not considerably change the primary microstructure features in the as-cast state. When
comparing the as-cast and forged micrographs of the base composition, the texture and
thickness of WF bands are comparable. However, when comparing the as-cast and forged
micrographs of Nb bearing compositions, the WF bands are finer and more refined
indicating that the presence of Nb restricts the recrystallization of WF grains upon forging.
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Figure 11.
Optical micrographs of the produced steels with different Nb contents
As-cast: (A) Base, (C) Base + 0.02Nb, (E) Base + 0.05Nb
As-forged: (B) Base, (D) Base + 0.02Nb, (F) Base + 0.05Nb
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3.4.2. Evaluation of Microstructures after Quenching
Optical micrographs for water quenched and oil quenched states are shown in
Figure 12 (A, C, E) and Figure 12 (B, D, F), respectively. As shown in the micrographs,
the microstructures mainly consist of lath martensite and lower bainite for both quenching
media. Figure 13A shows a high magnification SEM micrograph identifying martensite
and bainite in an as-quenched Base specimen. The smooth light-gray areas with dispersed
carbides are bainite and the textured blocked areas containing thin striped laths are
martensite. It is evident that for each condition, different ratios of the martensite/bainite
mixed structures are present, and when comparing the microstructures, water quenched
structures contain a higher volume fraction of martensite and oil quenched structures
contain a higher volume fraction of bainite.
Lath martensite is obtained from high cooling rates, with fine acicularity being the
apparent characteristic along with the tendency of many laths to align themselves parallel
to one another in large areas of prior austenite grains. The regions of parallel lath alignment
are referred to in literature as packets, which tend to develop in lower carbon alloys [23].
With lower carbon content, packets are finer and reduce the tendency of micro-crack
development, hence the benefit of higher hardness through means of heat treatment rather
than increased carbon content. Figure 13B shows a high magnification SEM micrograph
from the as-quenched Base composition identifying martensite laths. For Fe-0.2 wt.% C
steels, most laths have widths smaller than 0.5 µm [23], which holds strong agreement with
the martensite lath widths identified in Figure 13B.
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Figure 12.
Optical micrographs of produced steels with different Nb contents after
Water quenched: (A) Base, (C) Base + 0.02Nb, (E) Base + 0.05Nb
Oil quenched: (B) Base, (D) Base + 0.02Nb, (F) Base + 0.05Nb
Specimens were etched with 3% Nital for 30 seconds.
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Figure 13.
High magnification SEM micrographs identifying (A) martensite and
bainite and (B) martensite laths in an as-water-quenched Base specimen.
Specimens were etched with 3% Nital for 30 seconds.
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3.4.3. Evaluation of Microstructures after Tempering
Since water quenching produces a higher martensite percentage than oil quenching,
i.e. higher hardness, the water quenched specimens were further evaluated and discussed
when subjected to tempering. This process improves the toughness of armor steel without
significant hardness or strength loss. Optical micrographs of the Base composition
subjected to water quenching and then tempering for one hour at 500˚C and reference
material II are shown in Figure 14 (A and B), respectively. The chemical compositions and
heat treatment conditions are similar, therefore should result in a similar microstructure.
As shown, the microstructures in Figure 14 are, in fact, comparable. Optical micrographs
for the water quenched specimens subjected to tempering for one hour at 400˚C
(Q/T400˚C) and 500˚C (Q/T500˚C) are shown in Figure 15 (A, C, D) and Figure 15 (B, D,
F), respectively. As shown in the micrographs, the matrix exhibits a microstructure
consisting of tempered martensite and tempered bainite. The tempered martensite matrix
contains lath type ferrite with intensive precipitates within the ferrite phase and around lath
boundaries [13].
Initial matrix changes occur as a result of recovery mechanisms during tempering,
including significant recovery of lath martensite resulting in the disappearing of low angle
grain boundaries and the formation of equiaxed grains containing sub-grains. Figure 16 (A
and B) shows high magnification SEM micrographs of Base+0.05Nb specimen subjected
to tempering at 500˚C for one hour. Upon observation, fewer martensite laths and the
recovery of equiaxed grains containing precipitates are apparent. Oil quenched and
tempered microstructures for all compositions are provided in Appendix B.
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Precipitates within the matrix are iron-based (Fe-C) carbides and alloy-based
(ε-Fe) secondary carbides depending on the tempering temperature. Tempering the
martensite is divided into multiple stages depending on the temperature. For tempering at
250˚C-700˚C, orthorhombic cementite platelets form until 400˚C, then at higher tempering
temperatures (500˚C-600˚C) alloy carbides such as NbC and Mo2C form, promoting
secondary hardness in Nb and Mo bearing-steels [7]. In steels containing Si, Mo and Nb,
alloy carbides are easy to identify at high magnification. The presence of Nb forms a fine
dispersion of NbC, which is not apparent in the lower magnification as shown in Figure
15, but along with secondary carbides, they appear as bright, spherical particles within the
matrix in the higher magnification image in Figure 16.

Figure 14.
Optical micrographs obtained from (A) Base (Q/T 500°C) and (B)
Reference Material II show comparable microstructures.
Microstructures from the produced steel and reference material have similar chemical
composition and heat treatment conditions.
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Figure 15.
Optical micrographs of the produced steels with different Nb contents
Q/T400˚C: (A) Base, (C) Base + 0.02Nb, (E) Base + 0.05Nb
Q/T500˚C: (B) Base, (D) Base + 0.02Nb, (F) Base + 0.05Nb
Microstructures mainly contain tempered martensite and bainite.
Specimens were etched with 3% Nital for 30 seconds.
32

Figure 16.
High magnification SEM micrographs showing (A) fewer martensite laths
and more equiaxed grains in tempered martensite and (B) carbide precipitates within the
ferrite phase of a Base + 0.05Nb specimen (Q/T500°C).
Specimens were etched with 3% Nital for 30 seconds.
Only few particles are identified but many particles are obviously present.
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3.5. Microstructure Analysis – Electron Back Scattered Diffraction
Images show the presence of low and high angle grain boundaries, as well as
misorientations. Refinement can be seen with increasing Nb content, and Nb bearing
compositions have finer prior austenite grain boundaries resulting in smaller martensite
packets with shorter lath lengths. Another purpose of the EBSD results is to define grain
boundary misorientations in the range of (5˚ - 65˚). Most boundaries between martensite
and tempered martensite packets have low or high misorientations. Overlaid maps are
colored according to the inverse pole figure notation which reflects orientations for
different martensitic laths.
3.5.1 Effect of Nb Content on Grain Size
EBSD scans of produced steels containing different Nb contents subjected to
austenitizing at 900˚C, quenching in water, and tempering at 500˚C for 1 hour are provided
in Figure 17. The grains of the produced steels were refined by the addition of Nb, which
is in agreement with studies of low carbon micro-alloyed steels from previous studies [6].
Nb in the solid solution can raise the transformation temperature while Nb in second phase,
such as carbides, can lower the transformation temperature [4]. Therefore, Nb fractions in
solid solution and in second phase particles can hold inverse effects on the critical
temperature, which has major impact on the mechanisms involving grain refinement. The
limit of dissolved Nb in a 0.2 wt. % C steel is 0.005 wt. % at 900˚C [5], therefore the
redundant Nb forms carbides as the total amount of Nb exceeds 0.005 wt. %. With
increased Nb content, the amount of Nb in the solid solution will remain the same, while
the volume fraction of second phase Nb particles will increase. As the volume fraction of
Nb containing second phase particles increases, the austenite transformation temperature
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increases. Therefore, the effect of Nb on grain refinement becomes less effective. The
EBSD results prove that grain refinement is effective with Nb concentrations up to 0.05
wt. %.
EBSD maps also contain quantitative information regarding the orientation
relationships between different crystals in martensite after quenching and tempered
martensite after tempering; most notably, those between laths and packets within individual
austenite grains and at prior austenite grain boundaries. Distributions of boundary
misorientations for experimental steels with varying Nb contents subjected to austenitizing,
quenching, and tempering at 500˚C for 1 hour are provided in Figure 18. The distributions
are consistent amongst steels with varying Nb contents and show heavily favorable
misorientations below 5˚ and above 50˚. Higher misorientation angles are at the interface
of prior austenite grain boundaries, and lower misorientation angles are within packets and
at the interface of martensite laths. Hence, there are more high-angle misorientations with
increased Nb content, proving further that Nb promotes grain refinement.
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Figure 17.
(A) Ferrite orientation pole figure. EBSD analysis results showing grain
morphology of the produced steels with different Nb contents from Q/T 500°C condition:
(B) Base, (C) Base + 0.02Nb, and (D) Base + 0.05Nb.
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Figure 18.
EBSD misorientation distributions for grain boundaries in produced steels
with different Nb contents from Q/T 500°C condition:
(A) Base, (B) Base + 0.02Nb, and (C) Base + 0.05Nb
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3.5.2 Effect of Heat Treatment on Grain Size
The Base + 0.02Nb composition was chosen to investigate the effects of heat
treating on grain size of the produced steels. The EBSD analysis results are shown in
Figure 19 for (A) as-forged, (B) as-quenched, (C) Q/T 400˚C, and (D) Q/T 500˚C. As
shown, the coarse WF grains are apparent in the as-forged state, and the finer grain
structure is noticeable after tempering at 400˚C and 500˚C.

Figure 19.
EBSD analysis results showing grain morphology of the Base + 0.02Nb
composition subjected to different heat treatments; (A) as-forged, (B) as-quenched,
(C) Q/T400˚C, and (D) Q/T500˚C.
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3.6. Mechanical Properties
3.6.1 Mechanical Properties – Compression Testing
Compression stress versus strain curves obtained from produced steels tested at
room temperature for Q/T400˚C condition on Base, Base + 0.02Nb, and Base + 0.05Nb are
shown in Figure 21(A, C, E), respectively; and Q/T500˚C condition on Base,
Base + 0.02Nb, and Base + 0.05Nb are shown in Figure 21(B, D, F), respectively. In
general, stress-strain behavior was not significantly different for 0.001 and 0.1/s strain
rates. Results showed that for quasi-static tests no strain hardening exists, which is
consistent with experimental results in literature [2]; however, strain softening occurs for
all sets. Contrary to the results, the overall yield strengths of the produced steels did not
increase with strain rate. However, this result was unconvincing because yield strengths of
experimental steels tested at 0.001/s are within error of yield strengths tested at 0.1/s.
3.6.2. Mechanical Properties – Tension Testing
Tension stress versus strain curves obtained from produced steels tested at room
temperature for Q/T400˚C condition on Base, Base + 0.02Nb, and Base + 0.05Nb
compositions are shown in Figure 21 (A, C, E) and Q/T500˚C condition on Base,
Base + 0.02Nb, and Base + 0.05Nb compositions are shown in Figure 21 (B, D, F),
respectively. All tension tests were carried out up to failure, and the materials exhibited the
highest elongations to failure after tempering at 500˚C, which is comparable [15]. Tension
results showed no discernable trend for ductility with increased Nb content. As shown,
results from tension tests showed a similar strain rate dependence on yielding as
compression tests. Nb bearing compositions exhibited higher yield strengths in tension than
the “Base” composition for both heat treatment conditions.
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Figure 20.
Quasi-static compression stress vs. strain obtained from experiments:
Q/T400°C: (A) Base (C) Base + 0.02Nb (E) Base + 0.05Nb
Q/T500°C: (B) Base (D) Base + 0.02Nb (F) Base + 0.05Nb
All compression tests were carried out to 30% strain and interrupted.
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Figure 21.
Quasi-static tension stress vs. strain obtained from experiments:
Q/T400°C: (A) Base (C) Base + 0.02Nb (E) Base + 0.05Nb
Q/T500°C: (B) Base (D) Base + 0.02Nb (F) Base + 0.05Nb
All tension testing specimens were carried out to failure.
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High-strain rate tension properties compared to quasi-static tension properties are
provided in Table 6. Sampling rate for high rate tension tests was 2MHz, which was not
high enough to obtain yield strengths; therefore, only UTS and Elongation to failure results
are presented in the tension data. Elongations to failure for high rate tests were a fraction
to those for quasi-static tests and this is likely due to alignment issues on the testing setup.
As shown, Base and Base+0.02Nb compositions showed no trend of UTS with increasing
strain rate; however, UTS in Base+0.05Nb composition increases with increasing strain
rate. Base+0.05Nb was the only composition to have higher UTS at the high strain rate for
produced steels. Both reference materials showed increased UTS with increased strain rate
and Base+0.05Nb had a higher UTS than both reference materials.
Table 6

Comparison of UTS for various strain rates and heat treatments for

produced steels and reference materials.
UTS (MPa)

0.001/s

0.1/s

1000/s

Produced Steels
Q/T400°C
Base
Base + 0.02Nb
Base + 0.05Nb

1426.3 ± 9.5
1359.5 ± 41.8
1383.7 ± 2.1

1450.7 ± 0.9
1433.3 ± 8.2
1398.6 ± 21.2

1245.0 ± 9.25
1282.6 ± 71.17
1469.9 ± 51.91

Q/T500°C
Base
Base + 0.02Nb
Base + 0.05Nb

1262.1 ± 35.6
1235.1 ± 16.2
1263.1 ± 35.8

1248.6 ± 48.3
1229.5 ± 13.9
1277.5 ± 49.1

1177.7 ± 62.98
1127.5 ± 19.13
1370.8 ± 50.66

Reference Materials
1050
1130
1350
Reference Material I
1234.1 ± 3.1
1244.8 ± 0.6
1461.2 ± 45.51
Reference Material II
NOTE: Reference Material I properties are extracted from graphs in the literature [2]
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3.6.3. Charpy V-Notch Impact Testing
Charpy impact energy provides an accurate indication of the energy required to
initiate and propagate a crack. The Charpy impact energies for produced steels varied in
the range of 26.7J to 42.9J depending on tempering temperature. Results from produced
steels and those provided with reference material II, obtained from the average of three
CVN tests carried out at -40˚C, are listed in Table 7. The impact energies showed more
consistency for Q/T500˚C and the wider range of results from Q/T400˚C can be attributed
to testing variability. As shown, increased Nb contents promoted higher impact energy
absorption for both heat treatment conditions. This implies that higher volume fraction of
NbC in the tempered martensite matrix hinders micro-crack initiation at sub-ambient
temperatures. The impact energies were lower for produced steels heat treated at Q/T500˚C
than reference material II, even though the heat treatments are similar. Controlled rolling
process in manufacturing setup for reference material II might better suppress voids within
the material and resulted in higher impact energy absorption than produced steels. All
impact energies met the minimum requirement of MIL-DTL12560K.
Table 7

Impact energy absorption for produced steels at varying heat treatments

compared to reference materials.
Energy Absorbed (J)

Q/T400˚C

Q/T500˚C

Base

26.7 ± 3.7

35.3 ± 2.1

Base + 0.02Nb

33.5 ± 2.8

35.3 ± 7.0

Base + 0.05Nb

42.9 ± 9.8

39.3 ± 6.8

53
Reference Material II
NOTE:
Reference Material II impact energy was provided by the supplier.
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3.6.4 Summary of Mechanical Testing
Tension and compression tests were carried out at different strain rates to
understand the stress state and strain rate dependence of produced armor steels.
MIL-DTL-12560K does not require minimum properties obtained from tension and
compression tests but understanding the effect of increased Nb content and heat treatments
will aid in the development of modified armor steel for blast protection. The specification
does require Charpy V-notch (CVN) testing results at -40˚C for armor steel prepared and
tested in accordance to ASTM E23. The largest attainable sub-size CVN impact test shall
be used, and the minimum impact energy absorbed to comply with the specification is 19
ft-lb (25.8 J). It can be observed that by varying the tempering temperature a wide range of
mechanical properties can be achieved. The yield strength (YS), ultimate tensile strength
(UTS), and toughness of the micro-alloyed steels can be improved by the additions of
appropriate amounts of Nb, as well as heat treatments. Therefore, compression and tension
tests were performed at quasi-static and high strain rates to evaluate the mechanical
response as a function of Nb content and heat treatments. The YS and UTS change in the
range of 1,117 to 1,269 MPa and 1,230 to 1,450 MPa, respectively.
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3.7. Fractographic Analyses
The aim of fractography was to analyze failed tension and CVN specimens to
understand a relationship between fracture surface characteristics and rupture mechanisms.
Post-mortem specimens from tension and CVN tests were retained and their fracture
surfaces were examined to analyze secondary phases as well as void characteristics, which
affect strength and toughness in RHA steels. Crack nucleation was determined from
fracture micrographs for input into plasticity models in future research. It is reported in the
literature that RHA nucleation increases with strain rate [10].

3.7.1. Macroscale Fracture Surface Examination
Figure 22 shows a low magnification SEM micrograph from a Base composition
specimen subjected to Q/T500˚C and tested at a strain rate of 0.001/s. As shown in the
micrograph, the overall fracture surfaces can be characterized by 3 regions: (A) central
region where the overall plane is normal to the loading axis, also known as the “fibrous
region”; (B) radial marks; and (C) “shear lip” where the surface is inclined to 45˚ from the
central region. As shown, the fracture surfaces agreed with the tension results in that there
was considerable plastic deformation prior to fracture, which is the case for all
compositions and heat treatment conditions. Figure 23 shows a low magnification SEM
micrograph obtained from a Base+0.05Nb composition CVN specimen for Q/T500˚C
conditions. The micrograph identifies the (A) ductile (outlined by the dotted line), (B)
brittle, and (C) shear regions within the CVN specimen cross section. As shown, the
fracture surface was dominated by the brittle region and there is no obvious difference
between fracture surface for different compositions and heat treatment conditions.
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Figure 22.
An SEM micrograph obtained from a Base composition tension specimen
for Q/T500˚C condition tested at 0.001/s.

Figure 23.
An SEM micrograph obtained from a Base + 0.05Nb composition CVN
specimen for Q/T500˚C condition tested at -40˚C.
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3.7.2. Microscale Fracture Surface Examination
SEM micrographs for selected compositions were evaluated to understand
nucleation and surface characteristics when tested at different strain rates. Fracture surfaces
from Base composition tension specimens which were heat treated at Q/T500˚C and tested
at

0.001/s,

0.1/s

and

1,000/s

strain

rates

are

provided

in

Figure

24

(A, B, and C), respectively. Fracture surfaces showed a high volume of dimples and voids,
which are characteristic of ductile fracture dominated by micro-void coalescence [33]. As
shown in the micrographs, the nucleation rates were in agreement with the studies
performed by Whittington et al [2]. When examining the voids closely, the larger voids
show evidence of particles trapped in their center or “bird’s nest”, which was reported in
previous study [2] and known to occur in ductile metals due to voids originating from debonding of the matrix from particle inclusions. The micro-mechanisms by which ductile
fracture occurs in Nb micro-alloyed steels have been extensively studied [6]. Based on
these studies, the inclusions involved in the aforementioned de-bonding are dominantly
identified as manganese sulfides (MnS).

3.7.3 Particle Analysis Using Energy Dispersive Spectroscopy (EDS) (EDAX)
Elemental compositions of micrometer sized particles were quantified using EDS
and the surface of a Base + 0.05Nb tension specimen (Q/T500˚C – 0.001/s) was
investigated for particle analysis on multiple secondary phases. An inclusion was identified
in Figure 25(A), and its micrograph shows the inclusion, the area of elemental detection
and the energy distribution of the area is shown in Figure 25 (C), respectively. As shown
in the energy distribution, peaks are located at the S and Mn energies indicating that the
47

inclusion was presumably a MnS. A foreign particle dissimilar to this inclusion was also
analyzed in a separate area and is shown in Figure 26. As shown in the energy distribution,
the distinctive peaks are located at C, Nb, and Fe energies, further indicating it was a Crich, undissolved Nb particle adhering to the matrix. The particle is too large to be
considered a precipitate.

Figure 24.
SEM micrographs of tensile fractured surfaces from (A) Base,
(B) Base + 0.02Nb, (C) Base + 0.05Nb compositions for Q/T500˚C conditions
tested at 0.001/s.
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Figure 25.
SEM micrographs including (A) area containing the inclusion, (B) EDS
scan area on the inclusion, and (C) energy distribution showing elemental peaks of the
scanned area.
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Figure 26.
SEM micrographs including (A) the area containing the particle,
(B) EDS scan area on the particle, and (C) energy distribution showing elemental peaks
of the scanned area.

3.7.4. Identification of Nanometer Sized Precipitates
During tempering, very fine precipitates are formed within the martensite matrix
and at prior austenite interphases. At high magnifications, these precipitates were located
within voids of the fracture surfaces and due to their size, EDS is not sufficient for element
detection. A better investigation can be made using transmission electron microscopy, as
proven in literature [11, 12]. It was found that nanometer sized precipitates (20-100 nm) in
Nb and Mo-bearing steels are traceable and identified as NbC and Mo2C carbides.
Micrographs showing the precipitates in a Base, Base + 0.02Nb, and Base + 0.05Nb
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(Q/T500˚C – 0.001/s) fracture surface are shown in Figure 27 (A, B, and C), respectively.
The precipitates were presumed to be Mo2C in the Base composition and a combination of
NbC and Mo2C carbides in the Nb-bearing compositions. These carbides have been found
to cause significant hardening in micro-alloyed steels, as well as strengthening, which will
have a major effect on the performance of armor steels in practice.

Figure 27.
High magnification SEM micrographs showing fine carbide precipitates
within voids on fracture surfaces of (A) Base, (B) Base + 0.02Nb and (C) Base + 0.05Nb.
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CHAPTER IV
CONCLUSIONS


In order to understand the effects of micro-alloying and accompanying heat
treatments on armor steel, test plans were developed to correlate microstructural
characteristics with mechanical properties.



Modified RHAs with high chemical recovery were produced in-house



Nb promotes through-thickness hardenability with content as low as 0.05 wt.%



Nb retards softening at elevated tempering temperatures
o Brinell hardness met the specified range in MIL-DTL-12560K



As-quenched microstructures consisted of martensite/bainite, and due to higher
cooling rates, water quenching yielded a favorable microstructure



Tempered martensite microstructures show suppressed martensite laths and
dispersed precipitates



Nb additions can effectively refine prior austenite grains and contribute to
strengthening due to the presence of NbC precipitates
o Q/T500˚C resulted in finest microstructure



Impact toughness was improved by Nb additions
o All impact energies met the specification in MIL-DTL-12560K



MnS are present and contribute to void growth from de-bonding



Experimental steels were strengthened from NbC and Mo2C carbides
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APPENDIX A
CCT AND TTT DIAGRAMS FROM JMATPRO
NIOBIUM BEARING CHEMISTRIES
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Figure A1.

Base+0.02Nb CCT diagram provided from JMatPro 9.1 simulations

Critical temperatures and prescribed hardness appear on the CCT diagram

Figure A2.

Base+0.02Nb TTT diagram provided from JMatPro 9.1 simulations
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Figure A3.

Base+0.05Nb CCT diagram provided from JMatPro 9.1 simulations

Critical temperatures and prescribed hardness appear on the CCT diagram

Figure A4.

Base+0.05Nb TTT diagram provided from JmatPro 9.1 simulations
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APPENDIX B
OPTICAL MICROGRAPHS OF EXPERIMENTAL STEELS
OIL QUENCHED AND TEMPERED
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Figure B1.
Optical micrographs of the dual phase experimental steels with different
Nb contents (A) Base, (B) Base+0.02Nb, (C) Base+0.05Nb subjected to oil quench and
tempering at 500°C
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APPENDIX C
SUPPLEMENTAL EBSD RESULTS
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Figure C1.
(A) Ferrite orientation pole figure. EBSD analysis - grain morphology of
the experimental steels with different Nb contents (Q/T400°C): (B) Base; (C)
Base+0.02Nb; (D) Base+0.05Nb
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Figure C2.
(A) Ferrite orientation pole figure. EBSD analysis – grain morphology of
the Base composition subjected to different heat treatments; (B) as-quenched,
(C) Q/T 400°C and (D) Q/T 500°C
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Figure C3.
(A) Ferrite orientation pole figure. EBSD analysis – grain morphology of
the Base+0.05Nb composition subjected to different heat treatments; (B) as-quenched,
(C) Q/T 400°C and (D) Q/T 500°C
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Figure C4.
EBSD misorientation distributions for grain boundaries in experimental
steels with different Nb contents Q/T400°C: (A) Base; (B) Base+0.02Nb and
(C) Base+0.05Nb
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APPENDIX D
SUPPLEMENTAL FRACTURE SURFACES
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Figure D1.
An SEM micrograph obtained from a Base+0.02Nb composition tension
specimen for Q/T500°C condition tested at 0.001/s.

Figure D2.
An SEM micrograph obtained from a Base+0.05Nb composition tension
specimen for Q/T500°C condition tested at 0.001/s.
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Figure D3.
An SEM micrograph obtained from a Base+0.02Nb composition CVN
specimen for Q/T 500°C condition tested at -40°C.

Figure D4.
An SEM micrograph obtained from a Base+0.05Nb composition CVN
specimen for Q/T 500°C condition tested at -40°C.
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